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Do the fundamental physical constants have the same values in different regions
of space–time?

D. A. Varshalovich, A. V. Ivanchik, and A. Yu. Potekhin
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An analysis of quasar spectra yields highly reliable constraints on the possible variation of the fine-
structure constanta and the proton-to-electron mass ratiom during cosmological evolution
from the epoch corresponding to a cosmological red shiftz'2.8 ~i.e., ;1010 years ago! to the
current epoch (z50): uȧ/au,2310214 yr21 and uṁ/mu,2310214 yr21.
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1. INTRODUCTION

Constants characterizing various interactions are kno
to be related to one another and to depend on interac
energy.1 However, this dependence is manifested only
very high energies~hundreds of MeV or more!. Although the
tabulated values of the constants pertain only to comp
tively low energies, they cover the overwhelming majority
natural phenomena and experiments. It is these low-en
limits that will be examined in this report.

We note that it is actually only dimensionless combin
tions of physical constants, which do not depend on
choice of units of measure, that have fundamental sign
cance. We shall consider two such combinations: the fi
structure constanta5e2pc51/137.035 999 93 (52)~the nu-
merical value is after Ref. 2; the error in the last significa
digits is indicated in parentheses! and the proton-to-electron
mass ratiom5mp /me51836.152 701 (37)~i.e., the proton
mass in the Hartree system of units; the value from Ref.
given!. Here c5299 792 458m•s21 is the speed of light in
free space~which is presently taken as a conversion fac
for going from units of time to units of length3!,
e54.803 204 251(10)310210 esu is the charge of an elec
tron, \51.05457162(8)310227 erg•s is Planck’s constan
divided by 2p, mp51.672 621 62(15)310224 g is the pro-
ton mass, andme59.109 3821(8)310228 g is the electron
mass~all the values were taken from Ref. 4!.

The constanta is a basic parameter of quantum electr
dynamics, whilem is related to the strong interaction co
pling constant. The parametersa andm are decisive for the
spectra of atoms and molecules, respectively.

It can be seen from the numerical values given that m
fundamental constants are measured within a relative erro
;1028. The reproducibility of these measurements includ
the appreciable variation of the parameters during a s
time interval, but does not include their variation during t
existence of the Universe~;15 billion years!. Moreover, the
values of the constants might be different in spatially dist
regions of the Universe.

The problem of the possible variation of the fundamen
physical constants was first discussed by Milne5 and Dirac,6

who advanced their famous large numbers hypothesis.
1001063-7842/99/44(9)/4/$15.00
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problem was subsequently examined by many investiga
~see, for example, Ref. 7, as well as the references cite
Ref. 8!, but it has become especially acute in recent year
connection with the precipitous development of the gra
unified theories~GUTs! for the strong and electroweak inte
actions, as well as some more general theoretical scheme
which the gravitational interaction is also included.9,10 It fol-
lows from the theories indicated that fundamental consta
might have different values in other cosmological epochs
well as in spatially distant regions of the Universe. Th
these values are identical in different, even causally un
lated regions of space–time, is not a trivial fact. Howev
different versions of the theory predict different spatiote
poral dependences of the fundamental constants. Exp
ments are needed to ascertain which of the theoretical m
els is correct.

This report presents the results of a study of the spe
of distant extragalactic objects, which permit the establi
ment of new, the most reliable to date, upper limits on
possible spatiotemporal variation ofa andm.

2. TESTING METHODS

Experimental tests for the possible inconstancy of fu
damental constants can be classified according to the
tiotemporal regions of the Universe covered by them. T
first group is comprised of laboratory measurements, wh
cover no more than a few years. The second group inclu
‘‘local tests,’’ which are concerned with the Earth and t
solar system and cover up to 4.5 billion (4.53109) years.
Finally, the third group is comprised of astrophysical testi
methods, which are based on data from extragalactic
tronomy and cover practically the entire period of existen
of the Universe.

Laboratory tests are generally confined to comparing
quency standards based on various physical phenom
which consequently depend differently on the values of d
ferent physical constants. If the constants would vary, st
dards which were initially matched to one another wou
become unmatched with the passage of time. One of
standards compared is generally the cesium frequency s
dard, which is presently taken as a basis for defining a un
1 © 1999 American Institute of Physics
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time. In particular, different groups of researchers have co
pared the output frequency of stabilized lasers and ma
with it. The accuracy of these experiments permitted the
tection of relative changes in the fundamental constant
the level of;6310214 per year, but no statistically signifi
cant effect was discovered.11

‘‘Local tests’’ are based on an analysis of changes wh
would occur in the motion of the Earth and other bodies
the solar system, as well as in the physical conditions
processes on them, if the fundamental constants would v
Such an analysis is capable of providing a higher accur
than laboratory measurements, mainly because it per
tracing changes which occur over the course of a far gre
time. For example, by analyzing the isotopic composition
meteorites and ancient terrestrial rocks, we can estimate
characteristic alpha- and beta-decay times of the long-li
radioactive elements in them and compare these times to
half-lives measured in the laboratory. The half-lives of su
elements are very sensitive to the value of the fine-struc
constanta. On the basis of such an analysis Dyson7 showed
that the relative change ina cannot exceed;10214 per year.

The limit uȧ/au,2310215 yr21 was subsequently obtaine
on the basis of refined data on the beta decay of187Re ~Ref.
12!.

A more rigorous estimate was obtained by Shlyakhte13

He used data on the isotopic composition of Sm in
‘‘spent fuel’’ of a natural nuclear reactor, which operated 1
billion years ago at the site of the contemporary Oklo u
nium mine in Gabon. A more detailed analysis was recen
performed by Damour and Dyson.14 They concluded that the

rate of relative variation of the fine-structure constantȧ/a is
no greater than 10217 per year.

The weak spot in the local tests just described is th
dependence on the model of the phenomenon studied.
model is usually fairly complicated and includes a number
physical parameters. In particular, Damour and Dyson
sumed in their analysis that the electrostatic~Coulomb! en-
ergy of the excited150Sm nucleus into which a149Sm nucleus
is converted after neutron capture exceeds the electros
energy of a150Sm nucleus in the absence of excitation. Ho
ever, it is known from experiments that such an hypothes
far from always correct: the root-mean-square radii of
cited nuclei can be greater than or smaller than the radi
the corresponding nuclei in the ground state.15,16 This con-
straint becomes even more doubtful if it is taken into acco
that different physical parameters are interdependent
could have varied synchronously during cosmological evo
tion. As was shown in Ref. 17, this could have weakened
limit by more than an order of magnitude. In addition, it w
noted in Refs. 18 and 9 that if the fundamental consta
depend nonlinearly on time, as is assumed in modern th
ries, constraints which are valid for one time interval do n
apply to another. As we have noted above, there might
be a simultaneous spatial dependence. Thus constr
which are valid for the solar system cannot be arbitra
extended to more distant regions of space and to ea
stages in the life of the universe. Only extragalactic
-
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tronomy affords the possibility of investigating these regio
of space–time.

For this purpose it would be useful to analyze the spec
of quasars, which are very powerful sources of radiation a
can be seen for distances up to 10–15 billion light yea
Along the way, the light coming from them has pass
through clouds of interstellar gas in early galaxies and
been partially absorbed by them. Therefore, the spectral l
‘‘imprinted’’ in quasar spectra contain information on th
physical conditions and the state of matter in the early sta
of the evolution of the Universe in various spatially dista
regions of it.

The expansion of the Universe has resulted in increa
in the wavelengths of the lines observed in quasar spe
(lobs) in comparison to their laboratory values (l0) accord-
ing to the proportionality

lobs5l0~11z!,

wherez is the cosmological red shift.
The value ofz can be used to determinet, i.e., the ‘‘age’’

of the Universe in the epoch when the spectral line w
formed. For example, Figs. 1 and 2 present fragments of
spectra of two quasars and exhibit absorption lines w
z'2.8. These absorption lines were formed when the U
verse was 7–8 times younger than now. To obtain rigor
estimates of the variations of the fundamental constants,
lines studied must be sufficiently narrow and they must
recorded with a high spectral resolution and with a hi

FIG. 1. Finely split doublet of the Si IV resonance line in the spectrum
the quasar HS 1946176 recorded on the 6-meter telescope of the Spe
Astrophysical Observatory of the Russian Academy of Sciences. Schem
energy levels and transitions corresponding to the lines indicated.
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signal-to-noise ratio. The lines of the Si IV doublet shown
Fig. 1 and many of the lines of molecular hydrogen in Fig
satisfy this condition.

3. DOES THE FINE-STRUCTURE CONSTANT VARY?

In order to ascertain whether the value ofa has varied
during cosmological time, it would be useful to investiga
the fine splitting of the doublet lines of the Si IV, C IV, M
II, and other ions, which are often observed in the spectr
distant quasars. An example of such spectral lines is sh
in Fig. 1. The relative magnitude of the splittingdl/l of
these lines is proportional toa2 ~to within negligibly small
corrections!. Therefore, if the value ofa varied with time,
the relative splittingdl/l should depend on the magnitude
the red shift.

In the first stage of our work we re-analyzed all t
published data on finely split doublet lines observed in q
sar spectra and complied a special catalog of wavelength
these lines.19 Altogether we examined about 1500 pairs
doublet lines with red shifts from 0.2 to 3.7. The analysis
these data demonstrated the absence of a statistically sig
cant deviation ofdl/l from the current value. The rich ob
servational material assembled in our catalog also allowe
to analyze the possibility of differences in the values ofa in
regions of the Universe that are causally unrelated to
another.20 It was found that the dependence of the magnitu
of the fine doublet splitting~and thusa! on the direction in
the celestial sphere falls within the erroruDa/au,331023.

FIG. 2. Fragments of the spectrum of the quasar PKS 0528–250 conta
absorption lines of H2 in the Lyman and Werner series.
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It should, however, be noted that in the overwhelmi
majority of cases the goal of the observers was not to p
form exact measurements of the fine splitting; therefore
large part of the data treated did not have a very high ac
racy. The analysis performed allowed us to optimize
strategy for investigating the dependence ofa on z. In the
second stage of the work, our program of spectral obse
tions of several quasars, which was aimed at achieving
highest possibility accuracy in measurements of fine splitt
with large red shifts, was carried out on the 6-meter te
scope of the Special Astrophysical Observatory of the R
sian Academy of Sciences.21 As a result of the implementa
tion of this program, as well as the use of observational d
from other telescopes,22–24we determined the mean value o
the possible deviation of the fine-structure constant
z5224 from its value forz50 and the measurement erro
~both the statistical and systematic errors!25

Da/a5~24.265.4@stat#68.0@syst# !31025. ~1!

A comparison of the data obtained on telescopes loca
in the northern and southern hemispheres allows us to tig
the constraint on the possible dependence of the fi
structure constant on the direction in the celestial spher
uDa/au,231024.

A result which has a formally higher accuracy was r
cently obtained on the basis of observations on the Kec
10-meter telescope:Da/a5(21.8860.53@stat#)31025 for
z50.621.6. However, Webbet al.26 did not take into ac-
count the systematic error, which results mainly from t
uncertainty in the values of the reference~laboratory! wave-
lengths, and, as can be seen from~1!, this error is dominant.

The upper limit corresponding to~1! ~at the 2s signifi-
cance level! on the mean rate of variation ofa during ;10
billion years is

uȧ/au,2310214 yr21. ~2!

This constraint is five times tighter than the one whi
we previously obtained,19,8 and its accuracy is 3.5 time
better than that of the precision laboratory measurement
Ref. 11.

4. DOES THE PROTON-TO-ELECTRON MASS RATIO VARY?

The dimensionless constantm5mp /me is approximately
equal to the ratio between the nuclear strong interaction c
pling constant (g2/\c);14 and the electromagnetic cou
pling constanta'1/137. Hereg is the effective coupling
constant, which is calculated from the scattering amplitu
of p mesons on nucleons.

The absorption lines of molecular hydrogen H2 in quasar
spectra can be used to ascertain whether the value ofm has
varied during cosmological time. The variation ofm can be
detected by comparing the wavelengths of various lines
quasar spectrum and in the laboratory. The key to this te
nique is that the wavelengths of different lines depend d
ferently on the parameter under study. This makes it poss
to separate the cosmological red shift from the shift cau
by the variation ofm.

ng
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The most suitable system of molecular lines with a la
red shift for such an analysis is the system of absorption li
of the H2 molecule withz52.8108, which was observed b
Levshakov and Varshalovich27 in the spectrum of the quasa
PKS 0528–250. We calculated the sensitivity coefficients
the wavelengths of H2 toward the possible variation ofm
~Ref. 28! and analyzed the observational data,29 using the
high-quality spectrum of PKS 0528–250 recorded by La
zetta et al. on the CTIO 4-meter telescope. A fragment
this spectrum is shown in Fig. 2. The results of measu
ments of the wavelengths of 50 lines of molecular hydrog
with consideration of the sensitivity coefficients just me
tioned led to the following estimate of the deviation~Dm! of
m in the epoch corresponding toz52.8108 from its current
value:

Dm/m5~211.567.6!31025. ~3!

In addition, a multivariant statistical analysis of the me
sured spectrum, including a combined fit of a large num
of H2 lines with respect to their width and intensity, wa
performed. This analysis yielded

Dm/m5~8.325.0
16.6!31025. ~4!

Both estimates are consistent within 2s with the zeroth
hypothesis that there is no variation ofm. Each of them cor-
responds to a constraint on the mean~during 10 billion
years! rate of relative variation of the proton-to-electro
mass ratio at the level

uṁ/mu,2310214 yr21. ~5!

5. CONCLUSION

An analysis of quasar spectra has enabled us to esta
tight upper constraints on the possible variation ofa, i.e., the
electromagnetic coupling constant, as well as the proton
electron mass ratiom5mp /me . These quantities could hav
varied if the coupling constants of the strong and el
troweak interactions had undergone changes. Howeve
was found that these constants did not vary within the sta
tical error during the 1010 years which have passed since t
formation of the spectra of distant quasars. The upper lim
found constrain the mean rate of possible variation of th
parameters at the 0.02% level during a period of the orde
10 billion years, which covers 80–90% of the time of ex
tence of the Universe. In addition, the values of the fun
mental constanta were found to be identical~within a sta-
tistical error of 0.02%! in regions of the Universe which
were not causally related in the period when the spectra w
formed. This finding can be regarded as an argument wh
supports the so-called inflationary cosmological mod
which presumes a general superfast inflation of the Unive
according to an exponential law in a very early stage
cosmological evolution~see, for example, Ref. 30!.

As a final note, we stress once again that the constra
which we obtained on the basis of an analysis of qua
spectra cover much more extensive regions of space and
intervals ~corresponding to cosmological red shifts up
z'3.7) than do local tests~for example, the Oklo phenom
enon, which is assigned only to the epoch withz50.09 and
e
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to one point in space!. In addition, they are far less depen
dent on model assumptions. They can therefore be rec
mended as the most reliable limits to date. They can serv
effective criteria for selecting permissible theoretical mod
of elementary interactions which predict changes in phys
constants on the cosmological time scale.

This work was carried out within the State Scientifi
Technical Programs ‘‘Fundamental Metrology’’ and ‘‘As
tronomy’’ and was supported by the Russian Fund for F
damental ~Grant No. 96-02-16849a! and the Kosmion
Scientific-Training Center.
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Symmetry of the nonlinear collision operator matrix and new prospects in the moment
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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 8210 thermal velocities is demonstrated. The results
obtained open up prospects for solving many topical problems in kinetic theory. ©1999
American Institute of Physics.@S1063-7842~99!00209-3#
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1. In the early classical studies expansion of the dis
bution function in orthogonal polynomials was employed
calculate the first few linear moments, which were need
for problems in transport theory.1 Burnett2 and Grad3 formu-
lated the basic principles of the nonlinear moment meth
However, far-reaching progress in this area could not
made because of the great difficulty in calculating the ma
elements of the collision integral.

In the moment method for solving the Boltzmann equ
tion, the distribution function is expanded into a series
Hermite polynomials:

f ~v,r ,t !5M ~v!(
i 50

`

Ci~r ,t !Hi~v!,

Hr ,l ,m~v!5Sl 11/2
r ~v2/T̃0!Yl ,m~u,w!. ~1!

Here M (v) is a Maxwellian,Sl 11/2
r (v2/T̃0) are Sonine~La-

guerre! polynomials, andYl ,m(u,w) are spherical harmonics
The system of moment equations has the form

DCp /Dt5 (
i , j 50

`

Ki , j
p CiCj . ~2!

The operatorD/Dt corresponds to the substantial deriv
tive on the left-hand side of the Boltzmann equation and
well known. In the isotropic case with respect to the velo
ties, the expansion of the distribution function~1! is written
only in Sonine polynomials. The matrix elementKk,m

n is the
projection of the collision integral of thekth andmth Sonine
polynomials onto the Sonine polynomial with the indexn.

In computer calculations the series~1! must always be
truncated at a certain finiteN. Turchetti and Paolilli4 were the
first who knew how to calculate all the matrix elements up
N513 for ‘‘pseudopower-law potentials’’ in the isotropi
case. The formula for the matrix element in Ref. 4 conta
1001063-7842/99/44(9)/4/$15.00
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six nested sums, which restrict the possibility of increasingN
further. In Ref. 5 we used thea representation6,7 to derive
formulas for calculating matrix elements, which are valid f
any power-law potentials, and the number of summatio
was reduced to four. It was shown that calculations can
performed up toN525230 with guaranteed accuracy.

The transition to thea representation corresponds to e
panding the distribution function in Maxwellian distribution
with various temperatures (a51/T̃):

f ~v,t !5E
0

`

M ~v,T̃!w~ T̃,t ! dT̃. ~3!

Herew(T̃,t) is a distribution function ina space. We previ-
ously obtained a closed form of the Boltzmann equation
thea anda2u representations. Ina2u space the expansio
is written in Maxwellians with different temperatures an
with different shear rates. The very simple representation
Sonine and Hermite polynomials ina anda2u spaces, re-
spectively, were important for further work. A system of th
Sonine polynomialsS1/2

r which is orthogonal with a Max-
wellian weighting function corresponds to a biorthogon
system of the functionssR andsL in a space

sR
r ~ T̃,T̃* !5~ T̃* !rd (r )~T2̃T̃* !/r !,

sL
r 5~12T̃/T̃* !r . ~4!

In the isotropic case the presentation~1! corresponds to
the distribution functionw(T̃) in the form

w~ T̃,t !5 (
n50

`

Cn~ t !sR
n~ T̃,T̃0!,

Cn~ t !5E
0

`

w~ T̃,t !sL
n~ T̃,t ! dT̃. ~5!
5 © 1999 American Institute of Physics
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2. Let us consider a simple example. As the initial d
tribution function we take the Maxwellian distribution wit
the temperatureT0. It is clear that regardless of the choice
basis functions, the collision integral of such a distributi
function is equal to zero. If, as is usually done, we expa
this distribution function in Sonine polynomials near t
same temperatureT0, a unique condition follows from the
equality of the collision integral to zero:K0,0

0 50. It is clear
that a transition to another basis set, i.e., re-expansion o
same distribution function in Sonine polynomials near a
other temperature, cannot lead to a nonzero value for
collision integral. It was shown in Ref. 7 that such r
expansion leads to the following relations between the m
trix elements:

(
k50

m

Kk,m2k
n 50, n,m50, . . . ,̀ . ~6!

Developing this idea, we can state that the collision
tegral is independent of the choice of the temperature of
Maxwellian weighting function not only for a Maxwellian
distribution function, but also for an arbitrary distributio
function. Let us examine what follows from this for the is
tropic Boltzmann equation. We expand the distribution fun
tions in two basis sets with the temperaturesT0 andT1:

w~T,t !5 (
k50

`

Ck
0~ t !sR

k ~T,T0!5(
r 50

`

Cr
1~ t !sR

r ~T,T1!. ~7!

The infinite-dimensional vectorsC0 and C1 are related by
the simple expression

Cr
15 (

k50

`

dr ,k~T1 ,T0!Ck
0 , ~8!

where the elements of the transition matrixD(T1 ,T0) for
going from one basis set to another are easily determ
using ~4! and ~5! and have the very simple form

dr ,k~T1 ,T0!5H S r
kD ~T12T0!r 2kT0

k/T1
r , r>k,

0, r ,k.
~9!

Comparing the form of the collision integral in two bas
sets, from the condition of invariance of the collision integ
relative to the choice of the basis set we can obtain the r
tion between the matrix elements in the basis setsT1 andT0:

Kr 1 ,r 2

r ~T1!5 (
k50

r

dr ,k~T1 ,T0! (
k15r 1 ,k25r 2

`

3Kk1 ,k2

k ~T0!dk1 ,r 1
~T0 ,T1!dk2 ,r 2

~T0 ,T1!.

~10!

We differentiate ~10! with respect to T1 and set
T15T0. We take into account in the process that ifT15T0

the operatorD̂ transforms into the unit operatorÊ, since
dr ,k(T0 ,T0)5d r ,k . When the differentiation with respect t
T1 is performed, only the derivatives ofD̂ must be calculated
on the right-hand side of~10!. It is clear from~9! that the
derivative of dr ,k(T1 ,T0) for T15T0 is nonzero only if
-

d
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-
e

-

-
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-

d
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r 5k11 or r 5k. As a result, after some transformations w
obtain the basic expression relating the matrix elements
one another

S T
d

dT
2RDKr 1 ,r 2

r ~T!5rK r 1 ,r 2

r 21 ~T!2~r 111!Kr 111,r 2

r ~T!

2~r 211!Kr 1 ,r 211
r ~T!, ~11!

~R5r 11r 22r !. ~12!

For power-law potentials (V;1/r k) the matrix elements
Kr 1 ,r 2

r depend on the temperature of the basis set in a f

specified manner, i.e.,Kr 1 ,r 2

r (T);Tm, wherem5~k24!/~2k!

~Ref. 5!. Equation~11! now takes the form

~m2R!Kr 1 ,r 2

r 5rK r 1 ,r 2

r 21 2~r 111!Kr 111,r 2

r

2~r 211!Kr 1 ,r 211
r . ~13!

The equality~13! can serve as recurrence relations f
calculating the matrix elements. It can be shown that to
termine the nonlinear matrix elements it is sufficient to a
sign the linear elements of either theKr 1,0

r or theK0,r 2

r type.

One half of the linear elements are then specified in term
the other half. To close the recurrence procedure, we
derived simple formulas for calculating the linear matrix e
ements.

Employment of the recurrence procedure enabled u
perform calculations of all the nonlinear matrix elements
to N5128 in about 30 min on a PC with a 486 microproce
sor. Similar calculations using the six-sum4 and four-sum5

formulas would require 93104 and 10 years, respectively.
The results of the calculations of distribution functio

using the moment system~2! and the recurrence formula
~13! were compared with the exact BKW solution of th
Boltzmann equation for Maxwellian molecules. F
N5128 excellent agreement was observed up to 12 ther
velocities. For other cases withN5128 the maximum rate a
which the segment of the series~1! accurately describes th
distribution function reached 8–10 thermal velocities. As t
number of moments increased, it was always possible to
close the behavior of the tails of the distribution function a
to move increasingly further toward higher velocities wi
increasingN. Figure 1 presents the relative distribution fun
tion f / f ` ( f ` is the equilibrium Maxwellian distribution
function! for the hard-sphere model~a! and a Coulomb in-
teraction between the particles~b! with the initial sum of two
BKW modes

f ~v,0!5a1M ~T1 ,v !~11d1S1/2
1 ~mv2/2kT1!!

1a2M ~T2 ,v !~11d2S1/2
1 ~mv2/2kT2!!,

in which we seta15a250.5, T151/3, T258/9, d151/9,
andd255/18.

3. In contrast to the isotropic Boltzmann equation, in t
anisotropic case there are no general formulas for calcula
the nonlinear matrix elements~with the exception of Max-
wellian molecules!. In the axisymmetric case the distributio
function is expanded in the Hermite polynomialsHr ,l , where
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FIG. 1. Solution of the nonlinear Boltzmann
equation with an initial sum of two BKW
modes:a — for the hard-sphere model, b —
for the Coulomb interaction model;1–6 —
t/t* 50, 1, 2, 5, 7, and 10 (t* is the charac-
teristic relaxation time!.
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Hr ,l5cl Pl~cosu!Sl 11/2
r ~c2! ~14!

c25
m

2kT0
~vx

21vy
21~vz2u0!2!, ~15!

which are orthogonal with the Maxwellian weighting fun
tion M (c,T0)5„m/(2kT0p)3/2exp(2c2)….

The relations between the matrix elementsKr 1 ,l 1 ,r 2 ,l 2
r ,l

are found from the invariance of the collision integral as
velocity u0 and the temperatureT0 of the basis functions are
varied:

l

2l 21
Kr 1 ,l 1 ,r 2 ,l 2

r ,l 21 2
~ l 11!r

2l 13
Kr 1 ,l 1 ,r 2 ,l 2

r 21,l 11

2
~ l 111!

2l 111
Kr 1 ,l 111,r 2 ,l 2

r ,l 1
l 1~r 111!

2l 111
Kr 111,l 121,r 2 ,l 2

r ,l

2
~ l 211!

2l 211
Kr 1 ,l 1 ,r 2 ,l 211

r ,l 1
l 2~r 211!

2l 211
Kr 1 ,l 1 ,r 211,l 221

r ,l 50,

~16!

T
d

dT
Kr 1 ,l 1 ,r 2 ,l 2

r ,l ~T!5~R1L/2!Kr 1 ,l 1 ,r 2 ,l 2
r ,l ~T!

1rK r 1 ,l 1 ,r 2 ,l 2
r 21,l ~T!2~r 111!

3Kr 111,l 1 ,r 2 ,l 2
r ,l ~T!2~r 211!

3Kr 211,l 2 ,r 1 ,l 1
r ,l ~T!, ~17!

R5r 11r 22r , L5 l 11 l 22 l . ~18!

The results in Ref. 8 were used in the derivation of the
relations. The relations obtained are valid in cases wh
there is a preferred direction in the system. Such a sys
can consist of, for example, particles immersed in an exc
tionally strong magnetic field~of the order of 105 T!. In this
case the particles become asymmetric and are oriented a
the magnetic field.

In standard kinetic theory~in the absence of a preferre
direction! space is isotropic, and Hecke’s theorem~see, for
example, Ref. 9!, which states that the matrix elemen
Kr 1 ,l 1,0,0

r 1 ,l can be nonzero only ifl 15 l , holds for the linear

matrix elements. Using the recurrence relations~16!–~18!,
e

e
re
m
p-

ng

we can show that the generalized Hecke theorem holds
the nonlinear matrix elements: the matrix eleme
Kr 1 ,l 1 ,r 2 ,l 2

r ,l can be nonzero only if

u l 12 l 2u< l< l 11 l 2 ~19!

and the parity ofl coincides with the parity ofl 11 l 2. This
theorem was previously proved in Ref. 10 by another meth
without employing recurrence relations.

The next important new fact in the case of unorient
particles, which follows from~16!–~18!, is the relation be-
tween the linear anisotropic and linear isotropic matrix e
ments. It was shown that if the linear isotropic matrix e
ments are known, then all the remaining matrix elements
be uniquely specified in terms of them. In the few spec
cases for which explicit formulas existed8,11 the results of our
calculations coincided with the known results.

In the general three-dimensional case the spherical
monicsYl ,m(u,w) appear in the Hermite polynomials. In th
case there are possibilities for additional changes in the b
set. They include rotation of the reference system about tz
axis, i.e., the transitionw→w1v, and deflection of thez
axis from the original direction, i.e.,u→u1c. Relations ob-
tained from the invariance of the collision integral relative
such changes in the basis set were derived. In the absen
a preferred direction in space the familiar Clebsch–Gord
coefficients satisfy such recurrence relations. Hence it
lows that the matrix elements with indicesmÞ0 are related
to the axisymmetric matrix elements through these coe
cients. This fact was previously known~see, for example,
Ref. 10!. We note that fundamentally new results are o
tained for asymmetric oriented particles.

Thus, it has been shown that a hierarchy of simple
currence relations can be constructed in standard kin
theory from a few principles, and all the matrix elements c
be found, if the linear isotropic matrix elements of one ty
are known. Programs which implement these algorith
have been written. The results obtained open up possibil
for solving numerous unsolved problems in the kine
theory of gases and for refining the already existing so
tions. These problems include, for example, 1! the descrip-
tion of transport processes for Kn;1 both in gases and in a
highly ionized plasma and the creation of a theory of tra
port for asymmetric oriented particles in a strong magne
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field; 2! the kinetic description of the structure of wea
shock waves and their nonstationary interactions; 3! the in-
vestigation of the distribution function at high velocities
order to describe physicochemical processes.
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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 (;103 km! crusts of several distant moonlike
bodies are subjected to bulk electrolysis by currents excited by the motion of such bodies in
cosmic magnetic fields~for example, Voyager-1 measured a current amounting to;107 A flowing
through the Jovian satellite Io and its surroundings!. The 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 toin situ investigations of Callisto
for the purpose of determining the degree of saturation of its ices with electrolysis
products. ©1999 American Institute of Physics.@S1063-7842~99!00309-8#
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1. TWO RESEARCH STRATEGIES AND TWO COSMOGONIES
OF THE SOLAR SYSTEM

Investigations of new phenomena can be divided i
two stages: 1! an extensive~passive! stage, in which, without
any guiding ideas, simple observations are performed
highly diverse facts are collected in an attempt to someh
link them to one another, and 2! an intensive~active! stage,
in which there is already a working hypothesis and a sea
for predicted relationships and phenomena is conducted
its basis for the purpose of refining and confirming it. All th
new facts obtained in the last 10 years duringin situ inves-
tigations of solar system bodies are ‘‘unexpected,’’ ‘‘pu
zling,’’ etc. This suggests that we are now in the first stage
investigation and that the 200-year-old ‘‘obvious,’’ but nai
Kant–Laplace scenario of the origin of the solar system
its bodies from a vast disk of gas and dust surrounding
Sun, a scenario which has hitherto guided the planner
space missions, is fundamentally untrue. In fact, it was c
atedad hocto explain the appearance of our planetary s
tem only and at that time could not, in principle, be based
knowledge of the origin and evolution of stars and their s
tems, gas dynamics, etc. This is why none of its predicti
have come true and it cannot explain a multitude of old a
new facts without eliciting additional hypotheses.

The new planetary cosmogony is based on the mod
understanding of the formation and evolution of multip
stars, a category to which almost all stars belong. It assu
that planetary systems appear in them as a by-produc
their evolution or are a limiting case of close binaries form
as a result of the rotational–exchange breakup of a de
rapidly rotating protostar, i.e., the last product of the mu
1001063-7842/99/44(9)/5/$15.00
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stage fragmentation of the original cloud of gas and dust a
consequence of the presence of the standard excess of a
lar momentum in it.1,2 This approach, which gives a sho
(;1042105 years! time scale for the formation of planet
within a very dense, rapidly rotating proto-Jupiter, who
mass quickly drops from;1M ( to 0.001M ( due to outflow
to the Sun and which therefore loses the planets be
formed in it, consistently accounts for all the known fac
The recent discovery by S. Terebeyet al. using the Hubble
telescope~NASA Press Release 98-19! of a giant planet
which was ejected from a newly forming pair of binary sta
supports the new cosmogony and confirms one of its num
ous predictions~see stage 5 in Fig. 1 in Ref. 2!. Another
verifiable prediction is the presence of a combined plan
comet cloud on the not too distant~50–3000 AU! periphery
of the solar system.2,3 This cloud is the main source of long
period ~LP! comets~with periods.200 years! and contains
;102100 as yet undiscovered moonlike bodies resemb
Pluto, and larger bodies. Another important consequenc
the creation of a totally new cosmogony for small solar s
tem bodies. The latter, in turn, has consequences which
be very important for all of mankind. This approach at on
shifts the investigation of solar system bodies into the s
ond, or active, stage.

2. CLASSICAL COMETARY COSMOGONY. OLD AND NEW
PROBLEMS

Within the Kant–Laplace hypothesis small bodies, vi
asteroids, comets, Trojans, small satellites, and plane
rings, are regarded as construction debris, which has
mained since the time of formation of the planets. Con
9 © 1999 American Institute of Physics
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quently, they cannot contain sources of energy, apart f
insignificant sources~gas pockets,ad hocamorphous ice ca
pable of slowly crystallizing, etc.!. It is believed that the
initially created reservoirs of comets and other small bod
have scarcely been replenished and that they are only
pleted with time. The traditional scenario of cometary act
ity presumes the sublimation of their dirty ices under t
action of solar radiation followed by photolysis of the esca
ing vapors. The first such model, viz., the Vsekhsvyatsk�–
Whipple ice model, was a great step in understanding c
ets. However, more attentive scrutiny revealed numer
inconsistencies in this picture. We shall list the most sign
cant.

1! The great diversity in the manifestations of differe
comets. It cannot be ascribed only to their age. It canno
understood in terms of a postulated condensation of co
tary nuclei in a thoroughly stirred, highly agitated mediu
which the gas in the circumsolar disk should be.

2! There is the old problem that the lifetime of the s
called ‘‘parent’’ molecules~in concept; no one knows wha
they actually are! in the field of solar radiation is much
longer in laboratory simulations as compared with obser
tions.

3! The causes of the burst activity of comets are
clear. It correlates with solar activity and is observed o
distances up to 10 AU or more, where water ice does
sublime.

4! Bursts quite often precede the breakup of the nucl
into kilometer fragments that diverge with a velocity of 1–
m/s, which requires a large amount of energy.

Numerous attempts to solve these problems have the
tinct features ofad hochypotheses and frequently disrega
not only other facts but even conservation laws. None
these attempts has had any clear-cut success.

The flight of an armada of space vehicles near
nucleus of Comet P/Halley in 1986 and the recent passag
the nucleus of Comet P/Shoemaker–Levy 9 near Jupiter
breakup, and the descent of fragments onto Jupiter ad
many new facts, which do not have simple explanatio
within the traditional theories. We shall list the princip
ones.

P/Halley: 1! jets of dusty vapors escaping from spo
which comprise,10% of the area of the illuminated surfac
despite the need for the solar energy impinging on 40%
the surface to sublime these vapors; the temperature o
dark surface of the nucleus, which is unexpectedly h
~'400 K! for ice; 2! higher concentrations and temperatur
of radicals, as well as positive and negative ions and he
organic matter, closer to the nucleus~according to measure
ments as close as 700 km!; 3! the presence of extremel
active atomic carbon and ions of this element in the circu
nuclear region; 4! a large excess of CO over CO2 in the
vicinity of the nucleus; 5! the discovery of numerous subm
cron CHON particles, which are unstable in the field of so
radiation; 6! cases of essentially instantaneous~within 9 min!
vaporization of 43108 kg of water ice; 7! a distant~at 14.3
AU! ~double?! burst, which correlates with passage throu
the solar wind sector boundary.

P/Shoemaker–Levy 9: a! breakup of the nucleus into 2
m
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fragments; 2! breakup events occurring weeks and ev
months after passage of the nucleus through the Roche
of Jupiter, which cannot be attributed to the tidal forces
Jupiter alone; 3! acceleration of the large fragments forme
upon breakup to relative velocities of 1 m/s; 4! the far greater
relative velocity of the dust in comparison to the velocity
the large fragments; 5! an essential absence of traces of wa
in SL-9 at the time of its discovery 9 months after pass
the perijove; 6! a local excess of Li in one part of the SL-
nucleus, specifically in fragment L.

These examples can be supplemented by the clas
recurrent bursts of Comet P/Schwassmann–Wachmann 1
yond Jupiter, which are correlated with solar activity, and
inexplicable presence of CO1 in it, as well as the discovery
of the cometary activity of distant Chiron with the detectio
of CN on it.

3. GALILEAN SATELLITES, TITAN, AND THE NEW
ERUPTIVE COSMOGONY OF SMALL BODIES

It follows from the new cosmogony of the solar syste
that all the Galilean satellites, which were among the l
~and therefore unlost! planets formed in proto-Jupiter, shou
have a similar composition. This is not the case. It should
noted that the differences between the satellites canno
explained within the old cosmogony, either.

A thorough study of the causes of these differences
vealed that the detonation of dirty ices, which origina
comprised the thick~with a thickness of;7002800 km as
compared to a radius of the body equal to'2500 km! crusts
of the satellites and became saturated with up to;10215
wt. % bulk electrolysis products, i.e., 2H21O2, can be re-
sponsible for them. The electrolysis of solid ice, which is
protonic conductor, is a thoroughly understood and we
studied process.4,5 It occurs in dirty ice on the boundaries o
the numerous, fairly large mineral inclusions, which ha
electronic or hole conductivity. The electric current needed
generated by the motion of the moonlike body in the ma
netic field of the planet or the solar wind. Owing to the hig
pressure, 2H21O2 is not released in the form of a gas, b
accumulates in the form of a solid solution in the ice and
redistributed by solid-state convection throughout the cru

The explosion of an icy Pluto-like planet, which ha
satellites, between Mars and Jupiter about 3.9 billion ye
ago probably produced the asteroids of the main aste
belt6,7 and, together with their subsequent collisional evo
tion, accounts for all of their known properties. It provid
the source for the concentrated Imbrian bombardment of
Moon and permits evaluation of the intensity of the so
wind at that time (;2310211 M ( /yr, in agreement with
more recent estimates of other investigators!. As a conse-
quence of three global explosions of Io’s crust, it lost all
its ices. Europa suffered two explosions, and Ganymede
one~probably 570 million years ago at the boundary betwe
the Cryptozoic and Phanerozoic eons, which marks the d
of a major geological catastrophe!. Callisto’s ices have not
yet exploded.8 All this explains the differences between th
satellites, particularly the totally different topography
Ganymede and Callisto. The surface of the latter is the m
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cratered in the solar system, but the size distribution of
craters differs strongly from that for the Moon and Mercu
On Ganymede there are two types of surfaces with differ
degrees of cratering, but despite expectations~with consider-
ation of the focusing effect of Jupiter! the degree of cratering
here is less than on Callisto~for more information on other
details which can be explained by explosions, see Ref
and 10!.

The formation of Saturn’s rings, Titan’s atmosphere, a
some comets is due to a recent explosion of the icy crus
that satellite. In fact, the distribution of LP comets of t
Saturnian family with respect toD ~the smallest distance
between a comet’s orbit and Saturn’s orbitD<2 AU! has a
sharp peak atD<0.5 AU ~the radius of the Hill sphere o
Saturn equals 0.57 AU!. The LP comets of the Jovian famil
do not exhibit a similar peak.11 If the significant eccentricity
of Saturn’s orbit (e50.056) and the fact that its major ax
completes one revolution afterP547 000 yr are taken into
account, it can be assumed that such a narrow distribu
peak could still exist if its age is<P/4'104 yr.12,13 Other-
wise, some comets would have moved beyond theD50.5
AU limit. It is interesting that the concentration effect
D,0.5 AU is even stronger for brighter~5younger!
comets.14

Under the assumption of an explosion on Titan, the
thor, prior to the Voyager mission there, predicted12 the ex-
istence of two populations~with centimeter and kilomete
dimensions! in the rings, the presence of HCN, N2, CO, and
CO2, i.e., products of the explosion of dirty ices, in Titan
atmosphere~the presence of methane was already know!,
and the effective radius of its solid crust. These predictio
were all confirmed. The predictions of a fairly thin ice cru
with light organic matter~1–10 km! on a deep~;700 km!
liquid ocean, an excess thermal flux as a result of freezin
the ocean, and a similarity of the surface topograph of Tit
which is still being formed, to the topography of Ganymed
which has already refrozen since the explosion of its cr
are awaiting confirmation.

It therefore follows that fragments of the outermost la
ers of the exploding icy crusts of moonlike bodies contain
;10% organic matter and a chondritic mineral mat
~;10%! should also be saturated with 2H21O2 to a concen-
tration close to the level necessary for combustion or de
nation. It is natural to presume that these are the nucle
short-period~SP! comets. Thus they have a powerful intern
source of chemical energy, which can be activated by s
radiation or an electric current.

The former case is realized when sublimation produ
containing light organic matter and 2H21O2 are illuminated
by solar radiation. It initiates ordinary combustion, which
capable of penetrating along jets of vapors to sites rich
2H21O2 in the ice of a nucleus.

The latter case occurs when a nucleus travels in a str
circumplanetary magnetic field~the case of SL-9! or crosses
current-carrying zones between solar wind sectors. H
electric currents flow along the gas jets, which are ionized
combustion, into the nucleus, where they are capable of
niting regions enriched with 2H21O2, including those which
do not communicate with the surface.
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The entire set of combustion processes along with th
unexpected bursts and even detonation in some sites
smoldering in others, whose original cause is the presenc
electrolysis products dissolved in the ice, readily explains
the diverse and puzzling manifestations of comets mentio
above. In fact, the presence of various~hot! ions and radicals
near the nucleus, as well as atomic and molecular (C2 and
C3) carbon ~soot!, a high CO/CO2 ratio, CHON particles
~smoke!, etc. are explained at once by combustion tak
place in sublimation products under conditions of a de
ciency of the oxidizing agent.15 The absence of water in th
fragments of SL-9 may be due to the circumstance that
volatile substances had completely burned up at the time
comet was discovered, while the detection of Li in only o
part of the nucleus can be attributed only to geochem
differentiation in the crust of a parent planet.16

The appearance of bursts, which frequently precede
breakup of a nucleus, is also obviously caused by the ini
tion of combustion or even detonation in such energized ic

On the basis of the ideas developed above, it is fa
easy to give consistent explanations for other manifestat
of comets.

The discovery of S2 in the coma of several comets,17 the
fact that the concentration ratio of ortho-to-para water m
ecules emitted by nuclei is characteristic of a temperature
25–50 K,18 and the fairly prevalent opinion regarding th
low density of nuclei (0.2– 0.3 g/cm3) are often interpreted
as supporting the condensation cosmogony of comets.
not difficult to see that the first two factors are simply e
plained by combustion with rapid expansion of the produ
in free space. The low density estimates are based on ca
lations of the reactive effect of escaping matter on
nucleus for a known rate of mass loss by it. The results of
estimates depend on the model adopted. In the publis
reports~for example, Ref. 19! no allowance was made for th
jet character of a real escaping flow~it is known from gas
dynamics that a jet has greater momentum than a flow es
ing from a surface!, or its consequent gas-dynamic rath
than free-molecular character in this case. Of course,
higher initial heat content of the combustion products w
not taken into account~a temperature of the subliming ic
equal to only'200 K was taken!. Consideration of these
factors lowers the density of nuclei to 1 – 1.5 g/cm3.

The small fragments remaining from the explosion o
large ice fragment saturated with 2H21O2 are capable of
acquiring velocities up to 5 km/s. Thus, the Martian sat
lites, the irregular Jovian satellites, and Trojans could be
cated in their orbits. Such an approach explains their kno
properties and provides predictions that can be tested~for
example, the presence of ices in some Trojans and in Dei
and their absence in Phobos, the escape of some comets
the Trojan reservoir, etc.!.20,21

4. CONSEQUENCES OF THE POSSIBLE EXPLOSION OF
CALLISTO FOR THE EARTH

According to all the information available, Callisto’
crust has not yet exploded. We shall list the main con
quences of its possible explosion.9,10
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1! A loss of;15%'1.631025 g of mass, mainly in the
form of water vapor, pyrolyzed organic matter, sand a
stone, i.e., the chondritic mineral component originally co
tained in the dirty ice, as well as, more importantly, une
ploded fragments of the outermost layers of the crust. T
can measure up to several tens of kilometers. Their ice
also be saturated with 2H21O2, which will render them ca-
pable of undergoing further explosions or combustion. Th
will be typical nuclei of SP comets.

2! After a year or two, Jupiter’s sphere of influence w
transform into a luminous body measuring;15°, which will
illuminate the Earth with scattered light;60 stronger than
that of the full Moon.

3! The collisions of ice fragments will cause new expl
sions, so that the secondary fragments with a total mas
;1024 g, which will acquire an additional velocity incre
ment, will be capable of leaving Jupiter’s sphere of influen
and attaining heliocentric orbits of SP comets. If they ha
the size distribution characteristic of asteroids of the m
asteroid belt, the number of such spheres with diame
.300 m will be;109.

4! After 10–30 years the ice and mineral dust propag
ing along Jupiter’s orbit will illuminate the earth;223
times more intensely than the full Moon.

5! After several decades concentrated bombardmen
the Earth by SP comets will begin. It will last 1042105

years. It is known from the existing statistics that the me
probability of an SP comet of the Jovian family striking th
Earth is ;0.4531029 per year for an impact velocity o
'29 km/s~Refs. 9 and 22!. Hence it follows that a fragmen
whose impact will be accompanied by the release of the
ergy of >1 megatons of TNT will strike the Earth once
day, a fragment releasing the energy of>103 megatons of
TNT will strike once a year, and a fragment releasing
energy of>105 megatons of TNT will strike once in 60
years. Impact of such force will throw so much dust into t
atmosphere that it will cause a nuclear winter.9,10

5. MAIN CONCLUSIONS

1. Bodies of small mass are not remnants from the ti
of the formation of the solar system. They are products of
subsequent explosive and/or collisional evolution of~icy!
moonlike ~Pluto-like! planets. Only the new eruptive cos
mogony of small bodies, which is based on the physica
fairly reliable hypothesis of the possibility of the bulk ele
trolysis of ices, offers both a simple explanation for all t
known high-energy manifestations of SP comets and
properties of other small bodies~asteroids, Trojans, an
planetary satellites! and numerous predictions concerning t
properties of these bodies and other bodies related to th

Many of the predictions have already been confirm
and others are awaiting testing. The new eruptive cosmog
has not run up against any substantiated objections in it
years of existence. Its wide acceptance has probably b
held up only by psychological factors. The critical articl
~for example, Ref. 23! appeal to emotions and are bas
either on unattentive reading of the publications on the n
eruptive cosmogony or an unwillingness to study the e
d
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ments of electrochemistry, gas dynamics, magnetohydro
namics, the physics of combustion and explosion, etc. un
lying it.24

2. The new eruptive cosmogony explains the proper
of Titan and the known differences between the Galile
satellites. It singles out Callisto with its unexploded icy cru
as a potentially dangerous object for the Earth. It follo
from the foregoing that in the case of an explosion, the bo
bardment will be the strongest since the Imbrian event
billion years ago. The Earth’s atmosphere will be poison
and its surface will be literally plowed to a depth of hundre
of meters. The known terrestrial resources are insufficient
preventing such bombardment. The most massive extinc
of life forms during the entire history of the Earth will tak
place. The fate ofHomo sapienswill not be an exception.

3. The principal far-reaching practical conclusion th
can be drawn from the new eruptive cosmogony is the n
to set up a purposeful second-generation space program
studying solar system bodies. Its main purpose should b
ascertain the degree of real danger from Callisto. The p
gram should be divided into two stages: a! testing the valid-
ity of the new eruptive cosmogony by investigating SP n
clei in situ to detect molecular O2 dissolved in their ices and
consequent combustion in jets and sources of escaping
ter; b! in situ investigations of Callisto’s ices for the purpos
of determining their degree of saturation with electroly
products.

On the threshold of the 3rd millennium, Russia, with
of its resources and developed space technologies, could
maining true to its centuries-old traditions, declare the p
tection and rescue of the Earth’s civilization from possib
danger as its national ideology and enter the internatio
arena with appropriate initiatives. The program propos
above, which pursues a clearly defined large-scale goal
touches the interest of everyone, might unite the efforts of
the space-exploring powers both in evaluating the poten
threat to mankind and in achieving an understanding of
actual ways in which solar system bodies form and evol
which would facilitate exploiting them in the future. As
first simple step it would be useful to take into account t
consequences of the new eruptive cosmogony and its rec
mendations in working out the details of the already plann
missions to small bodies and satellites of planets.
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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
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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 forces~the magnetic and Coriolis forces!. The
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 Physics.@S1063-7842~99!00409-2#
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The current helioseismological data1,2 provide evidence
that the entire solar convection zone rotates differentia
with faster rotation of the medium in the equatorial region
is usually assumed that such nonrigid-body rotation
shaped under the influence of a turbulent viscous force g
erated by convective motions of the medium. Rough e
mates show that the turbulent viscosity should be appr
mately 14 orders of magnitude greater than the molec
viscosity of the medium~similar estimates made for cond
tions of convective heat transfer lead to appreciably sma
values of the turbulent viscosity3!.

However, when there is such a strong increase in visc
ity, entropy production~or, stated differently, energy diss
pation! increases sharply, but, according to the fundame
postulate of nonequilibrium thermodynamics, entropy p
duction should be at a minimum.4 For this reason we assum
that the distribution of the rotation rate in stellar or atm
spheric convection zones should be established in ac
dance with that postulate. It is shown below that such
approach provides solutions which satisfactorily describe
observational data.

Since stellar and atmospheric convection zones are
ally characterized by a small value of the superadiabatic
we shall study an adiabatically stratified convection zone
find the motion structure for which the mean solenoidal v
cous force, which is strictly related to the solenoidal Corio
force, has its minimum value. In addition, the convecti
motions themselves will be assumed to be insignificant,
though, of course, an instability which initiates a sponta
ous transition from rigid-body to differential rotation can a
pear only in the presence of such motions. In addition,
shall assume that the rotation of the convection zone un
consideration is slow.

In the case of a stationary, adiabatically stratified m
1011063-7842/99/44(9)/4/$15.00
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dium, the pressure is a function of density, and the equa
of motion

1

2
“~v•v!1W1

1

r
“p1“F5F ~1!

yields the relation

curl W'D, ~2!

where

W5~curl v!3v, ~3!

D5curl F, v is the hydrodynamic velocity,F is the viscous
force,p is the pressure,r is the density, andF is the gravi-
tational potential.

Equation~2! characterizes the aforementioned strict
lation between the solenoidal components of the forces.
clear that as the mean value of the functionalucurlWu over
the convection zone decreases, the mean viscous force
off and the entropy production consequently becomes low
Our problem is thus to find a velocity distribution und
which this mean force will have the smallest value~since we
are dealing with very small velocity changes, the conditi
of an assigned mean angular momentum is satisfied a
matically!.

We seek a solution of the stated problem, assuming
all the motions of the medium are axially symmetric a
symmetric relative to the equatorial plane, representing
the vector quantities in the form of series in an orthonorm
system of the vector spherical harmonicsYJ0

(l) with l521, 0,
or 1, which depend only on the angular variables, and us
the same notation as in Ref. 5. For example,

v5(
J

vJ0
(l)YJ0

(l)5(
J

$ irvJ0
(21)YJ01I 21

3@ iqvJ0
(11)2 iwivJ0

(0)#~]YJ0 /]q!%, ~4!
4 © 1999 American Institute of Physics
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wherevJ0
(l)5vJ0

(l)(r ); I 5@J(J11)#1/2; ir , iq , and iw are the
unit vectors of the spherical coordinate system; andYJ0 is a
spherical harmonic.

It is important that the method under discussion perm
a separation of variables within the exact equations, des
the presence of the nonlinear Coriolis force. The question
bringing the cumbersome expressions derived into a sim
form was discussed in our previous paper.6 The series for the
vectorW, which is defined by formula~3!, was also written
out in Ref. 7.

In the case under consideration the problem reduce
finding the minimum of the functionalucurl Wu, which is
quadratic with respect tovJ0

(l) , and the radial derivatives o
these coefficients. Let us examine the simplest solut
which corresponds to an identical radial dependence of
the coefficients mentioned, i.e.,

vJ0
(l)5const•r a, ~5!

wherea is a constant and real quantity.
This approximation does not impose other restrictions

the equilibrium configuration if the poloidal component
the velocity is insignificant. Otherwise, we must take in
account the relation following from the continuity equatio

div rv50. ~6!

In our approximation of slow rotation the density can
replaced approximately by its spherically symmetric com
nent, and we then find that the density is approximated a

r5const•r 2b, ~7!

whereb is a constant.
As a result, we have

vJ0
(11)5@~a2b12!/I #vJ0

(21) . ~8!

With consideration of these relations, for the vec
curl W, which we shall denote byR, we obtain

RJ0
(21)5

I

2a
RJ0

(11)5
i

r 2
I (

J1J2

GJ1J2

J $~a11!I 2ZJJ1

J2

2~a2b12!I 1
2I 2

21ZJJ2

J1 %vJ10
(0) vJ20

(21) ,

~9!

RJ0
(0)52

i

r 2 (
J1J2

GJ1J2

J $@~a11!I 2ZJ1J2

J

12aI 1
2ZJJ2

J1 #vJ10
(0) vJ20

(0) 1@ I 12~a11!

3~a2b12!I 1
21#@~a2b12!I 2I 2

21ZJ1J2

J

12aI 2ZJJ1

J2 #vJ10
(21)vJ20

(21)%, ~10!

where

GJ1J2

J 5
~CJ10J20

J0 !2

4II 1I 2
F ~2J111!~2J211!

p~2J11! G1/2

,

Zab5a(a11)1b(b11)2c(c11), I k5@Jk(Jk11)#1/2,
Cab

c is a Clebsch–Gordan coefficient, andk51 or 2.
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In Eqs. ~9! and ~10! J.0, and the sum of indices
J1J11J2 is even~otherwise, the result would be zero!. In
addition, under the condition of symmetry relative to t
equatorial plane the coefficientsvJ0

(0) have odd values ofJ,
and in the other velocity coefficientsJ is even.

In the case of an identical radial dependence for all
modes under consideration, to find the mean value of
scalar productR•R* it is sufficient to carry out averaging
over the entire spherical surface. Here the asterisk den
the complex conjugate. Making use of the orthogonality
the vector spherical harmonics, we obtain

@r /v10
(0)#4(

lJ
RJ0

(l)RJ0
(l)* 5(

n
«2n«2n* , ~11!

where«2n is a dimensionless variable andn51,2, . . . is the
number of the equation, i.e., 2n is equal toJ if J is even and
to J11 if J is odd.

The explicit expression for«2n can be obtained afte
plugging in ~9! and ~10!. Of course, Eq.~11! should be
equated to the corresponding viscous force reduced to
mensionless form, but our problem is confined to finding
velocity distributions for which the root-mean-square val
of all the«2n , i.e., «̄, has a minimum value. ObviouslyNu«̄u2

is equal to the right-hand side of Eq.~11! if only N terms are
kept in it.

SinceG11
2 51/@4(30p)1/2#, it can be seen that in the cas

of rigid-body rotation, in whicha51 and only a single co-
efficientv10

(0) out of the entire series of velocity coefficients
nonzero, all the«2n are equal to zero. In this casev10

(0)

52 ir V(8p/3)1/2, whereV is the angular velocity. Such a
state is probably unstable in the presence of even slow c
vective motions. Our calculations provide evidence supp
ing the existence of such instability, although this question
still in need of more detailed investigation.

We assume thatvJ0
(0)/v10

(0)5uJ5u2k21 and vJ0
(21)/uv10

(0)u
5 f J5 f 2k , wherek is equal to 1,2, . . . ,N. The coefficients
uJ and f J will then be real, andu151. In Eq.~11! we clearly
have 1<n<N.

To solve the stated problem we compared various m
els, varying either one of the coefficientsuf , f J or the pa-
rametera and looking for the smallest value of«̄. Models
with a number of rotational modes up to 30 were consider
In the first stage we studied models with motion close
rigid-body rotation in the approximation of negligibly sma
poloidal velocities, under which allf J'0 and in Eq.~11!
2n5J. Solutions were found for values ofa in the vicinity
of 1.28 and 1.34. The first of these values describes rota
similar to that observed on the Sun, and we shall examin
in greater detail.

Table I presents the basic parameters of three mo
calculated with different values ofN, whereN is equal to the
number of rotational modes left~all uJ with indicesJ.2N
21 are assumed to be equal to zero!. We present the param
eter a, the two basic coefficientsu3 and u5 ~we recall that
u151), the last coefficientu(2N21) , the indexJ5Jmax« for
which u«Ju5«2 and the highest valueu«Jmax«

u is achieved, the
corresponding maximum value, the minimum root-mea
square value found«̄, and the ratio of the equatorial angula
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TABLE I. Parameters of the rotation models.

Model Model No. a u3•100 u5•100 u(2N21) Jmax« u«J maxu «̄ r V

1 11 1.28021 24.9639 21.1622 26.831025 22 3.431024 1.931024 1.92
2 20 1.28014 24.9630 21.1621 25.331026 32 6.131025 3.331025 2.24
3 29 1.28019 24.9636 21.1621 23.231027 30 4.331025 2.131025 2.27
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velocity to the angular velocity at the polesr V . The varia-
tion of the ratio of neighboring coefficients in the series ofuJ

with increasingJ can be undulating, as follows from Fig. 1
The latitude dependence of the angular velocity is shown
Fig. 2, in which the crosses denote experimental data
tained by measuring the Doppler shifts of lines.8 The satis-
factory fit between the theoretical and experimental dat
evidence that the state with the minimum mean soleno
viscous force under consideration is, in fact, realized on
Sun.

The heightened sensitivity of the value of the angu
velocity in the immediate vicinity of the rotation axis towa
the numberN is noteworthy. Only ifN is greater than or of
the order of 20 does the dependence of the distribution of
angular velocity and the other parameters onN vanish. It
should also be stressed that in the case of infinitely largN
the requirement for a fairly rapid decrease in the coefficie
uJ will probably not be satisfied. The latter is necessary
cause in the near-axial zone the derivative (]YJ0 /]q) in Eq.
~4! is proportional toqJ3/2, i.e., increases with increasingJ.

FIG. 1. Ratio between the amplitudes of neighboring coefficientsq2 j

5u2 j 11 /u2 j 21 as a function of the mean value of the lower index of the t
coefficients. Herej 51,2,3, . . . ,(N21). The first ratioq2 is negative and is
not shown in the figure. The numbers of the curves correspond to the n
bers of the models in Table I.
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In other words, under real conditions the amplitude of ve
high-order modes will probably be smaller than the va
determined by the minimization procedure. Even in that c
the decrease in the mean solenoidal viscous force in c
parison to the value corresponding to the unminimiz
model can be quite substantial, since«̄, as follows from
Table I, falls off with increasingN.

In the case of convective planetary atmospheres the d
sity usually drops sharply with altitude@in Eq. ~7! b@1#, and
models with intense meridional flows of the medium are
interest. A preliminary study of the model withb5800 pro-
vides evidence supporting the existence of a minimum fo«̄
under the condition thata is close to or somewhat smalle
thanb. If it is also assumed that the thickness of the conv
tion zone is 4–5 times greater than the ratior /b, the angular
velocity of the upper layers of the zone will be two orders
magnitude greater than that of the lower layers. Such
model could describe the superfast rotation of the upper
ers of the Venusian atmosphere. In this case convectio

m-

FIG. 2. Dependence of the angular velocityV normalized to the angular
velocity at the equatorVe on the latitudeQ in the case of models 1–3 in
Table 1~the dashed, dotted, and solid curves, respectively!. The crosses are
experimental results reported by Howard.8



.

ec

e
b

so
ha
b

b

rt
in
d
ra
g-

a-

ics,

1017Tech. Phys. 44 (9), September 1999 Yu. V. Vandakurov
excited by the large horizontal temperature gradients9,10

This problem merits more detailed study.
If we are dealing with a magnetized nonrotating conv

tion zone, then the magnetic force appears in Eq.~2! instead
of W. It is not difficult to show that this equation will be
solvable only in the case of a dipolar magnetic field.6 The
higher the multipolarity of the field, the greater will be th
difference between the number of equations and the num
of unknown variables. It has not been ruled out that the
lution should be sought under the hypothesis that the c
acteristic diameter of the magnetic tube is small, compara
to the size of the chaotic fluctuations.6 Possibly a solution to
the enigma of the existence of small-scale magnetic tu
with large field fluxes will be found in this way.

Part of this work was carried out with financial suppo
from the research fund of the St. Petersburg Scientific Tra
ing Center of the Ministry of Education of the Russian Fe
eration and the Russian Academy of Sciences Prog
‘‘Electrophysics of High-Density Currents and High Ma
netic Fields.’’
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The results of the first experiment designed to measure the difference between the beta-decay
constants of atomic and molecular tritiumDl5la2lm 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 ofDl 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 valueDl5(4.660.8)310212 s21, which
corresponds to a relative change in the decay constant amounting to;0.26%, is obtained.
© 1999 American Institute of Physics.@S1063-7842~99!00509-7#
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The subject of this report is the interaction of a be
electron formed by an atomic nucleus with electrons a
electron vacancies in the atomic–molecular system
rounding the beta-active nucleus. According to the Fe
theory of beta decay, the probability of the emission of el
trons by nuclei and their spectrum depend on the structur
the phase space accessible to a virtual beta electron in
atomic–molecular system. In this case the experiment
determined values of the fundamental parameters of
conversion, viz., the decay constantl and the cutoff energy
Emax of the beta spectrum, are sensitive to the state of
electronic environment of the nucleus~as is manifested in the
so-called chemical shifts ofl andEmax). The examination of
tritium-containing atomic–molecular systems is most pro
ising from the standpoint of solving experimental and the
retical problems in the area of the investigation of the che
cal shifts accompanying beta decay. Since the mass exce
the second neutron in the tritium nucleus is close to the C
lomb energy of the second proton in the helium nucleus,
energy released upon the beta decay of tritium is relativ

small ~3H→3He1e21 ñ118.6 keV!. In this case an appre
ciable portion of the virtual beta electrons are generated w
wavelengths characteristic of atomic electronic systems. T
leads to significant changes in the real beta spectrum
makes the chemical shifts ofl andEmax measurable. When
the cutoff energy is measured, the shifts ofEmax are masked
by the unavoidable variation of the energy of the real b
electron as it moves toward the detector, which fundam
tally complicates the identification of observable changes
Emax. Such difficulties do not arise in measurements of
chemical shifts of the decay constant, since the decay ra
determined only by the density of vacancies for the virt
beta electron and clearly does not depend on the fate o
real electron leaving the circumnuclear space. This pa
presents the results of the first experiment designed to m
sure the difference between the decay constants for ato
(la) and molecular (lm) tritium Dl5la2lm .

Helium differential isotope mass spectrometry was u
1011063-7842/99/44(9)/3/$15.00
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to determineDl. The method is based on a comparison
the growth rates of the ratio of the content of radioge
helium-3 to the content of helium-4 in two samples, each
which contains helium-4 and some chemical compound
tritium. The important advantages of such an approach
clude the complete elimination of absolute measureme
and significant simplification of the way in which the heliu
losses are taken into account, and the main sources of
tematic error are thereby eliminated. In the case under c
sideration the experimental scheme called for the creatio
two identical samples of a gas mixture containing helium
and molecular tritium at a timet0, followed by the treatment
of one of them for the purpose of bringing the tritium in
the atomic state. The instant the tritium passed throug
palladium membrane having an active area of 12 cm2, a
thickness of 0.01 cm, and a temperature of;530 °C was
taken as the starting point for measuring the time. The
tium which passed through the membrane was mixed w
helium-4, and then the mixture was distributed among m
lybdenum glass ampuls, which had an inner diameter o
mm and a length of 350 mm. The partial pressure of tritiu
in the ampuls was 93 Pa, and the partial pressure of hel
was 4–6 Pa. The3H2 molecules were dissociated by th
energy from an rf discharge ignited in the ampul by a sin
soidal field with a frequency of 1 MHz and an intensity
;100 V/cm, which was formed by external annular ele
trodes. Thermalized free tritium atoms were obtained b
resonant dissociation mechanism, under which the3H2 mol-
ecules receive the energy needed to break the interato
bond as a result of superelastic collisions with mercury
oms excited in the discharge, which were preliminarily intr
duced into the ampul and vaporized by the discharge its
The effective value of the current in the discharge was h
at a level of;40 mA, and the power dissipated in the di
charge was 140–145 W.

Mass-spectrometric and optical methods were develo
to determine the degree of disassociation of the molecule
the mass-spectrometric measurements free hydrogen a
passed from the discharge cell into the ionization chambe
8 © 1999 American Institute of Physics
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the mass spectrometer along a Teflon antirecombina
channel in a molecular-flow regime. The value of the deg
of dissociation~«! was determined from the dependence
the current of atomic hydrogen ionsI on the powerP ab-
sorbed in the discharge cell. A horizontal plateau cor
sponding to a degree of dissociation of hydrogen close
100% was achieved on the plot ofI (P) for the values of the
current and field intensity in the discharge indicated abov1

The optical method for determining the value of« was based
on a comparison of the intensity of the Ha , Hb , Hg , and Hd

lines of the Balmer series, which were identified using
monochromator, and the bands with wavelengths of;652,
;580, and;410 nm from the spectrum of molecular hydr
gen for two regimes of the rf discharge: a flow-through
gime, under which gas is continuously pumped through
discharge tube, and a static regime. In the flow-through
gime the time spent by a molecule in the space between
electrodes is only 0.003–0.01 s. Over this time practically
dissociation of the hydrogen occurs, and the spectrum of
discharge is dominated by molecular bands. In the static
gime ~i.e., without gas flow!, at the same values of the pre
sure and the power dissipated in the discharge the inten
of the lines of the Balmer series increases by a factor
10–15, while the intensity of the molecular bands decrea
by a factor of 25 or more. A comparison of the coefficien
of relative variation of the intensity reveals that the degree
dissociation of hydrogen in the static regime exceeds 9
The statistical weights of the ionized and excited states
hydrogen in the discharge, according to calculations ba
on estimates of the current, electron density, and elec
energy, does not exceed 1023%. Thus, the experimental con
ditions ensured the observation of the beta decay of trit
in the ground atomic and ground molecular states.

The equation of measurement for the helium differen
method of determiningDl for the 3H atom–3H2 molecule
pair has the form2

~3He/4He!a

~3He/4He!m

5
ta

tm
S k«

Dl

lm
11D .

Here (3He/4He)m,a are the mass-spectrometrically measu
values of the helium isotope ratios in the samples with m
lecular and atomic tritium, andtm and ta are the effective
exposure times of the samples, and the time that a portio
the tritium is in the atomic state~i.e., the existence time o
the discharge! is expressed asta•k, wherek,1 is a dimen-
sionless coefficient. The lengths of the time intervalstm and
ta were calculated from the relationstm,a5(tm,a2t0)
1dm,a•hm,a , where tm and ta are the time readings at th
instants the tritium is removed from the samples,hm andha

are the time intervals betweentm and ta , respectively, and
the time of measurement of the helium isotope ratios in
samples, anddm and da are the relative residual specifi
activities of tritium, which determine the rate of accumu
tion of helium-3 in the ‘‘molecular’’ and ‘‘atomic’’ samples
during the time intervalshm andha . The removal of tritium
from the samples was accomplished by interaction of the
mixture with a palladium membrane similar to the one us
in filling the ampuls. The uncertainty in determining th
n
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starting pointt0 for the time measurements and in the valu
of tm andta did not exceed 8 s. The relative residual activ
due to the incomplete removal of tritium through the me
brane was measured by an internal-flow proportional cou
with a sensitivity equal to;106 tritium atoms3 and
amounted todm50.00115 andda50.00095 of the original
specific activity of the mixture. The permeability of the pa
ladium membranes toward helium, the absorption of heli
by the ampul walls, the presence of an admixture of3He in
the inert4He, and other factors which produce nonradioge
changes in the3He/4He ratio in the mixtures were monitore
using a mass spectrometer having a sensitivity of;33104

atoms with respect to3He ~Ref. 4!. The amount of helium-3
formed in the samples during their exposure excee
231013 atoms. Thus, the possible systematic errors cau
by helium losses were recorded at the;1026 % level.

The helium isotope ratios in the sample, which we
close to 0.001 in absolute value, were measured usin
modified MI1201 double-beam isotope mass spectrome5

which provided a reproducibility in relative measurements
3He/4He at the 0.02% level in a series of independent con
experiments with a special helium–tritium calibration mi
ture. In the actual experiment for determiningDl, five series
of measurements, in each of which samples of the hel
mixture from the ‘‘molecular’’ and ‘‘atomic’’ samples were
alternately admitted into the chamber, were performed. A
result, a value of 0.90257 with a standard deviation
0.00021 was obtained for (3He/4He)a /(3He/4He)m from the
left-hand side of the equation of measurement. The effec
exposure time intervals had the valuestm5271.80 min and
ta5244.90 min, and the dimensionless coefficient w
k50.70, i.e., the discharge was sustained for 171 min. T
value taken for the degree of dissociation« was 0.9520.02

10.05.
The ratio Dl/l determined from the equation of mea

surement for the values indicated above of the parame
appearing in the equation has a value of 0.0025760.00045.
The error of the result corresponding to one standard de
tion was determined by a quadratic form including the va
ances of all the parameters of the equation of measurem
The variance of the ratiota /tm was calculated with allow-
ance for the 95% positive correlation of the random qua
ties tm andta due to the identical nature of the procedures
removing tritium from the two samples. When the absolu
value of the difference between the half-lives of molecu
and atomic tritiumDT1/2 is calculated on the basis of th
measured relative shift of the decay constant, it is sensibl
use the value T1/2m5(12.29660.017) years, i.e., the
weighted-mean value of the two most recently publish
closely agreeing estimates of the half-life of molecular t
tium, one of which was obtained by helium isotope ma
spectrometry,6 while the other was obtained from the dec
curve plotted by recording the bremsstrahlung.7 Taking into
account thatDT1/2/T1/252Dl/l when Dl/l!1, we find
T1/2m2T1/2a5(0.031660.0055) years5(11.562.0) days.
For the absolute value of the difference between the de
constantsla andlm we obtain
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Dl5la2lm5
ln2

T1/2m
~0.0025760.00045!

5~4.660.8!310212 s21.

Techniques for the rapid tritiation of various hydroge
containing compounds are being developed on the bas
the procedure devised for the production, stabilization,
diagnosis of atomic hydrogen, which will permit measu
ment of the chemical shirts of the decay constant for a lo
list of atomic–molecular systems. The determination of
lifetime of the tritium nucleus for several known states of
electronic environment can be interpreted as the calibra
of a natural electronic probe, which has nuclear locality
generates electrons with an atomic wavelength. By sub
quently measuring the chemical shiftsDl for an unknown
structure of a phase volume accessible to a beta electron
can draw conclusions regarding the presence of specific e
tronic states in the atomic phase space. Additional inform
tion on this can be provided by an analysis of the spectra
the relaxation radiation due to reorganization of the el
tronic levels in response to a change by one unit in
charge of one of the nuclei in the atomic–molecular syst
under investigation. One special feature and advantage o
method for structurally analyzing atomic–molecular syste
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-
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using beta electrons from their own nuclei is the ideal cor
lation between the coordinates of the object being pro
~the electron cloud! and the radiation source~the nucleus!.
This makes it possible to use quantum beta-electron diag
tics to investigate experimentally not only the energy str
ture of an electron ensemble but also its spatial configu
tion.
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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. ©1999 American Institute of Physics.
@S1063-7842~99!00609-1#
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The status of the physics of atomic collisions as an
dependent branch of atomic physics was established in
late nineteen-fifties and the early nineteen-sixties, when
first international conferences on this subject were held. T
discoveries were made in that period, which, as is now cl
had a decisive influence on the development of the field. O
of them is the prediction and discovery of resonances in
cross sections for the excitation of atoms and molecules
electron impact.1 It was simultaneously discovered that su
resonances, or autionizing states, are excited not only u
electron impact, but also upon photoabsorption and the
pact of charged atomic particles. The investigation of th
states became a widely known achievement, to which sc
tists at the A. F. Ioffe Physicotechnical Institute made a s
nificant contribution.2 Some of the phenomena discover
will be considered in greater detail. The second discove
which was made in the Physicotechnical Institute in 19
and which, at first glance, is not associated with resonan
was even more remarkable. In order to understand it,
should recall what an ‘‘adiabatic’’ state of a diatomic mo
ecule is. In such a state the electrons are found in bo
levels in a field of fixed Coulomb centers. It was expec
that transitions between ‘‘adiabatic’’ states are unlikely d
ing ‘‘slow’’ collisions ~where the velocity of the projectile i
much smaller than the mean orbital velocity of a bound el
tron!. Thus, collisions in this energy range should be ba
cally elastic. It was shown in a series of notable studies c
ried out at the Physicotechnical Institute3 that in reality the
opposite situation occurs: intense lines were discovere
the energy-loss spectrum at energies of the order of hund
1021063-7842/99/44(9)/4/$15.00
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of electron volts. This discovery became possible owing
the use of the coincidence technique.4 An analysis of the
coincidence spectra showed that characteristic lines are
cited when definite distances of closest approach of the
liding particles are achieved. In fact, when the electro
shells of atoms overlap, electrons are selectively ‘‘p
moted’’ from inner to valence shells. The vacancies form
in the inner shells are usually filled by Auger transition
which are accompanied by the escape of fast electrons w
fixed energy. To understand this process, it was necessa
abandon the existing theories regarding adiabatic states
introduce ‘‘diabatic’’ one-electron orbitals, such as those
the H2

1 system.5 This opened up the possibility of performin
nonempirical calculations of inelastic processes. The e
tence of a quantitative theoretical foundation and experim
tal techniques that were continually being upgraded allow
the next 20 years to be devoted to testing the molecu
orbital model in ion–atom and atom–atom collisions.

The discovery of Auger electrons emitted when vaca
cies in the inner shells of atoms are filled6 provided convinc-
ing proof of the validity of this model. Subsequently th
characteristic spectra of electrons emitted from the projec
and the target particle were measured with fairly high re
lution. For several years many characteristics of inela
processes were studied, the cross sections for numerous
sitions were reliably calculated, and it became possible
relate the energies of Auger transitions to an ionization s
and even to identify very weak processes. The final trium
of the molecular model was possibly the discovery of x
diation and Auger electrons as a result of transitions betw
1 © 1999 American Institute of Physics
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short-lived quasimolecular states at the moment of impa7

Owing to this observation, all doubts that the molecular
bitals of H2

1 are the key to understanding the mechanism
slow ion–atom collisions disappeared. Amazingly, the e
lier discoveries of Afrosimov and co-workers, which we
seemingly unrelated to the resonances observed upon p
absorption and electron impact, ultimately turned out to
unequivocally related to Auger processes; therefore, inve
gations of ion–atom and atom–atom collisions are e
more important. Slow collisions of many-electron atoms
accompanied by the formation of unusual states, which
be investigated by analyzing their decay products. The r
ability of standard calculation methods, such as the Hartr
Fock method8 and theR-matrix method,9 has increased as th
power of computers has grown. New methods for taking i
account electron correlations in multiply excited states h
been proposed.10 Due to a lack of time, I am unable to list a
the achievements resulting from the intensive study of th
states which has been carried out by the community of
entists specializing in the physics of atomic collisions. I w
mention only one discovery, which attests to the diversity
the new phenomena associated with the unusual, mult
excited resonant states formed during ion–atom collision

States of atoms with two inner-shell vacancies can fo
with a high probability during ion–atom collisions. Even
this case the atom usually relaxes by means of Auger tra
tions, which are essentially identical to the Auger transitio
in atoms with one inner-shell vacancy. Such transitions
typically associated with the correlated motion of two ele
trons: one of them loses energy and fills the inner-shell
cancy, while the other escapes, carrying off a fixed amo
of energy. In the case where two inner-shell vacancies fo
they are usually filled by two independent two-electron tra
sitions. In principle, there is a probability that the two ele
trons filling the vacancies will transfer their energy to o
electron as a result of a three-electron transition, which
specified by the contribution of the correlations to the init
or final state. Such transitions were discovered by scien
working at the Physicotechnical Institute.11 Their discovery
is attributable to the development of highly sensitive inst
ments and to the fact that atoms with two inner-shell vac
cies form in atomic collisions with cross sections close to
geometric value.

Along with the processes in the inner shells, transitio
involving electrons in valence shells were investigated. O
cillations of the excitation cross sections12 revealed effects
associated with interference between different ‘‘trajectorie
leading to the same final state. By plotting the excitat
cross section as a function of the reciprocal velocity 1v,
which is proportional to the collision time, we can determi
the phase and the energy differenceE1(t)2E2(t) of the
quasimolecular states which participated in the transiti
The possibility of relating cross-section oscillations to lev
of a quasimolecule gives us a valuable tool for analyz
atomic collisions within the molecular-orbital mod
adopted.

The further development of the conception of ‘‘adi
batic’’ states was associated with the discovery that s
electrons, which do not participate in Auger processes~such
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electrons are emitted as a result of direct ionization!, have
the following energy distribution:13

s~Ee!'Cexp@2~Ee2d!/av#.

This relation holds over a broad energy range, wh
corresponds to variation of the cross sections(Ee) by 5
orders of magnitude. The basis for this formula was given
Ref. 14. Following the remark in Ref. 15 that the adiaba
energy levelsEn(R) should be regarded as separate branc
of a single functionE(R) of the complex variableR, Ovchin-
nikov and Solov’ev14 calculated this function for the H2

1

system. The various branches ofE(R) are joined at branch
points. The probabilities of nonadiabatic transitions betwe
states whose levels are joined at branch points are calcu
by estimating the phase integrals along paths which be
and end on the realR axis and circumvent the branch point
Solov’ev16 discovered series of branch points, which ha
been termed ‘‘superpromotions’’ orS series, along which a
2ps electron of the united atom can be promoted to a c
tinuum state with an energyEe . One of the remarkable fea
tures of this theory is that experimental data on cross s
tions can be described by the properties of the function of
adiabatic energyE(R) at complex values ofR.

The use of adiabatic states within the approximate h
den crossing theory led to definite success, but it ran i
some other difficulties. The exact numerical solution of t
time-dependent Schro¨dinger equation is a goal which ha
essentially been achieved owing to the continuous impro
ment of computer technology. Direct application of the sta
dard method of coupled molecular eigenvalues, which is a
known as the perturbed stationary state technique, is imp
sible, although, as follows from the experimental data, el
trons move along molecular orbits in a first approximation
can be presumed that the requirement of Galilean invaria
rules out the possibility of using such states as a basis se
nonempirical calculations. It turned out that this difficul
can be overcome by many methods, the best of which, in
opinion, is the use of the scaling transformation proposed
Ref. 17. I will not discuss the details of this transformati
and will only state that it leads to a satisfactory theory.

In fact, a satisfactory formulation of the problem
terms of adiabatic states reveals the main reason why
are unsuitable for performing complete nonempirical cal
lations of ionization, viz., the need to use an infinite numb
of states. This is illustrated by the Demkov–Osher
model.18 In order to go from a bound state to the continuu
an infinite number of intermediate states must be crosse
any of them is skipped, the result becomes erroneous in p
ciple. For this reason, the use of adiabatic states is less
able for solving the Schro¨dinger equation than other approx
mations, for example, integration of a partial different
equation or the use of multicenter atomic states. The e
tence of powerful modern computers makes the last
methods highly effective, but the general physical picture
which the behavior of the orbitals of the H2

1 system is a
source of information on ion–atom collisions, is lost wh
they are used.

The solution of the dilemma described calls for reco
structing the diagrams of adiabatic energy levels. In t
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case, the energy variable is replaced by the quantityE(R)R2.
Figure 1a shows plots ofv5E(R)R2 for a model system of
an electron in a field of two zero-range potentials.19,20Let us
turn this diagram through 90° and examine the funct
R(v) ~Fig. 1b!. Only one eigenfunctionw(R(v),q), i.e., the
modified eigenfunctionS(v,q), corresponds to this function
The exact solution of the model problem is expressed
terms of the single-valued function presented above. It
been found that owing to the scaling properties of the C
lomb potential, such a device can be applicable to diato
systems. In this case there is an infinite number of the fu
tions Sn(v,q), whereq5r /R is now the reduced coordinat
of the electron, and the reduced energy was defined ab
Unlike the case of an adiabatic basis set, in our case
amplitude of the transition between any initial and any fin
state, including the continuum, is specified by only one fu
tion. The development of this theory was a result of coo
eration between scientists of the Physicotechnical Insti
and the Oak Ridge National Laboratory.

The traditional course of the studies which we have c
ried out in cooperation with scientists of the Physicotech
cal Institute has been a constructive interaction of theory
experiment. This tradition is presently being continued,
though the financing of experimental work in the physics
atomic collisions is becoming increasingly problematic.
conclusion, I would like to present an example of how t
theory which we developed predicted several new proper
that were subsequently discovered in experiments.

FIG. 1. Dependence ofv5E(R)R2 on R for a particle in a field of two
zero-range potentials~a! and inverse dependence ofR(v) on v ~b!. All the
values are in atomic units.
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The new statesSn(v,q) are the eigenfunctions corre
sponding to the eigenvaluesRn(v). Now these eigenvalue
are the coefficients multiplying the potentialV(q) in the
scaled Schro¨dinger equation, and at positivev they acquire
complex or even negative values. In the latter case the
tential is effectively reversed, and the wave function is co
centrated in the region midway between the two proto
where the local potential is described well by an harmo
oscillator. The electrons have a probability of advancing in
the harmonic-oscillator region by means of a mechanism
movement at the top of the potential barrier; this leads to
appearance of a so-calledT series of branch points. There a
two possibilities for the electrons to reach the continuu
One of them leads to as-type distribution, and the othe
leads to ap-type distribution. Since the contribution of th
corresponding trajectories is coherent, we should expec
in the case of the oscillations12 for electron excitation and
capture processes, the appearance of similar oscillation
the electron distribution density. The distribution densit
oscillate with a frequency which depends on the differen
between the real parts of the complex eigenenergies of
harmonic oscillator, as is shown in Fig. 2. In fact, the osc
lation frequency is a measure of the energy difference ta
at complex values of the internuclear distanceR. This energy
difference decreases with the internuclear distance fa
slowly, asR23/2; therefore, the corresponding phase integ
is fairly large:

f5v21E
R0

`

DE~R! dR'2C1 /~vR0
1/2!,

where R0 is of the order of unity and the real part ofC1

equals 4 in atomic units.21

Similar oscillations in the distribution of the very slow
electrons formed in collisions of protons with helium atom
were discovered in Ref. 22.

The imaginary part of the phase integral also has
physical meaning, which is best traced in the context
electron-impact ionization. In this case another modificat
of adiabatic states, in which the hyperradiusR plays the role
of the adiabatic variable must be used. It turns out that
functionR(v) is suitable for describing electron-impact ion
ization, and a theory similar to the theory of ion–atom c
lisions can be developed. States at the top of the barrier
appear in it, and they can be described using the ‘‘inve
adiabatic states’’S(v,R̂), where R̂ denotes all the coordi-
nates of the particles, except the hyperradiusR. One of the
stages of cooperation between the Physicotechnical Inst
and our team was devoted to applying the theory which
developed to electron–atom collisions.23 In this case the
imaginary part ofC1 is related to the famous Wannie
threshold law. Our calculations exhibited very close agr
ment with the data from measurements of ionization cr
sections in the threshold region. It can be concluded t
adiabatic states are applicable, in principle, to essentially
low-energy processes in which atoms or molecules break
into three charged fragments.

In summation, it can be stated that the conception
adiabatic states has undergone considerable developme
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the last few years with an important contribution from th
Physicotechnical Institute. This brief retrospective analy
has allowed us to recall past achievements and to predic
future creation of a complete theory of atomic systems c
sisting of a small number of particles on the basis of one
the versions of the theory of adiabatic states. Ion–atom
lisions, however, are no longer at the forefront of atom
physics. Bose condensation and cold collisions are prese

FIG. 2. Distribution densities of electrons emitted during collisions of
10-, and 15-keV protons with hydrogen atoms for a fixed impact param
b51.2 a.u.~from Ref. 21!; ki andk' — components of the electron wav
vector parameter and perpendicular to the axis of the primary beam.
is
he
-
f
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more promising and intriguing areas. However, in the
cases, too, hyperspherical adiabatic states have been us
test the limits of applicability of the ordinary theory.24 I can-
not foresee the future, but I can speculate that adiabatic s
will astonish us further with possibilities for application t
the calculation of diverse dynamical processes.
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Multiple-quantum radio-frequency spectroscopy of atoms: application to the metrology
of geomagnetic fields
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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 fieldH1 is investigated theoretically and experimentally. It is shown that among
the set of observedn-quantum resonances which satisfy the selection rulesDF50 and
DmF56n (n is an integer!, there is one resonance with the highest multiplicityn54
(mF52⇔mF522), 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 Physics.@S1063-7842~99!00709-6#
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INTRODUCTION

The Zeeman effect in the ground-state radio-freque
spectra of several alkali-metal atoms has been utilized s
the late 1950s for highly accurate measurements of the
solute value of the induction of weak magnetic fields mai
in the geomagnetic range. The demands for precision m
surements of this kind are very diverse, and the accur
requirements imposed have no upper bound, creating a
ation that constantly stimulates the search for new solutio
The greatest absolute accuracy and variational sensit
have been achieved using an optically pumped potass
vapor magnetometer, which utilizes a narrow isolated re
nance withDF50 andmF52⇔mF51 in the ground-state
radio-frequency spectrum of one of the two stable isotope
potassium.1 Apart from the one-quantum transitions wi
DmF561, multiple-quantum resonances withDmF56n
appear when the amplitude of the resonance-stimulating
ternating magnetic fieldH1 is increased, and they are ve
effective in the quasiequidistant magnetic splitting system
the ground-state hyperfine sublevels. At the time of th
discovery in the early 1950s,2,3 these resonances seemed
tractive because of their intrinsic width, which successiv
decreases with increasingn. However, it was soon found tha
their frequency depends on the amplitude of the alterna
field and that the stronger it is, the higher is the order of
resonance. This dramatically reduced the interest in th
resonances, and since then they were not employed
magnetic-field metrology.

In this report we turn our attention to the special pro
erties of the resonance with the highest multiplicityn54,
which is essentially not displaced by the alternating field.
addition, the frequency of this resonance~in contrast to all
the others! exhibits a strict linear dependence on the indu
tion of the static magnetic field. Being very narrow and ve
intense, this resonance merits study as a candidate for u
a quantum magnetometer with record-high characteristic

The easily predicted features of the four-quantum re
1021063-7842/99/44(9)/4/$15.00
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nance might have provided an exceptional experime
technique back in the 1950s. However, in the experiment
that time experimentalists focused on three-quantum re
nances for technical reasons: the four-quantum resona
would have required a radio-frequency field with an exc
sively high amplitude. Under our conditions we worked wi
such narrow resonances and in such weak static fields
only negligible amplitudes were needed to excite the fo
quantum resonance.

ANALYSIS OF THE EVOLUTION OF THE MAGNETIC
RESONANCE SPECTRUM OF POTASSIUM

In a weak magnetic field the ground state of the pot
sium atom forms two systems of almost equidistant magn
sublevels separated by a hyperfine interval. An example
the energy structure of the39K isotope is shown in Fig. 1a
where the magnetic splitting has been greatly magnified
clarity. In a terrestrial field the spectrum of transitions wi
DmF561 consists of six closely arranged lines in the vici
ity of a frequency equal toH•7 Hz/nT, whereH is the in-
duction of the field in nanoteslas. The exact values of
frequencies of these transitions obey the familiar Breit–R
formula and were given in Ref. 4. Under the conditions
optical orientation the transitions within theF52 state are
most clearly expressed in the spectrum, being manifeste
four almost exactly equidistant lines separated by an inte
equal to 2bH2, where the value ofb for the 39K isotope is
106.327 GHz/T2. In an average terrestrial field of 50mT this
interval amounts to about 500 Hz.

In a vacuum flask with a paraffin cover the intrins
width of the resonances of potassium vapor is of the orde
1 Hz. The possibility of using one completely isolated, ve
strong line in the spectrum gives potassium a decisive adv
tage over cesium, which has been most popular in quan
magnetometry, but whose numerous overlapping resona
form a broad~of the order of 50–100 Hz! asymmetric line
with an indefinite position for the maximum, creating a m
5 © 1999 American Institute of Physics
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FIG. 1. Scheme of the ground-state energy sublevels of the39K atom ~a! and detailed structure of the magnetic splitting of the upper ground-state hype
sublevel of the39K atom in a magnetic field with inductionH with accuracy to the terms quadratic with respect to the field fora57.004666 GHz/T and
b5106.327 GHz/T2 ~b!.
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jor source of systematic errors in cesium magnetometers.
tassium magnetometers are completely free of errors as
ated with the influence of nearby resonances. The sm
width of the principal resonance together with its high a
plitude ~the signal-to-noise ratio is of the order of 104 in a
1-Hz band! ensures the record-high sensitivity of potassiu
magnetometers. Figure 2 presents a fragment of a recor
the difference between the readings of two independent
tassium magnetometers, whose sensors were separate
two meters. The differential record enabled us to suppr
the natural fluctuations of the Earth’s magnetic field by
factor of 100 and to approach the internal noise of the ins
ments. The noise track presented, which is confined
1/4 pT, gives an upper estimate of the noise of the ins
ments. The record was made at the rate of 5 readings
second and provided a picture of the resolving pow
achieved in the instrument.

A spectrum of 6 isolated lines is observed for a fai
low amplitude of the radio-frequency fieldH1 , which is as-
signed by the relationgH1<G, where gH1 is the matrix
element for a transition between adjacent sublevels andG is
the intrinsic width of the transition. At such a low amplitud
o-
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-
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-
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of H1 each atom responds to the perturbation as a se
independent two-level systems. AsH1 is increased, the spec
trum begins to change: the lines broaden and shift, and
lines corresponding~in terms of perturbation theory! to mul-
tiphoton resonances appear. Field-induced line broadenin
well known in the theory of magnetic resonance. The fie
induced displacement of a resonance in a two-level syste
also well known as the Bloch–Siegert effect. However, a
stronger field-induced shift of the resonance is exhibited
multilevel quasiequidistant systems. In second-order per
bation theory the energy shiftDEj of a certain levelj is
given by the expression5

DEj5SkuVjku2/~Ej2Ek1\v!, ~1!

where uVjku is the matrix element associating thej th level
with any possiblekth level having an energyEk , and\v is
the quantum energy of the fieldH1 .

The formula presumes that thekth level lies above the
j th level ~otherwise, the sign in front of\v changes!, and
the denominator is fairly large compared to the width of t
transitions, i.e., the displacement of levels under the actio
a nonresonant field is considered~a resonant field does no
atural field
FIG. 2. Experimental record of the difference between the readings of two commercial GEM Systems potassium magnetometers in the Earth’s n
~Canada, April 1998!.
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shift the levels!. The frequency shift of a transition is calcu
lated as the difference between the energy shifts of the c
bining levels. AsH1 increases, the field-induced shift in
creases quadratically and becomes significant in the re
where multiple-quantum resonances appear, increasing
increasing multiplicity of the resonance. The resonance
highest multiplicity is an exception. This can be seen
applying formula~1! to the calculation of the shifts of th
mF52 andmF522 levels under the action of the fieldH1

with the frequencyaH ~Fig. 1b!, which corresponds to 1/4 o
the frequency of the unperturbed gap between themF52 and
mF522 levels. This frequency exceeds the resonance v
for the mF52⇔mF51 transition by 3bH2, while it falls
short of the resonance value for themF521⇔mF522
transition by the same amount. As a result, the upper
lower sublevels of themF52⇔mF522 transition are
shifted identically in the same direction, so that the transit
frequency itself remains unchanged~Fig. 1b!.

The conclusion that there is exact compensation of
field-induced shifts of the levels is based on the use of p
turbation theory and requires more definitive confirmat
for two reasons. First, the excitation of the four-quantu
resonance near saturation requires a fairly high value forH1 ,
which violates the criterion for a small perturbation. Seco
in arriving at the conclusion that the field-induced shifts a
compensated, the lines of the one-quantum resonances
assumed to be strictly equidistant, i.e., the terms higher t
quadratic in the expansion of the transition frequencies
powers ofH were discarded. In addition, the influence of t
wings of neighboring resonances that are broadened at
values ofH1 on the position of the maximum of the fou
quantum resonance should also be taken into account. Fo
these reasons it was decided to carry out an exact solutio
the problem of magnetic resonance in an 8-level system
der the conditions of optical pumping without restrictions
the amplitude of the fieldH1 . For this purpose we solved th
Liouville equation for the density matrix, which was suppl
mented by a phenomenological relaxation matrix describ
the optical pumping. During the search for a stationary so
tion in the rotating-field approximation, a system of 34 d
ferential equations was reduced to a system of algeb
equations, which was solved using a personal computer f
grid of values of the frequency and amplitude ofH1 .

The result is presented in Fig. 3~Ref. 4!. The lowest
spectrum corresponds to the conditiongH152p Hz ~the in-
trinsic width of the resonances was assumed to be equal
Hz!. The four resonances in theF52 state can be seen her
The resonances in theF51 state are too small for this scal
WhengH1 is increased to 2p•20 Hz, the one-quantum reso
nances are strongly broadened and appreciably displa
while the three two-quantum resonances are optimiz
When gH152p•80 Hz, the two three-quantum resonanc
achieve maximum steepness, while the two-quantum re
nances have already reached saturation and broadene
nally, whengH152p•190 Hz, the four-quantum resonanc
dominates. An analysis showed that the frequency of
resonance responds to a 10% change inH1 no more strongly
than does the frequency of a one-quantum resonance in
case of the analogous change inH1 in the vicinity of the
-
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optimum valuegH152p Hz, which is of the order of 50 fT
and is thus essentially a negligible quantity. The steepnes
the four-quantum resonance at the optimum is 7 times hig
than the steepness of a one-quantum resonance.

Thus, the mathematical simulation confirmed the e
pected promising nature of the four-quantum resonance. T
conclusion has also been confirmed by experimental testi6

In addition to the data presented in Ref. 6, we present a se
panoramic magnetic resonance spectra, which were reco
by the technique of low-frequency modulation of the fr
quency ofH1 . The signal was recorded from the output of
synchronous detector, so that the resonance lines had
from of dispersion curves. In Fig. 4 the upper spectra co
spond to higher intensities ofH1 . The lowest spectrum dis
plays the one-quantum resonances: three belong to
F52 state and one of theF51 resonances. In the next spe
trum two two-quantum resonances dominate. The third sp
trum displays broadened two-quantum resonances

FIG. 3. Calculated39K magnetic resonance spectrum for four values of t
field amplitude:1! 2p, 2! 2p•20, 3! 2p•80, 4! 2p•190 Hz. The calcula-
tion was performed for a static fieldH with an induction of about 50mT.

FIG. 4. Experimental potassium magnetic resonance spectra for va
values ofH1 . The spectra were recorded in a field with a magnetic fl
density of about 50mT. The frequency of the fieldH1 measured relative to
the doubled resonance frequency in cesium vapor, which was used to s
lize the magnetic field, is plotted along the horizontal axis.
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clearly expressed three-quantum resonances. The upper
spectrum exhibits the four-quantum resonance. The com
cated shape of the resonances is associated with the e
sively high modulation frequency superimposed onH1 ,
which generated nonstationary responses. We also note
the widths of the resonances are restricted by the instrum
tal width of the procedure for obtaining the spectra.

The use of the four-quantum resonance for the purpo
of magnetometry is complicated by the narrowness of
resonance, which requires very slow scanning of the re
nance and thus causes the instrument to have a low resp
rate. Therefore, a ‘‘tandem’’ scheme combining a se
generating cesium magnetometer, which provides for a
response of the instrument, and a four-quantum potass
magnetometer, which guarantees a high absolute accu
and linearity of the output frequency with respect to the m
sured field, was chosen. An instrument of this type is pr
ently undergoing laboratory testing. Its resolving power
determined by the cesium magnetometer and is of the o
of 1 pT/Hz1/2 ~the rms noise!. The long-term stability will
apparently be limited by the photoinduced shifts of the p
tassiummF52 and mF522 levels, which can be mini-
mized by lowering the intensity of the optical pumping
potassium, if we bear in mind the high steepness of the fo
quantum resonance.
ost
li-
es-

hat
n-

es
e
o-
nse
-
st
m
cy
-
-

s
er

-

r-

CONCLUSION

The potassium atom in a fairly strong alternating fie
represents a new quantum system, which has, in particul
new magnetic resonance line that is not displayed by the
atom. Until now, only one electronic paramagnet with a l
ear magnetic-field dependence of the resonance freque
viz., 4He in the metastable 23S1 state, has been available t
quantum magnetometry. The four-quantum potassium re
nance has the same property, but is also a hundred ti
narrower. This circumstance allows us to recommend
resonance for standardizing the induction of fields in the g
magnetic range.

1E. B. Alexandrov, M. V. Balabaset al., Laser Phys.6, 244 ~1996!.
2J. Brossel, B. Cagnac, and A. Kastler, C. R. Acad. Sci. URSS237, 984
~1954!.

3P. Kusch, Phys. Rev.93, 1022~1954!.
4E. B. Aleksandrov and A. S. Pazgalev, Opt. Spektrosk.80, 534 ~1996!
@Opt. Spectrosc.80, 473 ~1996!#.

5A. M. Bonch-Bruevich and V. A. Khodovo�, Usp. Fiz. Nauk85, 3 ~1965!
@Sov. Phys. Usp.8, 1 ~1965!#.

6E. B. Aleksandrov, A. S. Pazgalev, and Zh. L. Rasson, Opt. Spektrosk82,
14 ~1997! @Opt. Spectrosc.82, 10 ~1997!#.

Translated by P. Shelnitz



TECHNICAL PHYSICS VOLUME 44, NUMBER 9 SEPTEMBER 1999
Many-electron effects in atomic processes
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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 Xe1, resonance-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. ©1999 American Institute of
Physics.@S1063-7842~99!00809-0#
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INTRODUCTION

The purpose of this paper is to demonstrate the sign
cant, and in some cases decisive, role of the so-called
sidual interaction between electrons in an atom. The resid
interaction is the part of the ordinary Coulomb repulsi
which cannot be taken into account by any choice of
mean atomic field in which the electrons are immersed.

The mean field in an atom is known to be fully comp
rable in strength to the nuclear field. Therefore, it is natu
that it should be taken into account exactly. We shall sh
that the residual interaction also leads to significant ma
electron ~collective! effects, which must be taken into ac
count exactly, rather than by perturbation theory. The par
eterj, which gives an estimate of the role of collectivizatio
is the ratio between the potential energyW of the interaction
of a given electron with all the simultaneously excited ele
trons and the excitation kinetic energyDE:1!

j5W/DE;S 1

R
•P0

2
•

R3

R D Y P0

1

R
;R2r1/3, ~1!

where P0 is the Fermi momentum, which is related to th
densityr by the expressionr5P0

3/3p2, andR is the charac-
teristic dimension of the system.

In heavy atomsj'1, and in quasiatomic formations
such as metal clusters,j@1, which indicates the significan
or even very large degree of collectivization of the electro
in these objects.

Collectivization is most clearly manifested in photoa
sorption, the inelastic scattering of fast electrons, and
cancy decay. These processes also take place in the
electron approximation, but, as will be shown below, th
course changes radically when the residual interaction
taken into account. There are also processes which can
1021063-7842/99/44(9)/4/$15.00
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only when the residual interaction is taken into account,
example, the removal of two electrons by one photon.

The role of many-electron effects is most convenien
revealed by examining atoms, as well as positive and ne
tive ions with subshells which are completely filled or ha
filled with electrons. These effects are especially import
in quasiatomic formations.

The investigations described in this report utilize t
tools of many-body theory and Feynman diagram te
niques.

THE HARTREE–FOCK APPROXIMATION AND THE
RANDOM-PHASE APPROXIMATION WITH EXCHANGE

In order to reveal the role of many-electron effects, w
must first clearly define what is selected as the one-elec
approximation. Knowledge of what is taken into account
the latter is needed to avoid taking into account the sa
corrections twice. In this study the Hartree–Fock~HF! ap-
proximation is taken as the one-electron approximation
can be regarded as the most exact of the systematic
electron approximations. In it electrons are regarded as m
ing in a single self-consistent~i.e., determined by the state
of the electrons themselves! nonlocal potential field.

The HF equations are solved numerically.1 Having their
solution, i.e., the wave functions and the electron energ
we can calculate the cross sections for the absorption
scattering of photons by atoms and the cross sections for
scattering~elastic and inelastic! of electrons on atoms. The
results of such calculations differ significantly, sometim
even qualitatively, from the experimental data. This points
the importance of the collectivization of atomic electrons

The simplest and theoretically most systematic meth
for taking it into account is the random-phase approximat
with exchange~RPAE!.2 Within it, for example, the ampli-
9 © 1999 American Institute of Physics
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tudeD(v) of the absorption of photons of energyv is rep-
resented in the form of a sum of its HF valued and the
additional termDD(v), which is defined by the expressio
DD̂(v)5D̂(v)x̂(v)Û. As a result, the entire RPAE equa
tion in operator form is

D̂~v!5d̂1D̂~v!x̂~v!Û. ~2!

Here the second term describes the excitation~removal! of
the electron under consideration according to the follow
mechanism: at first, an atomic electron passes as a co
quence of the absorption of a photon of energyv into a
virtual excited state, where it resides for a timex(v), and
then, owing to the interelectron residual interactionÛ, it do-
nates the energyv to the electron under consideration, whic
is excited or removed from the atom. Although~2! is an
operator equation, which can be solved numerically on
computer,1 its symbolic solution in the form

D̂~v!5d̂/~12x̂~v!Û ! ~3!

is convenient for a qualitative RPAE analysis.
The following main results were obtained within th

RPAE.
a! It was shown that the very high maxima in the cro

sections for the absorption of photons by atoms and qu
atomic formations, i.e., giant resonances, are zeros of
denominator in~3!:

12x̂~V!Û50. ~4!

We note thatV5V01 iG, whereG is the reciprocal life-
time of the resonance. For the objects discussed in this
port, G is only several times smaller thanV0, so that a giant
resonance is a comparatively short-lived excitation of
atom. The existence of the solution of Eq.~4! is a conse-
quence of the collectivization of electrons belonging to
least one subshell. The giant resonance is displayed m
clearly above the threshold of the 4d10 subshell of Xe and its
neighbors, as well as in metallic clusters and fullerenes.

b! Interference resonances and correlation minima w
discovered. In an interference resonance~IR! the ionization
amplitude of, for example, an outer subshellD̂o(v IR) is far
greater thand̂o . This occurs because of the large amplitu
D̂ i(v IR) for the interaction of a photon with an inner subsh
which is strongly coupled to that outer subshell by the
sidual interactionÛ io :

D̂o~v IR!5d̂o1D̂ i~v IR!x̂ i~v IR!Û io , Do~v IR!@do . ~5!

At a correlation minimum~CM! destructive interference
occurs, so thatD̂o(vCM)50, while d̂oÞ0. The interference
resonances in Xe and its neighbors and the correla
minima in the subvalence shells of the noble gas atoms
ginning from Ar were investigated most thoroughly.

There are some other important results in the RPA
such as the discovery of giant autoionizing resonances~for
example, in the Mn and Eu atoms!, the prediction of ‘‘auto-
ionization’’ accompanying the interaction of two continuo
spectra~in contrast to ordinary autoionization, where one
them is a discrete excitation level!, which is characteristic of
g
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negative ions with half-filled subshells~for example, Si2),
and the prediction of the suppression of the radiatio
induced vacancy decay due to destructive interference
tween different channels of this process.3

BEYOND THE SCOPE OF THE RPAE

The RPAE has fundamental theoretical constrain
which call for extending its scope in some cases. For
ample, in the RPAE the ionization potential is equal to t
HF energy of the electron removed with the opposite si
Actually, however, there is a difference between these qu
tities, and it is very significant for outer and subvalence s
shells. It is determined by the reorganization of the electro
subshells of the atom during ionization.

The fact that each atomic electron is affected not only
the HF energy but also by the polarization potential~a non-
local quantity that depends on the energy of the electro!,
which is determined by virtual excitations of the atom,
also beyond the scope of the RPAE. For example, the po
ization potential of alkaline-earth atoms is so great tha
leads to a bound state, i.e., the formation of a negative io4

Processes in which an external field or a projectile elect
remove an atomic electron from an intermediate or in
subshell near its threshold also lie outside the RPAE: Au
decay of the vacancy formed sharply intensifies the attrac
field acting on the slow electron removed from the ato
This leads to considerable quantitative changes in the f
of both the Auger spectrum and the energy distribution of
slow electron, which, taken together, are known as the p
collision interaction.5

As has been found, if the electron removed from an at
has sufficient energy, it excites or removes another ato
electron with a high probability. Such ‘‘knock-out’’ has
significant effect on the energy, angular, and spin distri
tions of the electrons. This process is also beyond the sc
of the RPAE.

The scope of the RPAE is usually extended by add
corrections to it, which can be taken into account us
many-body perturbation theory~MBPT!. For example, the
polarization potential can be calculated to satisfactory ac
racy in the second order of MBPT. However, the effect
the polarization potential on an electron should be taken
account exactly.

The theoretically rigorous extension of the scope of
RPAE is extremely complicated, since outside the RP
even the simplest intermediate state includes two electr
interacting with one another, which are immersed in t
atomic field. The description of such a state thus requires
solution of a three-body quantum-mechanical problem.

EXAMPLES OF STRONG MANY-ELECTRON EFFECTS

1. Photoionization cross section of iodine and its ion.
The photoionization cross sections of Xe and Cs above
threshold of the 4d10 subshell are characterized by a hig
maximum and a giant resonance. It is natural to expect
the situation in iodine~I! is similar. Although experiment ha
demonstrated the presence of a maximum,6,7 its height is
three times smaller than in Xe. In order to clarify the situ
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tion, we performed calculations for I and I11 for the first
time and repeated the calculations previously performed8 for
I2, but in the framework of new computational possibilitie
including up to ten interacting transitions, rather than two2!

As a result of the calculation, it was found that the photoio
ization cross sections of I and I2, beginning at 5 Ry, differ
only slightly and increase, reaching the same maximum
29 Mb at 6.7 and 7.3 Ry, respectively. In the case of I11, the
region of discrete excitations is far broader, extending from
to 6.1 Ry. A photoionization cross section, which increa
to 26 Mg at 7 Ry, is thus also found. Atv510 Ry the cross
sections of I, I2, and I11 essentially merge. The high rel
ability of the calculations performed allows us to state t
the experimental data are erroneous. In any case, their a
lute value requires a roughly threefold change in the norm
ization, which would increase the size of the giant resonan
The latter also affects the partial ionization cross section
the 5p and 5s electrons. For example, it was shown using~5!
thatD5p increases at its maximum under the influence of
4d10 electrons by a factor of 2.5 in comparison tod5p . This
corresponds to more than a sixfold increase in the cross
tion in I, which reaches its greatest value at 6.5 Ry.

2. Single-electron ionization ofXe1. It was shown com-
paratively recently3 that the cross section for the sing
photoionization of Xe under the influence of a giant res
nance has a distinct maximum above the threshold of
4d10 subshell. There is considerable interest in the ques
of whether a similar maximum exists in the case of the sin
ionization of the Xe1 ion, i.e., in the cross section for th
formation of Xe11. We3! performed calculations of the cor
responding cross section within the RPAE. A very sign
cant, more than an order-of-magnitude, increase in the
ization cross section of Xe11 under the effect of the 4d10

electrons was discovered. The calculations were perform
by solving Eq.~5!. The role of the second term was found
be considerably greater in Xe1 than in Xe. The experimenta
data still have a considerable spread, and, in addition, th
have not been any absolute measurements.10 However, the
presence of a broad maximum at 6.6 Ry is clear. After n
malization of the experimental data to the calculation resu
satisfactory agreement is observed over a very broad ra
of energies from 3 to 11 Ry. The high maximum correspo
ing to the discrete 4d→4 f transition is reproduced, althoug
it is shifted toward lower energies by 0.66 Ry in comparis
to the calculated position.

3. Photon emission upon electron scattering.When elec-
trons are scattered on atoms and quasiatomic formati
photons are emitted. Their source can be either the proje
electron or the target, which is virtually excited~polarized!
during the collision. The total photon emission amplitu
A(v), like the photon absorption amplitude, can be rep
sented in the form~2!. In the case of fast electrons, the equ
tion specifyingA(v) can be simplified, and its solution ca
be written in the form11

A~v,q!;FW~q!

v
1

4pv

q2
a~v!G . ~6!

Herea~v! is the dynamic dipole polarizability of any targe
i.e., atom or quasiatomic formation;q is the momentum
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transferred from the electron to the target; andW(q) is the
Fourier component of the static potential acting on the p
jectile electron. The first term in~6! describes ordinary
bremsstrahlung~OB!, and the second term describes the s
called ‘‘atomic’’ bremsstrahlung~AB!. At small values ofq,
i.e., small scattering angles, the second term in~6! becomes
considerably greater than the first. The strong degree of
lectivization of the atomic electrons stipulates a large va
for a~v! over a broad range of values ofv. The presence of
a giant resonance in the spectrum enhancesa~v!. Therefore,
AB is especially strong in polyatomic metal clusters a
fullerenes, as well as in atoms with filled 4d10 and 4f 14

electronic subshells. AB can also enhance the total flux
radiation withv'V @see~4!# by tens of fold for atoms and
by many orders of magnitude for metal clusters a
fullerenes. The role of OB is especially small in the latter

4. Nondipole corrections to the angular distribution o
photoelectrons.The ionization of atoms and quasiatomic fo
mations by photons with energies amounting to tens, h
dreds, and even thousands of electron volts is describe
the dipole approximation, in which the photon momentum
neglected. The angular distribution of the photoelectrons
symmetric to a plane perpendicular to the direction of flo
of the photons. Allowance for the quadrupolar correctio
breaks this symmetry, and the photoelectron yieldI (Q,v) at
the angleQ to the direction of the photons is proportional
the expression12

I ~Q,v!;@11b~v!P2~cosQ!1g~v!P1~cosQ!

1h~v!P3~cosQ!#. ~7!

Here Pi(cosQ) ( i 51,2,3) are Legendre polynomials;b~v!,
g~v!, andh~v! are fairly complicated expressions compos
of the dipole and quadrupole matrix elements for the int
action of a photon with an atomic electron, as well as
scattering phases of the photoelectron wave in the field of
residual ion. The coefficientsg~v! andh~v! are proportional
@unlike b~v!# to the photon momentumk5v/c, wherec is
the speed of light.

The collectivization of atomic electrons has a significa
effect on the dependence ofb on v. For example, for the Xe
5p electrons,b acquires an additional intense oscillation u
der the influence of the giant resonance.

Calculations ofg~v! andh~v! were recently performed
for the Ar 3s electrons with consideration of the outer 3p6

subshell.13 The influence of the latter was found to be ve
significant: the coefficientsg3s(v)52h3s(v) acquired an
additional intense oscillation, so that, as a whole, these c
ficients become totally different from their values in the H
approximation. We note that in the hydrogen approximat
gns(v) is determined very simply and does not have a
oscillations: gns(v), like hns(v), is proportional tov/c,
wherev is the velocity of the photoelectron.

5. Two-electron transition with the emission of one ph
ton. If two electrons simultaneously change their state a
the energy released as a result is carried off by a sin
photon, the process occurs only by virtue of the presenc
the residual interaction. Just this interaction permits the c
related, rather than independent, transition of two electro
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The passage of a highly charged Ar181 ion through a
carbon film, as a result of which the ion acquires two el
trons to become Ar161 and emits one photon, was recent
investigated experimentally.14 The energy of the photon
roughly equals

v1>2~ I 1s1v2/2!, ~8!

whereI 1s is the ionization potential of Ar181, which equals
~18!2532 Ry, andv is the velocity of the Ar181 ion.

It can be seen from~8! that v1 is much greater than th
energies of any atomic one-electron transitions. The pr
ability of the process Ar1181C⇒C111Ar1161g was cal-
culated using a model in which the field of the carbon ato
was neglected, the wave functions of the electrons were
sumed to be purely Coulomb in the field of a nucleus w
the chargeZ518, and the electrons were assumed to h
the energyv2/2 in the initial state and to be bound in the 1s
level in the final state. The interelectronic repulsion w
taken into account in first-order perturbation theory. In
fect, the process

e1e1A1n→A1(n22)11g, ~9!

was considered, and the cross section for it was calcula
The latter was compared with the cross section for sing
electron recombination. Their ratio was equal to 3.631026

in the calculation in Ref. 15 and 3.131026 in the experi-
ment. These figures are in satisfactory agreement with e
other.

Reaction~9! should also be observed in electronic refri
erators of highly charged ions, in which the relative velo
ties of the electrons and ions can be considered equal to z
The cross section of the process will depend not only on
electron density, but also on the structure of the elect
beam, i.e., the presence or absence of correlations betw
the positions of the electrons.

At first glance, process~9! is the temporal reverse o
two-electron photoionization; therefore, their cross secti
should be related by the principle of detailed balance. Ho
ever, the cross section of~9! actually corresponds to a ver
small part~especially for largev) of the cross section fo
double photoionization, specifically the part in which t
ejected electrons fly off in the same direction with equ
velocities. The main contribution to two-electron photoio
ization comes from the portion of the spectrum where one
the electrons carries off virtually all the energy of the phot
and the other electron moves away slowly.

CONCLUSION

We have demonstrated the significant, and sometim
decisive, role of the residual interaction and the result
collectivization of atomic electrons on the basis of gene
estimates and in some concrete examples. The RPAE de
oped to take it into account, which has been reconciled w
the original single-particle HF approximation, has achiev
an extremely high internal accuracy in atomic physics a
led to success in describing many processes and charac
tics. However, extending the scope of the RPAE is neces
to describe some of them. It is very difficult, although e
-
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tremely desirable, to do this systematically in a theoreti
treatment.

One of the closely related and important problems is
development of methods for solving two- and thre
dimensional RPAE equations.4! In the case of success,
would be possible to quantitatively examine the electro
structure of complicated two-atom molecules, mediu
weight atoms, and heavy atoms in strong external elec
and magnetic fields, as well as aspherical metal clusters
fullerenes to the accuracy which has already been achie
in the description of isolated many-electron atoms.

There are numerous questions and corresponding ob
of investigation, which can and should be investigated us
the RPAE, such as, for example, the photoionization of
cited states of atoms. Objects of investigation which se
exotic at first glance merit serious attention. One exampl
provided by highly excited spin-saturated states of ato
i.e., states in which all the electron spins are oriented in
same direction. The lifetime of such states can easily re
several microseconds, which are sufficient for experimen
investigations. Collectivization should be markedly grea
in spin-saturated states than in ground atomic states.

An even more exotic object of investigation consists
electron bunches which are trapped and retained by a l
field. When the retention time is sufficiently long, a structu
should appear in such bunches, and collective many-elec
effects should be observed in processes involving them.

As a whole, the field of many-electron effects in atom
processes is virtually unlimited.

1!We have used the atomic system of units, in whiche5\5me51.
2!The calculations were performed together with S. T. Manson and N

Cherepkov.9
3!Together with S. T. Manson and N. A. Cherepkov.9

4!In the case of atoms, after separation of the angular and spin varia
these equations are one-dimensional.
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Spin exchange and chemi-ionization during collisions of polarized metastable helium
atoms with ground-state cesium atoms
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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 process~spin exchange! and an inelastic
process~chemi-ionization!, are derived. The rate constants of these processes are determined
experimentally:Cse5(2.860.8)31029 cm3s21, Cci5(1.060.3)31029 cm3s21.
© 1999 American Institute of Physics.@S1063-7842~99!00909-5#
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INTRODUCTION

Investigations of the interaction of excited polarized
oms of inert gases with ground-state alkali-metal atoms h
been carried out for a fairly long time. The main interest
this problem is due to the possibility of indirectly polarizin
one of the participants in a collision by the other, if the lat
is preliminarily optically oriented by resonant optic
radiation.1–3 Orientation of a collision partner can occur
the situation under consideration as a result of two proces
viz., spin exchange and chemi-ionization. It was shown
Ref. 4 that these two processes have significant influence
one another. This must be taken into account both in p
forming calculations and in setting up the corresponding
periments.

The recent heightened interest in systems involv
alkali-metal atoms is due to numerous reasons, both pu
scientific and practical. The latter include, in particular, t
use of indirect optical orientation in alkali-metal-atom–ine
gas-atom systems to obtain polarized atoms of nuclear p
magnets~primarily 3He and129Xe atoms! for subsequent use
in medicine, particularly in nuclear tomography,5,6 as well as
the creation and successful employment of alkali-met
helium magnetometers with indirect optical orientation of t
atoms.3 Despite the interest in such systems, some impor
physical data, such as the cross sections of the respe
processes, have been studied to an extremely small ex
Moreover, while experimental data on the ionization cro
sections have already been reported in the literature~mainly
from experiments on decaying plasmas!, there are no data a
all on the spin-exchange cross sections. This is because
difficult to distinguish between the two simultaneously o
curring spin-dependent processes in experiments with po
ized particles, which have traditionally been used to meas
spin-exchange rate constants.4

In the present work a successful attempt was made
solve this problem, and the spin-exchange cross section
measured for collisions of excited metastable helium ato
with ground-state cesium atoms. It was possible to acc
plish this in the framework of experiments on the optic
1031063-7842/99/44(9)/5/$15.00
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orientation and magnetic resonance of metastable helium
oms.

EQUATION OF THE EVOLUTION OF QUANTITIES
OBSERVED IN THE He* „23S1…2Cs„62S1/2… SYSTEM

When excited metastable helium atoms in the 23S1 state
collide with cesium atoms in the ground 62S1/2 state, ioniza-
tion of the cesium atoms occurs because of the large inte
excitation energy of the metastable helium ato
(E519.82 eV!. In addition, if one of the collision partners i
preliminary polarized in some way, this polarization can
imparted to the other collision partner, if the total spin of t
system is maintained during the collision, i.e., the followi
picture is observed:

He~11S0!1Cs1~21S0!1e2~m3!,

He~23S1 ,m1!1Cs~62S1/2,m2!→HeCs11e2~m3!. ~1!

Process~1! takes place with the rate 1/t2
i 5CciNi , where

Cci is the chemi-ionization rate constant andNi is the con-
centration of metastable helium atoms or ground-state
sium atoms. Reaction~1! is allowed when the total spin o
the reactantsm11m2 is equal to the total spin of the reactio
productsm3 ~heremi is the projection of the electron spin o
the respective particle!. Thus, if the cesium atoms are in
tially polarized~let the projection of their spin onto the pre
ferred direction bem251/2), the predominant polarization o
the helium atoms as a result of a collision will bem151.

The second process, which occurs simultaneously w
chemi-ionization in the case of collisions of polarized pa
ticles, is spin exchange:

He~23S1 ,m1!1Cs~62S1/2,m2!→He~23S1 ,m18!

1Cs~62S1/2,m28!. ~2!

Here m11m25m181m28 if the total spin of the system is
conserved, and the rate of the process is 1/t3

i 5CseNi , where
Cse is the spin-exchange rate constant.

In this paper we consider the interaction of cesium-1
atoms with atoms of the4He isotope, which are diamagnet
in the ground state and exhibit electron paramagnetism in
3 © 1999 American Institute of Physics
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metastable state~the spinS151). In the ground-state cesium
atoms the electron spinS251/2, and the nuclear spin
I57/2.

Since the collision time of the particles (tcoll;10212 s! is
much shorter than the hyperfine interaction time~for Cs at-
oms thf;10210 s!, we henceforth assume that evolution
the electronic orientation takes place during a collisio
while the nuclear orientation varies in the time interval b
tween collisions. The evolution of the longitudinal comp
nents of the quantities observed in the experiment, viz.,
electronic orientation of the metastable helium atoms^SHe&,
the electronic orientation of the Cs atoms^SCs&, and the elec-
tronic alignment of the metastable helium atoms^QHe& takes
the following form @here we assume that^S&5Tr(rS) and
the components of the electronic alignment have the fo
^QHe&5Tr(rQ), where Qab53/2(SaSb1SbSa)2S2dab ,
a,b5x,y, or z, andr is the density matrix#:

d

dt
^SHe&

z52S 1

3t2
1

1

2t3
D ^SHe&

z1S 4

9t2
1

4

3t3
D ^SCs&

z

1S 2

9t2
2

1

3t2
D ^SHe&

z^QHe&
zz, ~3!

d

dt
^SCs&

z52S 1

3t28
1

1

2t38
D ^SHe&

z1S 1

3t28
1

4

3t38
D ^SCs&

z

1
1

3t38
^SCs&

z^QHe&
zz, ~4!
,
-

e

d

dt
^QHe&

zz52S 1

3t2
1

3

2t3
D ^QHe&

zz

1S 2

3t2
1

1

t3
D ^SCs&

z^SHe&
z. ~5!

The influence of the pump radiation can next be tak
into account by introducing the respective terms into E
~3!–~5!: wp , wp8 , and wp9 (wp5Lp /tP , tp is the pumping
time for orientation or alignment, andLP characterizes the
radiation used!. In addition, the contributions from diffusion
and other relaxation processes which influence the evolu
of the corresponding polarization moments can be taken
account in the equations. In matrix notation the system
equations takes the form

d

dt F ^SHe&
z

^SCs&
z

^QHe&
zz
G5@A#F ^SHe&

z

^SCs&
z

^QHe&
zz
G

1@B#F ^SHe&
z^QHe&

zz

^SCs&
z^QHe&

zz

^SHe&
z^SCs&

z
G1@wp#1@R#,

~6!

where the matrices@A#, @B#, and@wp# have the forms
@A#53
2S 1

3t2
1

1

2t3
D2

1

td
2

1

tR
; S 4

9t2
1

4

3t3
D ; 0

S 1

6t28
1

1

2t38
D ; 2S 1

3t28
1

4

3t38
D 2

1

td8
2

1

tR8
; 0

0; 0; 2S 1

3t2
1

3

2t3
D2

1

td9
2

1

tR9

4 5F 2p1 r 1 0

r 2 2p2 0

0 0 2p3

G ,

~7!
n

ing
lly
@B#53
2

9t2
2

1

3t3

1

3t38

2

3t2
1

1

t3

4 , ~8!
@wp#5F wp

wp8

wp9
G , ~9!

and the matrix@R# takes into account the various relaxatio
processes. It should be borne in mind that in~9! the respec-
tive matrix elements are manifested under definite pump
conditions. When metastable helium atoms are optica
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pumped by linearly polarized light, the latter induces on
alignment, but in the case of pumping by circularly polariz
helium light, both orientation and alignment are induced
multaneously in helium. When cesium atoms are optica
pumped, electronic orientation appears in the system of Z
man sublevels. Orientation and alignment subsequently
pear in the system of hyperfine sublevels of the cesium a
as a result of the hyperfine interaction.

We are interested in the case where optical orientatio
the metastable helium atoms takes place. As a result of
lisions of the latter with ground-state cesium atoms, the
entation is redistributed between the collision partners. It
lows from~3! and~5! that the magnetic-resonance linewidt
of the oriented (d f or) and aligned (d f al) metastable helium
atoms due to collisions with ground-state cesium atoms h
the form

pd f or51/~2t3!11/~3t2!, ~10!

pd f al53/~2t3!11/~3t2!. ~11!

Hence it is not difficult to see that the difference betwe
the magnetic-resonance linewidthsp(d f al2d f or) is equal to
the rate of spin exchange between the helium and ces
atoms (1/t35CseNCs). Thus, there is a real possibility fo
determining both the spin-exchange cross section and
chemi-ionization cross section from experiments on the
tical orientation of atoms in the He–Cs mixture@bearing in
mind that the cross section of the process equals^s(T)&
5C(T)/^v&, where ^v& is the mean relative collision fre
quency of the particles#.

MAGNETIC RESONANCE IN A SYSTEM OF OPTICALLY
ORIENTED HELIUM AND CESIUM ATOMS

The influence of magnetic resonance on the system
be taken into account by supplementing the matrix~6! with
diagonal elements of the following forms: a! for orientation

F1~v i !5
v i

2
•1/pi

2

v i
21Dv211/pi

2
,

wherei 51 for helium and 2 for cesium; b! for alignment

F2~v1!51/p3

3v1
2~v1

214Dv211/p3
2!

~4v1
214Dv211/p3

2!~v1
21Dv211/p3

2!
,

~12!

where v i5g iH1 is the amplitude of the resonant radi
frequency magnetic field,g i is the gyromagnetic ratio
Dv5v2v0 is the detuning of the frequency, andv0

5g iH0 is the resonant frequency.
Thus, the resonance in a system of oriented helium

oms, in a system of aligned helium atoms, and in a system
oriented cesium atoms can be described by introduc
F1(v,v1), F2(v,v1), andF1(v,v3), respectively.

When helium atoms are optically oriented by reson
radiation and magnetic resonance is excited at the freq
cies of the Zeeman transitions of the helium atoms~the g
factor equals 2!, in the case of weak pumping we have t
following results:
i-
y
e-
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^SCs&
z5

r 2

p2
^SHe&

z,

^SHe&
z5

wpp2

d F12~2v1!2
p1p2 /d

p1
21Dv21~2v1!2p1p2 /d

G ,

~13!

where

d5p1p22r 1r 2 , Dv5v22v0,

andDv5v21/2•v0.
For magnetic resonance at the frequencies of the Zee

transitions of the cesium atoms we obtain the following e
pressions, taking into account that theg factors of both hy-
perfine states are equal in magnitude and differ only in s
(g561/2):

^SCs&
z5

wpr 2

d S 12S 1

2
v1D 2 p1p2 /d

p2
21Dv21v1

2p1p2 /d
D ,

Dv5v21/2•v0 ,

^SHe&
z5

wp

p1
F11

r 1r 2

d S 12~2v1!2

3
p1p2 /d

p2
21Dv1

21~2v1!2p1p2 /d
D G . ~14!

When necessary, it is not difficult to obtain the ana
gous expressions for the case of the optical orientation
cesium atoms by resonant radiation.

Using the relations obtained above, we can write out
expression for the magnetic-resonance signal of the Cs
oms, which can be observed in the form of the change in
absorption of the pump radiation for the helium atoms
light parallel to the static magnetic field:

Si52A0UDNHe*

NHe*
U1A1uD^SHe&

zu1A2uD^QHe&
zzu. ~15!

Here the coefficientsA0 , A1, andA2 are determined by the
relative probabilities of the transitions between the vario
Zeeman sublevels of the helium 23S1 and 23P0,1,2 states, as
well as by the intensities of theD0 , D1, andD2 lines of the
helium pumping lamp and by the absorption contour of
cell. It should be noted that the last two terms in~15! are
dominant, since the population changes at the momen
resonance are generally small. In addition, the possible va
tion of the contributions of orientation and alignment to t
magnetic-resonance signal due to the collision proces
should be taken into account. Such variation can result
significant deviation of the shape of the magnetic-resona
line from the Lorentzian line shape.7,8

EXPERIMENTAL DETERMINATION OF THE SPIN-
EXCHANGE AND CHEMI-IONIZATION CROSS SECTIONS
FOR THE INTERACTION OF HELIUM AND SODIUM
ATOMS

In the present work we have examined the interaction
133Cs atoms with optically polarized helium atoms in th
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23S1 state and experimentally determined the rate cons
of spin exchange during collisions of polarized metasta
helium atoms with ground-state cesium atoms for the fi
time. As was shown above, the decay rates of the orienta
^SHe&

z and the alignment̂QHe&
zz of metastable helium atom

depend on collision processes of types~1! and ~2! in accor-
dance with~10! and~11!. As can be seen from~10! and~11!,
the contributions to magnetic-resonance linewidth
aligned and oriented helium atoms should differ from o
another. Just this difference permits determination of the
constants of the two simultaneously occurring processes

A standard system for investigating the optical orien
tion of atoms was used in the experiment. The spins of
metastable helium atoms were optically oriented by cir
larly polarized light1! and were aligned by unpolarized pum
radiation ~l51.08 mm! propagating along a magnetic fie
Hz>35 mOe induced by Helmholtz coils within the ma
netic shield. A helium capillary lamp, in which a high
frequency~hf! discharge was excited, served as the pump
source. The metastable state was populated by exciting th
discharge within an absorption chamber containing gase
4He (P51 Torr atT5300 K! and metallic cesium. The gas
discharge chamber was placed in a thermostat. The wor
temperature was determined by a thermistor glued onto
coolest part of the absorption chamber. Variation of the te
perature in the range 2932343 K permitted regulation of the
concentration of cesium atoms from 2.731010 to 2.5
31012 cm23. Magnetic resonance was excited in the syst
of Zeeman sublevels of the 23S1 helium atoms by applying
an amplitude-modulated radio-frequency magnetic fi
H15hsinVtsinvt, whereV/2p5250 Hz, andv/2p, i.e., the
frequency of the radio-frequency field, was;100 kHz, per-
pendicularly to the static magnetic fieldHz . In the experi-
ment the variation~at the modulation frequencyV! of the
intensity of the pump radiation passing through the abso
tion chamber was recorded with scanning of the frequencv
in the region of the magnetic-resonance frequencyv0

5gHz ~g/2p52.8 MHz/Oe!. At small values of the ampli-
tude of the radio-frequency fieldh<0.1 mOe~Ref. 7! the
magnetic-resonance line shape~for both orientation and
alignment of the helium atoms! was nearly Lorentzian, and
the magnetic-resonance linewidth depended mainly on
collisional relaxation processes in the absorption cham
The linewidth was determined from the full width of th
magnetic-resonance signal at half-maximum.

To find the spin-exchange rate constant sought, the
crementd f or, al of the magnetic-resonance linewidth~for both
oriented and aligned helium atoms! appearing in response t
heating of the absorption chamber, i.e.,d f or, al5D f or, al(T)
2D f or, al(T0), whereD f or, al(T0) is the linewidth atT5300
K ~;223 kHz!, was determined as a function of the conce
tration of cesium atoms in the experiment. To construct
plots of d f or, al versus the concentration of Cs atoms (NCs)
the temperature was converted into the value ofNCs in ac-
cordance with the data in Ref. 9.

Several series of measurements for determiningd f (NCs)
both for orientation and for alignment were carried out in t
experiment. The data obtained were averaged both wi
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each series and for the entire list of series. An example of
plots ofd f or, al(NCs) obtained for one of the series of exper
mental measurements is presented in Fig. 1. As is seen
contributions of the oriented~2! and aligned~1! atoms to the
magnetic-resonance linewidth differ significantly.2! In fact, it
follows from ~3! and ~4! that

p~d f al2d f or!5NCsCse. ~16!

The value ofCse determined from~16! was (2.860.8)
31029 cm3s21. The value ofCse obtained was taken into
account in determining the chemi-ionization rate const
from ~10! and~11!: Cci5(1.060.3)31029cm3s21. It should
be noted that the dispersion of these measurements
caused mainly by the error associated with the determina
of the concentration of alkali-metal atoms. Both the prese
of temperature gradients on the surface of the chamber
the variability of the measurements of the working tempe
ture contributed to this error.

In conclusion, it should be noted that while the spi
exchange rate constant was determined in the present w
for the first time, the chemi-ionization rate constant has b
determined repeatedly without consideration of the statist
multiplier (1/3Cci) in previous studies: (0.4460.16)
31029 cm3s21 ~Ref. 9!, (0.4560.09)31029cm3s21 ~Ref.
10!. As can be seen from the results presented, satisfac
agreement is observed between our results and the re
obtained in Refs. 9 and 10.

1!Pumping by circularly polarized radiation can bring about both orientat
and alignment. The relative amount of alignment in the magne
resonance signal depends on the emission spectrum of the lamp an
length of the optical path in the absorption chamber. In our experiment
amount did not exceed 10%.

2!It should be noted that the width of the magnetic-resonance line of po
ized helium atoms also depends on the rates of diffusion, spin exch
with electrons, etc. In the present experiment the variation~with increasing
temperature! of the magnetic-resonance linewidth due to these proces
did not exceed the measurement error.

FIG. 1. Dependence of the magnetic-resonance linewidth of oriented~2! and
aligned ~1! metastable helium atoms on the concentration of ground-s
cesium atoms (NCs). Here d f or, al is the broadening of the magnetic
resonance line caused by the spin-exchange and chemi-ionization proc
for oriented and aligned atoms.
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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 on a! ion imaging, which involves laser
photoionization followed by mass-spectrometric detection of the photofragments and b! sub-
Doppler laser polarization spectroscopy of the photofragments. The results of an experimental
study of the photodissociation of Cl2 molecules, which leads to the formation of Cl~2P3/2)
atoms with aligned electronic angular momenta, are presented as an example. ©1999 American
Institute of Physics.@S1063-7842~99!01009-0#
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INTRODUCTION

The photodissociation of small molecules has attrac
the fixed attention of researchers already for ma
decades,1,2 since such processes play a major role in
physics and chemistry of the atmosphere of the Earth
planets, as well as in gas lasers and industrial systems.
nature of an elementary photochemical act is difficult
study, because there are several interdependent rea
channels under typical conditions, and the processes ta
place are characterized by a picosecond time scale. Con
erable progress has recently been observed in this area d
the development of new theoretical models and a conseq
clearer understanding of the physical processes taking p
and to the introduction of new experimental methods.

At the present time it is possible to theoretically descr
and experimentally investigate the photochemical reacti
which occur in small atmospheric molecules with consid
ation of all the possible spatial and spin degrees of freed
of the photofragments formed, as well as to closely appro
the possibility of performing and interpreting a comple
quantum-mechanical experiment.

The concept of vector correlations in the photodissoc
tion of molecules has played a major role in developing
current theories on the nature of an elementary photoche
cal act. Attention was first focused on the correlation b
tween the motion direction vectork of the photofragments
formed as a result of the photodissociation of a diatom
molecule and the polarization vectore of the dissociating
radiation more than 30 years ago in Ref. 3. Correlations
tween the directions of the electronic angular moment
vector j of a photofragment and the polarization vectore of
the dissociating radiation were discovered in Refs. 4
Other types of vector correlations associated with the ph
dissociation of molecules have also been investigated~see,
1031063-7842/99/44(9)/5/$15.00
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for example, Refs. 7 and 8!. The current stage of the researc
in this area is based on a quantum-mechanical theory of p
todissociation which takes into account all the possible ty
of vector correlations.9 The predominantly employed exper
mental methods of study are ion imaging10 and sub-Doppler
laser polarization spectroscopy, and a great deal of atten
has been attracted by studies of the orientation and alignm
of the electronic angular momenta of atomic photofragme
which provide the most detailed information on the pr
cesses taking place.11–20

The purpose of this paper is to review and analyze
latest results obtained from investigating the vector corre
tions associated with the photodissociation of small m
ecules.

THEORETICAL TREATMENT OF CORRELATIONS
BETWEEN THE SPATIAL RECOIL ANISOTROPY OF
PHOTOFRAGMENTS AND THEIR ANGULAR MOMENTUM
DISTRIBUTION

A general expression for the photodissociation cross s
tion of an arbitrary molecule by polarized radiation, whic
includes a dependence on the vectork and on all the other
spatial and spin variables of the photofragments formed
the ‘‘instantaneous’’ photodissociation approximation,21 was
obtained in Ref. 9. This expression includes a kinematic p
which is characterized by the vectorse and k, as well as a
dynamic part, which is characterized by the dynamic fun
tions f K(q,q8), whereK is the rank of the polarization mo
ment ~the irreducible statistical tensor22! of the photofrag-
ment, andq and q8 label cyclic projections of the electric
dipole moment of the molecule onto its axis. It was shown
Ref. 9 that the kinematic part for each polarization mom
can be represented in a universal form, which is valid for f
photodissociation processes of small molecules. At the s
8 © 1999 American Institute of Physics
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time, the values of the dynamic functions are different
different molecules and different experimental conditio
and can be determined theoretically in a general form w
the corresponding multichannel scattering problem is sol
~see, for example, Ref. 21!. The computational difficulties
arising in this case are usually very great even for sim
molecules, since it necessary to take into account dive
physical processes taking place on different portions of
potential surfaces, such as the simultaneous coherent op
populating of two or more excited states of a molecule fr
its ground state, nonadiabatic transitions between diffe
potential surfaces, rotation of the molecular axis, the inter
tion between the photofragments formed at large distan
between them, etc.

If the photodissociation radiation is linearly polarize
along theZ axis, and the anglesQ and f characterize the
escape direction of the photofragments, the angular distr
tion for the number of photofragments~the rank zero statis
tical tensor22! can be represented in the following form:3

r005
1

4pA2 j 11
@11b0P2 ~cosQ!#, ~1!

wherej is the total angular momentum of the photofragme
andb0 is the anisotropy parameter, which takes values in
interval b0521 . . . 2 in accordance between the ratio b
tween the probabilities of transverse and longitudinal opt
transitions in the molecule.

The angular distribution for the dipole moment of th
photofragments~the rank one statistical tensorr1Q or the
orientation22! can be represented in the form9,15,23

r105
3A3

4pA2 j 11
Fa1 cos2 Q1

g1

2
sin2 QG , ~2a!

r1152r121* 52
3A3

4pA2~2 j 11!

3exp~ if!sin Q cosQFa12
g1

2
2 i

g18

2 G .
~2b!

Here r10 is a diagonal element of the statistical tensor, a
r11 and r121 are off-diagonal elements. It was assumed
deriving formulas~2! that the photodissociation radiation
right-circularly polarized and propagates along theZ axis.
The three orientation parametersa1 , g1, andg18 in ~2b! are
normalized linear combinations of dynamic functions of ra
K51 with different values ofq andq8 ~Ref. 15!. Each of the
terms on the right-hand side of~2! corresponds to a definit
mechanism for the appearance of orientation of the ang
momenta of the photofragments in the photodissociation
action. For example,a1 characterizes photodissociation r
sulting from perpendicular (S→P) optical transitions in the
molecule, andg1 characterizes the photodissociation resu
ing from the coherent excitation of two states of differe
symmetry by a single photon (S→S,P). We note that par-
allel (S→S) optical transitions in a molecule cannot lead
orientation of the angular momenta of the photofragment24
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The term proportional to the third orientation parameterg18
makes a contribution only to the off-diagonal elements of
statistical tensor~2b! and also describes dissociation invol
ing the coherent excitation ofS andP states in the molecule

The contributions of all three mechanisms described
the orientation of the angular momentum of a photofragm
have a simple physical meaning and can be interpre
graphically using the vector model in the molecule coor
nate frame shown in Fig. 1. It is seen that the angular m
mentum of a photofragment formed as a result of a perp
dicular transition in a molecule is directed along the rec
axis, while the angular momenta formed as a result of
two possible coherent-excitation mechanisms are perp
dicular to the recoil axis and to one another. All three orie
tation parameters can be determined directly from an exp
ment by investigating the angular dependences of
orientation of the electronic moments of the photofragmen

The angular distribution for the quadrupole moment
photofragments~the rank two statistical tensorr2Q or the
alignment22! was obtained in Refs. 9 and 16. For examp
for the case where the photodissociation radiation is linea
polarized along theZ axis, the expression for the diagon
component of this statistical tensor can be represented in
form

r20~Q,f!5
A5V~ j !

4pA2 j 11
H P2~cosQ!

3@s222a2P2~cosQ!#23g2sin2

3Qcos2 Q2
3

4
h2 sin4 QJ , ~3!

FIG. 1. Vector model of the orientation of the angular momenta
photofragments.9 The componentsj i , j' , and j'8 of the total angular mo-
mentum of the photofragment are mutually perpendicular to one anoth
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where

V~ j !55F j ~ j 11!

~2 j 13!~2 j 21!G
1/2

.

Here s2 , a2 , g2, and h2 are four alignment parameter
which are normalized linear combinations of dynamic fun
tions of rankK52 with different values ofq and q8 ~Ref.
15!. Another~fifth! alignment parameterg28 appears only in
the expression for the off-diagonal components of the sta
tical tensor. Each of the four terms on the right-hand side
~3! describes a definite mechanism for the appearanc
alignment in a photodissociation reaction. For example,
terms with the alignment parameterss2 anda2 describe the
contribution of the incoherent optical excitation of a mo
ecule by means of perpendicular and longitudinal transitio
while the terms with the alignment parametersg2 and h2

describe the contribution of the simultaneous coherent e
tation of two states of different symmetry (S→S,P) and of
two states of the same symmetry (S→P,P), respectively.
All five possible alignment parameters can be determi
from an experiment by investigating the angular dep
dences of the alignment of the electronic moments of
photofragments.

The theory also predicts the existence of polarizat
moments of the photofragments of higher orders with ra
K.2 in photodissociation reactions. In principle, the
quantities can also be determined in an experiment, but t
contribution to the total signal is always considerably sma
than the contribution of the moments of lower rank. Con
quently, the angular dependences of the high-rank polar
tion moments have not yet been observed experiment
The set of anisotropy parameters with ranks fromK50 to
K52 j make up a complete set of physical observables c
acterizing an elementary photodissociation act.

EXPERIMENTAL METHOD AND RESULTS OBTAINED

Two models, which are based on ion imaging10,16 and
sub-Doppler laser polarization spectroscopy11,14,15 were re-
cently proposed for the purpose of experimentally investig
ing the spatial distributions of the orientation, alignment, a
high-rank polarization moments in photodissociation re
tions.

In a typical experimental setup which utilizes ion ima
ing two tunable lasers are employed for photodissociation
the molecules under investigation and detection of the p
tofragments formed, and their rays are directed toward
another, as shown in Fig. 2~Ref. 16!. The photofragments
are detected by means of their multiphoton resonant ion
tion by the output of the probe laser followed by mas
spectrometric recording of the ions formed using a time-
flight mass spectrometer. After traversing the drift chamb
the ion cloud is visualized using a photodetector consis
of a microchannel detector, a phosphorescent screen, a
video camera. The variation of the polarization of the out
of the probe laser and the photodissociation laser make
possible to determine the angular dependences of both
number of photofragments and their polarization momen
-
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One of the experimental signals obtained by the meth
just described in Ref. 17 is shown in Fig. 3. In that work th
photodissociation of the chlorine molecule into atoms in t
ground2P3/2

0 state under the effect of linearly polarized ra
diation with a wavelength of 355 nm was investigated. T
atoms were detected by the linearly polarized output o
probe laser with a wavelength of 234 nm by means of 211
resonant ionization through the2D3/2

0 excited state. TheZ
axis in Fig. 3 is directed toward the mass spectrometer, a
the four ion images correspond to four mutual combinatio
of the directions of the polarization vectors of the photod
sociation radiation and the probe radiation.

As can be seen from Fig. 3, the recoil of chlorine atom
was observed predominantly in an axially symmetric patte
relative to the polarization vector of the photodissociatio
radiation in directions perpendicular to it. The correspondi
angular distribution can be described by Eq.~1! with an an-

FIG. 2. Typical setup for an ion-imaging experiment:1 — diaphragm,2 —
photodissociation laser beam,3 — probe laser beam,4 — ion drift chamber;
5 — microchannel detector,6 — phosphorescent screen,7 — video camera,
8 — beam of molecules investigated.

FIG. 3. Ion images obtained by ion imaging:17I, II — direction of the po-
larization vector of the photodissociation radiation along theZ axis and
along theY axis, respectively; the upper and lower rows correspond to
directions of the polarization vector of the probe radiation indicated in t
figure.
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isotropy parameterb0 close tob0'21, which characterizes
the perpendicularX1S0g→C1P1u optical transition in the
chlorine molecule.

In addition, a difference between the images correspo
ing to different directions of polarization of the probe las
output can be seen in Fig. 3. This difference is caused by
alignment of the electronic angular momenta of the chlor
atoms. Separating the contribution of the alignment to
total experimental signal by subtracting the images show
the first and second rows in Fig. 3 from one another w
proposed in Refs. 16 and 17. The corresponding differe
images are shown in Fig. 4, in which the experimental s
nals are presented in the first row, and the theoretical res
are presented in the second row. An analysis of these im
permitted discovery of the existence of two different mec
nisms for the photodissociation of Cl2 molecules and deter
mination of the anisotropy parametersa2 andh2.

In sub-Doppler laser polarization spectroscopy the p
tofragments are detected by a narrow-band tunable la
whose frequency is scanned along the absorption line of
photofragments under investigation, and the to
dichroism11 or birefringence14,15signal of the probe radiation
is recorded. The information obtained as a result on the
gular dependences of the polarization moments of the p
tofragments is similar as a whole to the information obtain
by ion imaging, but in simple cases sub-Doppler laser po
ization spectroscopy is simpler to implement and can prov
a better signal-to-noise ratio. As an example of the poss
interpretation of the signals obtained, Fig. 5 presents the
oretical spectral dependences of the birefringence signa
linearly polarized probe radiation which has passed thro
a pair of spin-oriented photofragments for two different ph
todissociation mechanisms.15 As is seen from this figure, the
spectral dependence of the birefringence signal cause
incoherent transverse excitation of a dissociating molec
differs significantly from the spectral dependence of the s
nal caused by coherent excitation of the same molec

FIG. 4. Angular dependence of the alignment of chlorine atoms:17 upper
row — experiment, lower row — theory;I, II — same as in Fig. 3.
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making it possible to experimentally distinguish betwe
these mechanisms.

Thus, as a result of the investigations performed, n
methods for investigating photochemical reactions of pra
cal importance have been proposed and approved, and
data on the primary photodissociation act of small molecu
have been obtained.
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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. ©1999 American Institute of Physics.
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INTRODUCTION

Owing to the impressive progress in creating compu
systems and advances in the development of methods
numerically solving nonlinear multidimensional problem
numerical simulation has become one of the principal me
ods for studying complex gasdynamic phenomena. T
mathematical models of gasdynamic phenomena are hi
complicated. Moreover, the flows considered are usually
companied by diverse physicochemical processes with va
different temporal and spatial scales. This imposes rigid
quirements on numerical simulation methods. The solut
of the problems under consideration with acceptable exp
ditures of computer resources requires, first, the use of
optimal mathematical and physical models and, second,
cient computational algorithms, which have a high resolv
power. An important element of numerical simulation is t
construction of computation meshes. In our studies we
ploy movable meshes, which adapt to the structure of
gasdynamic field. The adaptation of the mesh, which p
vides for the resolution of fine details of the flow under i
vestigation, is performed during the solution of the proble
either by varying the location of mesh points with a fix
total number of points or by adding and removing points
appropriate portions of the computation region.

SUPERSONIC STREAMLINING OF BODIES

Investigations of the supersonic streamlining of bod
are of interest for problems in aerodynamics and aerosp
technology. The current problems of this kind are charac
ized by a need to take into account the effects of rarefact
viscous-inviscid interactions, flow separation and atta
ment, and a long list of physicochemical processes initia
by heating of the gas in intense shock waves. In addit
molecular or turbulent transport processes have a signifi
influence in the entire disturbed region of a flow and thus c
for the use of the equations of the dynamics of a viscous
instead of the traditional models of inviscid flow and boun
ary layers.

The most general mathematical model of gas flows i
continuous-medium regime is the Navier–Stokes system
equations. Along with it, simpler models of ‘‘truncated’’ an
parabolized Navier–Stokes equations are employed, dep
ing on the specific conditions.1 Turbulent flow regimes are
1041063-7842/99/44(9)/4/$15.00
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simulated using Reynolds averaging and semiempirical m
els of turbulent transport. To allow for physicochemical pr
cesses, the gasdynamic equations are supplemented with
ance equations for the corresponding components of
internal energy of the gas, continuity equations for t
components of the gas mixture, and a radiation trans
equation.1

The mathematical models used lead to initial/bounda
value problems, and effective numerical methods of seco
order accuracy based on the use of implicit constant direc
schemes have been developed to solve them.1–3 In these
methods the values of the functions in each new step al
the marching coordinate are found using iterations, in e
of which one-dimensional linear systems of difference eq
tions with three-diagonal block matrices of coefficients a
solved. When nonequilibrium physicochemical processes
taken into account, the computation algorithm includes
Newton iteration process.

The numerical simulation procedure just described
been applied to the solution of a long list of current proble
in the supersonic streamlining of bodies, including hyp
sonic streamlining under the conditions of the motion
space vehicles in planetary atmospheres,4,5 the highly non-
stationary flows appearing in response to a rapid chang
flight conditions,6–8 the streamlining of bodies in inhomoge
neities of various origin,9–11 and separated flows. As an ex
ample, Fig. 1 presents the results of the solution of the c
sical problem of the formation of a flow field around
circular cylinder when a plane shock wave acts on it. T
upper part of Fig. 1 shows the density isolines obtained fr
a computation for a single moment in time, and the low
part shows an experimental shadow photograph of suc
flow, which was kindly supplied by M. P. Syshchikova.
can be seen that the calculation satisfactorily reproduces
the details of the experimentally observed shock-wave st
ture of the flow.

SIMULATION OF MULTIPHASE FLOWS

Heterogeneous mixtures are generally highly nonequi
rium systems, which are characterized by a large set
physicochemical processes, which take place both wit
each of the phases and on the phase boundaries. The in
tigation of multiphase flows is of interest both from th
3 © 1999 American Institute of Physics
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standpoint of the development of theoretical models of
mechanics of continuous media and because of the b
spectrum of applications~problems in power engineering
chemical engineering, transportation, the creation of n
materials, etc.!.

A novel Lagrange–Euler algorithm has been develop
for numerical investigations of flows of multiphase media
permits the analysis of each of the phases in the most na
way: the carrier~dispersion! phase is described using co
tinual models ~the Euler, Navier–Stokes, and other su
models!, and the dispersed phase is described by a disc
test-particle model. Such an approach has great flexibi
which permits including different models of the compone
of the heterogeneous mixture, physicochemical proce
taking place in them, and mechanisms of interfacial transp
in the treatment. An algorithm for simulating the response
a condensed medium to a pulsed high-energy disturba
which is a combination of the finite-element method a
TVD schemes, has also been developed.

The algorithm and programs developed have been u
to simulate the supersonic streamlining of bodies by
flows containing solid particles or water drops;14 the erosion
failure of bodies streamlined by supersonic sputtered
flows;14 the propagation of shock waves in gas suspensio
the ignition of gas suspensions, and the transition from co
bustion to detonation;15 the high-speed interaction of a dro
with a solid barrier or a liquid layer;16 and the propagation o
shock and detonation waves in condensed media underg
a phase transition on the wave front.17

As an example, Fig. 2 presents a comparison of the
sults of an experimental investigation~on the left!18 and nu-
merical simulation~on the right! of the interaction of a cy-
lindrical drop with a solid barrier. Density isolines a
shown. The velocity of the steel projectile interacting w
the lateral surface of a motionless cylindrical drop isV
5110 m/s, and the time between frames is 1ms. As can be
seen from the comparison presented, the algorithm de
oped provides a faithful picture of the propagation of sho
waves and rarefaction waves, the formation of radial ne
wall cumulative jets, and the appearance and developme
cavitation bubbles.

SIMULATION OF HYPOSONIC FLOWS

An extensive list of viscous gas flows of practical impo
tance are characterized by slow~compared with sonic! ve-

FIG. 1. Diffraction of a plane shock wave on a circular cylinde
M`53.0, g51.29, Re52.073105, t55.8.
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locities and significant temperature variations. Such flo
are realized, for example, in heat-exchange processes
flow-type pulsed-periodic lasers, and in epitaxial reactors
growing semiconductor structures from the gas phase.

The class of problems described cannot be solved wi
the familiar Boussinesq approximation. At the same time,
use of the complete Navier–Stokes equations leads to fo
dable problems associated with the tediousness of the ca
lations, losses of accuracy, and the complexity of formu
ing the boundary conditions on the boundaries be
penetrated. The most faithful model is provided by the
called hyposonic Navier–Stokes equations, which are
tained in the limit of small values of the Mach number a
the hydrostatic compressibility parameter.

Several numerical methods based on an implicit mod
cation of the Chorin–Hart method for incompressible flow19

and block iteration20 have been developed for investigatin
hyposonic flows on structured walls. A conjugate-gradie
method has been used to speed up convergence of the
tions in finding the pressure correction, and fast Four
transformation has been used in the calculations of flow
simple regions.21

The growth of layers of GaAs and the solid solutio

FIG. 2. Interaction of a cylindrical drop with a solid barrier.V5110 m/s.
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FIG. 3. Computation mesh and distribution of the growth rate of GaAs for a planetary reactor:1–10 — successive moments in time,Dt51 ms.
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AlGaAs in two- and three-dimensional formulations, nons
tionary processes involved in the synthesis of heterost
tures, and the possibility of controlling the composition
epitaxial layers have been investigated.22–24 A combination
of a macroscopic gasdynamic approach and a kinetic des
tion within the Monte Carlo method has permitted simulati
of growth on a profiled surface, and a modified numeri
-
c-
f

ip-

l

method has permitted an investigation of liquid-phase e
taxy on a moving substrate.25

Methods for calculating hyposonic flows on two-dime
sional and three-dimensional unstructured meshes have
cently been developed.26,27 To obtain a quantitative descrip
tion of processes in real industrial systems, the flow of un
luted gas mixtures is considered, and the thermal cond
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tivity in solid blocks and radiative heat exchange are tak
into account.

As an example, Fig. 3 presents the computation mesh~a!
and the epitaxial growth rate of GaAs~b! for a planetary
reactor with rotating substrates.
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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 indicated. ©1999
American Institute of Physics.@S1063-7842~99!01209-X#
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INTRODUCTION

In 1986 Peng and Strickler1 outlined numerous potentia
theoretical advantages of the concept of ‘‘spherical tori’’
which the aspect ratioA5R/a is substantially smaller than
that of conventional tokamaks, being close to uni
Robinson2 suggested that, as well as exhibiting typical ‘‘t
kamak’’ confinement and MHD stability because of the sim
lar values of the safety factorq, the plasma in these ‘‘spheri
cal tokamaks’’ will also possess various favorab
characteristics inherent in spheromaks and reverse-pinch
vices. Predicted advantages included the natural elonga
of the plasma in the vertical direction (k;2), high toroidal
beta, and so-called ‘‘isodynamic’’ regions providing im
proved confinement. These predictions have now been
firmed experimentally, particularly in the START~Small
Tight Aspect Ratio Tokamak! spherical tokamak at Culham
Laboratory3 and also in various other small spherical tok
maks ~such as CDX-U, HIT, TS-3, MEDUSA, and
ROTAMAK-ST!.

These promising results have stimulated the deve
ment and construction of the next generation of spher
tokamaks, including GLOBUS-M~Russian Federation!,
MAST ~Great Britain!, PEGASUS and NSTX~US!, ETE
~Brazil!, and TST~Japan!.

The new geometry posed new problems and also se
as an important test of magnetic confinement theory. Re
theoretical studies stimulated by the experimental results
dicate that spherical tokamaks may have additional adv
tages in terms of stability and plasma confinement. The n
generation of large spherical tokamaks is now being b
with important specific aims: they should improve our und
standing of the physics of toroidal plasma confinement s
tems, check out new theoretical predictions, and indicate
way to achieving high-beta compact fusion facilities havi
various applications such as materials testing and power
duction.

1. RESULTS OF EXPERIMENTS ON SPHERICAL TOKAMAKS

The first spherical tokamaks were produced by insert
a central rod into existing experimental fusion facilities su
1041063-7842/99/44(9)/7/$15.00
.
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as Rotamak at Lucas Heights,4 the Heidelberg Spheromak,5

and the SPHEX ‘‘Rodamak.’’6 Each of these small experi
ments yielded important and reliable results on plasma e
librium and stability. For instance, it was observed in t
Heidelberg Spheromak that a small current in the rod sta
lizes the tilting instability, and the creation of a toroidal fie
in SPHEX improved the efficiency of energy transfer fro
the gun to the plasma, but all these were cold-plasma exp
ments. The first experimental verification of the concept
spherical tokamaks using a hot plasma (.100 eV! was car-
ried out at Culham Laboratory using the small tight asp
ratio tokamak START.3 Although START was constructed
only to prove the concept of spherical tokamaks, import
results have been achieved with the following typical para
eters: major radiusR;0.3 m, minor radiusa;0.23 m, aspect
ratio ;1.3, plasma elongation 1.8, plasma volume 0.5 m3,
^ne&;531019m23, vacuum toroidal field on axis~at R0)
;0.3 T, and plasma current up to 310 kA.

1… Plasma equilibrium characteristics.

One of the characteristic features of spherical tokam
is the improved efficiency of utilizing the toroidal field as th
aspect ratioA decreases, because of an appreciable incre
in the edge safety factorqa and toroidal effects. This was
confirmed by accurate probe measurements of the magn
field in the low-temperature Rotamak-ST at Flinder7

Whereas at the center of the plasma the magnetic surf
are similar to those in a conventional tokamak, at the plas
edge ~with an extremely low aspect ratio;1.1) the field
lines are mainly concentrated in the inner regions of h
magnetic field, which leads to a substantial increase inq. The
safety factor at the plasma edge in a typical Rotamak
discharge exceeds 20 with a cylindrical equivalentqcyl

55a2kBt /RIp52.1.
Such an increase in the safety factorq has a number of

consequences. For instance, the toroidal field at the cent
existing spherical tokamaks and the next generation un
construction is usually ten times lower than that in conve
tional tokamaks, and the normalized currentI N5I p /(aB0)
may reach high levels beforeq falls below 2. Since the
7 © 1999 American Institute of Physics
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Troyon scaling indicates thatb is proportional toI N , this
implies that high values ofb may be attained~see the next
section!. Furthermore, at the highb values obtained in
START, the associated diamagnetic effect compensates
the paramagnetic effect produced by the high normali
current, so that a magnetic well may appear on theuBu profile
~Fig. 1! ~the results plotted in Figs. 1–6 pertain to START!.
This improves plasma stability8 and also, by modifying the
trajectories, reduces the fraction of trapped particles and c

FIG. 1. Observation of a magnetic well~local uBu minimum! in shot #35533
with high beta (bT;40%). The dashed lines show the magnetic surfac
the solid lines give theuBu contours.

FIG. 2. Measurements of averagebT values.
for
d

n-

sequently enhances the current generation efficiency. The
ficiency of utilization of the toroidal field may be characte
ized by a simple parameter: the ratio of the plasma curren
the current in the central rodI p /I rod. In recent spherical
tokamak experiments, the ratioI p /I rod has exceeded one. I
START the ratioI p /I rod51.2 was obtained in a plasma wit
aspect ratioA51.3 ~Ref. 3!, and in Rotamak-ST the ratio
I p /I rod51.1 was recently obtained forA51.1 without any
indications of the MHD limit being reached.7 In TS-3 in
Tokyo, a transition regime has been studied betwee
spheromak and a spherical tokamak and the results of
merical calculations9 indicate that the ratioI p /I rod may be
increased substantially, and for very low valuesA51.1 it
may exceed 3.

,

FIG. 3. Measurement ofb values at the center. Solid curve — sum
thermal energy~determined by Thomson scattering and neutral char
exchange spectroscopy! and fast ion pressure~with artificially imposed isot-
ropy!, dashed curve — results of calculations using the EFIT code base
magnetic measurements.

FIG. 4. Region of operating parameters demonstrating the increased a
sibility for pellet injection using the Frascati/Riso injector. The limit for g
fueling discharge regimes is shown.
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FIG. 5. Pellet injection into a dis-
charge with ELM instabilities in a neu-
tral beam injection regime.
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2… High beta.

The ratiob of the plasma thermal energy to the ma
netic energy is a characteristic of the efficiency of a fus
device. When a 1 MW neutral particle injector loaned
Oak Ridge National Laboratory~US! was used on START
an averageb;40% was obtained~Fig. 2!, which is more
that three times the highest value obtained in a conventio
tokamak@hereb is defined asbT52m0*pdV/(VB0

2), where
V is the plasma volume andB0 is the vacuum toroidal field in
the geometric center of the plasma#. The factorbN which is
the ratio ofb to the normalized currentI N , was increased to
bN;5.9 and it was also demonstrated that these high b
values (bT.30% andbN.4) can be sustained over time
several times longer than the energy confinement time.10

3… Central beta in the START tokamak.

The central beta, defined here asb052m0pa /Ba
2 , where

pa andBa are the plasma pressure and the vacuum toro
field measured on the magnetic axis, may reach 100%
START. Whereas the average beta is adequately determ
by processing the magnetic measurement data using
EFIT code,11 the central beta is not determined as reliab
and requires additional analysis using data on the elec
temperature and density profiles obtained using Thom
scattering diagnostics for 30 points. The profile of the th
mal ion temperature was measured by CELESTE diagnos
of neutral particle spectra, while the behavior of the fast io
was calculated using the Monte Carlo method. The profi
of the various components are shown in Fig. 3 for tim
t536 ms and discharge #36544 withbT531% and
n

al

ta

al
in
ed
he

n
n
-
cs
s
s

b0599%. Good agreement is observed when the total
ergy is compared with the results of the analysis using
EFIT equilibrium code~dashed curve!.

4… Range of operating parameters.

a) Density limit.

High densitiesne>1020m23 with the Greenwald num-
ber G5pa2ne /I p@1020m21/MA #;1 were obtained in
START in high-pressure regimes. The range of operat
parameters was extended still further by injecting frozen d
terium pellets upward into the plasma from the inside. T
pellet vaporizes and supplies working gas to the central
gions of the plasma. The results obtained for START in
cate that the plasma density is approximately trebled, ther
extending the range of operating parameters, as show
Fig. 4, approaching the Greenwald numberG;1.5 and the
Murakami parameterM5neR/B@1020m22/T#;2.4 ~Refs.
12–14!. Figure 5 shows oscilloscope traces of signals o
tained in neutral-injection discharge #34881 with periphe
ELM MHD activity under conditions of pellet injection. A
twofold increase in density averaged over the line of obs
vation was recorded: sawtooth oscillations cease but
ELM activity continues, a picture consistent with the su
cessful injection of deuterium into the central part of t
discharge.

b) q limit.

A remarkable feature of high-beta discharges in
double-null divertor configuration is that they can opera
with extremely low values ofq9552.3. The initial calcula-
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FIG. 6. Schematic of experiment showing prox
imity of the divertor coils to the plasma in a
typical regime with high parameters.
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tions used a plasma model with a limiter in which an ed
safety factorq;4 was assumed for discharges with low a
pect ratio and large coefficients of vertical elongation a
triangularity of the outer magnetic surface. Recent calcu
tions using a plasma model with a separatrix showed
values ofq95;1.1 are quite attainable~assuming some sta
bilization by the walls!.

c) Beta limit.

START demonstrated that low-aspect-ratio configu
tions exhibit enhanced stability at very high beta. In a plas
with bN.4 and low shear, the second region of stability f
ballooning modes was approached in the center. The va
of bN obtained in START are considerably higher than t
conventional Troyon limitbN53.5 shown in Fig. 2, which is
in striking contrast to the situation obtaining in large col
sionless tokamaks with normal aspect ratios, where neoc
sical tearing modes limitbN to approximately 2. Recen
equilibrium calculations15 have shown that the stabilizin
Glasser term is significantly greater under typical conditio
in spherical tokamaks. Research using the next generatio
large spherical tokamaks with hotter, less collisional plasm
will determine whether all these favorable predictions
sufficient to sustain the highbN regimes obtained in START
e
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5… Internal reconnection of magnetic field lines.

The range of operating parameters in START in hig
density low-q regimes was usually limited by an effec
known as internal reconnection of magnetic field lines, or
internal reconnection event~IRE!. This effect has features
similar to the ‘‘soft disruptions’’ observed in convention
tokamaks~including a precursor and thermal energy dum
ing! and usually takes place once or twice during ea
START discharge and is also observed in CDX-U~Ref. 16!,
Medusa~Ref. 17!, and HIST~Ref. 18!. This effect appears to
be caused by low-m MHD modes; for instance, a small IRE
sometimes occurs at the early stages of a START disch
when the value ofq at the center initially falls below 2 and
the m52 instability grows rapidly. Strong gas puffing or
reduction in the toroidal field~and/or an increase in th
plasma current! can also lead to a series of IREs .

Hayashiet al.19 proposed an interesting nonlinear mod
of the IRE process. They showed that at low aspect ratios
m52/n52 and m51/n51 modes can interact with eac
other ~as observed in CDX-U!, and reconnection of interna
and external magnetic fields may lead to current surge
drop in thermal energy, and the helical perturbations
served in the experiments.

Equilibrium calculations based on magnetic probe d
and profile measurements show that a consequence of
in START is a flattening of the current profile. This is co
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FIG. 7. Comparison between START data~Ohmic regime and neutral injection regime! with recent ITER scalings for theL ~a! and H mode~b!. Recent
START discharges with improved confinement are not shown: c — the same data compared with the recent Kardaun ITER-98 scaling.
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sistent with relaxation theory, which predicts that the plas
will be transferred to a state of minimum magnetic ene
which, in a tokamak, is associated with a flattening of
current profile. At low aspect ratios, the plasma has a lar
natural vertical elongation, which increases still further
the internal inductance decreases, as was observed ex
mentally. This leads to an increase inq at the plasma edge
and has a stabilizing effect~Sec. 1.7!.

6… Instabilities in spherical tokamaks caused by high-
energy particles.

Neutral particle beam heating of the plasma in STAR
was accompanied by several different classes of M
instabilities.11 The excitation of Alfvén instabilities by high-
energy ions in START is obviously a harmless effect, wh
may be an inherent feature of spherical tokamaks chara
ized by low toroidal fields. However, the extent to which t
instabilities observed in START are attributable to charac
istics unique to this tokamak has yet to be determined. C
culations of particle trajectories show that a considera
number of the beam ions intersect the last closed magn
surface and become neutralized. This effect which lead
an unstable spatial velocity distribution will not be so impo
tant in MAST, and in spherical tokamak reactors it will b
altogether negligible. Hence, one source of instability
START will most likely be absent in large spherical tok
maks.

7… Stability against major disruptions.

Prior to October of 1995, internal reconnection eve
~IREs! in the START plasma with low aspect ratio (A
,1.8) did not cause much harm, their only consequen
being a reduction in the stored thermal energy, a curr
surge, and increased plasma elongation. No major cur
disruptions had been observed~except in regimes with
A.1.8). An explanation for this apparent ‘‘immunity’’ to
major disruptions was put forward in Ref. 20. As a result
the flattening of the current profile caused by IRE, a lo
aspect-ratio plasma significantly increases its vertical elon
tion, which leads to an increase inq95 and an increased
safety factor. Moreover, the reduction in the plasma ind
tance leads to an appreciable increase in the plasma cur
which counteracts any decrease in the major radius of
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plasma ring and thereby prevents intensified interaction
tween the plasma and the inner cylinder of the chamber.

The close proximity of the divertor coils to the plasm
prevents any increase in elongation, as can be seen from
6. In fact, after the divertor coils were installed in START
1995, discharge disruptions began to occur at lowq. It is
hoped that the large gap envisaged in the next machine
Mega-Amp Spherical Tokamak~MAST!, will restore the
high stability against major disruptions. This stability wou
be a major advantage in future large facilities with hi
plasma currents and is another important property that ne
to be studied in the next generation of spherical tokamak

8… Energy confinement in the START tokamak.

Exact calculations of the energy confinement time
START are difficult because of the short discharge durat
and the indeterminacy in the measurements of the abso
beam energy. In order to determine the stored plasma en
in the thermal component, the total stored plasma energ
first determined using the EFIT code from carefully ca
brated magnetic measurement data, and then the calcu
fraction of fast ions is subtracted. The deposited powerP is
taken as the sum of the Ohmic power and the absorbed
tral beam power. For this purpose the fraction of the pow
passed straight through and the beam particle losses on
first orbit ~in total these may reach 50% in START becau
of the relatively low current and the small plasma dime
sions! are subtracted from the total beam power.

Figure 7 compares results obtained for START~for theL
mode with additional heating without any indications of t
H mode! with the generally accepted ITER-97 scaling f
confinement times in conventional-aspect-ratio tokamaks
theL mode~a! and in theH mode~b!. It should be noted tha
the predictions of this empirical scaling for confineme
times in theH- and L modes for aspect ratios typical o
START are very similar, although there is experimental e
dence~see below! to suggest that improved confinement r
gimes very similar to theH mode may exist in START. This
anomaly may be eliminated by modifying the dependence
the aspect ratio in the ITER scaling for theH mode proposed
recently by Kardaun,21 which does not alter the prediction
for ITER but gives improved predictions for the STAR
data. In Fig. 7c the new scaling~known as ITER-98HPS! is
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compared with the data base for theL mode regime in
START. The point denoted by the filled circle corresponds
discharge #35533 with 40% beta. The START discharge
which we observed the peripheral instabilities described
the next Section are currently being analyzed.

It is predicted that the more accurate data on confi
ment times obtained in the next generation of spherical to
maks will have a major influence on tokamak scalings.

9… Improved confinement characteristics in the START
tokamak.

Recent START discharges which have demonstrated
ceptional results have revealed various characteristics typ
of H-mode improved plasma confinement regimes.22 These
include long periods accompanied by ELM instabilitie
changes in the poloidal rotation, a drop in theDa line inten-
sity ~which can be identified from the fact that the plasm
edge becomes significantly more clearly defined!, a density
pedestal at the plasma edge, and a spontaneous density
The rapid increase in energy confinement observed in
periods between ELM instabilities indicates significantly im
proved confinement.

The discharges with ELM instabilities observed
START are the first indication that an improved confinem
regime with a transport barrier may be achieved in a sph
cal tokamak. Although in typical discharges the plasma
rameters significantly exceeded the usual threshold fo
transition to theH mode,23 this was only achieved in certai
discharges with improved vacuum conditions and for spec
combinations of parameters. This may be attributed to
relatively poor vacuum inside the system and/or the h
neutral particle concentration at the periphery exacerbate
the large ratio of vacuum volume to plasma volume~of the
order of 20:1!. Thus, details of the transition to theH mode
are another feature of spherical tokamaks requiring furt
study.

Calculations made by Rewoldtet al.24 showed that the
growth rate of instability caused by collisionless electrosta
toroidal drift modes decreases very rapidly as the aspect
decreases forA,1.5. Later calculations of electromagnet
gyrokinetic microinstability25 showed that in spherical toka
maks with A;1.4 and highb;45%, broad MHD-stable
pressure profiles have a velocity shear exceeding the li
growth rate of all the drift modes and ITG modes caused
the ion temperature gradient. These calculations predict
in the next generation of machines transport caused
plasma turbulence may be reduced considerably~this may
well occur to some extent in the START experiments!.

10… Physics of the peripheral region of the START tokamak.

The thermal load on the surface facing the plasma is
important problem at low aspect ratios, since the power
lease from the plasma may be distributed over a smaller a
A detailed study of the released power distribution over
four main points on the divertor plates in a standard doub
null divertor configuration revealed strong asymmetry b
o
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tween the outer and inner sides of the machine, and
some asymmetry between the top and bottom on the in
circumference.26

The regions of energy release on the divertor plates
usually narrow~of the order of 0.5–1.5 cm!, which indicates
that large gradients exist at right angles to the region outs
the separatrix because of the appreciable expansion of
poloidal flux in comparison with the equatorial plane~ap-
proximately 8–12 times!.27 The observed asymmetry be
tween the top and bottom appears to be caused by par
drift induced by the electric field in the region beyond t
separatrix, which may predominate over drift in the toroid
magnetic field. However, the asymmetry between the ou
and inner sides of the divertor plates may well be unrela
to the particle drift effect.

The results of observations indicate that the power fl
from the plasma to the outer layer beyond the separa
usually exceeds the value predicted from a comparison
relative surface area. The highest power flux densi
~around 4–8 MW/m2 in neutral-beam START discharges!
were observed~randomly! on the outer side of the diverto
plates.

11… Halo currents in spherical tokamaks.

In conventional-aspect-ratio tokamaks, a plasma hav
a vertically elongated poloidal cross section is initially u
stable with respect to vertical displacements. If the feedb
system does not operate during termination of the discha
the vertical displacement of the plasma and current dump
are frequently accompanied by the appearance of halo
rents flowing through the composite circuit closed by t
plasma and its surrounding conductors. The toroidal as
metry of the halo currents generates lateral and tilting for
which act on the vessel. Results obtained with conventio
tokamaks such as COMPASS-D~Ref. 28! indicate that the
total halo current may reach 40% of the plasma current w
appreciable toroidal asymmetry~the toroidal peaking factor
reaches;3.5).

Although the START plasma can conserve vertical s
bility under appreciable elongation~which depends on the
current profile!, vertical displacements may take place
greater elongations and/or during a disruption. Measu
ments of the halo currents confirmed the CDX-U finding16

that in a spherical tokamak the symmetric halo currents
the central column are very small (,3% of the total plasma
current!, have a small asymmetry (,5%), andthus should
not present problems for the next generation of tokama
Results obtained for COMPASS, START, and CDX-U a
compared in Fig. 8.

These results are consistent with recent models wh
describe toroidal asymmetry in terms of inductively coupl
elements of the plasma–wall circuit.29,30The mechanism de
pends on the composite circuit closing the torus in the po
dal and toroidal directions. At low aspect ratios the relative
short length of the circumference around the inner cylin
of the vessel allows induced currents to flow in the toroid
direction, creating a stabilizing effect which impedes t
evolution of halo currents.
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CONCLUSIONS

As has been shown in the previous Sections, START
other prototypes of spherical tokamaks exhibit many v
promising features (bT;40%, b0;100%, magnetic well,
improved confinement regime, stability against disruptio
and so on!. The results of these experiments allow one
view the physics of toroidal-confinement systems from a d
ferent angle and to reduce the uncertainty in the use of s
ings. An important task for the next generation of machin
with hot collisionless plasmas and mega-ampere curre
such as GLOBUS-M, PEGASUS, ETE, MAST and NST
is to check out these results in collisionless regimes an
expand the tokamak data base by developing scalings
aspect ratio and linear dimensions.

Potentially, spherical tokamaks may provide a che
route to achieving controlled thermonuclear fusion throu
the creation of bulk neutron sources and nuclear po
plants.31 However, it is first important to demonstrate that c
operation~predicted theoretically! is possible by effectively
generating a plasma current with a high fraction of bootst
current, and that the system can operate with the large v
cal elongation of the plasma required to achieve high e
ciency in a nuclear power plant.

The author would like to thank the START and Neutr
Injector groups at Culham Laboratory, and many other c
leagues at Culham and throughout the world who have s
plied their data. This work is jointly supported by Eurato
and the UK Department of Trade and Industry. The neu

FIG. 8. Comparison of halo currents measured on COMPASS-D (;2.6
aspect ratio! and START~aspect ratio;1.3–1.5!.
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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 Physics.@S1063-7842~99!01309-4#
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The Globus-M spherical tokamak has been developed
member organizations under a project of the Internatio
Scientific-Technical Center and has been manufactured a
‘‘Leningrad Northern Plant’’ State Enterprise~St. Peters-
burg!. The tokamak has been installed in a new experime
facility at the A. F. Ioffe Physicotechnical Institute of th
Russian Academy of Sciences. The area of the two-sto
building is 600 m2. In addition to the device, the facility wil
also accommodate technological equipment and system
diagnostics and auxiliary plasma heating.

DESCRIPTION OF TOKAMAK

The final parameters of the Globus-M spherical tokam
were improved over the initial design:1 the nominal plasma
current was increased to 0.5 MA and the toroidal magn
field was increased to 0.65 T. The major radiusR is 0.36 m
and the minor radiusa50.24 m, which corresponds to a
aspect ratio of 1.5, where the vertical elongation of
plasma column may reach 2.2 and the triangularity 0.6.

The 1.1 m3 vacuum vessel is an all-welded austeni
stainless-steel structure having 38 diagnostic ports wit
total area of 0.8 m2, which provide good access to the plasm
for diagnostics and the auxiliary heating sources. Both
heating and current generation, and neutral injection hea
are envisaged. The large ports and the small distance
tween the outer magnetic surface of the plasma and the
sel walls allow antennas for coupling rf power into th
plasma to be conveniently and effectively sited, and can a
enhance the neutral injection efficiency by reducing
charge transfer losses. In this tokamak design, an auxil
1051063-7842/99/44(9)/4/$15.00
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power of up to 8 MW can be coupled into the plasma.
The tokamak electromagnetic system has a classical

sign with both windings located outside the vacuum ves
~Fig. 1!. The sixteen, single-turn, D-shaped, toroidal fie
coils ~TF! are made of M1 electrotechnical copper, co
nected in series to form the toroidal field winding. The c
sections passing through the inner cylinder of the vacu
vessel are fabricated as sixteen mutually insulated segm
of thermally quenched bronze. The solenoidal field coil,
central solenoid~CS!, is wound onto the central rod forme
by these segments. The solenoid is fabricated as a two
coil with an overall winding height of 1.3 m. A 66 m lon
continuous conductor of cold-rolled silver-containing copp
having a 20320 mm rectangular cross section is used for
winding. The nine pairs of poloidal coils are divided in
three functional groups, i.e., fringe-field compensating co
~CC! and ‘‘slow’’ ~PF! and ‘‘fast’’ ~VFC, HFC! coils to
control the plasma position and shape.

Figure 2a shows the operation of the poloidal system
the Globus-M tokamak used to compensate for the fring
fields of the central solenoid in the prebreakdown phase. F
ure 2b shows the magnetic configuration in the discha
with two X points~plasma current 0.5 MA, elongation 2, tr
angularity 0.6!.

The tokamak coils are supplied from power transform
connected to a high-voltage 110 kV ac grid using six-ph
thyristor rectifiers and fast current inverters at frequencies
to 3 kHz. The power sources are contained in feedback lo
and can sustain specific plasma positions, profiles, and
rents. The cooling system for the windings in the elect
magnetic system ensures that the tokamak can operate
4 © 1999 American Institute of Physics
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frequency of six shots per hour with a discharge duration
0.3 s and a rated current of 0.5 MA, which is sufficient f
relaxation of the current density profile. Discharges at
rated plasma current are provided by the 0.33 V•s capaci-
tance of the poloidal coil system to which the central so
noid contributes 90%. Details of the tokamak design are
scribed in Refs. 2 and 3.

LIMITING REGIMES OF THE GLOBUS-M TOKAMAK

For the chosen scheme of supplying the tokamak fr
the ac grid, the duration of the working pulse is limite
mainly by the heat release in the windings of the electrom
netic system. The discharge duration may be increased to
by increasing the pause between pulses.

An attractive feature of a spherical tokamak is that e
tremely high currents can be obtained. The modifications
troduced in the design increased the current through the
tral rod to 1.2 MA, which increased the toroidal peakBT on
the plasma axis to 0.65 T and can produce a plasma cur
I p up to 0.5 MA. The limiting plasma current while main
taining stability to helical perturbations is extremely hig
and for tokamaks such as Globus-M may approach the m
nitude of the current through the central rod. Vario
experiments4 on the START spherical tokamak have demo
strated that it is possible to operate with a low edge saf
factorqa . For qa'3.6 andBT50.62 T the plasma current in
Globus-M may reach 1 MA.

Compared with other spherical tokamaks under co
struction Globus-M can achieve extremely high current d
sities averaged over the plasma cross section. Even u
normal conditions, this density is 1.4 MA/m2. This circum-
stance makes Ohmic heating more effective, since the c
tribution of the specific power is proportional to the squa

FIG. 1. Cross section of Globus-M tokamak showing: vacuum vessel, TF
toroidal field coils, CS — central solenoid, CC — compensating coils, PF
‘‘slow’’ poloidal field coils, and VFC, HFC — ‘‘fast’’ control coils.
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of the current density. The high current density and the h
ratio BT /R of the order of 1.8 T/m can produce a dischar
having a high limiting average plasma density of arou
231020m23 even when the discharge is being supplied w
gas. The establishment of regimes with low edge safety
tor qa and high plasma density is an important line of r
search in the controlled fusion program, since this can
hance the energy yield of the fusion reaction, which
proportional to the square of the plasma density, and

FIG. 2. Lines of constant poloidal component of the magnetic field ins
the tokamak vessel: a — prebreakdown phase, the figures give the mag
field in gauss, b — discharge with twoX-points, I p50.5 MA, bT50.27,
I i50.5, k52, d50.6, Globus-M. Those windings of the electromagne
system which are switched on are indicated by shading.
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1056 Tech. Phys. 44 (9), September 1999 Gusev et al.
improve the reactor efficiency because of the high value
the normalized currentI N5I p /a•BT in regimes with maxi-
mum Troyon coefficients. For low values ofqa Globus-M
attains values ofI N'7. Calculations of the stability of the
plasma column under normal conditions (qa'3.3) in a
doubleX-point configuration withI N54.4 indicate that this
remains stable with respect to ballooning modes
bT<18% for the first stability zone.5 In order to attain re-
gimes with a large fraction of noninduction current genera
by plasma pressure gradients,6 we need to establish regime
with high bp5^p&/(Bp

2/8p), where ^p& is the volume-
averaged plasma pressure andBp is the magnetic field pro-
duced by the plasma current. These regimes can only
attained at maximum plasma pressure by increasing the
safety factor. In this case, it is important to increa
q* 5LpBT/2pRBp ~whereLp is the plasma circumference i
the poloidal direction!, i.e., to reduce the current or magne
field at a bounded elongation. Reducing both the current
the field in turn leads to a decrease in the maximum plas
density. Globus-M can operate in the range 1.15,q* ,7 at
an average plasma density of 0.5–2.031020m23 which is
substantially higher than that in other spherical tokamaks

METHODS AND RESEARCH PROGRAM

The first stage of the experimental program, optimizi
the parameters of an Ohmic discharge, will be implemen
using conventional methods of producing plasmas and c
trolling their parameters. Compensation for fringing fiel
down to a few gauss~Fig. 2a! and plasma preionization a
15 GHz can substantially reduce the plasma breakdown v
age and economize on the stored volt-seconds available
the poloidal system. At the initial stage of the experime
the current rise will be achieved by an inductive metho
Calculations indicate that around 0.18 V•s is required to
achieve a plasma current of 0.3 MA and the rate of curr
rise is then around 5 MA/s. The plasma discharge is st
lized either by currents flowing in the adjacent conduct
wall of the vessel or by a feedback control circuit. This c
suppress fast vertical plasma surges and lower harmonic
helical modes. Another method of suppressing plasma M
activity may involve generating a current in the bounda
layer by applying voltage to the divertor plates.7 Since the
divertor plate segments in the Globus-M tokamak are in
lated from each other and from the vacuum vessel, this
periment can be carried out without making significant mo
fications to the design.

High-power Ohmic heating combined with auxiliar
heating methods leads to increased particle and energy fl
to the vessel wall. In addition to conventional methods
preparing the surface of the vessel walls, particular atten
has been paid to the choice of protective materials and
design of intravessel elements. The shielding elements
the central cylinder and the divertor plates are made of st
less steel, are easily removable, and can be coated with
ous protective materials such as B, Be, and C up to 1
thick. Rapid access to the shielding elements for replacem
is provided by two ports, 400 mm in diameter, in the equ
torial part of the vessel.
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Work has recently been carried out on the developm
of rf heating and current generation methods.8,9 Simulations
have been made of the propagation and absorption
magneto-acoustic waves in a quasitoroidal geometry, tak
into account the poloidal and paramagnetic components
the field. Calculations were made for the frequency ran
6–50 MHz, which covers the region between the fundam
tal and the eighth harmonic of the ion cyclotron resonan
The code developed was used to solve the one-dimensi
wave equation with a ‘‘hot’’ permittivity tensor, allowing fo
corrections of the second order of smallness. The calc
tions thus allowed for absorption at the fundamental and s
ond cyclotron harmonics and also for Landau damping, m
netic pumping, and interference mechanisms. For
Globus-M tokamak, strong absorption of magnetoacou
waves was predicted during a single pass~in some cases up
to 80%!. Figure 3 shows local power absorption profiles i
tegrated over the wave spectrum emitted by the antenna.
absorption zone for the fundamental harmonic of the
cyclotron frequency is fairly narrow. For higher harmoni
of the fast acoustic waves, absorption of energy at 30 M
provides electron heating in a fairly broad band equal to h
the minor radius. This method may be combined with i
heating at the second harmonic of the ion cyclotron re
nance. Then electrons~in the broad band! and ions~in the
narrow band! are heated simultaneously. This effect may
used to change the plasma pressure profile by tuning
oscillator frequency; this change in frequency has no sign
cant influence on the overall absorption of energy a
heating.

The conventional system for generating lower-hyb
waves is ineffective for spherical tokamaks because of
opacity barrier at the plasma edge. In this case, only wa
with strong initial dampingNi57 –10 penetrate inward
However, the strong inhomogeneity of the magnetic fie
over the poloidal circumference means that a nonstand
system can be used for heating: waves having frequen

FIG. 3. Spatial profile of the absorption of rf power during ion cyclotro
heating of the plasma:f 511 MHz, B050.5 T, 5%H195%D.
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lower than (e Bpol)/(me c), whereBpol is the poloidal mag-
netic field,me ande are the electron mass and charge, anc
is the velocity of light, and low initial values ofNi52 –4, are
coupled into the plasma in the poloidal direction near
equator. As these waves penetrate inward,Ni increases as a
result of the magnetic field inhomogeneity which leads
effective damping. The matching between a grille position
in the equatorial plane and turned through 90° and
plasma is fairly good: the reflection coefficient is only 10
15% if the plasma density profile is not excessively ste
Calculations of the ray trajectories showed that depending
the plasma parameters, energy is absorbed on the radiu
tween 0.3a and 0.7a. The lower electron density and tem
perature at the periphery lead to central absorption.
higher values of the total current create conditions for eff
tive current generation at the boundary which may re
0.0431020A/m2W ~Ref. 9!. Figure 4 shows the current gen
erated by the waves as a function of the plasma current

The research program includes the development of a
agnostic complex for the Globus-M. The first stage envisa
making magnetic measurements using measuring loops
two sets of probes~36 in each set!, using a video camera to
monitor the plasma geometry, and also making meas

FIG. 4. Current generated by rf waves at 2.45 GHz as a function of pla
current (ne050.531020 m23).
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ments of various integrated plasma parameters such as
average density, soft and hard x-ray fluxes, and so on.
equipment required is ready for assembly or has already b
installed in the tokamak. Further development of the dia
nostic complex is directed toward measuring local plas
parameters with good temporal and spatial resolution. So
draft designs have been completed and work has starte
the working design of four innovative diagnostic facilities:
pulsed radar reflectometer, Thomson scattering systems,
x-ray tomography and high-speed video camera syste
The radar reflectometer is a combination of a phase refle
meter with frequency sweeping and a pulsed radar. The
omson scattering system is based on a neodymium la
which generates a series of twenty, 20 J pulses during
discharge, and silicon avalanche detectors. The system
an extremely high maximum sensitivity in terms of plasm
density, around 1310217m23. The x-ray tomography sys
tem includes two pinhole cameras to record the soft x-r
and to measure plasma instabilities and its electron temp
ture. The high-speed video camera uses a CCD and ha
automatic system for setting the exposure time during
recording of a frame, and also has an extremely large
namic range.

Work on preparing the experiment on the Globus-
spherical tokamak has now reached the final stages,
physical commissioning is scheduled for the beginning
1999.
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Pellet-injection-based technologies for fusion reactors
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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.
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Injection of hydrogen~fuel pellets! and impurity pellets
is now widely used for various purposes in plasma magne
confinement devices including tokamaks and stellarat
This suggests that new technologies may be developed
fusion reactors based on pellet injection.

The idea of using small pieces of solid hydrogen acc
erated to velocities of several kilometers per second to in
fuel into a device first arose in the early 1950s as part of
stellarator program. This method was considered as an a
native to conventional gas puffing, which cannot provide
necessary deep fuel injection under reactor conditions.
cent tokamak and stellarator experiments have demonstr
highly efficient injection of fuel pellets to sustain the di
charge in closed magnetic configurations. A fuel pellet inj
tion system has now been incorporated in the design of
International Thermonuclear Experimental Reactor~ITER!.1

The use of pellets for plasma diagnostics was initia
based on the similarity between the processes accompan
the evaporation of pellets in a hot plasma and the injection
barium clouds into the ionosphere. Information on t
plasma parameters and transport properties was obtaine
observing the evolution of clouds near pellets or the evo
tion of concentration and temperature perturbations cre
by the pellet. Both fuel and impurity pellets are used
diagnostic purposes.

Injection of lithium pellets has recently begun to be us
to deposit a protective coating on the first wall to preve
heavy impurities from entering the plasma and thereby
ducing the effective charge of the plasma. It was also fou
that since several discharge burning regimes can be achi
for the same external parameters, pellet injection could
used to switch from one mode to another, which consid
ably extends the scope for controlling the discharge burn

Finally, one of the critical problems of a fast emergen
shutdown of the discharge in tokamaks or quenching of
plasma before a possible disruption may be solved by inj
ing a fast pellet consisting of inert gases.

Problems of pellet injection in fusion facilities have be
discussed in detail in various reviews and original articles1–9

The present review is concerned with the latest results, w
particular attention being paid to reactor technologies.
1051063-7842/99/44(9)/5/$15.00
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FUEL INJECTION

1. Main pellet parameters.

As an example, Table I gives the specifications for t
fuel pellet injection system for the ITER reactor.1 It should
be noted that almost all these specifications have b
achieved separately in experiments using existing injecto

2. Penetration of pellets into the plasma.

The evaporation of pellets in a high-temperature plas
is determined by the energy flux reaching the surface. At
high rates of evaporation typical of hydrogen pellets, t
flux is predominantly formed by the high-energy tail of th
electron distribution function and to a considerably les
degree by the transverse ion flux. A cloud of neutrals wh
shields the surface from the incoming thermal fluxes is c
centrated near the pellet surface. The electrostatic pote
formed at the edge of the cloud to compensate for the dif
ence between the electron and ion currents has a signifi
effect on the evaporation. There is additional shielding d
to the formation of a secondary plasma and to perturbati
of the magnetic field by the moving plasma streams.

The models developed so far fairly accurately descr
the evaporation processes.5,6,10–12As evidence of this, Table
II gives two theoretical and one experimental scaling relat
obtained using data from the international datab
IPADBASE.7 It can be seen that the dependences of
evaporation rate on the electron densityne , electron tem-

TABLE I. Specifications of fuel injection system for ITER.

Parameter Value

Pellet size 8–10 mm
Pellet velocity 0.6–1.5 km/s
Injection frequency 1–100 Hz
Injection time 10 000 s
Maximum throughput (D2) 100 Pa•m3s21

Maximum throughput (T2) 50 Pa•m3s21

Permissible losses of pellet mass ,30%
Repeatability 5% of value
Cycle time ,1 s
8 © 1999 American Institute of Physics
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peratureTe , and the pellet radiusr p show good agreemen
This confirms that neutral and electrostatic shielding hav
substantial influence on the formation of the evaporat
rate. In Table II the comparison is made for conditions c
responding to a Maxwellian plasma and no fast ion hea
of the plasma. The presence of fast electrons and ions in
plasma may substantially increase the rate of evaporatio12

The rate of evaporation is sensitive to the plasma volu
interacting with the pellet. In closed plasma configuratio
this volume has the scale of the volume between two clo
magnetic surfaces separated by a distance of around the
let radius. In open configurations the volume interacting w
the pellet is limited by the length of the field line and is th
substantially smaller than that in closed configurations. T
implies that the rate of evaporation in open systems may
significantly lower than that in closed ones.

3. Pellet formation.

Recently substantial progress has been achieved in
continuous formation of fuel pellets. Several promisi
methods of pellet formation have been tested on test rig
multiextruder method3 was proposed and developed in r
search at St. Petersburg State Technical University and
Ridge National Laboratory.13 This technology uses sever
conventional extruders operating in series. Two or three
a
n
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e
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A
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truders can simulate a continuous flow; while one extrude
operating, the others are filling with fuel. This technolo
was initially proposed for the ITER project.14

A more advanced method known as hydrogen scr
extrusion15–17 was implemented by St. Petersburg Sta
Technical University and the company Technical Univers
Applied Physics~TUAP!, Ltd. A block diagram illustrating
the system is shown in Fig. 1. Hydrogen gas is fed into
special unit with a rotating screw auger, maintained at cr
genic temperatures~8–12 K!. In the upper part of the ex
truder the gas condenses into a liquid and then solidifies.
lower part of the screw provides sufficient pressure for
trusion at rates up to 50 mm/s.

A new modification of pellet formation technology d
rectly in a barrel~in situ formation! was proposed in Ref. 18
Pellets are formed inside the cylindrical chamber of a ba

TABLE II. Theoretical and experimental scalings for the rate of evaporat
of hydrogen pellets.

Source Rate of evaporation

Parks Ref. 10 ;ne
0.33Te

1.64r p
1.33M 20.33

Kuteev Ref. 5 ;ne
0.45Te

1.72r p
1.44M 20.283

IPADBASE Ref. 7 ;ne
0.4Te

1.72r p
1.40
FIG. 1. Block diagram of fuel pellet injector with screw extruder:1 — vacuum chamber,2 — motor, 3 — heater,4 — valve, 5 — electromagnetic drive,
6 — screw auger,7 — heat exchanger,8 — extruder,9 — solid H2 , 10 — microphone,11 — barrel,12 — diagnostic chamber, and13 — roughing pumps.
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TABLE III. Comparative characteristics of fuel pellet shapers.

Shaper Three-piston extruder Porous shaper Screw extrude

Tested Not tested~1–10 mm for 2–3 mm 2 mm
pellet diameter single extruder!
Extrusion velocity 50 mm/s~single extruder! ••• 20–50 mm/s
Cycle time in Not determined
continuous regime ~0.1 s with single extruder! 1 s 0.3 s~0.1 s attainable!
Continuous operating Not determined~7000 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 2033 cm3 1310 cm3 ;10 cm3

Reliability Moderate Good Good
i
T
r
o
us
or
n
n

m
al
e

m
ig
to
an
le

ca

V
tie
re
d

yo

ve
-

os
ty
he

r a
be

he

h-
in
he
n
of

h
of

ma
s-

ed
ons
m-

are
orat-
e
e
of
the
surrounded by a porous sleeve which is impregnated w
solid hydrogen and connected to a gas supply system.
cell is maintained at a temperature of around 10 K. Afte
shot is fired by high-pressure gas, the cell is heated t
temperature at which the solid hydrogen can melt and diff
into the barrel through the porous sleeve and refreeze to f
a new pellet. This method can produce pellets at a freque
of around 1 Hz and suggests that the ITER parameters ca
attained using a system with 10–20 barrels.

These methods of continuous pellet formation are co
pared in Table III. In view of the lack of return translation
motion and the small amount of stored fuel in the shap
systems using screw extrusion and porous shapers are
reliable than multiextruder ones. At present the ITER des
is based on screw extrusion as the main fuel pellet injec
This technology can also be applied to existing tokamaks
accelerators for which long-pulse experiments are schedu
This particularly applies to Tore-Supra and Large Heli
Device.

4. Pellet acceleration.

Methods of pellet acceleration are listed in Table I
Unfortunately, existing devices cannot achieve the veloci
of around 10 km/s required to penetrate into the central
gions of ITER-scale facilities. Nevertheless, all the metho
of acceleration can ensure that the pellets penetrate be
the so-called scrape-off layer~SOL!. In view of the fact that
the depth of penetration is a weak function of the pellet
locity (;vp

1/3), all the methods listed in Table IV are com
petitive in terms of velocity. Under these conditions the m
important technological parameters are reliability, simplici
service life, and low load on the pumping system. In t
th
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table the methods are listed in order of their suitability fo
reactor. Also listed are some typical problems still to
solved.

5. Position of the system on the machine.

Pellets are usually injected into a plasma from t
magnetic-field side~from the outside!. Recently some ex-
periments have studied pellet injection from the hig
magnetic-field side, from the top or bottom of the device
order to determine the optimum injection geometry from t
point of view of penetration depth and fuel injectio
efficiency.19 Here the efficiency is taken as the percentage
particle trapped by the plasma relative to those injected~see
Ref. 20, for instance!. The efficiency usually increases wit
depth of penetration. The search for the optimum direction
injection will clearly continue over the next few years.

DIAGNOSTICS

Both hydrogen and impurity pellets are used for plas
diagnostics.4 Impurity pellets are usually accelerated in ga
dynamic injectors21 with typical velocities in the range 100–
600 m/s. The number of electrons in a completely ioniz
pellet does not exceed 30% of the total number of electr
in the device, which corresponds to impurity pellets of dia
eter 0.3–0.6 mm.

Possibilities for the diagnostics of plasma parameters
based on observing the parameters of clouds near evap
ing pellets,22,23pellet trajectories,24 and measurements of th
rate of evaporation.4 Since the clouds are elongated in th
direction of the magnetic field, high-speed photography
these clouds can be used to determine the direction of
ms
TABLE IV. Pellet accelerators.

Accelerator Velocities Problems

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

Single-stage gun ,1.5 km/s Increased gas loading on vacuum and tritium syste
Gasdynamic accelerator ,0.6 km/s High gas load
Two-stage gun ,4.2 km/s 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. R
cent experiments on the ASDEX-Upgrade tokamak h
shown that information on central values of the safety fac
can be refined considerably by using this method.

Plasma drift in the poloidal direction leads to asymme
of the cloud shape. By observing this asymmetry in lines
various ions, it is possible to estimate the radial electric fi
in the plasma — an important parameter responsible for
plasma transport properties and the type of energy confi
ment regime. This method has been successfully used in
FT-1 and T-10 tokamaks. Plasma drift velocities in the ran
105– 106 cm/s were observed.

In tokamaks, the pellet trajectories are curved beca
the pellets are accelerated in the toroidal direction under
influence of the plasma current. The curvature of the tra
tory is proportional to the local current density so that it c
be measured. Such measurements have been made
gimes where electron cyclotron resonance currents w
generated.24

The rate of evaporation contains information on the
calization of magnetic islands and fast particle beams. At
sites of islands, the rate of evaporation decreases as a r
of a reduction in the volume of plasma involved in th
evaporation. Near beams, the rate of evaporation incre
appreciably. Significantly the spatial resolution of the pe
method is limited by the pellet size, which is far superior
other methods of diagnostics.

Pellet injection is accompanied by perturbations of
electron density and temperature which can be used to s
transport phenomena in a plasma.25 Injection of impurities
provides information on their transport.

Recently charge transfer of alpha particles at clouds
rounding a lithium pellet was successfully used to determ
their parameters in the TFTR tokamak.26 This method is a
unique means of determining the spatial and energy distr
tion of alpha particles.

TERMINATOR PELLETS

It has been suggested that 1–10 cm pellets consistin
deuterium or inert gases could be injected into a plasma
rapid cooling and current removal in the event of an accid
situation, and also to obviate the risk of a maj
disruption.4,9,27,28Numerous experiments have demonstra
the high efficiency of this technology in T-10, JT-6
ASDEX-Upgrade, and DIII-D. Terminator pellet injecto
are included in the ITER design. These pellets are prese
injected using existing hydrogen pellet injectors, but us
inert gases. Specially developed injectors based on light
guns are used to inject high-Z solids~KCl, SiC, Ti!.

CONDITIONING OF THE FIRST WALL

The struggle to achieve plasma purity in closed plas
configurations has led to the conclusion that low-Z mater
are the best solution for the first wall. Even a monolayer
lithium, beryllium, or boron can substantially reduce imp
rity fluxes and the effective plasma charge. Impurity pell
injected into a plasma evaporate to create a source of a
which uniformly cover the wall with a low-Z protective
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layer. Lithium injection experiments revealed a significa
improvement in the plasma parameters in the TF
tokamak.29,30

SWITCHING BETWEEN MODES

Discharge switching from theL to theH mode and back,
improved energy confinement, and control of the dens
profile using pellet injection have been successfully dem
strated in numerous tokamak experiments.31–33 In the TFTR
tokamak for instance, pellet injection was used to transfer
discharge temporarily from theL to theH mode. The oppo-
site transition was achieved by peripheral injection
deuterium–lithium pellets in Ohmic regimes in the Tuman
tokamak. Peripheral injection of hydrogen pellets in the T-
tokamak in a regime with high-power electron cyclotro
heating also caused a transition to theH mode. Pellet-
stimulated peripheral instabilities~known as ELM! were ob-
served in ASDEX-Upgrade.

CONCLUSIONS

Fusion reactor technologies based on injecting pel
into the plasma are now being successfully developed
widely used in existing tokamak and stellarator experimen
These technologies can be used for internal fuel injecti
measurements of plasma parameters, switching between
charge burning regimes, rapid quenching of the plasma
removal of the current in emergency situations, and for c
ditioning the first wall the chamber. The technical specific
tions of these injection systems are already close to th
required to operate under reactor conditions. These techn
gies will quite clearly play an important role in the operatio
of a future fusion reactor.
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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. Ioffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
~Submitted January 14, 1999!
Zh. Tekh. Fiz.69, 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 an Si~100! single
crystal and also in the subsurface region of a layered VSe2~0001! crystal. © 1999 American
Institute of Physics.@S1063-7842~99!01509-3#
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Various surface effects, widely used in technology,
of enormous importance in the modern world. The proces
taking place at surfaces are highly complex, and informat
on the microscopic level is required to understand the1

The main methods used for diagnostics of surface ato
structure are low-energy (;100 eV! electron diffraction
~LEED!, high-energy (;50 keV, glancing incidence! elec-
tron diffraction ~HEED!, and also scanning tunneling m
croscopy~STM!. Virtually no studies of adsorption system
or the initial stages of thin film growth could be made wit
out these. In contrast to these methods, medium-energy
tron diffraction~MEED! at average energies of;1 keV had
until recently been very little used in the structural analy
of surfaces. This was because the mechanism for the for
tion of the patterns had not been studied in depth and
because, in this energy range, particular attention had b
focused on problems of quantitative elemental analysis
surfaces using methods of electron spectroscopy.

Considerable progress in understanding the mechan
responsible for the diffraction scattering of medium-ene
electrons was achieved with the development of x-ray p
toelectron and Auger electron diffraction techniques.2–4 Fo-
cusing of electrons emitted by ‘‘internal’’ sources was sho
to play an important role here. It is also well known th
when the electron kinetic energies are similar, the diffract
patterns produced by reflected electrons, Auger electr
and photoelectrons are very similar.5,6 It was therefore natu-
ral to assume that this effect also predominates in the diff
tion of reflected electrons. In order to check out this hypo
esis, we carried out a wide range of experiments on sam
and compared the results with model calculations.7–9 It was
ultimately found that this effect not only predominates in t
formation of the diffraction patterns of quasielastically sc
tered electrons but the patterns themselves also allow a
simple interpretation: their principal peaks occur when el
trons are emitted along close-packed strings of atoms. T
specific feature of the spatial distributions of the electro
led to the development of a new method of visualizing
atomic structure of a thin subsurface region of a solid, wh
has been successfully tested on various adsorption sys
and multicomponent compounds.10–12 One of its main ad-
1061063-7842/99/44(9)/3/$15.00
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vantages is that atomic processes on a surface can be vi
ized in real time. Here we report the first results obtain
using an original device developed by us for these invest
tions.

The experiments were carried out in ultrahigh vacuu
using samples having an atomically clean surface. Unlike
initial variant of the method,7 where the diffraction patterns
were recorded by scanning the entire electron reflec
hemisphere using a narrow-aperture energy analyzer,
we use a small electron-diffraction camera fitted with
source of 1.5–3 keV electrons, which are incident on
crystal surface at a glancing angle. The electrons bombar
the sample are scattered intensively in the subsurface l
and are partially reflected, undergoing energy losses.
contrast interference pattern formed only by the fast reflec
electrons is obtained using a retarding-field energy analy
with spherical grids. The flux of transmitted electrons is a
plified by a microchannel plate and causes the phospho
luminesce, which is observed through an optical window
the vacuum chamber. The electron diffraction camera c
lects electrons in a fairly wide solid angle~in a cone with an
opening half angle of 57°). It is thus possible to observe
important region near the normal to the surface of
sample, which is inaccessible to the commercial devices u
in low-energy electron diffraction. The diffraction pattern
are recorded using a video camera combined with a c
puter which can write them to hard disk at a rate of up to
frames per second and then process them using standar
plication programs.

We shall illustrate the possibilities of this new variant b
means of two examples. The first is a further developmen
research on the interaction between silver and a silicon
face. Figure 1 shows several diffraction patterns obtain
during the deposition of silver on an Si~100! 231 single
crystal heated to 100 °C. The data are represented as
dimensional distribution patterns of the intensity of electr
reflection over the polar and azimuthal angles of emissi
constructed using a stereographic projection. The light ar
correspond to maxima in the angular distributions and
black areas correspond to minima. A comparison of Figs.
and 1e shows that the diffraction pattern from the initial s
3 © 1999 American Institute of Physics
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1064 Tech. Phys. 44 (9), September 1999 Pronin et al.
con sample with a clean surface exhibits symmetry cha
teristic of the ~100! face. Its principal maxima are in fac
observed when the electrons are emitted along close-pa
strings of silicon crystal atoms. For instance, the bright s
at the center of the pattern is caused by focusing of elect
propagating in thê 100& direction. Also clearly visible are
extended regions of increased electron emission~Kikuchi
bands! along the projections of these close-packed$100%
planes in the silicon. They are made up of numerous foc

FIG. 1. a–d — Diffraction patterns of 2 keV reflected electrons obser
during deposition of silver on the Si~100! face: a — silicon with a clean
surface, b–d — silver films having 20%, 40%, and 90% continuity, resp
tively, e,h — diagrams of most closely packed planes and directions o
~001! faces of silicon and silver; f,g — results of a numerical modeling
the patterns in Figs. 1b and 1c.
c-

ed
t

ns

s-

ing maxima along the interatomic directions assigned
these planes.9 Hence, this pattern actually reflects in re
space the relative position of the atoms in the subsurf
layer, whose thickness is equal to the average depth of e
sion of the reflected electrons which in this case is 15 Å.

The growth process of the deposited film is seen clea
from the diffraction patterns~Figs. 1b–1d!. As the coverage
increases, changes gradually appear in this pattern and
seen particularly clearly when the data are compared for
substrate and a comparatively thick film~Fig. 1d! of average
thickness 20 Å, when the electrons are predominantly s
tered in the layer of condensed silver.1! Deposition does not
change the fourfold symmetry of the pattern but causes
preciable redistribution of its intensity in various region
Whereas for Si~100! the Kikuchi bands along the projection
of the$100% planes are seen most clearly, in the pattern fr
the deposited film, the bands along the$100% and $111%
planes predominate~Fig. 1h!. Since these atomic planes a
the most closely packed in the face-centered crystal lattic
silver, we can immediately conclude that the as-grown fi
consists of crystallites having a face-centered crystal st
ture with the Ag~100! face emerging on their surface. More
over, the azimuthal orientation of the crystallites is stric
matched with the substrate^100&Aguu^100&Si . The validity of
this conclusion is confirmed by the results of modeling t
pattern in Fig. 1d, made using the single-scattering clu
approximation.8 It should be stressed that this pattern diffe
qualitatively from that observed by us previously when vis
alizing the structure of a silver film grown under the sam
conditions on the other Si~111! 737 silicon face. In an Ag/
Si~111! system two types of Ag~111! domains, azimuthally
misoriented by 180°, coexist on the surface.12 Thus, a com-
parison between the results obtained for the two princi
silicon faces clearly shows that the atomic geometry of
substrate surface has a decisive influence on the epita
growth of the silicon film.

Returning to the patterns observed at the intermed
stages of deposition~Figs. 1b and 1c!, we must note that
since the film growth in this system takes place in an isla
mode,13 both the substrate and the various silver islands c
tribute to these images. Consequently, each of these is a
perposition of the patterns in Figs. 1a and 1d taken w
weighting factors which reflect the condensate coverage
the silicon. The validity of this interpretation of the diffrac
tion patterns is convincingly demonstrated by the results
computer modeling using a method similar to that describ
in Ref. 14. The intensity of the electron reflection in an a
bitrary direction was calculated by simply summing the
tensities of the reflection from the clean substrate and
thick silver film. The results of the calculations are plotted
Figs. 1f and 1g and these show very good agreement with
experiment. Note that this method can also be used to de
mine the fraction of the substrate surface coated with
deposited silver film. This can be accomplished by vary
the coverage and minimizing the difference between the
culated and the observed pattern. This technique can n
rally also be applied to other systems. Hence, numer
modeling of diffraction patterns measured in real time is
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highly promising method of determining the phase compo
tion of island films.

A second example illustrating the possibilities of th
method of visualization involves studying transition me
dichalcogenides. A typical representative of this type
compound is VSe2 which possesses clearly defined anis
tropic properties and is of particular interest from the po
of view of understanding their electronic structure.15

The starting point to calculate the energy band struct
of a material is to define the relative position of the atoms
the crystal unit cell. The lattice constants of the VSe2 crystal
are known, but the atomic structure of the subsurface reg
of this compound has not been sufficiently studied. In p
ticular, the distance between the layers in which the V and
atoms are localized is unknown. A simple experiment w
carried out to determine this unknown. A single-crys
VSe2~0001! sample was cleaved in the vacuum chamber
the device and the diffraction pattern was obtained alm
immediately afterward~Fig. 2a!. The measurements wer
made under the same conditions as for the silver films
silicon considered above. In this case, a distinct pattern
pears, but already exhibits threefold symmetry, typical of
~0001! face of the CdI2 type crystal structure in which VSe2

crystallizes. This reaffirms that the method directly visu
izes the crystal structure of the subsurface region of
sample.

The pattern observed was then compared with the res
of model calculations made in the single scattering appro
mation for VSe2 clusters with different structural parameter
By using R-factors which describe the deviation of the ca
culated patterns from the measured one, we obtained a f
accurate determination of the unknown distanced between

FIG. 2. Diffraction patterns of a VSe2~0001! single crystal: a — 2 keV
experiment; b — calculations using single-scattering cluster approxima
for an interplanar distance of 1.57 Å between the layers of V and Se at
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the V and Se layers. The best agreement between the re
of the modeling and the experiment was observed for
cased51.57 Å. In this case, the lattice constantsa and c
were as in the bulk: 3.35 and 6.12 Å. Figure 2b shows
calculated pattern for these values of the parameters.
pattern faithfully reproduces all the main features of the o
served pattern and the value of theR1 factor is 0.095.

To conclude, these results show that this method of
sualizing the atomic structure is not only suitable for qua
tative investigations but can also be used to obtain quan
tive information on objects. This method can be used
study in real time the atomic processes taking place in
subsurface region of a solid. It has the advantages that
can be obtained in direct space~rather than in inverse spac
as in conventional methods of high-energy and low-ene
electron diffraction! and objects which do not possess fa
range order can be investigated.

This work was supported by the Russian Fund for Fu
damental Research~Project No. 96-02-16909! and by the
Russian State Program ‘‘Surface Atomic Structure
~Project No. 95-1.21!.

1!Results obtained using Auger spectroscopy showed that this film is
continuous and occupies around 90% of the substrate area.
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Intercalation of two-dimensional graphite films on metals by atoms and molecules
N. R. Gall’, E. V. Rut’kov, A. Ya. Tontegode, and M. M. Usufov
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An analysis is made of some general laws governing a new physical effect, i.e., the spontaneous
penetration of particles~atoms, C60 molecules! adsorbed on a two-dimensional graphite
film on a metal~Ir, Re, Pt, Mo, . . .! to beneath the graphite film~intercalation!. It is shown that
atoms having low ionization potentials~Cs, K, Na! intercalate a two-dimensional graphite
film on iridium at T5300– 400 K with an efficiency̧ '0.5, accumulating beneath the film
to a concentration of up to a monolayer. Atoms having high ionization potentials
(Si, Pt, Ni, C, Mo, etc.! intercalate a two-dimensional graphite film on iridium atT'1000 K
with an efficiency¸'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 temperaturesT;2000 K leads to
superefficient diffusion~with an efficiency close to one! of various atoms~Cs, K! into the
bulk of the substrate~Re, Ir!. © 1999 American Institute of Physics.@S1063-7842~99!01609-8#
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Two-dimensional graphite films on the surface of met
are frequently encountered in various fields of science
technology. These comprise a carbon mesh of stron
bound carbon atoms, structurally equivalent to a single la
in a graphite single crystal.1 It has now been established th
such a film formed on many metals~Ir, Re, Pt, Ni, Rh, Ru,
Mo, Pd! of various types and crystal geometry is extrem
nonreactive and is bound to the metal surface only by w
van der Waals forces.2–4 Its work function isew54.45 eV
and does not depend on the nature and crystal geomet
the substrate.4

The formation of two-dimensional graphite films o
metals leads to various remarkable effects. For insta
these films completely poison metal catalysts in dissocia
heterogeneous catalysis.2 Even at room temperature, mo
ecules of various gases~CO2, H2, N2, O2) and even polyva-
lent atoms of transition metals~Au, Cu, Pt, Ni! are readily
desorbed from the surface.2–4

Thus two-dimensional graphite films exhibit unique a
sorption, chemical, and catalytic passivity combined with
tremely high thermal stability. For instance, on~111!Ir these
films break down atT>1900 K ~Ref. 5!, and on~1010!Re
they break down atT51600–1900 K, depending on the co
ditions of formation.4

In the present paper we consider the laws governing
other very interesting physical effect which is a conseque
of the weak van der Waals coupling between the grap
film and the metal surface. This is intercalation, i.e., t
spontaneous penetration of particles adsorbed on a
dimensional graphite film to beneath the graphite film. Int
calation was observed in work carried out by our group at
A. F. Ioffe Institute,6,7 and fundamental studies were the
reported.2–4
1061063-7842/99/44(9)/3/$15.00
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EXPERIMENTAL METHOD

We used a combination of various complementary s
face diagnostic techniques: high-resolution Auger elect
spectroscopy (DE/E;0.1%), thermal desorption spectro
copy, measurement of the work function using surface i
ization and thermionic emission, and molecular beam pr
ing of the surface. The samples were thin metal ribbons~Ir,
Re, Mo, Pt, etc.! measuring 403130.02 mm which were
textured and cleaned of impurities by a standard techniq5

As a result, in practice a single corresponding face:~111!Ir,
~1010!Re, ~100!Mo, ~111!Pt appeared at the surface of th
ribbons. An Auger spectrometer with a prism energy a
lyzer recorded the Auger spectra directly at the stron
heated metal ribbons (T<2500 K!.

A two-dimensional graphite film was formed on th
metal surface by holding the heated ribbons in benz
(C6H6) vapor.4 Films obtained in this way ‘‘automatically’’
turn out to be two-dimensional and continuous, since on
graphite islands the benzene molecules do not dissoc
~they are desorbed! but on the active metal surface they di
sociate completely, with the carbon accumulating in the
layer and the hydrogen being desorbed.

Various experimental evidence suggests that th
graphite films are in fact two-dimensional, continuous, a
uniform in terms of work function.8,9 In reality the graphite
monolayer consists of a set of coalesced graphite isla
Their concentration for a monolayer coating on~111! iridium
is estimated as;53107 per cm22 and the average islan
radius is;104 Å ~Ref. 3!.

It is reasonable to expect that the edges of the grap
islands form a surface defect. Their relative area turned
to be extremely small, accounting for;0.1% of the total
surface area.9
6 © 1999 American Institute of Physics
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RESULTS AND DISCUSSION

1. Intercalation by low-ionization-potential atoms such as
Cs, K, Na „Refs. 3 and 4 …

Intercalation beneath two-dimensional graphite films
metals by alkali metal atoms is observed atT<700 K with a
maximum diffusion efficiency of;50% when these atom
are deposited in the temperature range 300–400 K. Coul
repulsion of the adatoms plays a decisive role in the inte
lation behavior of these atoms which, on a graphite mo
layer, are positively charged and strongly bound to the la
by image forces.10

If alkali metal atoms~such as K! are adsorbed to satura
tion on a two-dimensional graphite film on~111!Ir at
T5300 K and a temperature flash is applied, two desorp
phases are observed~Fig. 1a!. The low-temperaturea-phase
(T;800 K! corresponds to the desorption of potassium a
toms from the graphite surface~Figs. 1a and 1b!. The sec-
ond, completely unusual,g-phase corresponds to potassiu
desorbed at record high temperaturesT>1900 K. The high-
temperatureg-phase is formed by potassium located bene
the two-dimensional graphite film in the intercalated st
~Fig. 1b!. The intercalated potassium~and also sodium and
cesium! is only released when damage occurs at the edge
the graphite islands and for~111!Ir this is at;1800–1900 K.
Note that the maximum concentrations of alkali metal a
toms in thea andg phases are approximately the same a
correspond to a near-monolayer concentration: for exam
when cesium is adsorbed on a two-dimensional grap

FIG. 1. a — Thermal desorption spectra of potassium ions after adsorp
of potassium: fluxnK5131011 cm22s21 for 40 s, a and g desorption
phases; b — structure of intercalated film when alkali metal atoms
adsorbed to saturation on a two-dimensional graphite film on iridium: K1 —
positively charged alkali metal adatom;2DGF — two-dimensional graphite
film.
n
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film on ~111!Ir, this concentration is Na'Ng

'32431014atom/cm2 ~Ref. 11!.

2. Intercalation by high-ionization-potential atoms such as
Pt, Ni, C, Mo, Si, etc. 3,4

For atoms having high ionization potentials, which a
not charged on the graphite surface and are weakly boun
it by van der Waals polarization forces, the temperat
range of efficient intercalation is shifted toward modera
and high temperatures (T> 900–1500 K!. At lower tempera-
turesT,900 K, polyvalent atoms readily form two- or three
dimensional islands on the graphite film, impeding the p
etration of incoming atoms beneath the graphite layer and
adsorbate islands act as traps.

By way of example we shall consider the adsorption
Pt atoms on a two-dimensional graphite film on~111!Ir
~Figs. 2a and 2b!.12 At T51000 K the diffusion efficiency of
Pt atoms reaching the surface beneath the graphite film
¸'1. This implies that at these temperatures each atom
pinging on the graphite monolayer penetrates beneath it
the intercalated state. AtT.1000 K some of the Pt adatom
are desorbed from the film, the intercalation efficiency dro
(¸,1) and atT51500 K is¸'0.1.

The condition¸51 implies that before it ha time to
desorb, a Pt adatom can migrate from the center of a grap
island to its edge where it is transferred to the intercala
state.

on

reFIG. 2. a — Intensities of the Auger peaks of carbon~1!, platinum~2!, and
iridium ~3! as a function of the time of deposition of Pt atoms on a tw
dimensional graphite film on~111! iridium at T51200 K with the fluxnPt

5131013 cm22s21; b — structure of intercalated film when Pt atoms a
adsorbed on a two-dimensional graphite film on iridium: Pt — platinu
atom, Pt film — thick platinum film.
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It is extremely interesting to note that, unlike alka
metal atoms which only form a monolayer film in the inte
calated state, atoms with high ionization potentials form
thick film beneath the two-dimensional graphite film, whi
is strongly bound to the metal substrate; the other side of
film is weakly bound to the graphite monolayer, probably
van der Waals forces~Fig. 2b!. The presence of a thick ad
sorbate film is confirmed by electron Auger spectroscopy
the above example, the Auger signal intensity of the iridiu
substrate falls to the noise level as a result of its screenin
the growing platinum film, while the Auger signal intensi
of the carbon remains constant~Fig. 2a!.

It was established experimentally that not all polyvale
atoms form a ‘‘pure’’ thick intercalate film beneath a tw
dimensional graphite film. For example, when Si ato
are adsorbed beneath a two-dimensional graphite film
T'900 – 1300 K,bulk metal silicides are formed with th
graphite monolayer remaining on their surface.12

3. Intercalation by C 60 molecules.

Experiments have shown that two-dimensional carb
films on metals efficiently intercalate not only many atom
but also C60 fullerene molecules. A transition takes pla
beneath the graphite layer when a thick~3–4 ML! film of C60

molecules deposited atT;300 K on a two-dimensiona
graphite film on~111!Ir is annealed atT; 800–900 K~Ref.
13!. For lower concentrations of initially deposited fulleren
molecules, no intercalation takes place. The limiting conc
tration of C60 molecules observed in the intercalated state
close 1 ML (NC60

;231014mol/cm2).

4. Superefficient diffusion

The existence of a graphite lid impeding the escape
atoms from the intercalated state leads to another extrem
interesting effect. Intercalate atoms in close contact with
metal substrate for a long time at highT may undergo super
efficient diffusion inside the metal. Conditions may be est
lished when, for example, atoms such as K and Cs diff
into the bulk of rhenium and iridium with 30%
efficiency.14,15 Without this graphite lid the diffusion effi-
ciency for these atoms falls by approximately ten orders
magnitude and it is impossible for them to penetrate into
metal.

5. Mechanism for intercalation of a two-dimensional
graphite film

A thermal ‘‘bubble’’ mechanism was proposed in Re
16 to explain the intercalation of two-dimensional graph
films by atoms. If a graphite island on a metal is bombard
with particles, these migrate over the top of the island a
are adsorbed at its edge in the starting position for interc
tion. Intercalation begins when a bubble forms at this po
a

e
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on the graphite island. This bubble formation is based
allowance for the random thermal motion of the atoms wh
each atom of the graphite island, undergoing thermal mo
may at some time acquire sufficient kinetic energy at
bond with the metal substrate, such that as it moves a
from the metal surface it can break this bond and those
various neighboring carbon atoms. This results in the form
tion of a bubble at this point on the graphite island. Bubb
form at any point on the island, have a certain lifetime, a
then decay. The surface of the graphite layer can be like
to the surface of the sea in stormy weather. We stress tha
transport of the intercalated particles can be reduced to t
migration inside bubbles over the metal and the tw
dimensional graphite film.

CONCLUSIONS

Two-dimensional graphite films on metals behave as
isotropic selective diffusion barriers transmitting or n
transmitting specific atomic particles depending on the de
sition conditions and subsequent heat treatment. It is hig
probable that two-dimensional graphite films on metals int
calated with atoms and molecules may prove to be som
the most interesting nanometer-size objects for mod
micro- and optoelectronics devices.

This work was supported by the Russian Federat
State Program ‘‘Physics of Solid-State Nanostructure
Project No. 2-025/4.
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Nonlinear energy-selective nanoscale modifications of materials and dynamics
in metals and semiconductors
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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 Physics.@S1063-7842~99!01709-2#
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INTRODUCTION

Studies of dynamic processes at surfaces, heteroin
faces, and in the bulk have achieved considerable progre
the end of the second millennium following the appeara
of new, and technologically more refined, nanosize pro
and material processing technologies. This research
quently leads to new physical discoveries and useful ap
cations. In particular in the present paper we report result
research which extends the range of sputtering yield m
surements toward very low threshold energies and prov
new information on processes of nonlinear energy tran
from molecular and atomic ions to surfaces. We also sh
that the nondestructive method of optical second-harmo
generation is an important tool for studying Si/SiO2 hetero-
interfaces, providing new information on the dynamics
electrons and holes at a heterointerface. Finally, hi
intensity, tunable, infrared radiation obtained using the
M. Keck free-electron laser at Vanderbilt University w
used for wavelength-selective excitation of vibration
modes localized at specific impurities and defects. T
method offers a fundamentally new approach to reson
nanosize modification of materials, which is important fro
both the theoretical and practical point of view.

NEW MOLECULAR INTERACTION EFFECT OBSERVED
IN THE SPUTTERING YIELD NEAR THRESHOLD ENERGIES

Measurements of the sputtering yield provide exc
tional possibilities for studying the interaction between p
mary particles and a surface, for example during epita
growth or etching. We recently observed a new molecu
effect which provides a deeper understanding of processe
energy transfer to a surface at low projectile kine
energies.1 A comparison of the sputtering yield per incide
atom for low-energy molecular projectiles~such as N2

1 and
O2

1) relative to the corresponding atomic primary partic
~N1 and O1) revealed that at energies below the charac
istic initial energy of the molecular projectiles, the sputteri
1061063-7842/99/44(9)/4/$15.00
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yield per incident atom increases appreciably for incom
molecular ions. Figure 1 gives the sputtering yield per at
for N2

1 and N1 ions. All the experiments were carried out
an ultrahigh-vacuum chamber and the sputtering yield w
obtained by measuring the number of incoming ions~from
the current at an 80% transmission mesh! and measuring the
mass change of a polycrystalline gold sample~using a quartz
microbalance!.2 Figure 1 shows that the sputtering yield fo
N2

1 increases appreciably at low kinetic energies, being
proximately four times higher when the kinetic energy of t
projectiles is 50 eV. We attribute this increase to the lar
quantity of energy transferred by the molecular projecti
per atom compared with atomic projectiles. Assuming t
the collision is entirely inelastic, we can easily show that t
maximum energy transferred to the target is considera
higher for molecules of mass 2m compared with two atoms
each of massm ~this value is 1.76 for nitrogen molecules an
a gold target!. This reasoning only holds for low projectil
kinetic energies, when the molecules have sufficient time

FIG. 1. Sputtering yield per atom for N1 (h) and N2
1 (d) ions on

a polycrystalline gold target as a function of the primary particle kine
energy.
9 © 1999 American Institute of Physics
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interact with the surface. During this collisional interactio
time the molecules may undergo several vibrations, whe
at high kinetic energies the collision time becomes so sm
compared with the period of the vibrations that the molec
interacts with the surface as if it consisted of two separ
atoms. Consequently, this new molecular effect is only
served at a specific threshold kinetic energy correspondin
the case when the collision time and the vibrational per
are equal. For N2 ~we assume that the ions are neutraliz
before they impact with the surface! the calculated vibra-
tional period and collision time become equal at a kine
energy of 224 eV, which shows reasonable agreement
the experimentally observed value of;300 eV. The relation-
ship between these parameters explains why the ta
‘‘senses’’ the molecular nature of the diatomic low-ener
projectile, whereas at high energy the surface interacts w
the molecule as if it consisted of two separate atoms.
importance of the relationship between the collision time a
the vibrational period was noted earlier by Landau and Te
to explain the mechanisms of energy transfer by molec
collisions in the gas phase,3 although this relationship is use
here for the first time to explain low-energy molecular sc
tering processes.

CARRIER DYNAMICS AT AN ULTRATHIN OXIDE
LAYER–SILICON HETEROINTERFACE

The physical characteristics of the Si/SiO2 heterointer-
face have played a vital role in establishing the dominanc
silicon in semiconductor technology. As the dimensions
MOS devices continue to decrease, it becomes increasi
important to understand the influence of the thin oxide la
on the carrier dynamics at a buried heterointerface, wh
may, for instance, lead to breakdown and injection of
carriers. A recently developed noncontact method of stu
ing dynamic processes at an Si/SiO2 heterointerface is base
on monitoring the second-harmonic generation~SHG! signal.
This method can ‘‘sense’’ the electric field~or charge distri-
bution! at a buried heterointerface. All the experiments we
carried out using a Ti-sapphire laser with a 150 fs pulse
ration; the wavelength was varied between 7100 and 910
the average power was of the order of 300 W, and the r
etition frequency 80 MHz. The beam was focused into a s
of around 10mm diameter on the sample and the reflec
SHG signal was measured using a photomultiplier and a p
ton counter with a time resolution of 0.5 s.

For all the thermal oxide samples we observed a sh
increase in the SHG signal over the first few hundred s
onds of irradiation, followed by gradual saturation. Th
agrees with the results of observations made by o
groups,4–6 although our results~Fig. 2! also demonstrate a
new effect: an appreciable increase in the SHG signal a
blocking the exciting beam (l57900 Å, maximum intensity
10 GW/cm2) for several seconds and then unblocking it. A
ter unblocking the laser beam, the SHG signal dropped
idly to its saturation level. This characteristic was observ
for all oxide layers more than 40 Å thick and at photon e
ergies exceeding the 1.57 eV threshold value.7 The inset to
Fig. 2 shows the SHG signal response for a thin oxide la
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~around 10 Å!, which shows no increase in field as a result
blocking the beam. In this case the field at the heterointerf
decreased appreciably.

This effect cannot be attributed merely to multiphot
excitation of electrons in the conduction band of SiO2 ~as has
been suggested4,5 for the initial increase in the SHG signal!.
We postulate that the holes also play an important role in
charge separation dynamics.7 In accordance with numerou
studies made by other groups the band offset for oxide
between 4.35 and 4.9 eV~Refs. 8 and 9!. Bearing in mind
that the silicon band gap is 1.1 eV and the SiO2 band gap is
approximately 9 eV at room temperature, and also that
excited beam should have a photon energy higher t
1.52 eV, we conclude that four photons~6.08 eV! are re-
quired to create holes in the oxide valence band, wher
three photons of energy exceeding 1.36 eV~4.1 eV! are re-
quired to excite electrons from the silicon valence band
the oxide conduction band. Since the transition probability
considerably higher for the three-photon process compa
with the four-photon, photoinjection of hot electrons caus
an initial increase in the SHG signal although holes exci
in the oxide layer also exist. Since the electrons posse
normal mobility of around 0.002 m2/~V•s! ~Ref. 10!, they
migrate very rapidly~within a few picoseconds! from the
oxide layer, either into the silicon or to the outer surface
the oxide. In contrast the holes possess very low mobility
the order of 10210m2/~V•s! ~Ref. 10!. Thus, the holes pass
ing through the heterointerface into the oxide will remain
the vicinity. For samples with an oxide layer more than 30
thick, holes near or at the heterointerface can easily mig
back into the silicon when the beam is switched off, where
most of the electrons trapped at the surface remain there.
different behavior of the holes and electrons leads to
creased charge separation, which is responsible for the
creased dark field in the SHG signal. When the beam is t
switched on, the hot holes will migrate across the hetero
erface into the oxide, whereas the injection of electrons
severely impeded by the strong space charge field create
the electrons trapped at the SiO2 outer surface. Conse

FIG. 2. Time dependence of the SHG signal from a thermal oxide la
40 Å thick grown on ap-type Si~001! substrate. The inset shows the SH
signal after etching the oxide layer to 10 Å.
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quently, predominantly holes will migrate into the oxide, r
ducing the SHG signal. For thinner layers of oxide, electro
~like the holes! can tunnel back into the silicon. As a resu
no increase in field is observed as a result of switching
the beam. This new effect of increasing field when the be
is switched off, which depends strongly on the oxide thic
ness and the photon energy, provides a deeper understa
of the role of trapping, generation from traps, and relaxat
of holes at the Si/SiO2 heterointerface, which is extremel
important for developing a new generation of microelectro
ics devices.

WAVELENGTH-SELECTIVE MODIFICATIONS
OF AN a:Si–H–P COMPLEX

The W. M. Keck free-electron laser~FEL! at Vanderbilt
University is a powerful and unique instrument for studyi
semiconductors. In particular, it can be used to test the p
sibility of wavelength-selective modifications of materia
Here we demonstrate its scope for depassivating dopan
hydrogenated semiconductors. The free-electron laser d
ers macropulses of 4ms rated duration and energies betwe
20 and 60 J at a repetition frequency up to 30 Hz; each m
ropulse consists of approximately 104 pulses of 1 ps duration
at 350 ps intervals. The FEL wavelength can be tuned c
tinuously in the range 2.0–9.5mm. This range, which is usu
ally increased by frequency multiplication or by using high
harmonics, covers the band-gap energies of most techno
cally important semiconductors. The high average power
complex time structure of the FEL pulses are used for v
ous spectroscopic studies of semiconductors and for mod
ing materials. Preliminary work with FELs has already de
onstrated that structure-selective modifications can be m
to materials.11–16The high FEL pulse energy means that e
ergy can be absorbed at specific bonds, leading to local
modifications of materials. These processes depend stro
on the excited-state lifetimes. The intrinsic lifetime, stim
lated lifetime, and atomic configuration determine the a
sorption energy and the suitability of high-intensity infrar
radiation for nonthermal wavelength-selective modificat
of a material.

Hydrogen plays a key role in amorphous silicon, pas
vating dangling bonds to eliminate defects. However, it a
changes the doping properties ofa-Si–H, binding the dop-
ants and lowering the conductivity. The dopant is passiva
by forming a complex with a silicon atom and a hydrog
atom, as shown in Fig. 3. This complex can be seen
1555 cm21 in the vibrational absorption spectra for pho
phorus impurities and at 1875 cm21 for boron impurities.17

We investigated the possibility of using high-intens
FEL laser radiation for selective activation of dopants
a-Si–H. By resonantly exciting the hydrogen doping co
plex, it is possible to remove the hydrogen, leaving the
drogen at the sites of dangling bonds. Figure 3 shows vib
tional absorption spectra for a phosphorus-dopeda-Si–H
film before and after FEL irradiation at 1555 cm21, which
corresponds to the vibrational mode of the Si–H–Pcomplex.
It can be clearly seen that after FEL irradiation, the shoul
on the low-energy side of the strong absorption line
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2000 cm21 is reduced appreciably. On comparing the vibr
tional absorption spectra fora-Si–H samples with various
dopant concentrations, we find that the intensity of t
shoulder correlates with the dopant concentration and we
cribe this resonance to the P–H vibrational mode. Preli
nary electrical measurements showed an increase of app
mately two orders of magnitude in the surface conductiv
of phosphorus-dopeda-Si–H films, which provides further
evidence of the coupling between this mode and
H-passivated donors. It should also be noted that the F
radiation does not influence the intensity of the Si–H peak
2000 cm21. These results confirm that dopants could be
lectively activated without removing hydrogen from da
gling Si–H bonds.

CONCLUSIONS

We have described three new, fundamental, ener
selective nonlinear effects, relating to the ion–surface in
action, carrier dynamics at an Si/SiO2 heterointerface, and
structure-selective modification of a material. We have o
served that energy transfer is considerably greater for
lecular ions compared with atomic ions. These results can
used in growth processes, such as molecular beam epi
Second-harmonic generation, applied to study Si/SiO2 het-
erointerfaces, has provided a deeper understanding of
nanoscale dynamics of bound electrons and holes, includ
trapping and generation processes in an ultrathin oxide fi
Finally, we have achieved selective activation of dopa
which improved the conductivity by two orders of magnitu
without removing hydrogen from dangling bonds. This wo
offers a fundamentally new energy- and site-selective
proach which is likely to produce a paradigm shift in th
technology of nanodimensional modifications to materials

This work was supported by the Office of Naval R
search under Grants Nos. 00014-94-11023 and 00014
10995.

FIG. 3. Comparison between the vibrational absorption spectra before~solid
curve! and after FEL irradiation~dotted and dashed curves! at 1555 cm21.
The inset shows a schematic of the passivation of donors and accepto
n-type a-Si–H.
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Mass spectrometric analysis of clusters formed in laser ablation of a sample
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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. ©1999 American Institute of Physics.@S1063-7842~99!01809-7#
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INTRODUCTION

The development of laser ablation mass spectromet1,2

has been stimulated first, by the requirements for optimiz
processes in laser technologies such as laser depositio
thin films and second, by the possibility of identifying larg
nonvolatile formations such as clusters, polymers, and
molecules. The composition of the particles emitted by la
ablation differs radically from the products of thermal em
sion or secondary ion emission. In thermal emission, la
structural units of the target usually break down and ato
simple molecules, small clusters, and, very rarely, ions
observed in the gas phase. When a target is bombarded
ions or fast atoms, predominantly atoms and extrem
simple compounds, albeit ionized to an appreciable ext
are emitted from the target surface as a result of a cascad
collisions; almost no large particles are observed. At t
point, it should be acknowledged that an exception to thi
the interaction of ultrahigh-energy~megaelectron-volt! ions
with a target; these interact with the target electrons ra
than the atoms.3 Sputtering of a target by these ions h
many features in common with laser ablation.4,5 The pro-
cesses leading to the appearance of large gas-phase cl
and macromolecules as a result of laser ablation are no
fully understood. A special method of dissolution in a high
volatile matrix, known as matrix-assisted laser desorpt
ionization ~MALDI !6 is used to reliably identify these ob
jects. In this case, the laser energy is absorbed by the m
and the complex component simply does not have time
break down. It is entrained into the gas phase by the eva
rating matrix and is rapidly cooled by adiabatic expansion
the cloud of matrix molecules. However, we know that wit
out preliminary dissolution in a highly volatile matrix, poly
atomic cluster ions are found as a result of the laser abla
of samples. In the present paper we consider typical
amples of their formation, their properties, and methods
identifying their origin. The experimental results taken
examples were obtained by analyzing the composition
particle velocities in a laser jet using a time-of-flight ma
spectrometer. The experimental apparatus~plasma expansion
from a target in a field-free space and its analysis at a
tance of 40–120 mm! is similar to that described earlier.7
1071063-7842/99/44(9)/4/$15.00
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CONDENSATION IN AN EXPANDING LASER JET

The best-understood process is the formation of g
phase clusters as a cloud of evaporated materials cools d
For instance, the formation of fullerenes was observed
the first time8 as a result of the laser evaporation of carbon
a chamber filled with inert gases. However, condensa
also occurs during evaporation in vacuum conditions. Co
ing takes place as a result of the isentropic expansion of
cloud of evaporated material. A fairly high intermolecul
collision efficiency is required for condensation in vacuu
In most cases, the particle concentration above the sur
under pulsed laser evaporation is high enough: 1017–1020

cm23 s ~evaporation of 1–1000 atomic layers within a
proximately 1028 s at a cloud expansion velocity of 105–
106 cm/s!. Characteristic features of these fluxes and the c
densation taking place in them have been quite well stud
experimentally for gases expanding into empty spac9

Model representations developed to calculate these flu
can also be applied to describe condensation in a laser
For instance, it is possible to estimate the temperature
which the cloud would be cooled in the absence of cond
sation, the average number of collisions for each part
during expansion, and the cloud volume at which the int
particle collisions terminate. For example, in the evaporat
of 1000 atomic layers having an area of 1 mm2 the average
number of collisions may be of the order of 105. Note that
the observed micron-size particles~of the order of 1010 at-
oms! cannot have a condensational origin. Even if there i
100% probability of the particles combining in each col
sion, the center of the resulting particle size distributi
should not differ substantially from the calculated number
collisions in the approximation of independently expandi
particles (105 atoms form a droplet of around 10 nm!. How-
ever, the reliability of these calculations is very poor beca
of the indeterminacy of the initial expansion conditions
the cloud, its composition, particle energies, and interact
cross sections. Thermal evaporation is usually assumed w
estimating the initial parameters, approximating the equa
for the particle thermal flux~generally atoms! from the sur-
face at high temperatures.

We shall now consider the experimentally most stud
case of laser evaporation, viz., the ablation of YBaCuO
3 © 1999 American Institute of Physics
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ramic. Clusters consisting predominantly of yttrium oxi
were observed in the jet of evaporated material even un
vacuum conditions.7,10 Figure 1 shows the mass spectrum
these clusters. Since the yttrium atoms in the sample
separated by more numerous atoms of other elements
origin of these clusters can be attributed to condensat
predominantly of yttrium oxide as the least volatile comp
nent in the gas phase. It should be noted that the most fa
able conditions for condensation in the case of laser abla
in vacuum exist when the material to be formed has a hig
binding energy than the material of the initial sample a
whose particles have internal degrees of freedom~vibrational
and rotational! for damping of the collision energy, an
when a large sample volume is evaporated in each pu
Important experimental evidence for the condensational
gin of the clusters during the ablation of YBaCuO ceramic
provided by the disproportionately rapid decay and comp
disappearance of the cluster peaks as the area of the ir
ated spot on the surface decreases.7

Note that the quantity of evaporable material genera
increases substantially for targets with smaller ordered st
tures~microcrystals!, such as sintered powders, soot, and
on. This may be attributed to the reduced thermal conduc
ity of the target and to the detachment of entire blocks a
their evaporation during the emission process.

FORMATION OF CLUSTERS BY REDEPOSITION OF
MATERIAL FROM THE LASER JET BACK ONTO THE
TARGET

Deposition of material back onto the target and the f
mation of clusters as a result of particles migrating over
surface and coalescing is very rarely taken into account w
identifying clusters during the laser ablation of targets. It h
been noted that as they expand, the emitted particles und
numerous collisions and that even under vacuum condit
a considerable proportion of the ablated material is depos
back onto the target. Usually the entire target surface ex
for the irradiated part is passivated or often simply coa
with a layer of molecules or radicals~water or vacuum-pump
oil! that are not taken into account. The redeposited parti
are not usually incorporated back into the target struct
~their energy is low and the target is only heated locally!, and

FIG. 1. Yttrium oxide clusters formed by condensation during expansio
laser-ablated target material in vacuum.7 Target — YBaCuO ceramic.
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they form clusters weakly bound to the target. If upon rea
ing a certain size these clusters become quite inert or if t
surface is covered with radicals of background substan
between laser shots, it will be the number rather than the
of the clusters that increases from shot to shot. When su
region of redeposition is exposed to low-power radiati
~near the evaporation threshold of the target!, those clusters
not bound to the target are readily emitted, with almost
breakup. An example of this process is the formation
fullerenes as a result of the laser evaporation of various
bonaceous samples in vacuum, especially pyrolytic graph
Even the first reports of the formation of fullerenes und
vacuum conditions mentioned that they appeared only aft
sufficient preliminary number of laser pulses.11 Granted, this
has been ascribed from the start to the need to form a cr
to provide a denser flux of evaporated material, but late
was shown that the redeposited phase plays a decisive ro12

Figure 2 shows fragments of the mass spectra of carbon c
ters formed as a result of the laser evaporation of graph
The signal shown in the upper part is accumulated over 3
pulses when a laser spot of area 0.1 mm2 is continually
shifted over a 20 mm2 region of the target. The signal show
in the lower part was obtained for 3000 laser shots at a sin
point. In the second case the signal is thirty times weaker
the first shots using a fresh sample, no fullerenes are
served, i.e., the criteria for the identification of cluster fo
mation by redeposition of sputtered material is the appe
ance and growth in the number of clusters as the sam

f

FIG. 2. Formation of fullerenes by redeposition of evaporated carbon b
onto the target. Target — graphite, initially containing no fullerenes: a
signal obtained for constant displacement of the laser beam over the ta
b — under the same conditions when the same point on the target is ir
ated. The signal is thirty times smaller.
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evaporates and, most importantly, a substantial increas
the number of these clusters as the laser beam moves
region adjacent to that which was irradiated previously.

EMISSION OF FRAGMENTS AND ENTIRE BLOCKS FROM
THE TARGET

There are many hypotheses on the mechanisms for
removal of large clusters from a target under the action o
laser pulse. Hydrodynamic mechanisms for the formation
droplets and cleaving of blocks as a result of steep ther
gradients have been discussed.13,14 Overheating of the sub
surface layers of the target and release of a gas phase i
bulk may also play a significant role.15 Quite clearly, defects
and boundaries between microcrystals in the target pla
major role in the breakup of the target. A simplified case
the detachment of blocks from a polycrystal is the emiss
of clusters weakly bound to the surface, which was cons
ered in the previous section. The kinetic energy of th
clusters is orders of magnitude higher than the thermal
ergy. For instance, the energy of desorbed fullerenes is u
50 eV ~Ref. 12!. It is true that their velocity is approximatel
the same as that of the remaining particles in the jet and
be attributed to acceleration in the entire flux. However, e
when isolated clusters are emitted, their energy is also h
Gold clusters, desorbed after strong excitation of their e
tron system by the propagation of a high-energy ion, le
the substrate with an energy of around 100 eV~Ref. 5!. In
order to explain these high energies, the possibility is c
sidered that the electron excitation at the cluster bounda
is converted directly into kinetic energy of the entire partic
i.e., the electron excitation does not have time to be tra
ferred to the atomic core, and the collective excitation of
electrons at the boundary does not simply destroy the b
with the surface, but also leads to repulsion of the en
particle. It is postulated that in this case, the kinetic ene
approximately corresponds to the binding energy of the p
ticle with the surface. Similar models were considered ear
for the emission of atoms and simple molecules hav
anomalously high kinetic energy from a surface.4,13,16 In a
solid target, release of electron energy at grain bounda
and defects accumulated under intensive irradiation m
also be considered. Thus, entire fragments may become
tached from the target if it does not melt. At near-thresh
radiation energies, graphite is ablated to a considerable
tent, giving clusters of 7–27 atoms comprising fragments
molecular graphite layers.12 We attribute the very substantia
variation of the amplitude and peak ratio in the mass sp
trum of the graphite clusters from one pulse to another to
sparse information on the evaporation of microcrystal17

Graphite microcrystals have not been detected by mass s
trometry because of their very large mass, but we have
served fragments of porous graphite. The initial sample w
obtained by etching silicon from SiC. The mass spectr
near clusters of 7–27 atoms is very stable for these sam
For clusters of 300–1300 atoms, the signal could not be
solved but is reliably observed. As the cluster mass
creases, their velocity decreases. Figure 3 shows sectio
mass spectra obtained at a distance of 45 mm from the ta
in
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for various delays after the laser pulse. The masses of th
clusters correspond approximately to the postulated size
the interpore barriers. The kinetic energy and therefore
spread of the initial kinetic energies of these particles
higher than 400 eV, which severely impedes mass spec
metric analysis. The criterion for cluster detachment from
target rather cluster formation during expansion as a resu
the condensation of small fragments is that the numbe
clusters in the jets produced in different pulses can vary c
siderably but the mass distribution of the particles is co
served.

It can be seen from these examples that when laser m
spectrometry is used to analyze structural units of comp
targets, the results must be evaluated with extreme cau
The simple reasoning described above can give preferenc
a particular hypothesis on the mechanism of cluster form
tion using a laser beam. At the same time, this reasonin
important for the directed development of cluster fluxes
vacuum.
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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
~superconductor! nanostructures 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 variedin situ by acting on the surface.
The dimensional transformation of the electronic properties of metal clusters is studied for clusters
in the insulator SiO2 , 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. ©1999 American Institute of Physics.
@S1063-7842~99!01909-1#
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Films and layered structures of nanometer thickne
quantum wires and clusters, are some of the ‘‘hottest’’ o
jects in modern physics. These objects can be used to
velop fundamental ideas on an intermediate state of ma
situated between the atomic and the solid state, and o
fundamentally new possibilities in electronics. Thus mod
physics and nanoelectronics require the development o
agnostic methods to determine the electronic structure
the elemental and chemical composition of nano-objects
promising basis for these diagnostic techniques are var
modifications of electron spectroscopy, characterized by
nometer resolution over the depth of a solid-state object
the present paper we give examples of the controlled de
opment and investigation of unique layered nanostructu
and cluster ensembles, which demonstrate the capabilitie
electron-spectroscopic methods of studying these object

Some of the most promising materials in electron
are III–V semiconductors such as GaAs and InP and
high-temperature superconductors~HTSCs! such as
Y~Dy!Ba2Cu3O72d . The potential usefulness of these ma
rials derives from their inherent high carrier mobility whic
in principle, can increase the speed of devices by one or
orders of magnitude compared with silicon devices. Ho
ever, the fabrication of device nanostructures from met
insulators, semiconductors, and superconductors~MIS struc-
tures! is impeded by the effective interdiffusion of materia
in the conventional processes used for the layer-by-la
growth of structures, such as molecular beam epitaxy.
instance, the typical broadening of HTSC/insulator interfa
is some tens of nanometers. It is therefore important to
serve and study physical processes which could suggest
damentally new methods of fabricating thermodynamica
stable MIS structures. One such process may be ion-be
1071063-7842/99/44(9)/4/$15.00
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stimulated segregation of metals, which we have observe
the surface of new materials: gallium arsenide grown by m
lecular beam epitaxy at low temperature~LTMBE-GaAs!
and the HTSC DyBa2Cu3O72d ~Refs. 1–3!. The MIS nano-
structures are formed during ion bombardment of the surf
of these materials~Fig. 1!.

Segregation of arsenic and dysprosium at the surfac
LTMBE-GaAs and DyBa2Cu3O72d was observed as a resu
of analyzing the photoelectrons emitted by deep and sha
core levels. These photoelectrons have different mean
pathsl and carry information on the elemental compositi
of a thin ~5–7 Å! surface layer and a considerably thick
~22–27 Å! ‘‘bulk’’ layer. The intensity ratio of the surface
photoelectron line to the bulk line in samples exposed to
bombardment is considerably higher than the same rati
reference materials, normal gallium arsenide and meta
dysprosium. This at least indicates that the surface is
riched in these elements. A detailed quantitative analysis
the relative intensities revealed that a layer of pure arseni
thickness l 58 Å forms on the LTMBE-GaAs surface
whereas a monatomic or diatomic layer of dysprosium
an ensemble of dysprosium clusters forms on
DyBa2Cu3O72d surface, depending on the ion energy.

The reasons for the segregation of arsenic and dys
sium differ. The samples inserted in the spectrometer
coated with a layer of native oxides. After this layer has be
removed by ions, the excess arsenic contained in
LTMBE-GaAs simply ‘‘pours’’ onto the freshly prepare
surface. The interaction between the ions and HT
DyBa2Cu3O72d is rather more complex: initially chemica
conversions take place, resulting in the formation of an in
lator layer containing elemental dysprosium, and then
dysprosium diffuses toward the surface. Studies of the sp
7 © 1999 American Institute of Physics



sh
a

en
uc

o
tu
u
o
o

e
g
fa
e
e

st
te

s
ed

t
g

le
r o
s
ub
a
h
ep
e
is
d

and

onic

r a
al-
the
r-

ich
. It
nar
ame
n is
der

ms

ster

an
rbit

e

ying
di-

vi-
sult
ay
o-
lar

at
bly
e

re-
of

1078 Tech. Phys. 44 (9), September 1999 V. M. Mikushkin
tra of the core and valence photoelectrons have establi
that the segregate layers are of a metallic nature and h
determined the band offsets at the interfaces, the band b
ing, and the density of states, Ultimately the electronic str
ture was reconstructed in its entirety.1,3 It was also observed
that external influences on the segregate such as dosed
dation can change the parameters of the electronic struc
i.e., the electrophysical properties of the structures. Th
MIS structures with nano- and subnanometer layers were
tained by a fundamentally new method under conditions
in situ monitoring of their electronic properties.

As we know, the properties of clusters depend on th
sizes. Electron spectroscopy provides information avera
over an ensemble of different-sized clusters at the sur
and in the bulk of a solid. Thus in order to improve th
accuracy and reliability of the information on clusters, w
need to produce ensembles with a small variance in clu
size. We solved this problem for ensembles of metal clus
at the surface of silicon and graphite.4–6 It was shown that
these clusters are planar. The nature of the so-called
shifts of the Auger and photoelectron lines was identifi
i.e., changes in the energies of the electrons emitted by
clusters as the cluster sizes vary. For clusters consistin
several atoms these shifts are caused by a change in
binding energy as a result of a change in the internuc
distance and the increasing importance of quasimolecula
bitals. For larger clusters these size shifts are mainly cau
by a change in the relaxation energy of the electron s
system as a result of electron collectivization and an incre
in the density of states near the Fermi level. The establis
dependences can be used to link the dose scale of the d
ited metal (ns) with the average number of atoms in th
clusters (Nat) and to propose a method of determining th
number.7 In this way we solved the problem of the controlle

FIG. 1. Schematic of ion-stimulated formation of MIS nanostructures.
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formation of a cluster ensemble with given parameters
known properties.

The proposed method of determining the numberNat

revealed new dependences in the formation of the electr
structure of clusters at a surface.6,8 For example, Fig. 2 gives
the size dependence of the Auger electron energy ove
wide range ofNat; as we have said, this dependence is
most completely described by the size dependence of
relaxation energyR. The position of the observed step cha
acteristics inR(Nat) correlates with the known ‘‘magic’’
numbers for free spherical clusters: 2, 8, 20, and 46, wh
regulate the formation of the electron shells of the cluster
was thus concluded that the electronic structure of pla
clusters on a surface is formed in accordance with the s
relationships as for free spherical clusters. This conclusio
quite unexpected, since the symmetry of the clusters un
comparison is altogether different. This result also confir
the reliability of the method of determiningNat. The abrupt-
ness of the steps indicates the small spread of the clu
sizes in our experiments.

Another interesting result obtained on the basis of
accurate determination of cluster size is that the spin–o
splitting of the level (Dsl) varies nonmonotonically during
growth of a cluster on a surface.9 The splittings of the 3d and
4d levels of silver shown in Fig. 3 were obtained from th
Auger and photoelectron spectra. It can be seen thatDsl in-
creases abruptly, then decreases, and oscillates with deca
amplitude and frequency as the atoms merge to form
atomic, triatomic, and polyatomic clusters. This effect is e
dently caused by distortion of the electron shells as a re
of the polarization of the atoms by the surface, which m
vary appreciably at the initial stage of cluster formation. P
larization of the shell increases the effective orbital angu
momentum and thus the spin–orbit interaction (^sl&). The
outer 4d shell is considerably more strongly polarized th
the inner 3d shell. Thus, the observed effect is considera
stronger for the 4d shell, although the absolute value of th
splitting is an order of magnitude lower.

Polarization of the clusters by the surface is clearly
sponsible for the anomalous behavior of the probability

FIG. 2. Dependence of the Auger electron energy of AgM4,5 VV on the dose
ns of deposited silver and the average number of atomsNat in silver clusters
on a graphite surface.



em

il-
th

ed
st

m
pp
an

in-
cor-

en-
ree
e-
e
of

ned

of

n of
the

be
with
nce
c-

es.
ve
ew

y a

nsid-
nal
the
can

de-
n-
sur-

nce.
port
n-
vel-

iO
o a

tom
-

are
ich
d to
a-

r a
de-
sur-

rom
asi-

elop
enic

ng
e
lec-

er
te
r

1079Tech. Phys. 44 (9), September 1999 V. M. Mikushkin
excitation of collective oscillations of the electron subsyst
of an isolated cluster~local plasmon! by a photoelectron
emitted in that cluster.7 The size dependence of this probab
ity is shown in Fig. 4b, and the analogous dependence of
probability of excitation of a local plasmon in a detect
event in which an external electron is scattered by the clu
~a!. It can be seen that these probabilities do not depend
the cluster size for particles containing more than 12 ato
For smaller clusters the dependences are directly the o
site: the probability of excitation of a local plasmon by

FIG. 3. Spin–orbit splitting of Ag3d3/2,5/2 ~a! and Ag4d3/2,5/2 ~b! levels as a
function of the average number of atomsNat in silver clusters on a graphite
surface. Filled and unfilled circles — results of two experiments.

FIG. 4. Size dependences of the probability of excitation of a local silv
cluster plasmon in a detected event in which an external electron is scat
by the cluster~a! and in the emission of a 3d photoelectron by the cluste
~b!. Size dependence of the relaxation energyDR ~a!.
e

er
on
s.
o-

external electron decreases while that for a photoelectron
creases drastically. The first dependence is expected and
relates well with the size dependence of the relaxation
ergy: the lower relaxation energy is caused by a lower deg
of electron collectivization in the cluster, which is also r
sponsible for the lower probability of excitation of collectiv
oscillations. The anomalous increase in the probability
excitation of a plasmon by a photoelectron can be explai
qualitatively by polarization of the outer 5s shell of the silver
atom. Since plasmons in silver exhibit hybrid oscillations
the 5s free-electron gas with correlated excitation of 4d
electrons, the plasmons can be excited via the excitatio
4d electrons. The probability of this process depends on
overlap of the wave functions of the 4d, 5s, and photoion-
izing 3d electrons. For small clusters the overlap should
greater because of the stronger interaction of the atoms
the surface and thus the stronger polarization of the vale
5s shell. For larger clusters, the role of intracluster intera
tion increases and the polarization of the atoms decreas

Figure 4a illustrates an important result: local collecti
oscillations are excited in clusters consisting of only a f
atoms ~between two and four!.10 This implies that plasma
oscillations can be excited in systems consisting of onl
few electrons. We observed low-frequency~‘‘red’’ ! local
plasmon modes and established that they are excited co
erably more effectively by photoelectrons than by exter
electrons.7 It was shown that the size dependence of
local-plasmon energy red shift due to these red modes
also be used to determine the average particle size.

Electron-spectroscopic analyses have been used to
velop the technology for the controlled production of e
sembles of homogeneous subnanometer clusters on a
face, having a given average size and intercluster dista
Systems showing Coulomb blockade effects in the trans
of individual electrons were obtained, and it was demo
strated that these ensembles are potentially useful for de
oping fundamentally new single-electron devices.

Changes in the electronic properties of copper in an S2

matrix have been studied for the transition from an atom t
cluster and then to the solid metal.9 Figure 5 shows size
dependences of the electron binding energy in the a
EB(Nat), the energy levels«(Nat), the Auger electron ener
giesEA(Nat), and the relaxationR(Nat). It can be seen from
Fig. 5 that the relaxation changes during cluster growth
responsible for the enormous shifts of the Auger lines, wh
reach 5 eV. It was noted that these large shifts can be use
determine cluster sizes of less than 10 Å in an insulator m
trix with reasonable accuracy. It was established that fo
transition from an atom to a cluster, the energy levels
crease rather than increase as they do for clusters at the
face, and that this behavior is caused by charge transfer f
the matrix to the atom and not by any change in the qu
molecular orbitals.

These investigations were used as the basis to dev
electron-spectroscopic diagnostics for copper and ars
clusters in new composite materials Cu/SiO2 and LTMBE-
GaAs which are also extremely promising for fabricati
single-electron devices.6,11 This technique can provide th
information needed to describe the transport of isolated e

-
red
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trons in a composite material, i.e., the average cluster di
eter, the distances between clusters and atoms not comb
to form clusters, their concentrations, and also the chem
state of the atoms.12

To sum up, we have made electron-spectroscopic an
ses of nanometer and subnanometer layered structures
clusters at the surface and in the bulk of a solid. We obser
ion-stimulated segregation of metallic subnanofilms a
clusters at the surface of semiconductors and supercond
ors and ascertained the size dependence of the energies

FIG. 5. Binding energy, Auger electron energy, level energy, and chang
the relaxation energyDR in an atom–cluster–solid transition.
-
ed
al

ly-
nd
d

d
ct-
the

electrons emitted by the clusters. We have devised diagno
techniques for determining the parameters of their elect
structure and the geometric parameters of cluster ensem
and developed a technology for the controlled production
cluster ensembles having the properties required to fabri
single-electron devices.
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Fund for Fundamental Research~Project No. 96-02-17966-
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Shared Utilization.

1Yu. S. Gordeev, V. M. Mikushkinet al., Fiz. Tverd. Tela~St. Petersburg!
38, 3299~1996! @Phys. Solid State38, 1800~1996!#.

2Yu. S. Gordeev, V. V. Mamutin, V. M. Mikoushkin, and S. F. Sysoe
Abstracts of MRS-Spring Symposium of Materials Research Soc,
San Francisco, 1995, Vol. K5, p. 30.

3Yu. S. Gordeev, V. M. Mikushkin, S. Yu. Nikonov, and S. E. Sysoe
Poverkhnost’ No. 8, 91~1998!.

4Yu. S. Gordeev, M. V. Gomoyunova, V. M. Mikushkinet al., Fiz. Tverd.
Tela ~St. Petersburg! 36, 1777~1994! @Phys. Solid State36, 973 ~1994!#.

5M. V. Gomoyunova, Yu. S. Gordeev, V. M. Mikoushkinet al., Phys.
Low-Dim. Struct.4, 11 ~1996!.

6Yu. S. Gordeev, Poverkhnost’, No. 8, 40~1998!.
7V. M. Mikushkin and S. E. Sysoev, Fiz. Tverd. Tela~St. Petersburg! 38,
558 ~1996! @Phys. Solid State38, 305 ~1996!#.

8Yu. S. Gordeev, M. V. Gomoyunova, V. M. Mikoushkinet al., in
Abstracts of Contributed Papers of the 20th International Conference
the Physics of Electronic and Atomic Collisions (XX ICPEAC), Vienna,
1997, Paper FR 107.

9V. M. Mikoushkin, Contributed Papers of the Sixth EPS Conference
Atomic and Molecular Physics, Siena, Italy, 1998, Inv 41.

10Yu. S. Gordeev, M. V. Gomoyunova, A. K. Grigor’evet al., Fiz. Tverd.
Tela ~St. Petersburg! 36, 2388~1994! @Phys. Solid State36, 1298~1994!#.

11S. A. Gurevich, T. A. Zara�skaya, and V. M. Mikushkin, Fiz. Tverd. Tela
~St. Petersburg! 39, 1889~1997! @Phys. Solid State39, 1691~1997!#.

12Yu. S. Gordeev, S. A. Gurevich, T. A. Zaraiskayaet al., in Abstracts of
Invited Lectures and Contributed Papers, International Sympos
‘‘Nanostructures: Physics and Technology’’, St. Petersburg, 1998. p. 436

Translated by R. M. Durham

in



TECHNICAL PHYSICS VOLUME 44, NUMBER 9 SEPTEMBER 1999
Paleoastrophysics: progress and prospects
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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 minimum~1645–1715!. 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 numbers!. Research prospects in the field of experimental paleoastrophysics
are discussed. ©1999 American Institute of Physics.@S1063-7842~99!02009-7#
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INTRODUCTION

The following definition may be proposed for paleoa
trophysics as a scientific field: the study of astrophysical p
nomena whose signals reached the solar system befor
birth of instrumental astronomy. Instrumental astrono
dates back to the beginning of the seventeenth century
result of the systematic study of the skies made by Gal
Galilei. Using a small optical telescope made with his o
hands, he discovered the satellites of Jupiter and obse
the phases of the Moon. He officially reported the obser
tion of sunspots in Padua~Italy! in 1610.

Konstantinov and Kocharov1,2 have set forth the funda
mental ideas of a new scientific field — paleoastrophys
They showed that by using natural archives, it is possible
study quantitatively a whole range of astrophysical pheno
ena that occurred in the distant past. Some of these incl
long-lived variations in the intensity of galactic and so
cosmic rays, flare and modulation activity of the Sun, ca
strophic events in the past, amplitude–time characteristic
supernova explosions, and so on.

NATURAL ARCHIVES OF COSMIC PARTICLES
AND RADIATION

The Earth’s crust is a permanent detector of cosmic p
ticles and radiation. Wolfsberg and Kocharov3 showed that
only the crust offers the fundamental possibility of determ
ing the dynamics of the generation of thermonuclear ene
in the Sun’s interior on a time scale of the last tens of m
lions of years. The principles of neutrino paleoastrophys
were developed in Ref. 3. It was shown that under the ac
of solar neutrinos, specific isotopes of lead and technet
are generated in the Earth’s crust, and by measuring t
content it is possible to determine the fundamental imp
tance of the energy release dynamics in the deep interio
1081063-7842/99/44(9)/3/$15.00
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the Sun. This experiment is extremely complex and exp
sive and requires the collaboration of scientists from diff
ent countries.

The annual growth rings of trees have become a tra
tional source of quantitative data on the time variation in
intensity of galactic cosmic rays on the time scale betwe
the present day and ten thousand years ago. The width o
annual rings and their isotopic content contain informat
on solar activity and climatic effects over a large time sc
in the past. It was recently established4 that the dynamics of
solar activity up to 25 million years ago can also be reco
structed from the width of these rings.

The polar ice cap is an important source of quantitat
information on solar flare activity, supernova explosions, a
climatic effects. The frequency and amplitude of solar-fla
protons are determined from the nitrate concentration
dated layers of the polar ice cap. The amplitude-time ch
acteristics of supernova explosions are established by m
suring the time profile of the concentration of the co
mogenic isotopes14C, 10Be, and36Cl in independently dated
samples of polar ice. These isotopes are formed in nuc
reactions in the Earth’s atmosphere under the action of
lactic cosmic rays assumed to originate from supernova
plosions. These isotopes are also generated under the i
ence of gamma rays of cosmic origin. According to curre
thinking on supernova explosions, both high-energy prot
and hard gamma rays are formed.

The time scale for obtaining astrophysical informati
using the polar ice cap is now hundreds of thousands
years.

It has been shown5 that the outer centimeter layer o
lunar soil contains quantitative information on the time pr
file and power of solar-flare protons on a time scale of
last few hundred thousand years. Another possible metho
studying paleosolar flares also exists.6 We know that various
1 © 1999 American Institute of Physics
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isotopes are generated in the Sun’s atmosphere unde
action of particles accelerated in solar flares. These trans
tations are taking place on the Sun at the present time
also occurred in the past. This implies that the chemical
isotopic composition of the solar matter vary with time a
this variation should in turn affect the Sun’s atmosphe
Consequently, an experimental determination of the isoto
composition of the solar wind can be used to establish
intensity of the solar flares and nuclear reactions in the p
the mechanism for the formation of the solar wind, the d
namic characteristics of physical processes in various reg
of the solar atmosphere, in the subphotosphere layers, an
on. Comprehensive information is contained in the nucl
gamma lines from the quiet Sun, which can be recorded a
increasing the sensitivity by some tens of times over
present level.

The idea of experimental paleoastrophysics, formula
in 1965 ~Ref. 1!, has been developed rapidly over the la
few decades as a result of the efforts of scientists from m
countries, and can now be divided into three fields in ter
of aims and experimental methods.

Paleoastrophysics of cosmogenic isotopes is based
the following: Cosmic rays generated in natural particle
celerators in space continuously bombard the Earth’s at
sphere, initiating various nuclear reactions. Radioactive
clei such as14C,10Be, and 36Cl are generated in thes
reactions. For these isotopes there are natural archives
good retention and accurate time markers. Tree rings are
best for radiocarbon, and the polar ice cap is best for10Be,
and 36Cl. By measuring the content of cosmogenic isotop
in independently dated samples, it is possible to reconst
the cosmic ray intensity over a long time interval, and obt
information on the source of the cosmic rays~supernova ex-
plosions, solar flares! and on the characteristics of the inte
stellar medium, solar activity, and the entire heliosphere.

Paleoastrophysics of nitrates is based on highly accu
measurements of the nitrate content in the polar ice c
Independent methods have been developed for dating
and yearly nitrate measurements are already available fo
last 400 years. Nitrates in the polar ice cap are not onl
unique archive for the study of astrophysical phenomena
real time but also in the distant past~supernova explosions
solar flare activity, and deep solar minima!. Unlike cos-
mogenic isotopes for which nuclear interactions are typic
nitrates are sensitive to the low-energy range: atomic co
sions, temperature effects, changes in the ambient med
and so on.

THE PROBLEM OF DEEP EXTENDED SOLAR ACTIVITY
MINIMA

According to historical data, in the past history of th
Sun there were long time intervals when not a single suns
was observed on the surface of the Sun. The nearest
extended solar minimum to the present day occurred over
period 1640–1715. This minimum is called the Maund
minimum, after the English scientist who published a wo
on the existence of this minimum in 1921.

Over the last thirty years, since the idea of the spec
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possibilities of paleoastrophysics was first formulated, an
tensive series of highly accurate measurements have
made of the radiocarbon concentration in the annual gro
rings of trees over the last 400 years in order to determine
nature of the deep solar minimum and the nature of the s
modulation of the intensity of galactic cosmic rays befo
during, and after the Maunder minimum. In order to stu
solar flare activity over the same time interval, yearly me
surements have been made of the nitrate content in the p
ice cap. Nitrates are a unique source of yearly variation in
intensity of solar cosmic rays which provide experimen
data on the power, frequency, and time of flare generatio
the cosmic rays.

Radiocarbon studies have been carried out by group
Russia, Lithuania, Ukraine, and Georgia under the scien
guidance of the present author. Highly accurate yearly m
surements of the nitrate content in the polar ice cap w
made jointly by the Ioffe Institute and the University of Kan
sas, and the results are presented in Refs. 7 and 8. Her
merely describe the main features of the Maunder minimu

1. The radiocarbon content in the Earth’s atmosphere
the epoch of a deep minimum is 2.360.3% higher than that
before and after the minimum. This increase was predic
and the magnitude of the effect was established for the
time.

2. The transition of the solar activity from the norm
level to a deep minimum and back takes place over a pe
of no more than a year.

3. The main characteristics of the eleven-year cycle
solar activity before and after a deep minimum were
same as those over the last fifty years, according to the
sults of direct measurements.

Results of measurements of the nitrate content in
polar ice cap over the last 400 years reliably established
following.

1. No solar flare activity was observed during the Mau
der minimum.

2. In the epochs before and after the Maunder minimu
solar cosmic rays were reliably recorded. Of fundamen
importance is that the cosmic rays are generated during
growth and decay in the numbers of sunspots. This ef
was observed in direct experiments over the last few
cades. Increasing the time span to 400 years~around 40
cycles of solar activity! provides evidence to support th
conclusion that solar cosmic rays are generated during
growth and decay of sunspot-forming solar activity.

The clearest, and most unexpected, experimental ob
vation is that the intensity of the galactic cosmic rays var
in the epoch of the Maunder minimum, although the nat
of this variation differs from the well-known eleven-yea
cycle of solar activity. A twenty-two year cycle was ob
served during the Maunder minimum. This corresponds
the period of polarity reversal of the Sun’s general magne
field. A theory for this effect has not yet been develope
Bearing in mind the importance of this effect and the fa
that the duration of the Maunder minimum was only seve
years~three periods of twenty-two year cycles!, we need to
study the time variations for the Spo¨rer minimum, which was
of relatively long duration~1416–1534!, i.e., more than five
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1083Tech. Phys. 44 (9), September 1999 G. E. Kocharov
twenty-two year cycles. The problem of the Spo¨rer minimum
is now the central issue for radiocarbon and nitrate meas
ments.

THE ORIGIN OF COSMIC RAYS

The origin of cosmic rays has been one of the key iss
in high-energy astrophysics for several decades. Fundam
tal and guiding ideas on this subject were put forward
Ginzburg ~see Ref. 9 and the literature cited therein!. The
fundamental idea proposed by Ginzburg that the recor
cosmic rays are generated in our Galaxy has already b
confirmed experimentally. According to Ginzburg,9 these
mainly originate from supernova explosions. This idea c
not be checked out experimentally in real time, because
required duration of an experiment to record cosmic r
from a supernova explosion is tens of thousands of ye
The only possibility is to use paleoastrophysics method10

such as recording high-energy gamma rays from the ex
sions of historic supernovas and high-energy protons fro
close supernova~less than a few hundred light years awa!.

The idea1 was to make precision measurements of
radiocarbon content in the annual growth rings of trees o
a time interval embracing the explosions of two supernov
the supernovas of 1004 and 1572~Tycho Brahe!. In both
cases the observed effect is caused by high-energyg-rays,
generated in nuclear reactions initiated by protons acce
ated in the explosions. The time profile and total explos
energy were determined.10,11 The rise time of theg-ray
fluxes is 3–5 years and the decay time;10 years. The tota
explosion energy is 1050 erg.

These results fully support the Ginzburg’s idea that
pernova explosions in our Galaxy are the main source
galactic cosmic rays.

CONCLUDING REMARKS

1. The problem of deep solar minima

It is extremely important to make highly accurate yea
measurements of the concentration of cosmogenic isoto
for a deep and extended solar activity minimum — t
Spörer minimum~1450–1550!. If it is established that in this
case the modulation of the cosmic rays also has a twenty
year cycle, the problem of modulation will undoubtedly b
come one of the central issues in the astrophysics of cos
rays and solar physics.

2. The origin of cosmic rays

It is impossible to establish the time profile and det
mine the total proton energy from the explosion of histo
supernovas, since the protons from these have not
reached the Earth. Moreover, when they do reach the Ea
it will not be possible to identify them against the existin
background. Thus, we are only concerned with superno
which have exploded in the far distant past, close to
Earth.

An analysis of experimental data on the concentration
the cosmogenic isotopes14C and 10Be in dated natural ar
chives led the author to conclude12 in 1982 that 35 000 year
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ago there was a supernova explosion at a distance of
light years from the Earth. The total energy of the cosm
rays is 1050erg and shows good agreement with the theo
However, it must be borne in mind that the enhanced c
centration of cosmogenic isotopes established may be a
sequence of the reduced geomagnetic level in the same
och, with a corresponding time profile. We suggested10 a
specific possibility for determining the nature of this ph
nomenon. The Farmington meteorite has a cosmic age
40 000 years, so that it should have been irradiated by cos
rays from the supernova explosion being discussed. A
result of this irradiation,81Kr atoms should have accumu
lated in the meteorite as a result of nuclear reactions. He
determining the content of these nuclei in the Farming
meteorite should answer the question as to the nature of
phenomenon. In order to achieve this, the sensitivity
counting the81Kr atoms must be improved tenfold. Anothe
possible method of recording cosmic rays from a supern
explosion also exists. Here we are talking of the uniq
Geminga object, which is 300 000 years old and 300 lig
years away. Geminga is a powerful source of high-ene
gamma rays, so this unique object should be a strong so
of cosmic rays. Highly accurate measurements must be m
of the cosmogenic isotope10Be in the polar ice cap over th
last few thousand years. This is a difficult task but is possi
in principle.

To conclude, the author would like to stress that t
possibilities of experimental paleoastrophysics are enorm
and embrace a wide range of problems in physics and as
physics.

The author would also to specially mention the initiatin
role of B. P. Konstantinov in creating this new, now wid
spread field of high-energy astrophysics.
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Investigation of heavy cosmic-ray nuclei by solid-state track detectors on orbiting
platforms

D. G. Baranov, Yu. F. Gagarin, V. A. Dergachev, and E. A. Yakubovski 
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~Submitted January 14, 1999!
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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 spectrum. ©1999 American Institute
of Physics.@S1063-7842~99!02109-1#
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INTRODUCTION

Until recently, the low-energy region of heavy nuclei
cosmic rays between tens and several hundreds
megaelectron-volts per nucleus had been the least well s
ied and the most difficult to interpret. This can be attribut
to the relatively weak particle fluxes and the broad spectr
of sources of these nuclei, including galactic, solar, a
anomalous sources, and, for measurements within the m
netosphere, trapped particles. Outside the Earth’s magn
sphere, only the integral particle flux had been measured
galactic nuclei in this energy range and no energy spe
had been obtained, while the energy spectra of Fe particle
solar origin were limited to a maximum energy of 20
30 MeV/n until the end of 1996. Nowadays, measureme
of the energy spectra of heavy nuclei inside the magn
sphere, made using long exposures of solid-state track de
tors on orbiting space stations, can provide new and m
detailed information on heavy nuclei, including the profile
the energy spectra of galactic cosmic rays~GCRs!, its varia-
tion during a solar cycle, and determination of the degree
ionization of heavy particles in solar cosmic rays~SCRs!.
These data can be used to check the accuracy of var
models of particle penetration inside the magnetosphere
comparing these with measurements outside the magn
sphere and also inside the magnetosphere for various
inclinations.

METHOD

Research on a solid-state track detector was started s
twenty-five years ago in the Cosmic Ray Laboratory of
1081063-7842/99/44(9)/5/$15.00
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A. F. Ioffe Physicotechnical Institute. This resulted in th
development of the technology and procedures for a Rus
solid-state track detector using polyethyelene terephtha
specially designed to record and identifyZ>20 heavy nuclei
stopped in the detector layers.1,2 This technology includes
the conditions for exposure to the detector by ultraviolet
diation after prolonged exposure in outer space in orde
restore and enhance the detector sensitivity, and condit
for etching the detector in an alkali solution to identify pa
ticle tracks. Second, we developed the PLATAN-1, -2, -3,
and -5 units, with geometric factors of 0.25–1 m2sr, which
were successfully deployed by the crews of nine mission
which the apparatus was mounted and exposed on the e
rior surface of the Salyut-6, Salyut-7, and Mir space statio
and then demounted. The nuclear charge was determine
theLR method, using the dependence of the lengthsLi of the
track cones etched on the upper and lower surfaces of
detector layer on the rangeRi measured from the particle
stopping point in the detector. Figure 1 gives these dep
dences for SCR particles having charges between 18 and
The most common element, iron, can be identified from

cluster of points on the diagram. It can be seen that elem
between Ca and Fe are almost absent. The charge dist

tions for GCRs~Ref. 3! and SCRs~Ref.4! are plotted in Figs.

2a and 2b, respectively. The charge resolution achieved

GCR and SCR Fe nuclei is 0.25 and 0.35 charge units, wh

is substantially better than the resolution of 0.45 and

charge unit achieved in the more sensitive solid-state tr
4 © 1999 American Institute of Physics
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1085Tech. Phys. 44 (9), September 1999 Baranov et al.
detectors made up of a CR detector and cellulose nitrate,
is the same as the resolution of the electron detector on
Galileo station.

RESULTS AND DISCUSSION

Figure 3 gives the energy spectrum of GCR Fe nucle
the energy range 40–210 MeV/n measured for the first t
inside the Earth’s magnetosphere over the period 1984–1
in the PLATAN-2 experiment. It is observed that the flu
increases by almost an order of magnitude as the en
increases. The increase in flux observed with decreasing
ergy in the range 30–40 MeV/n is determined by the con
bution of Fe particles from solar flares in April and Ju
1985. For comparison Fig. 3 gives the energy spectrum
GCR Fe nuclei measured on Voyager during the maxim
GCR intensity in 1986–1987 at 28 AU~curve1!, and calcu-
lated curves2 and 3 of GCR Fe fluxes outside the Earth
magnetosphere for April 1985 and October 1984. Spect2
and 3 were obtained indirectly using measured spectra
helium and oxygen, with allowance for the relative Fe/H
and Fe/O abundance. Note that the absolute particle flu
measured within the magnetosphere are twenty times lo
than those measured on Voyager. Despite the large di
ence between the fluxes, the energy resolution of
spectra in our experiment was comparable with the Voya
data.

Preliminary results of measurements of the Fe nu
flux from the PLATAN-4 chamber in 1994–1995 near t
GCR intensity maximum, indicate that at energies of 10
150 MeV/n the flux increases by almost an order of mag
tude. A comparison between the experimental spectrum
GCR Fe nuclei in 1984–1985 and calculations made by v
ous authors~see the literature cited in Ref. 5!, which show
good agreement among themselves, reveals that the ex
mental values are almost twice the calculated ones~Fig. 3,
curve 4! in the energy range 100–150 MeV/n. This diffe

FIG. 1. Cone lengths of SCR heavy particle tracks in detector layers
function of residual range.
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ence could be attributed to the incomplete ionization of lo
energy GCR Fe particles as a result of which this flux
attenuated in the magnetosphere considerably less than a
of completely ionized particles. However, rece
calculations6 using the model developed at the Institute
Nuclear Physics at Moscow State University, which mo
accurately allows for the change in the particle transmiss
coefficient inside the magnetosphere and the average
magnetic disturbance over the 1984–1985 year of expos
agree with the experimental data. A detailed analysis of
experimental data for GCR heavy nuclei at energies up
several hundred mega-electron volts per nucleus showed
the fraction of incompletely ionized heavy particles in GC
at these energies is negligible.7

In the first three experiments~PLATAN-1, -2, and -3!
we observed heavy nuclei from solar flares in Septem

a

FIG. 2. Measured charge distributions of heavy nuclei: a — GCR particles,
b — SCR particles.
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1978, April and July 1985, and from a series of flares
September–October 1989~Fig. 4!.

During the 1988–1990 period of exposure, t
PLATAN-3 chamber registered a unique phenomenon: p
erful fluxes of Fe particles from a series of solar flares
September 29–October 4 and October 19–29, 1989. The
ticle fluxes are at least an order of magnitude higher t
those measured earlier in similar events. The backgroun
GCR Fe nuclei in this exposure is almost negligible. The
particle fluence at the maximum energy in the spectru
200 MeV/n, is an order of magnitude higher than the to
two-year background of GCR nuclei. At low energies th
difference increases by a further three orders of magnitu
In order to determine the orientation of the PLATAN
chamber relative to the recorded particle flux during the ti
of the flares, we used data on the angular distribution
particles entering the chamber in the total solid angle 4p.
The working surface of the chamber was perpendicular to
longitudinal axis of the station. The counterflux of Fe pa
ticles entering through the bottom of the chamber was eq
to the direct flux in the range 100–130 MeV/n~Fig. 4!,
which indicates that the irradiation was isotropic during t
series of flares.

We used theLR method to construct the energy spe
trum in the range 45–210 MeV/n to determine the parti
charge. A fast method of estimating particle charge was u
to increase the rate of processing in the energy ra
7–130 MeV/n. This method can separateZ>20 particles
from lighter Z<16 particles according to the number
etched-through detector layers without making detailed m
surements. The energy spectrum of the Fe particles was
tained by subtracting the fraction of Fe particles from t
flux of Z>20 particles on the basis of the measured part

FIG. 3. Energy spectrum of Fe nuclei: on the orbit of Salyut-7 in 198
1985 (d), Voyager in 1986–1988 at 28 AU (m and 1!, calculations for
May 1985 and October 1984~2 and3!, and calculations for Salyut-7 orbi
~4!. For curves1–3 the fluxes were reduced tenfold.
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charge distribution~Fig. 2b!. The complete agreement be
tween the Fe particle spectra in the energy range 4
130 MeV/n obtained by the two different methods indica
that this fast method of obtaining the spectrum of SCR
particles is reliable and efficient.

On the basis of our measurements, the energy spec
of the Fe particles reveals a kink at;30 MeV/n. In the range
30–100 MeV/n the spectrum is approximated by a strai
line ~dashed line in Fig. 4! which is extrapolated to lowe
energies. Below 26–30 MeV/n the spectrum departs from
straight line. For particles withZ 5 12–16 a sharper kink is
observed in the spectrum at this energy~not shown in Fig. 4.
This difference in the behavior of the spectra of light a
heavy particles within the Earth’s magnetosphere can be
tributed to their different degrees of ionization: light SC
particles are almost completely ionized whereas Fe parti
have charges of;14–15. The spectrum of heavy particle
becomes less deformed in the magnetosphere since these
ticles penetrate as far as the station orbit over a wider ra
of latitudes.

Note that for light SCR particles the kink in the spectru
was observed earlier since the spectra of light particles
measured in a larger energy range. The kink in the Fe p
ticle spectrum observed for the first time at 30 MeV/n is fir
indicative of a general feature in the profile of the ener
spectra which does not depend on the particle charge,
gesting that these spectra have a common mechanism o
mation, and second indicates that the spectral profile d
not depend on the power of the solar flare. At the prelimin
stage of research using the Institute of Nuclear Phys
model, we compared the Fe particle spectrum obtained in
energy range 30–130 MeV/n with that measured using
solid-state track detector in the HIIS experiment on t
LDEF station with its orbit inclined at 28°~Fig. 5, Ref. 8!.
We used our experimental data to reconstruct the extram

FIG. 4. Energy spectra of SCR Fe particle fluences for three PLAT
exposures. Solid curve — approximation.
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1087Tech. Phys. 44 (9), September 1999 Baranov et al.
netospheric spectrum of Fe particles and then extrapolate
the high energy range~curve1 in Fig. 5!. By allowing for the
transformation of this spectrum as the particles penetrate
an orbit inclined at 28°, we were able to make a compari
with the results of measurements made on the LDEF stat
The calculations made for various modifications of t
model~curves2 and3 in Fig. 5! show satisfactory agreemen
with the HIIS experimental data. This analysis allowed us
estimate the degree of ionization of SCR Fe particles at
ergies of 50 and 500 MeV/n which varies between 1
62.6 and 15.763.1. The possibility of matching data ob
tained under such different experimental conditions indica
that the model used is quite adequate.

Equally interesting is a comparison of the experimen
data on particle fluxes obtained inside and outside the m
netosphere. Unfortunately Fe particle fluxes outside the m
netosphere have only been measured using electronic a
ratus for the flare dated September 29–October 4, 1989 u
two devices on the IMP-8 satellite in the energy ranges 5
and 50–800 MeV/n. For the event dated October 24–27
spectrum was also measured using equipment on Galile
the range 7–8 MeV/n as well as these two devices~Fig. 6!.
The spectrum measured in the PLATAN-3 chamber cov
the energy range of these three electronic devices, and
energy resolution achieved in the 30–80 and 50–210 Me
ranges is four and six times higher. Figure 6 shows the
tramagnetospheric spectrum reconstructed using our d
The calculations allowed for the exact movement of the s
tion over the orbit during the solar flares and the variation
the geomagnetic disturbances which influence the degre
deformation of the measured spectra. The total Fe par

FIG. 5. Energy spectra of Fe particles from a series of solar flare
September–October 1989: PLATAN experiment (51.6° orbit! (n), HIIS
experiment (28° orbit! (s), calculated spectrum outside Earth’s magne
sphere (m), extrapolation of calculated spectrum~1!, and calculated spectra
inside the Earth’s magnetosphere for a 28° orbit~2 and3!.
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flux from the entire series of flares outside the magne
sphere was obtained using data from IMP-8 and Galileo
proton fluxes~data from the HEAO satellite, curves1–3 in
Fig. 6!. Assuming that the Fe/p ratio for the entire series o
flares in October 1989 was the same as that for the even
October 24, we reconstructed to the total Fe particle flux
comparison between the characteristics of the spectra o
particles and protons in Fig. 6 shows that for SCR flares
ratio Fe/p decreases with increasing energy. The deformat
of the initial energy spectrum of the SCR Fe particles as
particles penetrate inside the magnetosphere to an orbi
clined at 51.6° reduces the flux by a factor of 15 at 8 MeV
and by a factor of 6 at 200 MeV/n.

New experiments using the PLATAN apparatus a
planned in the Russian section of the International Sp
Station to continue our systematic studies of Fe-group G
and SCR heavy nuclei and the search for low-energy su
heavy GCR and SCR nuclei.

This work was supported by the RFBR~Grants Nos.
94-02-06387 and 96-02-17965!.
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FIG. 6. Energy spectra of Fe and protons outside the Earth’s magnetosp
for events in September–October 1989. Curves — proton fluences~reduced
by a factor of 100!: 1 — October 19–27,2 — October 24–27,3 — Sep-
tember 29–October 6,h — PLATAN-3 experimental data converted t
extramagnetospheric space,4 — approximation,d — event of October
24–27,m — sum of events of October 19–27,> — September event, and
j — sum of September and October events.
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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 Ioffe 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 10 g/cm2 with 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 2.421.3

12.431024 and 625
11431025 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. ©1999 American
Institute of Physics.@S1063-7842~99!02209-6#
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INTRODUCTION

The search for antimatter in the universe, one of
most interesting areas of astrophysics, was begun at the
Ioffe Physicotechnical Institute~IPTI! in the early 1960s a
the initiative of B. P. Konstantinov. Data from elementa
particle physics suggested a baryon symmetry in the univ
and the possible existence of antimatter objects in the
verse in the form of antistars, antigalaxies, or aggregation
them. Explosive processes in these hypothetical obj
should result in the ejection of antimatter into space in
form of antiparticles, dust, or comets; hence, the major ef
in the experiments on the antimatter problem at the IPTI w
to search for antinuclei and antiprotons in cosmic rays an
detect the possible entry of antimeteors into the Earth’s
mosphere. The experiments were conducted using high
tude balloons and spacecraft. A search for antiparticles
cosmic rays using balloons was also begun in the early 19
by groups from the USA, Japan, and India.

The use of spacecraft ensures greater exposure than
loon studies. For example, the search for antimatter car
out by the IPTI in the mid-1970s on the Zond-5 and
spacecraft and the Kosmos and Soyuz series satellite
means of emulsion chambers yielded a better upper limit
the ratio of antinuclei to nuclei with charges exceeding 3
a level of 2.731024 for energies below 1.2 GeV/nucl.1 This
work also laid the foundation for subsequent studies at
IPTI of nucleus–nucleus interactions at high energies
space.
1081063-7842/99/44(9)/4/$15.00
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Experiments to detect the entry of micrometeors into
Earth’s atmosphere in the early 1960s during meteor show
on airplanes at altitudes of 13–18 km revealed an enha
ment in the intensity of the hard gamma radiation and n
trons that correlated with the formation of a meteor wake
a height of about 100 km as recorded by radar. The ef
was roughly 2% above background and exceeded the st
tical error by a factor of 6.2 Of the 20 meteor shower surge
in the period 1961–1964 a positive effect was observ
in 18.

Experiments to observe the entry of meteor showers
the Earth’s atmosphere in 1966–1967 in the orbital path
the scintillation gamma spectrometer on the Kosmos-135
ellite recorded an;50% increase in the intensity of the 51
keV annihilation line~at a level of 7.5 standard deviations!
during the active period of two of the three showers th
were studied.3 The experiments on the satellite and in a
planes had a high statistical reliability but have not be
explained yet. The orbital experiments to detect gamma
diation during the entry of micrometeors laid the foundati
for future successful work at the IPTI on x-ray and gamm
astronomy and on the problems of the dust componen
space.

Balloon experiments to search for antiprotons in galac
cosmic rays begin in the end of the 1960s detected the
antiprotons with energies of 2–5 GeV at the end of t
1970s.
9 © 1999 American Institute of Physics
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ANTIPROTONS IN COSMIC RAYS

A balloon borne magnetic spectrometer, which first fle
in the autumn of 1969, was used to search for galactic a
protons. This was the second spectrometer lifted into
stratosphere, following an American spectrometer built
measuring a positron spectrum. The measurements in its
flight yielded an upper limit for the ratio of the fluxes o
antiprotons and protons in cosmic rays at a level of 1022

~Ref. 4!.
The magnetic spectrometer consisted of: a monitor t

scope of scintillation detectors which determined the so
angle of the instrument for detecting particles and mad
possible to distinguish singly charged particles from the a
plitude of the signals in the scintillators; systems of sp
chambers for determining the trajectories of particles thro
the device; a permanent magnet which deflected charged
ticles and, together with the trajectory measurements, m
it possible to measure the rigidity spectrum of the partic
and to separate the particles according to the sign of
charge; a threshold gas Cˇ erenkov detector which permitte
velocity selection of the particles and, together with data
the rigidity of the detected particles, made it possible to se
rate particles of the same charge by mass; and, a directi
solid state Cˇ erenkov detector that was used for shieldi
against albedo particles~later, this problem was solved usin
time-of-flight analysis!. Figure 1 shows a conceptual dia
gram of the magnetic spectrometer. The apparatus was
brated using the natural background of atmospheric mu
which could be used to measure and monitor the requ
parameters of the device.

The balloon experiments were done at altitudes wit
residual atmospheric pressure of 10–11 g/cm2 in a region
with a geomagnetic cutoff rigidity of 3.2 GV. During th
flights, the spectrum of deflections of the singly charged p
ticles in the magnetic field of the spectrometer was recor
~here the deflection is the reciprocal of the rigidity!. The
threshold Lorentz factor of the gas Cˇ erenkov detector oper
ating in an anticoincidence mode was chosen to be
which corresponded to threshold rigidities for particle det
tion of 5.6, 0.8, 0.6, and 0.003 GV for protons, pions, muo
and electrons. Thus, within the deflection region for po
tively charged particles, primary protons with rigidities
3.2–5.6 GV, secondary protons from the residual atmosph
at 0.1–5.6 GV, positive atmospheric muons at 0.1–0.6 G
and positive pions from nuclear interactions in the device
0.1–0.8 GV were detected. Within the deflection region
negatively charged particles, muons and pions were dete
within 0.1–0.8 GV. The range 3.2–5.6 GV of rigidities co
responded to the expected region for detection of gala
antiprotons, while within the range 0.8–5.6 GV, antiproto
from the residual atmosphere could be detected.

The balloon experiments of 1972, 1974, and 1977
corded events that satisfied all the criteria for sampling
primary antiprotons. The measured ratio antiproton and p
ton fluxes over 2–5 GeV was estimated to be at a leve
66431024 ~Ref. 5!. A similar result was obtained in a ba
loon experiment with a magnetic spectrometer by an Am
can collaboration between NASA and the University of Ne
ti-
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Mexico in June of 1979. The measured ratio of the antip
ton and proton fluxes over energies of 4.7–11.6 GeV w
5.261.531024 ~Ref. 6!. The results of these first exper
ments were roughly 5 times the antiproton fluxes expecte
a result of interactions of cosmic rays with the interstel
medium and suggested the existence of additional source
antiprotons in outer space. The situation was further es
lated after a balloon-borne experiment in 1980 by a gro
from the University of California who measured a ratio
the antiproton and proton fluxes of 2.260.631024 at ener-
gies of 0.13–0.32 GeV using a device which measured a
proton annihilation events.7 American measurements of an
tiproton fluxes at high energies of 10–50 GeV in the sa
period also yielded positron fluxes an order of magnitu
higher than expected from interactions in the interstellar m
dium. The processes responsible for generating positron
this energy region could be associated in energy with
creation of antiprotons at energies of the order of a few G

FIG. 1. Balloon-borne magnetic spectrometer from the A. F. Ioffe Phy
cotechnical Institute, Russian Academy of Sciences: SD1–SD5 scintilla
detectors, GCC gas Cˇ erenkov counter, SC1–SC4 spark chambers,
magnet.
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FIG. 2. Experimental and theoretical value
of the ratio of the fluxes of antiprotons an
protons in galactic cosmic rays. Exper
ments: , — Buffington,7 d —
Bogomolov,8,12 * — Golden,14 h —
BESS’93, 94,10 s — IMAX, 9 L —
CAPRICE,11 n — MASS2,13 s —
BESS’95.15 Theory:1 — interaction of cos-
mic rays with interstellar material~periods
of solar maximum and minimum!;16

2 —evaporation of original black holes
(0.2–1)31022 ps23 yr21 ~Ref. 17!; 3 —
annihilation of supersymmetric particle
with masses of 30–60 GeV in the dark ha
of the galaxy.18
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The experiments stimulated a series of theoretical stu
related to possible sources for the antiprotons. Deta
analyses were done of various models for the creation
antiprotons in interstellar space, clouds of molecular hyd
gen, metagalactic sources made of antimatter, the gener
of antiprotons in primary black holes, neutron oscillation
‘‘dark matter’’ ~photino, higgsino! in the galactic halo, and
relativistic astrophysical objects.

In 1983–1985, high latitude balloon experiments we
done at the IPTI using magnetic spectrometers in the en
range 0.2–2 GeV. These experiments yielded a ratio of
antiproton and proton fluxes of 0.620.5

11.431024,8 which cast
doubt on the measurements of the University of Califor
group and indicated the existence of a kinematic cutoff ty
cal of a secondary origin for the antiprotons in cosmic ra
This conclusion was subsequently confirmed in meas
ments by American and Japanese groups in 1992–199
the IMAX, BESS, and CAPRICE experiments.9–11

Measurements of antiproton fluxes at energies of 2
GeV were extended in 1986–1989, when magnetic sp
trometers from the IPTI were carried aloft in flights lastin
many days off the Kamchatka Peninsula in order to refine
previous measurements. The resulting refined value of
ratio of the antiproton and proton fluxes was 2.421.3

12.431024

~Ref. 12!. In a 1991 balloon flight, a University of New
Mexico group obtained a ratio of the antiproton and pro
fluxes for energies of 4–19 GeV of 1.2420.51

10.6831024,13 sub-
stantially lower than that measured previously by this gro
es
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CONCLUSION

Balloon studies of antiprotons in primary cosmic rad
tion have yielded a world statistics of roughly 90 antiproto
distributed over energies of 0.1–19 GeV. The energy dis
bution of the ratios of the antiproton and protons fluxes s
gests that, most likely, the antiprotons detected in these
periments originate in the galaxy in the course of nucl
interactions of cosmic rays with the interstellar medium. T
results of experiments and calculations for the relative flu
of antiprotons born in outer space in nuclear interactions d
ing possible evaporation of primary black holes, during a
nihilation of supersymmetric particles in the dark halo s
rounding the galaxy are shown in Fig. 2 The observations
galactic antiprotons can, in particular, yield an experimen
limit on the number of evaporations of primary black hol
in the cosmos of less than 331023 pc23yr21 and an experi-
mental limit on the mass of the Higgs particles of grea
than 50 GeV.

The prospects for searching for antimatter in the u
verse using antiproton spectrum measurements are limite
a background level of 231026 at energies of hundreds o
MeV and 231024 at energies above a few GeV owing to th
birth of antiprotons in nuclear interactions in interstell
space. The possibility of solving the problem by search
for antinuclei is much better, since the creation of antiheliu
nuclei in nuclear interactions of cosmic rays is expected
occur with a ratio of the fluxes of antihelium-3 and helium
the order of 10212, and the experimental limits are associat
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with the level of separation of the particles in the device a
the number of detected events.

The upper limit for the ratio of the fluxes of antihelium
and helium nuclei at energies of 0.1–8.6 GeV/nucl obtain
in recent years in balloon experiments by American a
Japanese groups is 831026 ~Ref. 19!. The minimum mea-
sured upper limit for the ratio of the fluxes of antinuclei a
nuclei with a charge exceeding 3 is 831025 within the en-
ergy range 1–15 GeV/nucl.20 These results indicate that the
are no antimatter objects within a radius of the order o
Mps. On the whole, there is a restriction on the search
antimatter using cosmic ray observations, probably to a
tance of the order of 10 Mps, owing to the escape of cos
rays from sources, diffusion in magnetic fields, and the p
etration of extragalactic cosmic rays into the galax
Gamma-ray astronomy permits observation of annihilat
processes at great distances, but the results are neg
so far.

Recent U. S. balloon experiments on high energy po
trons in cosmic rays yield a ratio of the fluxes of positro
and electrons that is close to that expected from nuclea
teractions in interstellar space.21

Thus, decades of experimental searches for antima
using cosmic rays have yielded a negative result up to n
During this period, changes have occurred in our theoret
concepts of the baryon symmetry of the universe. Wherea
was assumed before the Grand Unification theory that
baryon number is exactly conserved in any reactions, acc
ing to current ideas there are reactions which violate
conservation of baryon number. These reactions involve
perheavy Higgs and gauge particles, so that reactions inv
ing a change in the baryon number can occur effectively o
at very high energies. At temperatures above 1028K and
times shorter than 10235s the universe contained an equ
number of particles and antiparticles in thermodynamic eq
librium, and the baryon number was equal to zero. A bary
charge develops when the temperature falls below 1028K and
the rate of processes with superheavy particles and ant
ticles turns out to be slower than the rate of expansion of
universe. In the subsequent decay and annihilation proce
up to a time of 1026 s, an excess of baryons develops, an
ratio of the number of protons and photons of 10210–1029 is
maintained thereafter. Thus the universe may be asymm
in terms of the baryon charge.
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Further studies of antiparticles in cosmic rays will r
quire the organization of long~of the order of a month! bal-
loon flights of high throughput magnetic spectrometers a
the planning of experiments on spacecraft. In the Russi
Italian space project with the ‘‘Pamela’’ magnetic spectro
eter, in which the IPTI is participating, plans are to meas
antiproton and positron spectra at energies of 0.1–100 G
beginning in 2001 and search for antinuclei at an antiheli
to helium ratio of the order of 1027 ~Ref. 22!. In the inter-
national space station ‘‘Alpha,’’ an American–European c
laboration is planned for early in the next millennium on
experiment to search for antinuclei with the aid of an ev
more sensitive AMS magnetic spectrometer.23

1N. S. Ivanova, D. G. Baranov, and E. A. Yakubovsky, inProceedings of
the 14th ICRC, Munich ~1975!, Vol. 1, pp. 300–304.

2B. P. Konstantinov, M. M. Bredov, A. I. Belyaevski�, and I. A. Sokolov,
Kosmicheskie Issledovaniya4, 66–73~1966!.

3B. P. Konstantinov, M. M. Bredov, S. V. Golenetski�, E. P. Mazetset al.,
Izv. Akad. Nauk SSSR, Ser. Fiz.33, 1820~1969!.

4E. A. Bogomolov, N. D. Lubyanaya, and V. A. Romanov, inProceedings
of the 12th ICRC, Hobart~1971!, Vol. 5, pp. 1730–1739.

5E. A. Bogomolovet al., in Proceedings of the 16th ICRC, Kyoto ~1979!,
Vol. 1, pp. 330–335.

6R. L. Goldenet al., Phys. Rev. Lett.43, 1196~1979!.
7A. Buffington et al., Astrophys. J.248, 1179~1981!.
8E. A. Bogomolov et al., in Proceedings of the 20th ICRC, Moscow,
~1987!, Vol. 2, pp. 72–75.

9A. W. Labradoret al., in Proceedings of the 24th ICRC, Rome~1995!,
Vol. 3, pp. 64–67.

10S. Oritoet al., in Proceedings of the 24th ICRC, Rome~1995!, Vol. 3, pp.
76–79.

11G. Barbiellini et al., in Proceedings of the 25th ICRC, Durban,~1997!
Vol. 4, pp. 217–220.

12E. A. Bogomolov et al., in Proceedings of the 24th ICRC, Adelaide
~1990!, Vol. 3, pp. 288–290.

13M. Hof et al., Astrophys. J.467, L33 ~1996!.
14R. L. Goldenet al., Astrophys. J. Lett.24, L75 ~1984!.
15H. Matsunagaet al., Phys. Rev. Lett.81, 4052~1998!.
16A. W. Labrador and R. A. Mewaldt, Astrophys. J.480, 371 ~1997!.
17K. Maki, T. Mitsui, and S. Orito, Phys. Rev. Lett.76, 3474~1996!.
18T. Mitsui, K. Maki, and S. Orito, Phys. Rev. Lett.389, 169 ~1996!.
19J. F. Ormeset al., Astrophys. J.482, L187 ~1997!.
20G. F. Smoot, A. Buffington, and C. D. Orth, Phys. Rev. Lett.35, 258

~1975!.
21D. Muller et al., in Proceedings of the 24th ICRC, Rome~1995!, Vol. 3,

pp. 13–16.
22S. A. Voronovet al., Izv. Ross. Akad. Nauk, Ser. Fiz.63, 623 ~1999!.
23S. Ahlenet al., Nucl. Instrum. Methods Phys. Res. A350, 351 ~1994!.

Translated by D. H. McNeill



TECHNICAL PHYSICS VOLUME 44, NUMBER 9 SEPTEMBER 1999
Production of fullerenes in gas discharge plasmas. I. Kinetics of fullerene formation
from polycyclic structures

N. I. Alekseev and G. A. Dyuzhev
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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 C2 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. ©1999 American Institute of Physics.
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When analyzing the process of fullerene synthesis, m
researchers view an arc as an efficient source of carbon
por. The differences in the properties of the charged
uncharged clusters which precede the formation of
fullerene, as well as the reactions specific to an arc plas
lie beyond the scope of the investigation. The purpose of
cycle of papers is to fill this gap. Naturally, it is necessa
to begin with an examination of the kinetics of fulleren
formation.

The soundest scheme for fullerene formation
the evolution of carbon along the following path: atom
→molecules→chains→two- and three-ring systems→
fullerenes. This path is based on studies of the mobility a
annealing of carbon clusters formed during laser vapor
tion of graphite.1 The least comprehensible and most co
plicated modeling step in this carbon evolution scheme is
last transition from three-ring systems to fullerenes.

A model for this kind of transition has been proposed2 in
a study of the evolution of three-ring clusters~Fig. 1a and b!
as a result of a sequence of internal transitions. It w
assumed2 that a cluster develops in such a way that an
ready assembled segment of the surface has no more
one atom with unsaturated valence~a radical!. At the same
time, based on model quantum mechanical calculation
was assumed that the increase in the binding energy
cluster is small during formation of adjacent pentagons. U
der these assumptions, the evolution of a cluster begins
the formation of a compact aggregation of six pentagons
the course of the evolution, an extended cluster deve
which is closed by an analogous aggregate of pentagon

The scheme proposed in Ref. 2 is difficult to use direc
for analyzing fullerene formation in arc discharges for tw
reasons:

1. The time of the first reaction, which is required
trigger isomerization, is on the order of 1022 s for a structure
with a central hexagon~Fig. 1b!. Over these times, the ga
dynamic stream carries a three-ring cluster into the lo
temperature zone and it can no longer undergo isomeriza

2. The final structure of cluster evolution in Ref. 2
extremely difficult to convert into a fullerene with the aid
1091063-7842/99/44(9)/5/$15.00
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a Stone–Wells transformation. Of any set of four adjac
polygons with such a structure, at least one tetra- or hepta
is formed, and to return to a structure of pentagons and he
gons requires new transformations involving large ene
expenditures. It is difficult to create these energies in
low-temperature region at the periphery of an arc.

We assume that in an arc discharge, fullerenes are m
efficiently formed when a growing cluster captures C2 and,
possibly, C3 molecules from the surrounding space. This a
sumption creates two advantages. First, capture of a C2 mol-
ecule by the central region of an initial three-ring syste
gives an effective push to the subsequent reactions. Sec
the capture of even one molecule in the initial stage of
sembly ensures more uniform filling of the surface by pe
tagons and hexagons. This greatly simplifies the annealin
the resulting surface into a fullerene.

The ‘‘openness’’ of the system during growth, howeve
means that it must be described statistically, since clus
with different numbers of polygons and different topologi

FIG. 1. Initial three-ring clusters in Ref. 2~a,b! and the capture reaction o
a C2 molecule by the core of a structure~c,d!.
3 © 1999 American Institute of Physics
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coexist at any time. This naturally makes the calculatio
more complicated.

As in Ref. 2, we have taken a three-ring cluster, sho
in Fig. 1b, as an initial structure. Although the scheme
scribed here also applies to two-ring structures, a much m
rapid transformation of the cluster is ensured in the thr
ring variant and it requires substantially fewer combinatio
of C2 molecules.

We have assumed that the most efficient reaction in
first stage of ‘‘construction’’ of a fullerene is the combin
tion of a C2 molecule with the atom of one of the ring
nearest to the hexagon. The reaction cross section is 5s0 ,
where s055.2310216exp(20.5/T) cm2 corresponds to the
combination of two carbon atoms into a C2 molecule,3 and
the characteristic time ist05(5s0vTn2)21;1024 s for a
temperatureT50.3 eV and densityn251014cm23. We esti-
mate that concentrations of this order are entirely typica
the regions where three-ring systems are generated in a

The most probable result of the combination of m
ecules is the formation of a bond between the first atom o
C2 molecule and the first atom of a chain, which correspo
to the double line in Fig. 1~for economy of space, in the
figure the chains are indicated by fragments of rays!, i.e., the
formation of a pentagon and a carbon atom that ‘‘stic
out.’’ This is because a radial is not formed in such a re
tion, but the reactivity of a chain of two atoms is very hig

It should be noted that, as the surface of the build
cluster increases, the reaction rates rise rapidly and the
truding atoms vanish~Fig. 2a–c; the region occupied by th
surface prior to initiation of the reaction is shaded!. They are
replaced by radicals, the number of which also decrea
gradually to zero~Fig. 2d!.

In the following we shall refer to the reactions amo
the carbon atoms that already exist in the system as spo
neous and to the reactions stimulated by C2 molecules as
induced. The characteristic times for the spontaneous r
tions in the initial stage of isomerization~except for the first,
‘‘slow’’ reaction! can be estimated on the basis of Ref.
They are roughlyt1'2 –331025 s. Evidently, the time it
takes to form a new polygon with the participation of a c

FIG. 2. Reactions leading to loss of protruding atoms and the formatio
radicals~a,b,c!, loss ~d! and reaction without involvement of radicals an
protruding atoms~e,f!.
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bon atom of a connected C2 molecule is much shorter tha
t1 .

In order to estimate the contribution of induced reactio
we must compare the hypothetical times over which a cen
core of pentagons is formed without the involvement of2

molecules2 ('5t1) to the timet0 .
For a concentrationn251014cm23 in our model, the

core of a cluster can capture 1–2 C2 molecules~not counting
the first collision, which gives a push to isomerization!. Here
the chain of subsequent reactions keeps the maximum n
ber of pentagons from exceeding three in the region of ma
mum aggregation.

The transformation of a three-ring cluster into a fullere
is described by a system of balance equations for the c
centrationY of clusters withN5 pentagons,N6 hexagons,N
atoms,m protruding atoms, andr vacant radicals. It was
assumed that if the assembled segment of the surface is
enough, then all possible positions of the radicals are oc
pied by the ends of chains with equal probability. In t
initial stage of assembly, the possible reactions and confi
rations were examined ‘‘manually.’’

The equations included induced reactions, forward a
reverse spontaneous reactions for creation and loss of p
gons, and reactions for ‘‘embedding’’ C2 molecules in
chains. The cross sections for these reactions have b
calculated2 and for the typical ring sizes yield a characteris
time of roughly a third oft0 , so that over the isomerizatio
time, a total of 7–9 C2 molecules are able to become a
tached to the cluster. Finally, the possibilities of an atom
breaking away in the final stage of isomerization if the nu
ber of atoms is odd and the closure of a cluster into
fullerene for an even number of atoms are taken into
count.

Figure 2 shows the six spontaneous reactions that w
considered. The reactions induced by the attachment of a2

molecule with subsequent formation of a pentagon or he
gon and a projecting atom are shown in Figs. 1~the transi-
tion from Fig. 1b to 1c! and 3.

The system of equations had the following appearan

dYN5 ,N6 ,m,r /dt5~WDN5511Y!N521,N6
2~WDN5511Y!N5 ,N6

1~WDN6511Y!N5 ,N621

2~WDN6511Y!N5 ,N6

1~WDN5521Y!N511,N6

2~WDN5521Y!N5 ,N6

of

FIG. 3. An induced reaction with formation of a hexagon.



o

er

.

r
om

to
; t
et
he
hi
ro

f

n

ad

nd
tw

on

exa-

-

s

ons
d one
the
led

a
no

nd

en

ich

ve-

e
to
ns.
ate
lie

ng

al
t
to
r of

e

lop-

’
le’’
ed

1095Tech. Phys. 44 (9), September 1999 N. I. Alekseev and G. A. Dyuzhev
1~WDN6521Y!N5 ,N611

2~WDN6521Y!N5 ,N6
1n2vT exp~20.5/T!

3@~sDN551,Dm511Y!N521,N6 ,m21,r

2~sDN551,Dm511Y!N5 ,N6 ,m,r

1~sDN651,Dm511Y!N5 ,N621,m21,r

2~sDN651,Dm511Y!N5 ,N6 ,m,r#

13n2vT@s2,(N222Ns)/3
YN5 ,N6 ,N22

2s2,(N2Ns)/3
YN5 ,N6 ,N#. ~1!

The subscript on the probabilitiesW of the spontaneous
reactions indicates the change in the number of pentag
and hexagons. In fact, each term of the typeWY is the sum
over all reactions of a given type, during which the numb
m andr change in different ways. For example,

WDN6511YN5 ,N6
[WDN6511,Dm50,Dr50YN5 ,N6 ,m,r

1WDN6511,Dm521,Dr511YN5 ,N6 ,m,r . ~2!

Here the first term corresponds to reactions shown in Fig
and the second, in Fig. 2c. In the system of Eqs.~1!,
sDN551,Dm511 andsDN651,Dm511 are the cross sections fo
formation of a pentagon or hexagon and protruding at
during capture of a C2 molecule;s2,k in the last term of Eq.
~1! is the cross section for capture of a C2 molecule by a ring
of k atoms.

It was assumed that the probabilityW of spontaneous
reactions can be represented as the product of three fac
the first characterizes the assembly state of the system
second, a combinatorial term, characterizes the geom
probability of configurations of the active elements of t
surface such that a given reaction takes place; and the t
the energetics of the reaction. For a reaction involving p
duction of a radical, the third term equals exp(2Er /T) (Er is
the ‘‘cost of a radical’’! and for a reaction with formation o
a pair of adjacent pentagons, exp(2E* /T) (E* is a variable
parameter!. For example, the probability of the reactio
shown in Fig. 2b was written in the form

W5w•D2~CR22
m14/CR

m16!exp~22E* h5 /T!, ~3!

where Cn
m5n!/(m!(n2m)!); h55N5 /(N51N6) is the

probability of obtaining a pentagon among the polygons
jacent to a newly formed pentagon;R5m1r16 is the num-
ber of possible positions of a radical or protruding atom; a
Dk is the number of segments of the surface between
possible positions of a radical~or protruding atom! separated
by k carbon bonds.~Thus, in Fig. 2a, a segment withk53 is
indicated.!

The factorw was specified in the form

w5A exp~2Ea /T!, ~4!

whereEa5Ea(N5 ,N6).
The characteristic values of the setDk with different k

were determined by the general properties of a simply c
ns

s

2f

rs:
he
ric

rd,
-

-

,
o

-

nected surface with the given number of pentagons and h
gons. In particular, it is easy to show that, if, fork.3, Dk

50, thenD32D15N526, while the sumD11D21D3 ob-
viously equalsR. Thus, it was sufficient to specify indepen
dently only one of the numbersD1 ,D2 ,D3 , for exampleD3 .
We have assumed thatD3,3 and the surface configuration
with D351.2 are equally probable.

The system of Eqs.~1! does not allow us to follow the
evolution of the cluster to the end, since each of the reacti
considered assumes the appearance of one new bond an
polygon. For the terminal reactions, this is not true. Thus,
calculation was carried out until the size of the unassemb
piece of surface~or ‘‘hole’’ ! capable of accommodating
given number of radicals reached a minimum. If there are
radicals (r50), this hole consists of a central hexagon a
six polygons surrounding it~Fig. 4!, i.e., the number of poly-
gons lacking in the fullerene,DNS5122N51N6F2N657.
(N6F is the number of hexagons in a fullerene with the giv
number of atoms.! From this we find the numberNS of poly-
gons in the assembled piece of surface of a cluster wh
could be referred to as a prefullerene:N51N6521N/2
2DNS subject to the conditionN5,12. ForR57 (r51),
DNS59. Forr52, DNS510, while forr53, DNS511.

We shall represent the evolution of a cluster as its mo
ment along a tableN5 ,N6 , which we shall call an activity
table ~Tables I and II!. For each two dimensional table th
numbersN, m, andr are fixed. The entries in the table are
be filled with the values of the corresponding concentratio

The above discussion implies that we can follow the f
of all clusters located in the activity table that do not
below the diagonalNS521N/22DNS . To characterize the
entries in this part of the table we shall use the followi
classification:

1. We shall denote the entries lying on the diagon
NS521N/22DNS by the symbolF. It was assumed tha
the probability of a transition by clusters corresponding
these entries into a fullerene is determined by the numbe
pentagon–pentagon boundaries which must be formed,

WF→Full5w exp~2E* NnDN5 /DNST!, ~5!

whereDN55122N5 , andNn is the number of edges in th
unassembled segment of the surface.

2. Entries with N51N65NS , N5,12, and N6<N6F

correspond to a cluster in an intermediate stage of deve
ment and are denoted in the table by the symbolA ~active!.

FIG. 4. State of a surface withr50 vacant radicals and a minimum ‘‘hole’
within which this number of radicals can be accommodated. The ‘‘ho
and chain ‘‘residues’’ are shown on the right, the ‘‘hole’’ in its assembl
form, on the left.
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3. The entries corresponding to a cluster with a defici
number of pentagons and an excess of hexagons are de
by the symbolS. These clusters cannot be closed with t
existing number of atoms and exists subsequently as a
(S).

4. An entry withN5511 must correspond to an almo
closed cluster, which is no longer capable of accommoda
the given number of atoms in itself. Such a cluster canno
realized and its predecessor in terms of the number of p
tagons is denoted byD ~for deadlock!. Thus the right-hand
boundary of the clusters of typeA andF is arbitrarily taken
to beN5510.

TABLE I.

Note: N544, r50.

TABLE II.

Note: N560, r50.
t
ted

ell

g
e
n-

The fate of typeS and D clusters does not interest u
since they cannot be converted into fullerenes. These clus
are the end points of the evolution and determine the bou
aries of the activity table. Clusters of typeF transform to
fullerenes with time. Thus, the entire set of objects within t
boundaries

N65N6F11, N5510, N51N6521N/22DNS

and the fullerenes with a givenN must ultimately come into
equilibrium, when the bulk of the initial product is converte
into fullerenes,F, S, andD clusters and there are almost n
clusters of typeA ~if the reverse reactions are neglecte
there are none of them left at all, or ofF clusters!.

In the calculations, it was assumed that three-ring cl
ters with a central hexagon and different numbers~from 26
to 74! of atoms in the chains exist at the initial time. Th
concentration of all the clusters was assumed to beYNu t50

50.5. This value was chosen for the linear problem so th
given the transformation of odd clusters into even, the c
centration of fullerenes should be 1. The concentration of2

molecules and the temperatureT were assumed to be fixe
throughout the entire calculation.

The solution of the first order linear system of equatio
is the sum of an enormous number of exponential ter
which can be found analytically. Neglecting the reverse cl
ter decomposition reactions, the change in the concentra
of all the clusters can be written in the form

YN5 ,N6 ,m,r,N5aN5 ,N6 ,m,r,N@exp~2t/t1!

2exp~2wN5 ,N6 ,m,r,N
d t !#

1( a (N5 ,N6 ,m,r,N),(N
58 ,N

68 ,m8,r8,N8)

3@exp~2wN
58 ,N

68 ,m8,r8,N8
d

t !

2exp~2wN5 ,N6 ,m,r,N
d t !#, ~6!

wherewN5 ,N6 ,m,r,N
d is the probability of decomposition of th

clusters from the given set owing to all of theN58,N5 and
N68,N6 and over allm8 andr8.

The coefficientsa and a are determined by a chain o
recurrence relations. In fact, however, the matrixa occupies
an enormous amount of memory and there was not eno
memory to include all pairsN5 andN6 . The concentration of
clusters that could not ‘‘fit’’ in the analytic solution wa
calculated by the Runge–Kutta method.

Figure 5 illustrates the formation dynamics of fulleren
with different numbersN of atoms. It is clear that the satu
ration level for these curves is close to 1. For fullerenes w
small N, this happens because the diagonalN51N652
1N/22DNS almost completely overlaps the activity tabl
For the fullerenes withN556– 66, the direction of the mos
rapid development of the clusters also passes through
diagonal and only a small fraction of them settle in entrieS
or D. Thus, the saturation level is also high.

The characteristic time it takes to reach saturation is
order 1023 s in the calculations. It has been show
experimentally4 that the region in which fullerenes ar
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formed in an arc is 2–3 cm long. When the gas dynamic fl
velocity out of the discharge is;23103 cm/s,5 the time of
flight through this region is also;1023 s, in accord with the
calculations.

Figure 6 shows spectra of fullerenes in the initial sta
of their growth ~graph 2! and in saturation~graph 3!. The
calculated spectra are obviously shifted relative to the ini
spectrum of three-ring clusters~a step! by roughly 14–18
atoms ~which corresponds to attachment of 2–3 C2 mol-
ecules to the growing core of a surface and 5–7 molecule
rings! and cut off at 68–70 atoms. The number of clust
with high N is limited because, asN increases, the diagona
N51N6521N/22DNS in the activity table shifts down-
ward, while the direction in which the clusters shift throu
the activity table through the most highly populated entr
changes little.

If we assume that all the carbon atoms vaporized fr
the anode of the arc discharge are consumed in forming
initial three-ring clusters, while the end products of the clu
ter evolution with NÞ60 are transformed to carbon soo
then the data of Fig. 6 imply that the ‘‘percent content
fullerenes in the soot’’ is;9%. This value is in good agree
ment with available experimental data,5 although this agree
ment may be purely accidental.

The scheme we have developed can be included
spatial calculation of the concentrations of the different cl
ters in a turbulent stream flowing from a discharge gap
gion. The concentration of the three-ring clusters, which w
done ‘‘manually’’ in this paper, would be calculated se
consistently in that sort of problem from the initial dischar
parameters and the known properties of the arc. The resu
such a calculation and a discussion of the reactions spe
to a plasma will be published in the later parts of this cy
of papers.

We thank A. A. Bogdanov for a constructive and gen
ous critique of this work and D. V. Afanas’ev for help i
preparing the figures.
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Crosstalk caused by incoherence of the readout light in wavelength-division
multiplexing of reflection holograms
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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 Physics.@S1063-7842~99!02409-5#
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The high selectivity of volume holograms makes it po
sible to record a large amount of information usi
wavelength-division or angular multiplexing techniques.1–3

Wavelength-division multiplexing~WDM! of reflection ho-
lograms has a number of advantages, primarily a low leve
crosstalk~XSR!. For this case,4,5

XSR5S Kg'

Kg
D 2

. ~1!

Here Kg is the wave vector of the recorded hologram a
Kg' characterizes the angular spectrum of the recorded
nal. This result holds for the case when both recording
readout are done with perfectly coherent light. In practi
however, this is far from the case. In holographic mem
systems3,6 employing WDM, tunable lasers~for example,
semiconductor lasers! with a relatively low level of coher-
ence are used as a readout light source.

The prospects for the practical utilization of WDM fo
creating various holographic memory systems, as well a
channel switching systems in fiber-optic lines7,8 make it nec-
essary to analyze in detail the effect of the incoherence of
readout light on the crosstalk level.

In this paper we study the effect of the width of th
temporal frequency spectrum of readout light on the leve
crosstalk in WDM of reflection holograms. It is shown th
incoherence of the readout light greatly increases the leve
crosstalk and, therefore, limits the information capacity
systems employing WDM technology.

THEORETICAL ANALYSIS

As a model we consider holographic memory, where
information is recorded in a photorefractive crystal.9 We
shall assume that we have recordedM reflection holograms
in ideally coherent light at different temporal frequenci
n (m). The permittivity variation induced in the crystal as th
holograms are recorded can be written in the form

d«'a (
m51

M

Rm* ~r !Sm~r !1c.c., ~2!
1091063-7842/99/44(9)/5/$15.00
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whereSm andRm are the complex amplitudes of the sign
and reference beams, respectively, anda is a constant de-
scribing the properties of the recording medium.

It is assumed that the dynamic range of the optica
sensitive medium is sufficient for recording all the hol
grams in a linear regime.

Suppose we want to reconstruct a certain hologra
number l, from the set of recorded holograms, using lig
which is not ideally coherent but has a temporal frequen
bandwidth dn. Besides thelth hologram in which we are
interested, the intensity of the diffracted light will conta
contributions from all the other holograms recorded in t
crystal. The crosstalk level is characterized by the ratioXSR
of the intensities of the light diffracted on the ‘‘undesired
holograms to the intensity of the reconstructedlth
hologram:10

XSR5
I 2I ( l )

I ( l )
, ~3!

whereI is the total intensity of the reconstructed light andI ( l )

is the intensity that the reconstructed light would have if t
lth hologram alone had been recorded.

When incoherent light is used for readout, the reco
structed light will also be incoherent. Then the intensity d
tribution of the reconstructed light in the exit plane of th
device is given by

I 5^S~r' ,t !S* ~r' ,t !&. ~4!

Here S(r' ,t) is the amplitude of the reconstructed lig
wave and̂ . . . & denotes averaging over all possible realiz
tions, i.e., simultaneously in terms of both the time and
ensemble of recorded holograms. We write the amplitude
the reconstructed light wave in the form of the spectrum
the temporal and angular frequencies,

S~r' ,t !;E E J~s' ,dn!exp~ i ~s'r'2dn•t !!ds'ddn.

~5!
8 © 1999 American Institute of Physics
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We express the Fourier spectrum of the amplitude of
reconstructed light„J(s' ,dn)… in terms of the frequency
response function of the recorded holograms (Fml),

J~r' ,dn!5(
m

Fml~r' ,dn!Pl~r' ,dn!. ~6!

HereP(r' ,dn) is the spatial–temporal spectrum of the a
plitude of the readout light;r' is that component of the wav
vector of the readout light which describes the propaga
direction of the light wave, and it is related to the wa
vector of the reconstructed light and the wave vector of
mth hologram by

s5r2Kg
(m) . ~7!

The frequency response function of a volume hologra
Fml(r' ,dn), for an arbitrary spatial frequency spectrum a
fixed temporal frequency has been derived elsewhere.11 We
shall use the special case of simple sinusoidal gratings,

Fml~r' ,dn!;Am~r'! exp~ i j r
(ml)~r' ,dn!!

3sinc~j r
(ml)~r' ,dn!!,

j r
(ml)~r' ,dn!5

2Kg
(m)2

12~r–Kg
(m)!

4rA12@~r'2Kg'
(m)!/r#2

T,

r52pn~n ( l )1dn!/c, Am~r'!5d~r'!, ~8!

wheren ( l ) is the center frequency of the readout light,n is
the refractive index of the medium,c is the speed of light in
vacuum, andT is the thickness of the crystal in which th
recording is done.

Kg
(m)5r(m)2s(m), r (m)5s (m)5

2pnn (m)

c
. ~9!

Here r(m) and s(m) are the wave vectors of the cohere
writing light. Since the level of crosstalk depends weakly
the angular spectrum of the recorded signal, the results
tained below for simple sinusoidal gratings with differe
periods can be carried over to the case of recording com
cated holograms to within a factor of (Kg'

(m)/Kg
(m))2.
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Using the approximation of a quasimonochromatic e
tended source of readout light,12 we obtain

I;E E (
m

Fml~r' ,dn!Pl~r' ,dn!

3(
m

Fml* ~r' ,dn!Pl* ~r' ,dn!dr'ddn. ~10!

The integral is taken over the angular aperture and te
poral frequency spectrum of the readout light source.

In order to minimize crosstalk the set of sinusoidal gr
ings is recorded in a crystal in accordance with the Rayle
criterion,5,10 that is with a temporal frequency step size su
that the detuning parameter (j r

(m,m11)) in the Kogelnik
formula13 equalssp, wheres is an integer, and the diffrac
tion efficiency goes to zero; this ensures a minimal level
crosstalk during readout by ideally coherent light. We ha
defined the the spectral selectivityDn0 of the hologram as
the frequency detuning of the readout light for which t
diffraction efficiency reaches the first zero.

We shall assume that readout is done with a light sou
that has a rectangular temporal frequency spectrum wit
center frequency (n ( l )) equal to the frequency at which th
lth hologram was recorded. A very narrow, nearly del
function angular spectrum of the readout light can be
tained using a collimator,

P~r' ,dn!5H d~r'!; 2D<dn<D,

0; dnP” @2D;D#.
~11!

We shall assume that the holograms have a rand
phase in the case of WDM, as is, in fact, true, if spec
measures are not taken. Then, on averaging over the l
number of holograms, the crosstalk adds up incoheren
Substituting Eq.~8! for the frequency response function an
the readout light spectrum~11! into Eq. ~10!, we obtain a
final formula for the level of crosstalk owing to the incohe
ence of the readout light,
XSR5

E
2D

D

(
mÞ l

sin c2@2pn/c~Dn0s~ l 2m!1dn!T~12Dn0s~ l 2m!2dn/n ( l )!#ddn

E
2D

D

sin c2@2pdnn/cT~12dn/n ( l )!#ddn

. ~12!
ted
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In deriving Eq. ~12!, the terms related to the angula
spectrum of the recorded holograms„(Kg' /Kg)2

… were
dropped because they are small. In fact, for the typical
rameter values used in practice (Kg'

(m)/Kg
(m)5531022) one

can record on the order of 300 pixels/mm, and the correc
introduced toXSRby the angular spectrum of the hologram
is about 1023.
-

n

EXPERIMENT

In order to check these theoretical results, we conduc
the following experiment. Two holograms with wave vecto
Kg

(1) and Kg
(2) were recorded in a 0.05 mol. % Fe:LiNbO3

crystal with a thicknessT55 mm ~Fig. 1!. Recording was
done with two opposed He–Ne laser beams. The period
the first holographic grating wasL1'137.61 nm and that of
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the second,L2'138.04 nm. While the Bragg condition wa
satisfied exactly (j r50) for the first hologram with norma
incidence of light with a wavelength of 633 nm,j r'10p for
the second hologram. In order for the Bragg condition to
met for the second hologram with the same incidence of
readout beam, the wavelength must be changed. Thus, t
holograms are equivalent to two gratings recorded at dif
ent temporal frequencies of the writing light with a st
s'10.

FIG. 1. Geometry for the wavelength-division multiplexing of reflecti
holograms in the LiNbO3 crystal employed in the experiments.
e
e

ese
r-

The erasure time for holograms in doped LiNBO3 crys-
tals is much longer than the recording time. In our case
was several tens of hours, so a fixing process was not
quired.

Light from a mercury lamp was used for reconstructi
~Fig. 2!. The degree of coherence was controlled using
monochromator. The center frequency was set equal to
of the He–Ne laser,n ( l )54.7431014Hz. When the width of
the exit slit of the monochromator was much smaller than
width of the entrance slit, the temporal frequency spectr
of the readout light would be close to rectangular. We co
change the temporal bandwidth of the readout light a
thereby, control the degree of coherence, by varying
width of the exit slit.

Another assumption in the theoretical analysis, nam
that of a very narrow, nearly delta-function angular spectr
of the readout light, is also satisfied. The width of the angu
spectrum can be estimated asd/F'531024, whered is the
width of the exit slit andF is the focal distance of the colli
mating objective.

Besides the difference in the periods of the gratin
there was a small angle between the wave vectors of
recorded holograms. Because of this, we separated the
diffracted on the first and second holograms. The angle
tween the beams reconstructed on the first and second h
grams wasg5128, which is smaller than the angular sele
tivity Du'1° ~the angle at which the Bragg condition
implies a diffraction efficiency of zero!, but this was enough
to resolve these two signals in the plane of the photodetec
given the width of the angular spectrum and the diverge
induced by diffraction on the finite aperture.

The ratio of the intensity of the light reconstructed on t
first hologram (I (1)), for which the center frequency of th
monochromator is the frequency of the writing beam, to t
reconstructed on the second hologram (I (2)) is also the level
of crosstalk described by Eq.~9!.
FIG. 2. Experimental apparatus for readout of holograms by partially coherent light:1 — mercury lamp,2 — focussing lens,M — monochromator,3 —
entrance slit,4 — exit slit, 5 — collimating objective with a focal length ofF5350 mm,6 — crystal of Fe:LiNbO3, 7 — chopper,8 — photomultiplier.
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DISCUSSION OF RESULTS

Quantitative theoretical estimates of the level
crosstalk owing to the incoherence of the readout light h
been made for the following system parameters. The h
grams were recorded within the specified frequency ra
with a fixed adjustment steps51. The lth hologram was
recorded at the frequency of the He–Ne laser. The cry
thicknessT55 mm, soDn0 /n ( l )'331025. Figure 3 shows
plots of XSRas a function of the total number of recorde
holograms and the order number of the reconstructed h
gram for several widths~D! of the temporal frequency spec
trum of the readout light. It is evident from these graphs t
the major contribution is from neighboring holograms a
that after the total number of holograms exceeds five,
level of crosstalk no longer varies as the number of ho
grams is increased. Therefore experiments with just two
lograms can provide an estimate of the order of magnitud
the crosstalk. Figure 4 shows a comparison of experim
with the theoreticalXSRcurve as a function of the bandwidt
of the readout light calculated using Eq.~12! for the experi-
mental conditions (M52, s510, T55 mm!. Also shown
there is a theoretical plot ofXSRas a function of the band
width of the readout light for a total number of hologram
greater than five withs51.

The level of crosstalk caused by the incoherence of
readout light greatly exceeds the noise associated with
complexity of the recorded signal. Thus, in creating practi
systems with the maximum possible information capac
high standards must be imposed on the coherence of
readout light source.

One possible way of reducing the crosstalk is multiple
ing the holograms with a step size exceeding their spec
selectivity, i.e., withs.1. However, here the frequency tun
ing range of the light source must be increased substant
in order to preserve the capacity. Theoretical plots of
crosstalk as a function of the step size in WDM for differe

FIG. 3. Theoretical dependence ofXSRon the total numberM of holograms
~solid curve,l 5M /2) for s51, n ( l )54.7431014 Hz, Dn051.431010 Hz, as
well as on the order numberl ~dot-and-dash curve,M5100) of a hologram
for different relative widths of the temporal frequency spectrum of the re
out light (D/Dn0): a — 0.3,b — 0.7, c — 1.
f
e

o-
e

al

o-

t

e
-

o-
of
nt

e
he
l
,
he

-
al

lly
e
t

bandwidths of the readout light are shown in Fig. 5.
As the step sizes is increased, the crosstalk decreas

but here it is worth mentioning that the minima in the cur
with incoherent readout light are not the same as the co
tions for minimum crosstalk with readout by absolutely c
herent light~s is an integer10!. In addition, as the tempora
frequency spectrum is broadened, the requirements on
accuracy of positioning the center frequency of the read
light become less stringent. On specifying a certain cross
level for the system, we can use Eq.~12! to obtain a rela-
tionship among the bandwidth of the readout light, the sp
tral selectivity of the recorded holograms, and the step siz
WDM. Thus, in order to obtainXSR<0.1, the following
inequality must be satisfied:

-

FIG. 4. XSRas a function of the relative width of the temporal frequen
spectrum of the readout light: a —comparison of theory~solid curve! with
experiment~d!; b — theoretical dependence fors51, M5100.

FIG. 5. Theoretical dependence ofXSRon the step size between multi
plexed holograms for different relative widths of the temporal frequen
spectrum of the readout light (D/Dn0): a — 0.3, b — 0.7, c — 1.
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sDn02D

Dn0
>0.3. ~13!

CONCLUSION

We have shown that the level of crosstalk depends
nificantly on the degree of coherence of the readout lig
The crosstalk owing to the nonmonochromaticity of the re
out light substantially exceeds that owing to the complex
of the recorded images. Most of the noise is created by
nearest neighbors of a reconstructed hologram, so the l
of crosstalk owing to the incoherence of the light depen
only weakly on the total number of holograms.XSRdepends
on the relationship among the bandwidth of the readout lig
the step size between the holograms, and the spectral s
tivity of an individual hologram. A crosstalk level of les
than 0.1 can be guaranteed when condition~13! is satisfied.
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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 Physics.@S1063-7842~99!02509-X#
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INTRODUCTION

Vacuum ultraviolet ~VUV ! radiation ~radiation with
wavelengths of 10 to 200 nm! is now used widely in various
areas of science and technology.1 Storage rings and undula
tors are extremely promising sources of intense VU
radiation1,2 with a high degree of coherence and an elliptic
polarization. Methods for studying the parameters of VU
radiation are of great importance when these sources
used. In addition, it is difficult to determine the polarizatio
state of VUV radiation at wavelengthsl,105 nm by stan-
dard methods.

The idea of using reflecting polarimeters was first p
posed by Hamm and MacRae.3 Schledermann and
Skiblowski4 made the first attempt to determine the degree
elliptical polarization of synchrotron radiation in the VUV
The proposed method was based on analyzing the inten
of the radiation reflected from a mirror surface with simul
neous measurements of its optical constants. Unfortuna
this attempt was not successful, to a great extent becaus
the technical complications. In the second half of the 198
increasing interest in using the polarization properties
VUV synchrotron radiation, in particular that with circularl
polarization, led to the development of new methods for
larization analysis of VUV radiation and stimulated nume
ous experimental studies of this problem.5–8

The use of multilayer reflecting polarimeters has
cently made it possible to increase the accuracy of the m
surements substantially~to 10%!.9,10 The problem, however
has not yet been solved definitively, since, first of all, th
accuracy is not adequate for many applications and, sec
the known methods do not provide for nonperturbative mo
toring of the polarization of the VUV radiation.

In this paper we examine a new approach to this prob
based on some assumptions we have published earl11

Two new methods of determining the polarization of VU
radiation, which presumably have a greater efficiency a
accuracy than the standard methods, are studied theo
cally. The essence of these methods is to create and det
nonequilibrium population of the magnetic sublevels of
oms and molecules excited by the initial VUV radiation a
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then to determine its polarization from these measurem
using some known formulas.11–13

Two methods for detecting a nonequilibrium populati
of the excited states are proposed:~1! determining the polar-
ization of infrared, visible, or ultraviolet fluorescence rad
tion ~the fluorescence method11–13! and ~2! detecting the di-
chroism of probe laser light~probe beam method12,13!.
Measurements in either method can be used to determine
polarization of the VUV radiation to within about 3%. I
addition, the proposed methods allow the measurement
be made more rapidly than before, and also offer the po
bility of nonperturbative monitoring of the polarization o
VUV radiation.

FLUORESCENCE METHOD FOR DETERMINING THE
POLARIZATION OF VUV RADIATION

The fluorescence method for determining the polari
tion state of VUV radiation essentially involves a prelim
nary conversion of the frequency of that radiation to a lon
wavelength and a determination of the polarization state
the converted radiation, which is then used to calculate
polarization state of the initial VUV radiation using standa
formulas. An atomic gas can be used as the frequency c
verter. In this case, absorption of the VUV radiation cau
excitation the gas atoms, whose fluorescence lies in a s
tral region that is convenient for study,

A1hnvuv→A** →A* 1hnfl ,

whereA is an atom or ion, andA** andA* are the states o
the atom or ion after absorption of a VUV photon and af
reemission of a fluorescence photon,nvuv and nfl are the
frequencies of the initial VUV and fluorescence radiatio
respectively.

Here the polarization of the fluorescent emission fro
the excited atoms is uniquely determined by the polarizat
state of the absorbed VUV radiation and the angular m
menta of the atomic ~ionic! states involved in the
photoprocess.14

The proposed technique for determining the polarizat
of the VUV radiation is illustrated in Fig. 1. Note that th
absorption chamber containing the atomic or molecular
3 © 1999 American Institute of Physics



t
nl
t

e
l-t
h

ke

-

ned
s,

es
s
long

al-

dia-
on
nd

e
de-
ia-

e
nce

of
ia-

the

t
d

a-

sity

of

rms

la
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must be shielded from external magnetic fields in order
avoid depolarization of the fluorescence owing to the Ha
effect. The detected fluorescence emission is analyzed in
customary way using al/4 plate~only for analyzing circular
polarization!, linear polarizer, monochromator, and photod
tector. It is assumed that, in order to enhance the signa
noise ratio, the fluorescence radiation is detected wit
some solid angleV with an opening half angleQc . The
experimentally determined quantities are the integral Sto
parametersS1(Qc), S2(Qc), andS3(Qc), given by

S1~Qc!5
Sx8~Qc!2Sy8~Qc!

Sx8~Qc!1Sy8~Qc!
, ~1!

S2~Qc!5
Sx1
8 ~Qc!2Sy1

8 ~Qc!

Sx1
8 ~Qc!1Sy1

8 ~Qc!
, ~2!

FIG. 1. A sketch of the experimental apparatus for determining the po
ization of VUV radiation by the fluorescence method:1 — absorption cham-
ber with an atomic or molecular gas,2 — l/4 plate ~only for analyzing
circular polarization!, 3 — linear polarizer,4 — monochromator,5 — pho-
todetector, and6 — recording system.
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S3~Qc!5
S18 ~Qc!2S28 ~Qc!

S18 ~Qc!1S28 ~Qc!
, ~3!

whereSx8 , Sy8 , Sx1
8 , andSy1

8 are the intensities of the fluores

cence radiation after transmission through an analyzer tur
so that theX, Y, X1, andY1 axes are the transmission axe
respectively, with theX1 andY1 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 go
to zero,S1(Qc), S2(Qc), and S3(Qc) approach the Stoke
parameters for the fluorescence radiation propagating a
the Z axis: S1

0, S2
0, S3

0.
Let us determine the relationship between the norm

ized Stokes parameters of the VUV radiation,I 1 , I 2, andI 3,
and the integral Stokes parameters for the fluorescence ra
tion S1 , S2, andS3. Let the atomic gas used in the absorpti
chamber be excited by the VUV radiation from its grou
state with angular momentumj 1 into state2 with angular
momentum j 2 and the nonequilibrium population of th
magnetic sublevels of the excited state be registered by
termining the state of polarization of the fluorescence rad
tion from level2 to level 3 with angular momentumj 3. We
choose the coordinate system so that theZ axis coincides
with the propagation direction of the original radiation. W
shall describe the propagation direction of the fluoresce
light by the polar anglesQ andf.

In a first approximation with respect to the intensity
the exciting radiation, the intensity of the fluorescence rad
tion with polarization vectoref in the2→3 transition can be
written as15

S~ef ,ei !5S08 (
mm8m

f mm8~ei !~ef•dm8m!~ef•dmm!* , ~4!

whereS08 is a normalization constant;ei is the polarization
vector of the exciting radiation;f mm8 is the density matrix of
the excited atoms, which depends on the polarization of
exciting radiation; and,dmm is the matrix element of the
dipole moment operator of the atom, where the subscripm
enumerates the Zeeman sublevels of the excited state anm,
those for the ground state.

Note that this relation is valid when the exciting radi
tion is resonant with the1→2 transition.

In the absence of an external magnetic field, the den
matrix of the excited atoms can be written in the form16

f mm8~ei !5F08(
m

~dmm•ei !~dm8m•ei !* , ~5!

whereF08 is a normalization constant that is independent
the polarization of the radiation.

In order to find the intensity according to Eq.~4!, it is
convenient to use an expansion of the density matrix in te
of the irreducible tensor operators17

f mm8~ei !5 (
k50

j 2

(
q52k

k

~21!qf q
k~ei !~T2q

k !mm8 , ~6!

where

r-
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~Tq
k!mm85~21! j 22m8

2k11

~2 j 111!1/2S j 2 k j 2

2m q m8
D , ~7!

and the expressions in brackets are the 3j symbols.18

The components of the density matrixf q
k and the fluo-

rescence intensityS can be written in the form15

f q
k~ei !5F0H 1 1 k

j 2 j 2 j 1
J Fq

k~ei !, ~8!

S~ef ,ei !5S0(
k50

2

~2k11!H 1 1 k

j 2 j 2 j 3
J

3 (
q52k

k

~21!qf q
k~ei !F2q

k ~ef !, ~9!

where F0 and S0 are normalization constants, the expre
sions in the curly brackets are the 6j symbols,18 and the
functionsFq

k(ei) andFq
k(ef) characterize the polarization o

the exciting radiation and the fluorescence radiation, resp
tively, and are given by

Fq
k~e!5 (

q1 ,q2521

1

~21!q/2eq1~eq2
!* S 1 1 k

q1 2q2 2qD ,

~10!

whereeq are the circular components of the polarization ve
tor e,

e152~ex1 iey!
1

A2
, e05ez , e215~ex2 iey!

1

A2
. ~11!

The 6j symbols18

H j 1 j 2 j 3

j 4 j 5 j 6
J

are nonzero only if the triplets of numbers (j 1 , j 2 , j 3),
( j 1 , j 5 , j 6), ( j 4 , j 2 , j 6), and (j 4 , j 5 , j 6) satisfy the triangle
condition. Thus, a 6j symbol in Eq.~8! or ~9! is nonzero
only for k50,1,2 and only the following components of th
density matrix of the excited atomic state contribute to
intensity of the fluorescence radiation~9!:

f 0
0 , f q

1 ~q50,61! and f q
2 ~q50,61,62!.

As can be seen from Eqs.~9!–~11!, for a given polariza-
tion vector ef of the fluorescence radiation,S(ef ,ei)/S08 is
uniquely determined by the polarization of the exciting
diation, ei , and by the angular momentaj 1 , j 2 , j 3 of the
atomic states which participate in the photoprocess.

The functionsFq
k(e) characterizing the polarization o

radiation propagating in the directions with polarization vec-
tor e can be expressed explicitly in terms of the Stokes
rameters of this radiation. Let us define the normaliz
Stokes parametersI 1 , I 2 , andI 3 of the radiation as

I 15
I x82I y8

I x81I y8

, I 25
I x92I y9

I x91I y9

, I 35
I 12I 2

I 11I 2
, ~12!

whereI x8 ,I y8 ,I x9 andI y9 are the intensities of the light afte
passing through the polarizer turned so that theX8,Y8,X9,
andY9 axes are the respective transmission axes.
-

c-

-

e

-

-
d

The coordinate systems (x8,y8,z8) and (x9,y9,z9) are
oriented so that theZ8 andZ9 axes coincide with the propa
gation directions, theX8 axis lies in a plane with the vector
Z and s, and theX9 axis is turned at an angle of 45° wit
respect to theX8 axis; and,I 1 and I 2 are the intensities of
the light after passing through right- and left-circular analy
ers, respectively.

The dependence of the functionsFq
k on the normalized

Stokes parameters of the radiation propagating in the di
tion specified by the polar anglesQ and f can be written,
using Eq.~10!, in the form

F0
052

1

A3
, F0

15
I 3

A6
cosQ, F1

15
I 3

2A6
sin Qeif,

F0
25

1

2A30
~123 cos2 Q!1

3

2A30
I 1 sin2 Q,

F1
252

1

2A5
sin Q cosQeif2

1

2A5

3sin Q~ I 1 cosQ1 i I 2!eif,

F2
252

1

4A5
sin2 Qe2if1

1

4A5
~ I 1~11cos2 Q!

12i I 2 cosQ!e2if. ~13!

The functionsF21
1 , F21

2 , andF22
2 are determined from

the F1
1, F1

2, and F2
2 given above in accordance with a

equation that follows directly from Eq.~10!,

F2q
k 5~21!q~Fq

k!* . ~14!

Since, according to Eq.~8!, the components of the den
sity matrix f q

k(ei) are proportional to the functionsFq
k(ei),

these functions determine which components of the den
matrix of the excited state of the atoms appear when
atoms interact with light incident in a given direction with
given polarization. In their turn, theFq

k(ef) determine just
which components of the density matrix of the excited st
contribute to the intensity of the fluorescence emission w
polarizationef .15

Thus, if the exciting radiation is linearly polarized, the
Fq

1(ei)50 for any of the allowed valuesq521,0,1; at the
same time, among theFq

2(ei), some are nonzero~alignment
of the atoms!. Excitation of the atoms by circularly polarize
light leads both to alignment„Fq

2(ei)Þ0… and to orientation
of the atoms„Fq

1(ei)Þ0….19 In addition,F0
0(ei)51/A2 and is

independent of the polarization and propagation direction
the exciting radiation, withf 0

0;F0
0(ei), while

f 0
0;(

m
f mm5Tr f

is the population of level2, which, when the atoms are ex
cited from an equilibrium ground state, depends only on
intensity of the exciting radiation and not on its polarizatio

We now consider the scheme for determining the po
ization of VUV radiation shown in Fig. 1. Let the initia
radiation propagate along theZ axis and the fluorescenc



s
n
b-
n
er
an

o
tio

t-

d

o

of

ers
ions.

i-
hen

ion

b-

of
e

o-

ra-
-
e
-
can
ths,
can

1106 Tech. Phys. 44 (9), September 1999 Bakman et al.
radiation be detected within a solid angleV with an opening
half angleQc , whose axis is also directed alongZ. We shall
assume that the surface of the linear or circular analyzer u
to determine the polarization of the fluorescence radiatio
parallel to the (x,y) plane. If the effects associated with o
lique incidence of the fluorescence radiation on a linear a
lyzer are small,20 then after it passes through this analyz
the radiation can be regarded a linearly polarized in a pl
parallel to (x,z), regardless of the direction of propagation~i.
e., the polarization vector is determined by the intersection
the (x,z) plane and a plane perpendicular to the propaga
direction of the light,s!.

Substituting Eqs.~8! and ~13! in Eq. ~9! and taking the
integral over the solid angleV, we obtain expressions rela
ing the Stokes parameters of the exciting VUV radiation,I k ,
to the integral Stokes parameters of the fluorescence ra
tion, Sk (k51,2,3),

S15
3A2M2G~Qc!

2A0M01
1

2
cosQc~11cosQc!A2M2

3~12DS1~Qc ,ei !!I 1 ,

S25
3A2M2G~Qc!

2A0M01
1

2
cosQc~11cosQc!A2M2

3~12DS2~Qc ,ei !!I 2 ,

S35

3

2
A1M1~11cosQc!

2A0M01
1

2
cosQc~11cosQc!A2M2

3~12DS3~Qc ,ei !!I 3 , ~15!

where

G~Qc!5
1

2p~12cosQc!
E

0

QcE
0

2p

g~Q,f!sin QdQdf,

g~Q,f!5~cos2 Qcos2g2sin2 g!cos 2f

1cosQ sin 2g sin 2f,

g[g~Q,f!5arctan~cosQtanf!,

Ak5H 1 1 k

j 2 j 2 j 3
J , Mk5H 1 1 k

j 2 j 2 j 1
J ,

while the functionsDSk(Qc ,ei) (k51,2,3) account for er-
rors in the polarization measurements when the analyzer
erates in a nonparallel light beam.20 It can be shown that the
DSk as functions of the Stokes parametersI m have the fol-
lowing form (m51,2,3):

DSk~Qc ,I 1 ,I 2 ,I 3!5

(
m

akmI m

(
m

akm8 I m

. ~16!
ed
is

a-
,
e

f
n

ia-

p-

Thus, in general, to find the Stokes parametersI m of the
radiation being studied, it is necessary to solve a system
nonlinear equations; determining the coefficientsakm and
akm8 , which depend on the optical properties of the analyz
being used, requires some rather cumbersome calculat
However, it has been shown20 that for anglesQc<40° the
absolute magnitudes of theDS1,2,3 are small (uDS1,2

u<0.01, uDS3u<0.04), so that errors owing to oblique inc
dence of the light on the analyzer can be neglected w
determining the Stokes parametersI m with the proposed ac-
curacy.

If the fluorescence emission is detected in the direct
defined by the polar anglesQ andf, then, neglecting finite
solid angle effects in the detection of this radiation, we o
tain

S1~q,V!5

A2M2S 2
3

2
sin2 q1

3

2
~11cos2 q!•I 1D

2A0M02A2M2S 1

2
~123cos2 q!1

3

2
I 1 sin2q D ,

S2~q,V!

5
3A2M2 cosq•I 2

2A0M02A2M2S 1

2
~123cos2 q!1

3

2
I 1 sin2 q D ,

S3~q,V!

5
3A1M1 cosq•I 3

2A0M02A2M2S 1

2
~123cos2 q!1

3

2
I 1 sin2 q D .

~17!

In this approximation, when the propagation direction
the initial VUV radiation and the detection direction for th
fluorescence coincide, the dependence ofSk on I k takes the
simpler form13

S15
3A2M2

2A0M01A2M2
I 1 ,

S25
3A2M2

2A0M01A2M2
I 2 ,

S35
3A1M1

2A0M01A2M2
I 3 . ~18!

Let us consider an application of this method. The ph
toexcitation of helium atoms

He~11S0!1hnvuv→He~21S1!→He~21S0!1hnfl ~19!

can be used to determine the polarization state of VUV
diation at a wavelength oflvuv558.4 nm. Here the fluores
cence should be detected atlfl52058.1 nm and in this cas
Eq. ~18! reduces toSk5I k (k51,2,3). Other reactions in
volving He atoms, as well as other atoms and molecules,
be used. In order to operate at shorter VUV waveleng
photoexcitation reactions of atomic and molecular beams
be used.
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PROBE BEAM METHOD

This method essentially involves detecting dichroism
the absorption of a probe light beam in an atomic gas
has been irradiated beforehand by the VUV radiation un
study; the Stokes parameters of the VUV radiation are de
mined using standard formulas. The sketch of the ene
levels of the atoms in Fig. 2 illustrates this photoprocess.
assumed that the atoms are initially excited from th
ground state with angular momentumj 1 by the VUV radia-
tion into state2 ~the first excited state! with angular momen-
tum j 2, and then the excited atomic gas is probed by a
larized probe beam~such as a laser! with a frequency
corresponding to the transition2→3. Circular or linear di-
chroism in the absorption of the probe beam is detected
laser induced fluorescence through the intensity of the fl
rescence from level3 ~a second excited state! to level4, as a
function of the polarization of the probe radiation. The pr
posed arrangement of the experimental apparatus is show
Fig. 3.

The advantage of this method compared to the fluo
cence method discussed in the previous section is incre

FIG. 2. An atomic level scheme illustrating the probe beam method:1–2 —
transition under the influence of VUV radiation with polarizationei , 2–3 —
transition under the influence of the probe radiation with polarizationep ,
3–4 — detected fluorescence emission.

FIG. 3. Sketch of the experimental apparatus for determining the pola
tion of VUV radiation by the probe beam method:1 — absorption chamber
with atomic gas,2 — probe radiation source~laser!, 3 — polarizer,4 —
monochromator,5 — photodetector, and6 — recording system.
at
er
r-
y

is
r

-

y
-

-
in

s-
ed

sensitivity and, for when a pulsed laser is used as an exc
tion source, the possibility of eliminating effects owing
the depolarization of state2 as it is filled by cascading and
by trapping of the fluorescence radiation in the volume of
gas.

Let us consider the interaction of arbitrarily polarize
VUV radiation with an atomic gas that leads to dichroism
the gas for probe light that is resonant with one of the atom
lines. The VUV absorption leads to a nonequilibrium pop
lation of the Zeeman sublevels in the first excited state of
atoms in the absorption chamber. As noted above, the po
lation of the sublevels depends on the polarization of
exciting radiation,15,16

f m1m
18
~ei !5F08(

m
~dm1m•ei !~dm

18m•ei !* , ~20!

where f m1m
18

is the density matrix of the atoms in the fir

excited state,F08 is a constant of proportionality,dm1m is the
matrix element of the operator for the dipole moment of t
atom,ei is the polarization vector of the exciting radiatio
and the subscriptsm1 andm18 enumerate the sublevels of th
first excited state andm those of the ground state.

The population of the sublevels of the second exci
state, formed during absorption of the probe light by ato
in state2, depends both on the population of the first excit
level ~i.e., on the polarization of the initial radiation! and on
the polarization of the probe light. The matrix elements
the density of atoms in state3, f m2m

28
, where the indicesm2

and m28 enumerate the sublevels of the given state, can
written in the form

f m2m
28
~ei ,ep!5F18 (

m1m18
f m1m

18
~ei !~dm2m1

•ep!~dm
28m

18
•ep!* ,

~21!

whereF18 is a constant of proportionality andep is the polar-
ization vector of the probe light.

Transforming to a irreversible tensor operator repres
tation, we can write

f m1m
18
~ei !5 (

k150

2 j 2

(
q152k1

k1

~21!q1f q1

k1~ei !~T
2q1

k1 !m1m
18
,

~22!

f m2m
28
~ei ,ep!5 (

k250

2 j 3

(
q252k2

k2

~21!q2f q2

k2~ei ,ep!~T
2q2

k2 !m2m
28
,

~23!

and

f q2

k2~ei ,ep!5~21!q2
2 j 311

2k11 (
m2m28

f m2m
28
~ei ,ep!~T

2q2

k2 !m2m
28
,

~24!

wheref q1

k1 are the irreversible components of the density m

trix f m1m
18

and f q2

k2, of the density matrixf m2m
28
.

According to the Wigner–Eckhart theorem,19 the matrix
elements of the circular componentsq2 (q250,61) of the

a-
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1108 Tech. Phys. 44 (9), September 1999 Bakman et al.
dipole moment operator can be expressed in terms of
product of 3j symbols and these matrix elements (j 3idi j 2),

~dq2
!m2m1

5~21! j 32m2S j 3 1 j 2

2m2 q2 m1
D ~ j 3idi j 2!. ~25!

Substituting Eqs.~21!, ~22!, and~25! in Eq. ~24!, after a
number of algebraic transformations, we obtain

f q2

k2~ei ,ep!5F2~21!11k2 (
k1q1

~21!q1Pk1

2 f q1

k1~ei !

3 (
x8q8

Pk8
2 S k1 k2 k8

2q1 q2 2q8
D

3Bk2k1k8Fq8
k8~ep!, ~26!

where for simplicity, we have used the following notation

Pk5A2k11,

Bk2k1k8[Bk2k1k8~ j 3 , j 2!5H j 3 j 2 1

j 3 j 2 1

k2 k1 k8
J . ~27!

Here the expression in the curly brackets is a 9j symbol.18

Equation~26! relates the density matrix of the atoms in t
first and second excited states to the polarization of the pr
light. Note that the elements of the density matrix for a
state of the atoms subjected to cascade excitation ca
calculated by successive use of Eq.~26!.

An expression for the intensity of the fluorescence em
sion at the3→4 transition can be obtained by inserting th
f q2

k2 specified by Eq.~26!, where thef q1

k1 are given by Eq.~8!,

as the components of the density matrix of the upper fl
rescence level in the expression for the intensity~4!. Using
the definition of the irreducible vector product of tensors,18

$M j 1
^ Nj 2

% jm5 (
m1m2

Cj 1m1 j 2m2

jm M j 1m1
Nj 2m2

, ~28!

whereM andN are arbitrary irreducible second rank tenso
of order j 1 and j 2, respectively, and using the definition o
the scalar product,

@M j8Nj8#5(
m

~21!2mM jm8 Nj 2m8 , ~29!

whereM 8 andN8 are the irreducible tensors of orderj, the
expression for the intensityS of the fluorescence emissio
with polarization specified by the vectoref can be written in
the form

S~ei ,ep ,ef !5S09 (
k,k1 ,k250

2

Gkk1k2
~ j 1 , j 2 , j 3 , j 4!

3@$Fk1
~ei ! ^ Fk2

* ~ep!%kFk~ef !#, ~30!

with
e

be

be

-

-

Gkk1k2
~ j 1 , j 2 , j 3 , j 4!5Pk1k2H 1 1 k1

j 2 j 2 j 1
J

3H 1 1 k

j 3 j 3 j 4
J

3H j 3 j 2 1

j 3 j 2 1

k k1 k2

J ,

whereS09 is a normalization constant.
Using the representation~13! for the functionsFq1

k1(ei),

Fq2

k2(ep), and Fq
k(ef), we can express the intensity of th

fluorescence radiation given by Eq.~30! in terms of the
Stokes parameters of the original VUV radiation,I k , and of
the probe radiation,Pk (k51,2,3). As an example, let u
consider one of the possible arrangements for this exp
ment ~Fig. 3!. Let the VUV radiation propagate along theZ
axis and the probe light, in the opposite direction, while t
fluorescence radiation is detected in a direction correspo
ing to theX axis. After a number of simple, but cumbersom
algebraic transformations, we obtain an explicit depende
of the fluorescence intensityS on the Stokes parametersI k

andPk ,

S5K$R11R2P11~R31R4P1!I 12R4P2I 21R5P3I 3%, ~31!

whereK is a constant and the coefficientsR12R5 are deter-
mined by the angular momentsj 12 j 4 as follows:

R152
1

3A3
M0S A0B0001

1

2A5
A2B022D

1
A5

6A6
M2S 1

A2
A2B2021

5

A10

3S 1

A5
A2B2202

1

A7
B222D D ,

R25
A5

4A3
M2S A5

A7
A2B2221A0B202D ,

R35
A5

4A3
M2S A5

A7
A2B2221A0B220D ,

R45
1

2A3
A2S 1

A5
M0B0221

5

A14
M2B222D ,

R552
1

2
A1S 1

3
M0B0111

A3

A2
M2B211D ,

Ak5H 1 1 k

j 2 j 2 j 1
J , Mk5H 1 1 k

j 3 j 3 j 4
J ,

Bkk1k2
5H j 3 j 2 1

j 3 j 2 1

k k1 k2

J .
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As Eqs.~31! imply, four measurements of the intensitie
S for different combinations of the Stokes parametersPk of
the probe light are required to determine the required Sto
parametersI k . Then the four unknown quantitiesK and I k

(k51,2,3) are to be sought as the solution of a system
four equations based on Eq.~31!.

Let us consider a possible sequence of measuremen
the first measurement it is necessary to choose probe
that is linearly polarized along theX axis. This corresponds
to the following normalized Stokes parameters:P151, P2

50, andP350. In the second measurement, probe light t
is linearly polarized along theY axis, with Stokes parameter
P1521, P250, andP350, is to be used. In the third mea
surement, probe light that is linearly polarized at an angle
45° to theX axis with P150, P251, P350 is to be used,
and in the fourth, circularly polarized light with Stokes p
rametersP150, P250, andP351. In each experiment, on
measures the fluorescence intensitySn , wheren is the num-
ber of the measurement. Equation~31! yields a relationship
between the normalized Stokes parametersI k of the VUV
radiation and the experimentally determined intensitiesSn

(n51,2,3,4; k51,2,3),

I 15
~S12S2!~R11R2!22R2

~S22S1!~R31R4!12R4
,

I 25S 2
S12S3

S12S2
21D S R2

R4
1I 1D ,

I 35S 2
S42S1

S12S2
11D S R2

R4
1I 1D R4

R5
. ~32!

As an example of determining the polarization state
VUV radiation with a wavelength ofl558.4 nm, let us con-
sider the following photoexcitation reactions for helium a
oms:

He ~11S0!1hnvuv→He~21P1!,

He ~21P1!1hnpr→He~41S0!→He~31P1!1hn f 1 . ~33!

Here the wavelength of the probe light islpr5504.8 nm and
that of the fluorescence light isl f 152074 nm. In this case,

I 15
11

3

S12S2

S11S2
,

I 25
11

3

S11S222S3

S11S2
,

I 35
11

5

S11S222S4

S11S2
. ~34!

CONCLUSIONS

Before proceeding to our conclusions, it should be s
that the fluorescence method has recently been demonst
successfully in an experiment21 to measure the circular po
larization of synchrotron radiation in channel~3.3!.

In this paper we have made a theoretical study of t
new methods for determining the polarization state of VU
radiation. The proposed methods can be used to make p
ization measurements of radiation at wavelengths of 10–
es

f

. In
ht

t

f

f

d
ted

o

ar-
0

nm and have a number of advantages compared to the e
ing methods: greater accuracy and speed, and the possi
of nonperturbative monitoring of the polarization of th
VUV radiation. These methods essentially involve creat
and detecting a nonequilibrium population of the magne
sublevels of atoms, ions, or molecules that have been exc
by the initial VUV radiation and then determining the pola
ization of the VUV radiation from these measurements us
standard formulas.

The fluorescence method assumes detection of a n
equilibrium population in the excited state of the atoms us
in the experiment by determining the polarization of fluore
cence emission which may lie in the infrared, visible,
ultraviolet. In this paper we have derived equations relat
the normalized Stokes parameters of the initial VUV rad
tion and of the detected fluorescence light for the gene
case in which the directions of propagation of the initial a
detected light differ and the fluorescence emission is c
lected in a solid angle with an opening half angleQc .

The major shortcomings of the fluorescence method
1! it is not possible to measure the polarization of VU
radiation over a wide frequency range, since the frequenc
the light under investigation must be resonant with one of
transitions of the atoms, ions, or molecules that are us
thus, in general, different absorbing media must be use
determine the polarization of light at different wavelength
and, 2! collisional depolarization of the excited state of th
atoms that are used, as well as depolarization owing to
cade population of the given state and owing to trapping
the fluorescence radiation in the volume occupied by the g

The probe beam method, the second method consid
here, provides a radical way of avoiding depolarization
the excited state through collisions, cascading, or radia
trapping of the fluorescence light. This method relies on
tecting a nonequilibrium population of the excited state
detecting dichroism in the absorption of the probe laser li
from a measurement of the intensity of the fluorescence
duced by the probe light. Equations have obtained here
determining the Stokes parameters of the initial VUV rad
tion from the known Stokes parameters of the probe li
and measured intensities of the fluorescence light. Some
amples of the proposed techniques were considered.
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First experiments on field photodesorption IR spectroscopy
N. M. Blashenkov and G. Ya. Lavrent’ev

A. F. Ioffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
~Submitted July 16, 1998!
Zh. Tekh. Fiz.69, 123–127~September 1999!

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 band~near one of the combination frequencies! has a width of 100 cm21 and is
shifted relative to the free molecular band by 130 cm21. Estimates 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 processes. ©1999 American
Institute of Physics.@S1063-7842~99!02609-4#
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INTRODUCTION

All the known methods of surface spectroscopy ha
been classified by R. F. Willis in terms of the physical natu
of the exciting~probe! radiation: electrons, photons, neutr
particles.1 A further classification in terms of the physic
nature of the system response can be introduced: pho
electrons, neutrals, ions. The method of vibrational surf
spectroscopy proposed in this paper uses IR photons
probe and the response is desorbed ions.

This class~photons, ions! of surface~but not vibrational!
spectroscopy includes photoionization microscopy2 and pho-
todissociative surface ionization.3 Note that here we are onl
considering methods with resonant absorption of light. In
first of the above methods, laser light excites electronic tr
sitions in the adsorbed molecules and this leads~as a rule,
with multiphoton absorption! to the ionization of molecules
or their fragments. In the second method, visible light
creases the heterogeneous dissociation of alkali halide
with the release of alkali metals which ionize at the surfa

FEATURES AND EXPERIMENTAL IMPLEMENTATION OF
THE METHOD

In this method, adsorbed molecules are excited
monochromatic IR radiation within their intrinsic vibration
bands. The excited molecules are ionized by nonequilibr
surface ionization, i.e., ionization from vibrationally excite
states of the adsorbate.4 In order to keep these states fro
relaxing before the ions are desorbed, the lifetime of
adsorbed ions is simultaneously reduced by lowering
Schottky barrier by applying an electric field to the surfac5

The phenomenon of nonequilibrium surface ionization h
been observed6 and described4,7 in studies of the ionization
of the heterogeneous exothermic decomposition product
acetone peroxide. The measured ion currents of the rad
formed in the reaction exceeded the equilibrium currents
culated according to the theory of surface ionization by 6
orders of magnitude. Studies of the energy distribution
these ions have shown that the effective ion temperatureTN

of this distribution exceeds the surface temperatureT by
1111063-7842/99/44(9)/4/$15.00
e
e

ns,
e
a

e
-

-
lts
.

y

m

e
e

s

of
als
l-
7
f

DT5TN2T'500–800. It has been shown4,7 that such a
large increase in the ion current can be explained in term
the vibrational excitation of desorbed ions by the energy
leased during the exothermic chemical reaction.

Thus, the surface ionization efficiency of excited pa
ticles should also increase during IR excitation of vibration
states of adsorbed molecules. However, at the low em
temperatures necessary to form significant coatings, the
time of the adsorbate (t0 for neutrals andt1 for ions! can
greatly exceed the relaxation time for vibrational excitatio
t* . In order for the particles to be desorbed into excit
states, it is necessary to reduce their lifetimes on the surf
The lifetimes of neutral particles cannot be changed un
these circumstances. In contrast, the lifetime of ions form
from excited molecules by nonequilibrium surface ionizati
can be shortened, by lowering the Schottky barrier by me
of an electric field applied to the surface to maket1<t*
~Ref. 7!.

The novelty of the proposed method, therefore, lies
establishing a relationship between the current of ions d
orbed from a surface~in the presence of an strong electr
field! and the varying frequency of IR radiation incident o
that surface within bands corresponding to eigenmodes
the adsorbed molecules. Since this method is mass spe
metric, observations are made of the current of ions o
certain mass which increases only when the incident ra
tion excites those vibrations in the adsorbed molecules
their fragments which lead to desorption of ions of the
particles. Here the excitation process must involve sin
photons, in order for the vibrational modes to be resolv
Thus, the recorded spectrum~i.e., the dependence of the io
current on the frequency of the radiation! is the desorption
vibrational spectrum of the adsorbed molecules and th
fragments.

Figure 1 is a sketch of the apparatus, which consists
spectroscopic computational system~KSVU-23! and a static
sector mass spectrometer with a field surface-ionization
source. The ion emitter is an oxidized tungsten filament w
a diameter of 5~or 10! mm. A voltageU52(0.5– 20) kV is
applied to an electrode that is coaxial with it to produce
1 © 1999 American Institute of Physics
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electric field strength at the emitter of from 105 to
83106 V/cm with a smooth filament and up to 108 V/cm
after scales have grown out of the tungsten oxides.8 The
desorbed ions pass through a system of electron lenses w
ensure a constant geometry for the ion beam over the e
range of variation in the electric fields and make it possi
to analyze the ions in energy by the retarding poten
method.5 The ions are then focussed onto the entrance sl
a mass spectrometer with a resolution ofm/Dm5200. The
emitter is illuminated by monochromatic light with a wav
length of from 1.6 to 3mm ~obtained using an MDR-23
monochromator! perpendicular to the axis of the emitter an
to the electron-optical axis. The collecting angle for the i
beam is63°. The angle at which the IR radiation is absorb
most efficiently by the surface is;88°,1 which corresponds
to a central angle of;2° when the light is incident on a
cylindrical surface.

The residual gas pressure in the chamber was foun
be 1029 Torr using an additional electron-impact ionizatio
ion source. The pressure of water, whose desorption s
trum we were studying, was found to be (1 – 231026 Torr.
The emitter temperature in these experiments was;350–
400 K. Water ions (m/e518 amu! were detected in a puls
counting mode. An SIRSh-200 lamp was used as a li
source. The spectrum was recorded by scanning on the w
length abscissa over 1600–2000 nm and 2000–3000 nm
a step size of 20 nm~300 lines/mm grating!. The ordinate
was the signal from the secondary electron multiplier of
mass spectrometer fed the KSVU-23 computer.

A background scan~without illuminating the emitter!
was made in each of these spectral ranges and then a
with the emitter illuminated. The working scan was the d
ference between the two. 110 and 80 working scans, res
tively, were made in these spectral intervals.

EXPERIMENTAL RESULTS AND DISCUSSION

Figure 2 shows the spectrum of the ion current for H2O1

FIG. 1. Block diagram of the apparatus:1 — mass spectrometer,2— field
surface-ionization ion source,3 — secondary electron multiplier,4 —
monochromator,5 — multipurpose spectroscopic and computational s
tem.
ich
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(m/e518 u! during a scan over 1.6 to 2mm. The current
exceeded the root-mean-square deviation in the backgro
for l51.91–1.95mm. The eigenfrequencies of the wat
molecules nearest these frequencies are the combination
quencies (n11n2)2151.91mm and (n21n3)2151.88mm.
~Besides these frequencies there is a fourth harmo
(4n2)2151.63mm within this interval, but its excitation
probability is very low.! Here we use the following notation
for the parallel normal vibrations: skeleta
(n1)2152.73mm, deformation (n2)2156.27mm; and for
the perpendicular skeletal vibrations (n3)2152.66mm.9

Vibrations at the combination frequency (n21n3), like
the fundamentaln3, are not excited on the surface if th
symmetry axis of an adsorbed molecule water lies perp
dicular to the surface.~This position of the molecules is mos
probable, especially in an electric field.! Dipoles positioned
parallel to the surface are not excited, since the appropr
component in the radiation incident on the metallic surface
zero.1 Thus, the observed band can be attributed to the c
bination vibration frequency (n11n2). The width of the
band in the desorption spectrum is;100 cm21, which cor-
responds to the band width for an isolated molecule. T
means that, in our case, the adsorbed molecules are
bound by hydrogen bonds, i. e., they do not form a wa
film on the surface.10 The shift in the absorption band b
;130 cm21 toward longer wavelengths indicates the ex
tence of a chemical shift that overlaps with the dipole int
action of the adsorbed molecules.1

Some words are in order about the possible appeara
of a band of skeletal vibrationsn1. No statistically reliable
spikes in the ion current were observed in the course of
analysis of the spectra over 2–3mm. Nevertheless, a chang
in the form of the noise pattern was observed, in particula
drop by a factor of 2–3 in the number of times the no
curve passes through zero nearl52.7mm ~Fig. 3!. Given
that the band corresponding to the frequencyn1 is less in-
tense than that atn2,11 we can hope that when the irradiatio

-

FIG. 2. The currentj of desorbed H2O1 ions as a function of the wavelengt
l of the light incident on a surface: the horizontal lines denote the ro
mean-square error;n1 , n2, andn3 are the displacements of the atoms in th
normal vibrational modes of the water molecule; (n21n3) and (n11n2) are
the positions of the combination frequencies on the abscissa.
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intensity is raised, the band atn1 will appear in a statistica
significant form.

We now derive a formula for the change in the noneq
librium surface-ionization ion current during absorption
IR radiation by adsorbed molecules for the purpose of e
mating the cross sections for absorption of radiation by
adsorbed molecules.

Let us consider the case of hard-to-ionize particles,
which the degree of surface ionization,a, is given by

a5
g1

g0
!1.

Then the equilibrium surface-ionization currentj ~the
current in scans without illumination of the emitter! is given
by12

j 'ega5egAexp
e~w1AeF2V!

kT
,

wherek is the Boltzmann constant,g is the flux of particles
onto the surface, which fora!1 is essentially equal tog0 ;
g1 andg0 are the fluxes of ions and neutrals from the s
face ~in the steady state,g5g01g1), e is the electronic
charge,A is the ratio of the statistical weights of the ion
and neutral states of the particles,ew is the work function of
the surface,F is the electric field strength at the surface, a
V is the ionization potential of the particles.

The fluxg determines the concentrationN of particles at
the surface and is related toN through the lifetimes of the
neutral and ionic components,12

g5NS 1

t1
1

1

t0
D .

When a strong electric field is present,t1!t0, so that

g5
N

t1
. ~1!

When the surface is illuminated, some part of the a
sorbed particles enter a vibrationally excited state and

FIG. 3. The currentj of desorbed H2O1 ions as a function of wavelengthl:
the horizontal is the average of the noise path line andn1 denotes the
location of the skeletal vibration on the abscissa.
-

i-

r

-

-
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desorbed in the form of ions, whose current will be det
mined by the extent of nonequilibrium surface ionizati
(aN),7

D j 'eDgaN5eDgANexp
e~w1AeF2V!

kTN
,

whereAN is the ratio of the statistical weights of the ion
and neutral states of an excited particle, whose populat
are determined by the nonequilibrium temperatureTN .

We note, once again, thatTN is an effective temperature
that characterizes the quasi-Maxwellian distribution of t
ions with respect to their initial translational velocities an
when the adsorbed particles are vibrationally excited, it
ceeds the surface temperatureT by an amountDT.

The flux of excited particlesDg is proportional to the
concentration of particles,N, the radiation intensityI, and the
cross sections for the process, i.e.,

Dg5NIs,

whereI 5P/Shn, hn is the photon energy,P is the radiation
power,S is the area of the surface illuminated by the lig
and falling within the aperture of the mass spectrometer.

Then, using Eq.~1!, we write the ratio ofD j to j as

D j

j
5

Dg

g
3

aH

a
5Ist1expFe~w1AeF2V!

kTN
S 2

DT

T D G .
~2!

We leave out the ratioAN /A, which should enter in Eq
~2!, because it is close to unity. In fact, since vibration
levels of the molecules are excited, we only consider
factors in the vibrational statistical weights,

AN

A
'

uN
1

uN
0

3
u0

u1
,

where u0, uN
0 and u1, uN

1 are the vibrational statistica
weights in the ground and excited states for the neutrals
ions, respectively.

At low temperatures, the ratiou0/uN
0 can be written in

the form

u0

uN
0

5

)
i 51

3n26 S12e2
hn j

kTN
D

)
i 51

3n26 S12e2
hn j

kT D
'

) i 51
3n26 hn i

kTN

)
i 51

3n26
hn i

kT

5S T

TN
D 3n26

,

where n is the number of atoms in a molecule andh is
Planck’s constant.

For uN
1/u1 we obtain the reciprocal of this; thus

AN /A'1. Note also thatt1 appears in Eq.~2! because, as
noted above, the conditiont1<t* applies. Unfortunately,
not all the experimentally measured quantities in Eq.~2!
were measured in our experiments. Thus, we could not m
sureDT by the lag method because of the small currentsD j .
The ionization potential of the water molecules was det
mined from tables13 aseV512.6 eV.

The equilibrium current j was used to estimate
F (;108 V/cm!; w was determined from the temperatu
curves of the bismuth ion current14 and was found to be
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given by ew56.760.05 eV; the intensity of the radiatio
(I'1018 ph/cm2s) was estimated from the electrical pow
of the radiator, its temperature with a correction for the bla
body emission spectrum, and the relative aperture of
monochromator;t1 can be estimated based on the followi
circumstance: the experimental fact that the translational
locity distribution of the excited ions is Maxwellian6 indi-
cates that during ionization of the excited molecules we
dealing, not with vertical transitions, but with adiabatic on
In other words, after an IR photon is absorbed with sub
quent ionization, the energy absorbed by the particle is r
domized over its degrees of freedom, including the tran
tional degrees of freedom. For this, the ions must complet
least a few vibrations. Thent1 cannot be less than 10213–
10212 s.

The value ofD j was taken to be the amount by whic
the current exceeds the root-mean-square deviation from
average current in the working scan. Thus, it was assu
that the spread in the values of the currentj corresponds, on
the whole, to a normal distribution and that deviations in
current from this distribution at a confidence level of 0.67 a
determined by a systematic factor, in our case the vibratio
excitation of the ions. The exponent in Eq.~2! was estimated
within the limits of variation ofDT'10– 50. Under these
assumptions and given the experimental value ofD j / j
'1023, the cross section for this process calculated us
Eq. ~2! lies within the range 10212– 10211 cm2. Such high
values of the cross sectionss for various processes involvin
adsorbed molecules compared to those for gaseous p
processes have been noted in several experimental pape3,15

but have not yet been explained theoretically.

CONCLUSIONS

The data obtained using the new method of field pho
desorption IR spectroscopy yield the following conclusio
1! when parallel vibrations are excited in water molecul
they are desorbed with the highest probability from so
surfaces and undergo deformation vibrations; 2! water mol-
ecules are adsorbed on a surface by the oxygen atoms
k
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follows from the closeness of the deformation vibration fr
quencies of the adsorbed and free molecules; these freq
cies are determined by the motion of the hydrogen ato
toward one another, and they remain free when the mole
is adsorbed by its oxygen atom; and, 3! the symmetry axis of
the molecule lies perpendicular to the surface; this is impl
by the absence of absorption bands with perpendicular vi
tions n3.

In conclusion, we sincerely thank M. V. Knat’ko, V. I
Paleev, and N. D. Potekhina for helpful discussions.
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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.
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STATEMENT OF THE PROBLEM

Many papers have been devoted to energy analysi
electron flows in electric fields.1 As a rule, the choice of
electrode configurations is dictated by simplicity of fabric
tion, symmetry considerations, and engineering estimate
the proposed electron-optical properties based on analo
taken from the literature. In systems found by such a dir
approach, it is not usually possible to attain high focal qu
ity and high dispersion simultaneously. For example,
spherical reflector has substantial dispersion, but its fo
quality is inadequate. A cylindrical mirror with second ord
focusing does not provide the required dispersion, wh
prism spectrometers have a large reserve of dispersion
low throughput, are complicated in design, etc.

For fields with a plane of symmetry, it is possible
propose a more flexible and efficient approach to choos
the field structure, taking as a basis the theory of inve
problems for particle motion, in which the characteristics
the controlled flow are specified and the potentialw(x,y,z)
of the field is sought. This program for synthesizing ene
analyzer systems with previously specified parameter
most easily realized for two-dimensional Laplace potent
with a plane of symmetry along which a fan beam spre
out. These fields include some very convenient varia
which combine small size with high dispersion and sh
focusing. In particular, on this path it is easy to find syste
with a previously specified order of focusing, and amo
them, a field with ideal focusing in one plane. An ener
analyzer based on this approach, the ‘‘Tutankhamo
analyzer,2 has been studied in several papers,3–5 but a com-
plete theory is given here for the first time. For genera
and mathematical clarity, all these investigations are don
dimensionless variables.6

DIMENSIONLESS MODEL

We write the physical potential of the field in the form

F~X,Y,Z!5F0w~x,y,z!, ~1!

whereF0 is a characteristic value of the potential in ordina
measurement units, such as volts and the factorw(x,y,z) is
the dimensionless potential, which depends on the dim
1111063-7842/99/44(9)/4/$15.00
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sionless coordinatesx,y,z, which are related to the real ca
tesian coordinatesX,Y,Z by equations of the form

X5 lx, Y5 ly , Z5 lz. ~2!

The scale lengthl is usually chosen in accordance wi
the dimensions of the system. The real timet is conveniently
expressed in terms of the dimensionless variablet by

t5Tt. ~3!

In the following the derivatives with respect tot will be
denoted by an overhead dot. If the choice of units for
time, T, is subject to the condition

T5 lA m

qF0
, ~4!

then the nonrelativistic equations of motion of a particle w
massm and chargeq will take the form

ẍ52]w~x,y,z!/]x, ÿ52]w~x,y,z!/]y,

z̈52]w~x,y,z!/]z. ~5!

When condition~4! is satisfied, the initial kinetic energy
of a particle,E05mv0

2/2, is replaced by a dimensionless e
ergy parameterw with the clear physical significance

w5~ ẋ0
21 ẏ0

21 ż0
2!/25E0 /qF0 . ~6!

The parameterw expresses the interrelationship betwe
the initial particle energyE0 and the characteristic potentia
energyqF0 of the field. Evidently, whenw@1, the particle
moves with a weakly curved trajectory in the field region a
for w'0 the motion takes place near a line of force of t
field that passes through the initial starting pointx0 ,y0 ,z0 ,
while all the basic transformations of the particles with
small spatial density must take place forw'1. The function
w in Eq. ~1! is most often chosen subject to the conditi
0,uwu,1.

INVERSION FORMULAS

Let us consider the motion of a particle in the plane
symmetry of a two-dimensional field with a potentialw(x,y)
distributed along it in accordance with
5 © 1999 American Institute of Physics
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wUy505 f ~x!, f ~0!50,
] f

]xU
x.0

>0. ~7!

The particles start from the pointx05y05z050 at an
angle u to the z axis with energyw5( ẋ0

21 ẏ0
2)/2, form a

symmetric arc under the influence of the field~Fig. 1!, and
return to thez axis at the pointP. In this case, the equation
of motion have the form

ẍ52] f /]x, z̈50. ~8!

For y050 andẏ050, all the trajectories lie in the plan
of symmetry. The energy integral for motion alongx is given
by

ẋ2/21 f ~x!5A, ~9!

where

A5 ẋ0
2/25w sin2 u. ~10!

The time of flight of a particle from the start to pointP
equals twice the time of flight to the peak, whe
ẋ5A2(A2 f )50. We find this time from Eq.~9! by
quadrature,7

tP5A2E
0

xm dx

AA2 f ~x!
. ~11!

Along thez axis, there is a drift

z5 ż0t5A2w cosu•t. ~12!

In the class of monotonic potentialsf (x) the integral
~11! is profitably transformed to the variable of integrationf
by specifying the relation betweenf and x through the im-
plicit dependence

x5F~ f !, F~0!50. ~13!

With the aid of Eqs.~7! and ~11!–~13! we calculate the
arrival functionP of the particle,

FIG. 1. Particle trajectories in an ideally focusing field.
P52Aw cosuE
0

A F8~ f !d f

AA2 f
. ~14!

Equation~14! can be used to study the focal quality an
the magnitude of the dispersion in any specified fieldf (x) in
a very much more constructive physical sense in ano
variant. Let the beam be monoenergetic, withw5w0

5const. We express cosu in terms ofA using Eq.~10! and
rewrite Eq.~14! in the form

P~A!

2Aw02A
5E

0

A F8~ f !d f

AA2 f
. ~15!

This can be regarded as an Abel integral equation in
unknown functionF8( f ), if the functionP(A) is considered
given for w5w0 . Solving Eq.~15! by a standard method7

and integrating with respect tof, we arrive at the following
key formula in the theory of analyzers:

x5F~ f !5
1

2p E
0

f P~A!dA

A~w02A!~ f 2A!
. ~16!

It can be used to solve various problems concerning
focusing of fan beams in the plane of symmetry of a fie
uniquely determining the structure of the potential in t
plane of symmetry from a specified angular dependence
the arrival functionP(A), whereA5w0 sin2 u serves as the
angular variable in this case.

Let us assume, further, that the angleu0 stands out in the
flow and we consider the variation of the arrival functionP
with the energyw and, thereby, study the dispersion prope
ties of the field. It is convenient, as before, to retain t
parameterA5w sin2 u0 in the equations as a basic paramet
assuming that it varies as a result of the energyw. Then Eq.
~14! should bee transformed to a new form, on expressinw
in terms ofA for u5u05const,

tanu0P~A!

2AA
5E

0

A F8~ f !d f

AA2 f
. ~17!

Solving this equation forF8 and integrating with respec
to f subject to the conditionF(0)50, we obtain the second
key inversion formula in the theory of analyzers,

x5F~ f !5
tanu0

2p E
0

f P~A!dA

AA~ f 2A!
. ~18!

Now we have the possibility of uniquely determining
two-dimensional field from a specified dependence of
arrival function P on the energyw through the paramete
A5wsin2u0, which is now an energy parameter, in oth
words, actually from the magnitude of the dispersion:

D5w
]P

]w
5A

]P

]A
. ~19!

If we intend to specify the variation in the dispersio
D(A) for a fixed entrance angleu0 , then it is first necessary
to recover the functionP(A) from Eq. ~19! by integrating,

P~A!5E D~A!dA

A
. ~20!
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In both cases, the spatial distribution of the poten
is easy to find explicitly using the complex potenti
V5c(x,y)1 iw(x,y) in accordance with the obvious for
mula

V5 i f ~x1 iy ! ~21!

or in the implicit notation

x1 iy5F~2 iV!5F~w2 ic!. ~22!

From Eq.~22! we obtain a convenient real representati
of the equipotentials in the parametric form

x5F1~c,w!, y5F2~c,w!, ~23!

where for fixedw5const it is necessary to changec as a
parameter.

FIELD WITH IDEAL FOCUSING

Let us setw051 in Eq. ~16!, which in no way reduces
the generality, and chooseP as a constant, sayP51. Then.,
using Eq.~16!, we quickly find the variation in the potentia
which ensures complete independence of the arrival func
P from the angleu, i.e., ideal focusing of a monoenerget
flow w51. Integrating Eq.~16! yields the expression

x5F~ f !5
1

2p
ln

11Af

12Af
~24!

and, therefore,

f 5tanh2 px. ~25!

Equation~25! is contained, in somewhat hidden form,
a special case in the most interesting papers of Geronimu8,9

which have not had a proper influence on electron opt
apparently because of an excessively abstract initial prem
Here we associate Eq.~25! with the variation of the potentia
in a real two-dimensional Laplace field, in its midplane, a
the entire construction acquires a clear and distinct phys
significance.

Separating the imaginary part from the complex pot
tial V,

V5c1 iw5 i tanh2 p~x1 iy !, ~26!

we obtain the ordinary scalar potential

w~x,y!5
sinh2 2px2sin2 2py

~cos 2px1cos 2py!2
. ~27!

Its equipotential portrait is extremely complicated~Fig.
2! and can be used extensively in beam optics, in particu
where there is a convenient closed fragment~Figs. 2 and 3!,
as the basis for an energy analyzer.

PARTICLE DYNAMICS IN A PLANE OF SYMMETRY

With the aid of the integral~9!,for the potential~25! it is
easy to find a trajectory shape and arrival functionP(w,u)
with arbitrary energyw, but subject to the condition

A5w sin2 u,1. ~28!
l

n

,
s,
e.

al

-

r,

Then

x5
1

p
ln

A22A~11coskz!1AA~12coskz!

A2~12A!
, ~29!

where

k52pA12A

w2A
.

The structure of a focussed flux (w51) is shown in
Fig. 1. Equation~14! yields the arrival functionP(w,u),

P~w,u!5cosuA w

12w sin2 u
. ~30!

The corresponding linear energy dispersion along thz
axis is

FIG. 2. Equipotentials of a field with ideal focusing.

FIG. 3. Possible design of an electrostatic energy analyzer with ideal fo
ing in one plane (xz).
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D5w
]P

]w
5

cosu

2
A w

~12w sin2 u!3
. ~31!

Under ideal focusing conditions withw51,

D5
1

2 cos2 u
. ~32!

The maximum swing of the trajectory along thex axis is
given by a formula for the coordinate of the peakxm ~Fig. 1!,

xm5
1

2p
ln

11sinu

12sinu
. ~33!

The curvesxm(u) andD(u) ~Fig. 4! manifest a remark-
able property of this field, which is optimal for an energ
analyzer, specifically a combination of small trajectory
mensions with a high level of dispersion, and all this occ
under ideal focusing conditions in at least one plane.
example, for angles 78,u,88°, the dispersion varies within
11.56,D,410, so that the minimum dispersion is alrea

FIG. 4. The height of rise of the trajectories~1! and the energy dispersion
~2! as functions of the entrance angle in the field,u.
-
s
r

an order of magnitude higher than for plane and cylindri
mirrors of similar size. The height of the peak,xm,1.29. A
real device with dimensions of 10031003130 mm with a
0.1 mm exit slit can have a resolutionDE/E50.01%.

THE CONFIGURATION OF THE ‘‘TUTANKHAMON’’ ENERGY
ANALYZER

From the overall equipotential portrait~Fig. 2! it is pos-
sible to cut out a fragment bounded by the equipotent
w50 and, for example,w50.95. In space this forms a
elongated box, whose elegant outline resembles an Egyp
sarcophagus, which led to the idea of calling this analy
‘‘Tutankhamon’’ ~Fig. 3!.

The great convenience of this configuration is that
entrance and exit slits lie on thez axis in the recess of the
grounded electrode, where there is almost no field and
apertures need not be covered with a grid.

The other electron-optical characteristics will be d
scribed in part II of this paper.
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Production of thick YBa 2Cu3O72d 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
YBa2Cu3O72d with thicknesses up to 2.6mm by dc magnetron sputtering is demonstrated.
It is found that inclusions consisting of CuO and YBa2Cu3O8 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 regime. ©1999 American Institute
of Physics.@S1063-7842~99!02809-3#
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INTRODUCTION

YBCO films with thicknesses of 0.6– 2.6mm offer great
promise as a material for creating microwave and hi
power electronic devices. Microwave applications requ
that the film thickness be greater than a few times the L
don penetration depthlL , otherwise the microwave signa
losses increase.lL is roughly 140– 180 nm for a perfect crys
tal along thec axis of the unit cell1 and is considerably
greater in real films because of their structural imperfecti
i.e., point defects, intergrain walls, etc. This means that fi
with satisfactory quality must be obtained with thickness
over 0.5mm. However, attempts to grow thick films hav
encountered major difficulties associated with a deteriora
in quality with thickness and changes in the orientation
the growing film. YBCO films with theirc axes oriented
perpendicular to the substrate film (c orientation! are optimal
from the standpoint of their electrical and physical propert
and for use in microwave devices. Beyond some criti
thicknesstC , the growth of grains with theirc axes parallel
to the surface (a orientation! begins to predominate. In
a-oriented films the critical current density is an order
magnitude lower andlL is three times greater. Thus, we fa
the problem of avoiding changes in the orientation of
growing film during deposition of films with thicknesses
0.5– 1.5mm.

Orientation during growth of YBCO films has been th
subject of many papers.1–4 It has been established that th
formation ofa-oriented grains takes place at lower tempe
tures than that ofc-oriented grains, regardless of the su
strate material.~Studies have been made of growth on su
strates with good matching of the lattice parameters of
substrate and film~STO, LaAlO3) and with poor matching
~MgO!, as well as on a previously deposited thinc-oriented
YBCO film.! In films grown at the optimum temperature fo
formation of c-oriented grains,a-oriented grains have als
been observed, either at the film–substrate interface4,5 or at
some film thickness.1,3 In any case, beginning with the criti
cal thicknesstC , growth of thea-oriented phase predom
nated. It has been suggested4 that growth along thea axis is
faster because the unit cell ‘‘aligns itself’’ more easily to t
1111063-7842/99/44(9)/4/$15.00
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a–c and b–c facets than toa–b, while the orientation of
the grains observed at the substrate in the initial stage
growth depends on temperature. This hypothesis explains
fact that the relative volume of thea phase rose with thick-
ness in all the experiments. Computer calculations4 have
shown that for a 10:1 ratio of the growth rages, the amo
of the a-oriented phase at the surface increases from 2
100% as the film grew to a thickness of 300 nm. These
sults are consistent with experiment.4 On the other hand, it
has been reported6 that a-oriented growth is thermodynami
cally preferred, whilec-oriented growth is kinetically pre-
ferred and can only take place with high supersaturati
Another hypothesis is that cooling of the growing film su
face leads to a change in its orientation. According to
data of Refs. 1 and 2, in order for formation ofa-phase
grains to predominate, the temperature of the growing s
face must fall by 120 °C. Several possible mechanisms
this amount of cooling have been proposed, but direct ob
vations of such a large temperature drop have not been
firmed. However, it has been possible2 to increasetC to sev-
eral microns using a linear or stepwise increase in
temperature during film growth. Nevertheless, the structu
perfection of these films deteriorated with thickness and
volume of thea-oriented phase increased, although it r
mained rather small.

It may be assumed that botha- and c-oriented grains
develop at the substrate surface, as well as at the surfac
existing grains. The rate at which they are formed depe
on temperature, supersaturation, the orientation (c anda) of
the previous layer, and the presence of defects on the sur

We have recently studied the growth of secondary
electric phases~inclusions! during the initial stages of
growth of YBCO films.7 It was found that these inclusion
consist of CuO and YBa2Cu3O8 phases and that their con
centration varies with time as the first layers of the film gro
and then reaches a saturation level of about 109 cm22. These
inclusions can coexist with the growing film and are ‘‘sinks
for defects, nonstoichiometric atoms, and mechan
stresses. As they are dielectrics, they do not detract from
superconducting and microwave properties of the YBC
9 © 1999 American Institute of Physics
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films.8 In this paper we assume that the secondary phases
affect the relative rates of growth of thea- and c-oriented
YBCO ~123! phases and study YBa2Cu3O72d films with
thicknesses of 0.3– 2.6mm grown under conditions such a
to ensure the formation of dielectric inclusions.

EXPERIMENT

The films were deposited in a planar dc magnetron s
tem in an atmosphere of pure oxygen at a pressure of 1 T
An oxygen enriched atmosphere ensures complete oxida
of the inclusions, ensuring that they are dielectric and p
mitting their use in microwave devices.@1102# (r -cut! sap-
phire was used as a substrate with a 200-Å -thick sublaye
cerium oxide with a mixed (001)/(111) orientation.9 Sput-
tering was done at two discharge currents, 400 and 200
which ensured two different deposition rates. During the fi
30 min of deposition the discharge current was raised,
then it was kept constant. The substrate holder tempera
was maintained at a level of 650 °C and not raised dur
deposition. The deposition time varied from 5 to 45 h.

The thickness of the resulting films was measured wit
DEKTAK 3030 profilometer and ranged from 0.1 to 2.6mm.
The rate of deposition determined from the thicknesses
10.5 Å /min (65%) for a current of 400 mA and an
3 Å /min (65%) for a current of 200 mA. It should be note
that halving the discharge current~and, therefore, the depo
sition rate! reduces the growth rate by a factor of three. T
is because the the growth rate is quite low and is close to
kinetic minimum at which all the atoms arriving at the su
strate are reevaporated and the film does not grow.

The structural perfection of the grown films was studi
using a Rigaku–Dmax Geigerflex x-ray diffractometer. T
amounts of thec- and a-oriented phases were calculate
from the relative intensities of the YBCO~005! (c orienta-
tion! and ~200! (a orientation! peaks. To do this we com
pared the integrated intensities of the peaks obtained f
the rocking curve and normalized to the intensities for po
dered samples~we followed the method described in Ref. 1!.
The half-widths of the~005! peak from the rocking curve
were used to estimate the degree of disorientation of the
along thec axis.

Rutherford backscattering~RBS! was also used to ana
lyze the film structure. RBS with intermediate energy io
and an electrostatic analyzer provides a resolution of ab
5 Å and yields information on the structural perfection
the films along thec axis, so that the quality of the film
structures can be compared at a fixed depth.

The morphology of the film surfaces was studied usin
scanning electron microscope. The concentration and a
age sizes of the objects on the surface were determined
the aid of a specially developed computer program.

The parameters that are most sensitive to the struct
perfection and orientation, the critical current densityj C and
the microwave surface resistanceRS , were chosen for com
paring the electrical properties of these films. The criti
current density was measured by a contactless metho
77 K and the surface resistance, in a copper cavity at 77
60 GHz.
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RESULTS

Figure 1a and 1b shows the dependence of the full wi
at half maximum of the~005! YBCO peak as a function o
film thickness obtained byw scanning. There is a clear ten
dency toward a reduction in the degree of disorientation
the film along thec axis for both deposition rates. The broa
ening caused by the finite thickness of the film is negligib
it can be estimated10 as 0.1° for the thinnest film~thickness
0.1mm). The instrument error is the same for all samp
and is less than 0.1°, i.e., the curves in Fig. 1 reflect a ge
ine improvement in the structural perfection of the films w
thickness. At the same time, the half-width of the~005! peak
for relatively thin films with thicknesses of 0.1– 0.3mm is
comparatively large, at 1 – 1.1°, and the 0.7– 0.8° obtain
for films with a thickness of 0.5mm is typical for our films

FIG. 2. The number ofa-oriented grains:1 — without annealing,2 — with
normalizing; current 400 mA; * — normalizing with a weight facto
R5I (200)/T(200)/(I (005)/T(005)1I (200)/T(200)), with T(200)528.7,
T(005)511.2.

FIG. 1. The half-width of the~005! YBCO peak in the rocking curve as
function of film thickness. Current~mA!: a — 400, b — 200.
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used in the microwave devices, while the 0.45– 0.5°
served in the films with a thickness of 1 – 2mm is close to
the lowest widths reported in the literature for much thinn
films.

As the same time the half-width of the~005! peak is
decreasing, the amount of thea-oriented phase decreas
with increasing thickness. This dependence is shown in
2 for a discharge current of 400 mA. Note that the relat
volume of thea phases decreases more rapidly with incre
ing film thickness than if the initial amount ofa-oriented
grains was kept constant~Fig. 2!. This means that some so
of recrystallization is taking place: annealing in a pure ox
gen atmosphere and with a constant flux of the compon
of YBCO onto the substrate. For all the films deposited a
lower deposition rate~current 200 mA!, and for the films
with a thickness of 2.6mm deposited with a discharge cu
rent of 400 mA, noa-phase grains were observed by x-r
analysis, i.e., the intensity of the~200! peak was below the
resolution threshold for our apparatus. This suggests an
per limit for the relative volume of thea phase of;5%.

Scanning electron microscopic studies of the film s
faces revealed two types of macroscopic defects: holes
inclusions of secondary phases~Fig. 3!. Here there were
more holes on the surface of the thicker samples, and m
inclusions on the surface of the thinner samples. There

FIG. 3. The surface~scanning electron microscopy!.
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probably also slowly growing inclusions at the bottom of t
holes. The overall concentration of macroscopic defects
mains at a level of about 53108 cm22, which is close to the
saturation level for the concentration of islands of second
phases as a function of time in the initial stages of YBC
film growth.11

RBS analysis, which was used to compare the magnit
of the dechannellingx(50), confirmed that as the film thick
ness increases, the orientation of the structure impro
x(50) is proportional to the ratio of the channelled and u
channelled signals at a depth of 50 mm from the film surfa

The dechannelledx signal is higher for films with a
greater concentration of defects, intermediate layers,
damage in the lattice. It also rises with increasing disori
tation of the grains along the channels perpendicular to
surface. Figure 4 is a comparison for films deposited at 2
mA. x(t), wheret is the distance from the film surface als
yields information on the types of defects. In our case, t
function can be approximated linearly, asx5x(0)1Dt. The
values ofx(0), x(50), andD are listed in Table I.x(0) and
D, measured for a single crystal and calculated by a Mo
Carlo method for a perfect crystal, are also listed there. N
that, in order to evaluate the structural perfection we ha
chosenx(50), which is observed directly, whilex(0) andD
are approximations.D reflects the presence of defects in t
volume of the film, such as point defects and dislocatio
The concentration of these defects can be estimated if t
type is known. Assuming that the defects are dislocatio
we estimated their concentration as 531010cm22. In turn,
the difference between the measured and theoretical va
of x develops because of disorientation of the grains w

FIG. 4. Ratio of the channeled and random signals in the Rutherford b
scattering spectrum as a function of film thickness.
TABLE I.

Sample Current, A Thickness, 1015at./cm2 Thickness,mm x(50 nm) D, 10219 cm2/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 than 0.5mm.
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respect to thec axis or the presence of nonchannelling pha
at the surface. In the first case, our films should have ha
disorientation on the order of 0.12– 0.45°, which is sma
than that observed in the x-ray analysis. The second var
seems more probable, since the macroscopic defects tha
visible in the microphotographs are most likely not chann
ling defects. The contribution of inclusions from seconda
phases at the surface to the nonchannelling signal is pro
tional to their concentration and average size, while the c
tribution of the holes also depends on their depth. Tak
both types of macroscopic defects into account, we sho
reducex(0) for thec-oriented phase to 0.11 in the best film
This value is close to that measured for single crystals.

The measurements of the critical current density yield
less unambiguous results. The dependence of the critical
rent density on the film thickness was irregular;j C varied
over 0.93106 to 23106 A/cm2. It should be noted that both
values are typical of good films. The best results were
tained for films of intermediate thickness. One possible
planation for this effect may be the presence of dielec
macroscopic defects. It is not known how they affect t
critical current recorded by the contactless inductive meth
Microwave measurements showed that the surface resist
of all the films thicker than 0.2mm was less than 50 mV for
60 GHz at 77 K. A study of the characteristics of microwa
devices~filters! fabricated using our films allowed us to com
pare the properties of films with different thicknesses
more detail. The results of this study will be reported late

We conclude that the structural perfection of our film
which was fairly low for films with thicknesses o
0.1– 0.3mm, improved with the thickness of the films, an
for films with thicknesses of 1 – 2mm, approached the bes
results from processes optimized for growing thin sing
phase YBCO films. The amount of thea phase also de
creased with increasing thickness and the grains of tha
phase which grew at the start underwent recrystallizat
The production of YBCO films with thicknesses of 1–2mm
that have high structural perfection and a low content of
a-oriented phase has also been reported previously, bu
tendency toward a reduction in these parameters with
creasing thickness is a new fact. Given that the growth of
a phase predominates at lower temperatures,1,2 we might
conclude that in our case the surface of the growing film
not cooled. Since heating of the surface is unlikely~there is
no mechanism for such heating in thick films with a const
heater temperature!, the surface temperature does not chan
s
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enough to affect the film orientation. Thus, some other f
tors must predominate; of these, only macroscopic defe
are on hand. The physics of their interaction with growi
films has not yet been studied. They certainly act as sinks
defects and nonstoichiometric atoms. In addition, they
act as preferred sites for nucleation of thea phase, limiting
its growth and changing the relationship between the v
umes of thec- anda-oriented grains in favor of thec orien-
tation. The above results suggest that the formation of s
ondary phases and macroscopic defects may be use
growing high-quality YBCO films of the required thicknes

In sum, a study of these thick~up to 2.6mm) YBCO
films has shown that the amount of thea-oriented phase
decreases as the thickness increases~contrary to previously
published data! and is less than 0.5% for the thickest film
(2.6mm) grown with a discharge current of 400 mA and f
all the films obtained at 200 mA. The orientation of thec
phase also improves with thickness, as confirmed by R
and x-ray diffraction studies. Macroscopic defects have b
mentioned as a possible cause of such a phenomenon.
assumed that these defects, which have were observe
scanning electron microscopy, serve to stabilize the gro
of thec-oriented phase and inhibit the growth of thea phase.
In order to clarify the mechanism for the structural improv
ments and the role of macroscopic defects in this proc
further studies of the growth of YBCO films with dielectri
inclusions will be required. In particular, the question
what thickness of high-qualityc-oriented films can be ob
tained is of practical interest.
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Sputtering of tungsten, tungsten oxide, and tungsten–carbon mixed layers
by deuterium ions in the threshold energy region

M. I. Gusev and S. N. Korshunov
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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 Physics.@S1063-7842~99!02909-8#
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INTRODUCTION

Carbon composites~CFC! and tungsten are currently un
der examination as candidate materials for controlled th
monuclear reactor designs. CFC and tungsten are to be
for the most energy stressed parts of the diverter syst
which are subjected to high fluxes of particles and elec
magnetic radiation from the plasma. The presence of dif
ent materials in the components of the divertor and first w
will inevitably lead to the formation of pulverized, mixe
layers on the surface of the facing materials in the dive
and first wall.

Tungsten is characterized by a high mass number a
because of this, a high self-sputtering coefficient. In additi
because of the high chemical affinity of tungsten for oxyg
its surface is always oxidized. It has been established1 that
the presence on a tungsten surface of tungsten oxide, for
during bombardment of the tungsten surface by light io
when a high partial pressure of oxygen is present
31025 Torr) in a vacuum vessel, causes a substantial red
tion in the threshold for sputtering of tungsten owing to
drop in the binding energy of the atoms to the surface.

Under conditions such that the materials in the diver
and first wall of a thermonuclear reactor are pulverized,
surface layer of tungsten will consist of a mixture of tungs
and oxygen atoms. In this regard, a study of the effect
oxide and mixed W–C layers on the threshold sputter
energy of tungsten is of fundamental importance.

It should be noted that the experimental determination
1121063-7842/99/44(9)/5/$15.00
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sputtering thresholds requires especially sensitive, hi
resolution methods capable of observing each vaca
formed on a sputtered surface by a bombarding ion~i.e., of
counting each atom removed from the surface!. Of the mod-
ern experimental techniques for surface diagnostics, th
requirements are best met by field-ion microscopy, which
widely used for examining the structure of surface atom
layers, studies of the formation, behavior, and evolution
defects in crystal structure, and analyzing various radiat
defects on the surface and in the volume of electrically c
ducting materials.2,3

In this paper field-ion microscopy is used for the fir
time to determine the energy thresholds for sputtering
tungsten, tungsten oxide, and mixed W–C layers on tung
by D1 ions, as well as to measure the energy dependence
the sputtering coefficients of these materials for sputtering
D1 ions in the threshold energy region.

EXPERIMENTAL TECHNIQUE

We have used standard needle tips for field-ion micr
copy with average radii of curvature at the tip on the order
R̄0<100 nm as test samples in this work. In order to obtai
layer of oxide on the tungsten surface, the samples w
heated in the atmosphere to a temperature of;750 °C.
Films of a W–C mixture were prepared by collecting t
products of simultaneous sputtering of tungsten and grap
by 20 keV Ar1 ions on needle and bulk samples of tungste
The area of the ion beam was 231022 m2. The collectors
3 © 1999 American Institute of Physics
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FIG. 1. Experimental apparatus for creatin
mixed W–C layers on the surface of tung
sten samples– tips for field-ion-microscopy
1 — vacuum chamber,2 — ion source,
3 — collector.
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were placed a distance of 25 mm from the sputtering targ
Figure 1 is a sketch of the apparatus used to deposit
mixed layer.

The thicknesses of the oxide and mixed layers, and t
roughness and chemical composition were determined u
a Sloan Instruments profilometer and Auger electron anal
in combination with layer-by-layer etching on the bu
samples. The phase composition of the samples was d
mined using x-ray structural analysis in a grazing inciden
beam geometry. Figure 2 shows a typical depth distribut
of oxygen on the oxidized tungsten surface, and Fig. 3 sh
the depth distribution of carbon in a W–C mixed layer.

In this paper the sputtering coefficient of tungsten and
compounds was determined by directly counting the num
of vacancies that were formed.~See, for example, the field
ion microscope image of a pure tungsten surface in Fig
where the individual vacancies formed during a single be
pulse are indicated by arrows.!

A field-ion microscope of original design4 at the Institute
of Theoretical and Experimental Physics was used in
experiments. In order to form a system of pulses between
needle sample~cathode! and the microchannel plate~anode!,
ts.
he
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ng
is

er-
e
n
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s
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4,
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a metal-ceramic cathode assembly grid was used. This
sembly was placed in the spacce between the sample
fluorescent screen only during single beam irradiation puls

An original method for a pulsed two-step change in t
polarity of the high voltage was developed and used for
radiating the samples. Here the gas, which could also s
for imaging, was ionized by electron impact at the momen
short high-voltage pulse of the opposite~negative! polarity
was delivered and the sample generated electrons by
emission. These ‘‘ion imaging’’ high-voltage pulses we
shorter than 0.1ms and their amplitude was 5.0 kV. At th
same time as the high-voltage pulse, a low-voltage nega
pulse was applied to the sample; its duration was>10ms
and its amplitude, which was varied between 10 and 500
with a step of at least 10 V, corresponded to the speci
energy of the bombarding ions. Various control analys
were carried out in parallel, with a different sequence
pulses and their parameters~in diode and triode configura
tions; in the latter case the above mentioned cathode as
bly grid was used!.

The procedure for measuring the sputtering coefficie
involved the following basic operations: a! fabrication of the
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FIG. 2. Depth distributions of elements in
the surface layer of WO after oxidation o
tungsten samples:A is the concentration and
d the depth.
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sample tips and their installation in a field-ion microsco
capable of operating in three modes: a field-ion microsc
per se, a desorption ion microscope, and a field-emiss
microscope;5 b! vacuum pumping of the microscope an
admission of deuterium; the initial vacuum wa
331029 Torr, and the pressure after the deuterium was
mitted was 1026– 1025 Torr; c! a preliminary field-ion or
desorption microscopy analysis of the initial surface, cle
ing and evaporation of the surface by the field to ens
maximum smoothness; d! pulsed irradiation of the sampl
surface by D1 ions; e! a second microscopic analysis of th
samples with the object of identifying the formation of is
lated vacancies on their surface; and, f! calculation of the
sputtering coefficients corresponding to the given bomba
ing ion energy. For a given sample, operations c–f w
repeated many times. The number of bombarding pu
e
n

-

-
e

-
e
es

ranged from 10 to several hundred for low sputtering coe
cients.

An important stage in the procedure for determining t
sputtering coefficientsY was calculating the irradiation flu
ences. We emphasize that this is by no means a trivial p
lem. This problem, together with the estimate of the bo
barding ion energy and the calculation of the number
individual vacancies formed during bombardment, imply
certain arbitrariness in the resulting values ofY. In this paper,
the irradiation fluence was calculated using the formulas
Ref. 6. Here the required values of the average work func

w̄ for W, WO, and WC~4.54, 5.0, and 3.6 eV, respectively!
were taken from Ref. 7. For the given irradiation paramete

the surface of a tip with an average radius at its end ofR̄0

'100 nm experienced;2.53107 D1 ion impacts per sec-
-

FIG. 3. Depth distribution of elements in
a mixed surface layer of W–C on a tung
sten sample.
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1126 Tech. Phys. 44 (9), September 1999 Gusev et al.
ond, which corresponds to 250 ions striking the sample s
face during a single pulse or a flux of 2.531017 ions/cm2s. In
turn, Y'1021 corresponds to the observation of 25 ind
vidual vacancies over the entire sample surface observed
der the microscope after a single beam pulse~the field-ion
image of the end surface of a sample tip withR̄0;100 nm
contains>105 atoms),Y'1022 corresponds to an observa
tion of 5 vacancies in two beam pulses,Y'1023 corre-
sponds to observation of 1 vacancy in 4 pulses, etc.

EXPERIMENTAL RESULTS

Table I is a comparison of the experimental values of
threshold sputtering energies of pure tungsten, tungsten
bide, a mixture of W–C, and tungsten oxide by deuteri
ions, together with corresponding published experimen
and theoretical data.1,8–10

The table shows that during D1 ion bombardment there
are no significant differences betweenEthr for W and for a
W–C mixed layer. The results for W and the W–C mixtu

FIG. 4. Field-ion microscope image of the surface of a sample of p
tungsten: the arrows indicate individual vacancies formed as a result
single pulse of D1 ions.

TABLE I. Threshold sputtering energies.

Ethr , eV
Material ~experiment, Ethr , eV Ethr , eV
No. Material T, K present paper! ~experiment! ~theory!

1 W 293 160 175~Ref. 8! 201 ~Ref. 9!
178 ~Ref. 9! 160 ~Ref. 10!

209, 37~Ref. 9!
2 W 1 C 78–293 150
3 WC 171~Ref. 9!

150 ~Ref. 8!
4 W oxide 293 65 ,18 ~Ref. 1!
r-

n-

e
ar-

al

are in good agreement with previous measurements of
threshold sputtering energy of W and W–C.1,8,9

The threshold energy for sputtering of tungsten oxide
deuterium ions measured by field-ion microscopy is 65 e
as compared toEthr'18 eV for tungsten oxide sputtered b
D1 ions in a vessel with a residual oxygen pressure o
31025 Torr measured by weighing. As noted in the refe
ence, the low value ofEthr is caused by a low binding energ
(Ec50.3 eV) of the tungsten oxide molecules to the surfac1

In our experiments, an oxide film with a thickness
;50 nm developed on the tungsten surface. An estimat
the binding energy analogous to that in Ref. 1 giv
;1.1 eV.

The substantial increase in the threshold energy for s
tering of a tungsten oxide layer by deuterium ions obser
by the new method employed here may also be related
differences between these two methods~weighing and field-
ion microscopy!. The new method identifies only the vaca
cies in the tungsten, that is, it counts only tungsten ato
s,while the weighing method records all sputtered surf
species, including adsorbed atoms and molecules.

Auger electron analysis of a mixed W–C layer show
that in a layer with a thickness of;104 nm, the W and C are
distributed essentially uniformly, while the oxygen impuri
on the surface is no more than 9.5 at. %. The thickness of
layer of WO on the tungsten resulting from heating it in air
;50 nm.

The energy dependence of the sputtering coefficient
tungsten by deuterium ions obtained in the present exp
ments is shown in Fig. 5~curve1!. Besides these data, Fig.
also shows the experimental~curve2! and theoretical~curve
3! energy dependences obtained in Ref. 9. As can be s
from Fig. 5, the tungsten sputtering coefficients measured

e
a

FIG. 5. Energy dependence of the sputtering coefficientY of tungsten for
sputtering by D1 ions: 1 — results of the present work,2 — experimental
data of Ref. 9,3 — theoretical calculation9.



ith

n

ri
m
n

-
r
gen
nts.
de
d

to
ef.
een
k
ce,
tter

oef-
-

s of
ctly
ng
ing
ing

en-

ten
ory
bly
the

nts
for
vi-

ion
6

on

n

ring

–

m

xid

re
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the different methods are similar and agree fairly well w
the theoretical curve.

The energy dependences of the sputtering coefficie
for a pulverized layer of W–C and WC9 are also essentially
the same as those obtained here~Fig. 6!.

Figure 7 shows the energy dependence of the sputte
coefficient for tungsten oxide with sputtering by deuteriu
ions ~curve 1!. Experimental data from Ref. 1 for tungste

FIG. 6. Energy dependence of the sputtering coefficient of a mixed W
layer on a tungsten surface for sputtering by D1 ions: 1 — results of the
present work;2 — experimental data from Refs. 9 and 10 for a WC syste

FIG. 7. Energy dependence of the sputtering coefficient of tungsten o
on the surface of a tungsten sample for sputtering by D1 ions: 1 — results
of the present work,2 — data of Ref. 9 for tungsten for an oxygen pressu
of 831025 Torr, 3 — data of Ref. 1 for pure tungsten.
ts

ng

sputtered at an oxygen pressure of 831025 Torr ~curve 2!
and for pure tungsten~curve3! are shown there for compari
son. At energies,100 eV, the sputtering coefficients fo
tungsten irradiated in a high background pressure of oxy
substantially exceed the field-ion microscopy measureme
For E>350 eV the sputtering coefficients for tungsten oxi
~curve 2 of Fig. 7! measured by the weighing metho
approach those for pure tungsten~curve 3!. This means
that when the sputtering coefficient increased
331024 atom/ion under the experimental conditions of R
1, the oxide film on the tungsten surface had already b
sputtered away by the D1 ions. In our experiments, a thic
film of tungsten oxide was present on the tungsten surfa
so that a higher sputtering coefficient was required to spu
it away.

CONCLUSION

1. It has been shown that measuring the sputtering c
ficients of materials by field-ion microscopy has the follow
ing advantages: the ability to clean the sample surface
adsorbed atoms and molecules, of oxide films, etc., dire
in the field-ion microscope and the possibility of observi
and identifying each vacancy produced by the bombard
ions on the sample surfaces, i.e., the possibility of count
each sputtered atom.

2. A sharp increase has been found in the threshold
ergy for sputtering of tungsten oxide by deuterium ions.Ethr

is 65 eV.
3. The threshold energy for sputtering of pure tungs

by deuterium ions at room temperature is in satisfact
agreement with the calculations of Ref. 1, but is considera
lower than the corresponding values determined by
weighing method at room temperature.

4. The energy dependences of the sputtering coefficie
of pure tungsten and of a W–C mixed layer on tungsten
sputtering by deuterium ions are in agreement with pre
ously published data for W and WC.
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