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Mechanisms of nuclear excitation in plasmas

M. R. Harston and J. F. Chemin
Centre d’Etudes Nucle´aires de Bordeaux-Gradignan (CENBG), Le Haut Vigneau, BP. 120, F-33175 Gradignan Cedex, Franc

~Received 2 November 1998!

This paper discusses several mechanisms that could be responsible for nuclear excitation in a plasma of
temperature of order 10–100 eV. Four mechanisms discussed in detail are nuclear excitation by a resonant
electronic transition from an excited bound state to a lower-lying bound state, nuclear excitation by electron
capture from the continuum, photoexcitation, and inelastic electron scattering. Estimates of the rates for these
different processes are presented for the excitation of235mU for which the present experimental data lacks
adequate theoretical interpretation.@S0556-2813~99!05004-9#

PACS number~s!: 23.20.Nx, 27.90.1b
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I. INTRODUCTION

The possibility of exciting nuclear states by coupling
the nucleus to the atomic electron system under the actio
a laser field is receiving increased attention with the ra
progress in high intensity laser sources@1#. Indeed, an effi-
cient mechanism for the population of excited nuclear sta
lies behind any attempt to produce a laser based on a nu
transition@2#. One system that has been the focus of stud
the excitation of the isomeric 1/21 state of 235U that lies
76.860.5 eV above the 7/2- ground state~Fig. 1!. Two ex-
periments have given indications of a possible effect of
citation of the isomeric state in a plasma. In the first expe
ment by a Japanese group@3#, a CO2 laser~1 J, 100 ns! was
focused on a natural uranium target, thereby creatin
plasma with an electron density near to the cutoff density
1019 electrons cm23. Excitation of the235mU isomeric state
with an estimated cross section.10229 cm2 was observed
by counting the conversion electrons from its subsequent
cay. A Russian group attempted a similar experiment wit
CO2 laser ~5 J, 200 ns! but failed to observe the isomeri
state@4,5#. The same group later@5# performed an experi-
ment in which an electron beam of energy 500 keV w
incident on a uranium target which was heated to an e
mated temperature of 20 eV. The isomeric state, again
tected by means of the conversion electrons from its de
was observed to be produced with an estimated cross se
.10232210231 cm2. More recently, Bounds and Dyer@6#
have investigated nuclear excitation in a235U plasma created
using a low-intensity CO2 laser to create the plasma wit
irradiation by a high-intensity (.1015 W cm22) 700 fs laser
at 248 nm. An upper limit for the nuclear excitation pro
ability of 4.031025 per 700 fs pulse was reported. The cha
acteristics and results of these experiments are summa
in Table I.

The mechanisms responsible for nuclear excitation
235mU under the conditions present in experiments@3# and
@5# remain uncertain@1#. One mechanism that has been p
viously discussed@7–10# is the process of nuclear excitatio
by a resonant electron transition~NEET! from an excited
electronic state to a lower-lying electronic state~Fig. 2!. This
is the inverse of internal conversion to bound states, e
dence for which has been found recently in the internal c
version decay of highly ionized ions of125Te @11–14#. The
PRC 590556-2813/99/59~5!/2462~12!/$15.00
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possibility of excitation of235mU by an electron transition
from a 6p to a 5d level was investigated in@8# and@9# where
it was concluded that even at perfect resonance the NE
transition rate would be significantly smaller than the expe
mental rate reported in@3#.

An alternative possibility is the process of nuclear exci
tion by electron capture~NEEC! @15,16# in which an electron
is captured from the continuum into a bound orbital. This
the exact inverse of the well-known process of decay
nuclear states by internal conversion of bound electrons.
estimate for235U in @15# yielded a rate for NEEC that wa
1000 times larger than the rate for NEET. Other nucle
excitation processes include inelastic electron scattering
photoexcitation by photon Bremsstrahlung generated fr
moving electrons. The driving effect of the electric field of
high power laser~with a photon energy of 5 eV! on the
atomic electrons of235U was considered in@17#. In addition,
a variant of NEET was treated in@18# where absorption of
laser photons permits the energy mismatch between ato
and nuclear transitions to be reduced. The laser energy
intensity in the CO2 laser experiments, however, appear to
well below those capable of giving significant nuclear ex
tation rates as a result of direct interactions between the l
and the atom-nucleus system. Nuclear excitation of235mU by
simultaneous application of an x-ray and a laser beam u
the inverse electron bridge process was considered in@19#. In
this connection, it is noteworthy that the inverse electr
bridge mechanism has been recently discussed in the co
of the very low-energy~3.5 eV! isomeric state of229mTh
@20–22#. Finally, the theory of excitation of collective
nuclear rotational motion by an x-ray laser has been con
ered in@23#.

FIG. 1. Low-lying levels of235U.
2462 ©1999 The American Physical Society



PRC 59 2463MECHANISMS OF NUCLEAR EXCITATION IN PLASMAS
TABLE I. Summary of experiments investigating the excitation of the isomeric state235mU in a plasma.

Experimental Izawa Arutyunan Arutyunan Bounds
parameter et al. @3# et al. A @4# et al. B @5# and Dyer@6#

Method of plasma CO2 laser CO2 laser 500 keVe2 beam CO2 laser
production 150 kA
Laser parameters 1 J, 100 ns 5 J, 200 ns 150 mJ, 35ms

1

.1015 W cm22

700 fs 5 eV
Plasma temp .100 eV .20 eV
Plasmane (cm23) .1019 3 –3031019

Experimental ^sNve& sN

result .10220 cm3 s21 sN,10232 cm2 .5310232 cm2 lex,63107 s21

Nuclear excitation .1 ,1025 .331025 ,63107

rate per235U (s21)
~see Sec. II!
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At the present moment, several experiments investiga
laser-induced excitation of235U and other isotopes ar
planned or in progress. One object of this article is thus
consider the theory of nuclear excitation by the processe
NEET, NEEC, inelastic scattering, and photoexcitati
which are likely to give the dominant contributions to th
nuclear excitation rates, both with a view to understand
the existing experimental data and for guidance in the p
ning of future experiments. These nuclear excitation p
cesses are considered in turn in Secs. III, IV, V, and VI. W
use the case of excitation of235U as an example both be

FIG. 2. Feynman diagrams for several possible nuclear exc
tion processes in plasmas.N indicates the nuclear ground state,N*
is a nuclear excited state. The label e indicates an electron state
subscript b indicates a bound orbital and c a continuum orbital.
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cause it appears to represent a particularly favorable cas
experimental detection of nuclear excitation based on at
nucleus coupling under plasma conditions and because
existing data lacks adequate theoretical explanation. In a
tion, before dealing with the theory of the different nucle
excitation mechanisms, we reconsider in Sec. II the nuc
excitation rates that are extracted from the experimental d
since the existing data appears to contain a number of inc
sistencies.

II. DISCUSSION OF EXPERIMENTAL DATA

A. Laser plasma experiment

The first experiment investigating nuclear excitation
235U in a plasma@3# used a TEA CO2 laser and a natura
uranium target. Uranium ions vaporized from the target w
deflected in an electric field and collected on a plate. Af
100 laser pulses~each of duration 100 ns! the plate was
transferred to a detector which counted conversion electr
from the 26.8 minute decay of the 77 eV isomeric state. T
nuclear excitation rate was extracted from the data on
basis of the following expression for the experimenta
measured number,NP , of 235mU nuclei produced per pulse

NP5nenUV^sNve&t, ~1!

wherene is the electron density,nU is the density of235U
nuclei,V is the plasma volume,ve is the electron velocity in
the plasma, andt is the duration of the pulse. Under th
experimental conditions it was estimated thatne
51019 cm23, V51026 cm3, andt5100 ns. The235U den-
sity was obtained fromnU5 f 235NU wheref 235 is the fraction
of uranium present in the plasma present in the isotopic fo
235U ~50.007 for natural uranium! and NU is the total ura-
nium density for all isotopes in the plasma, which was
sumed to be equal to the electron density. Using these
mates, the result for the cross section derived from Eq.~1!
was^sNve&51.4310220 cm3 s21. In order to facilitate com-
parison between different experimental results it is usefu
consider the excitation rate per nucleus of235U which will be
denoted lN . In terms of the above parameters,lN
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2464 PRC 59M. R. HARSTON AND J. F. CHEMIN
5NP /(nUVt) yielding lN.1021 s21. It should be empha-
sized that this result is based on the assumptionNU5ne . If
the plasma, the temperature of which was estimated to
100 eV in@5#, is composed of multiply ionized uranium on
would expectNU,ne . In Sec. III the charge-state distribu
tion is found to peak aroundq5231. This would indicate
that the uranium density should be reduced by a facto
approximately 23. In this case, the nuclear excitation rate
nucleus deduced from the data in@3# should be increased b
the same factor, givinglN.2 s21.

B. Electron-beam experiment

In this experiment a 500 keV electron beam was incid
on targets containing varying concentrations of235U up to
99.9% enriched. The target was heated by the electron be
thus creating a plasma in which the estimated tempera
was approximately 20 eV. Material blown off after plasm
formation was collected on a nearby collector which w
subsequently removed from the beam area and transferr
a detection system. The number of235U nuclei in this mate-
rial was measured from thea-decay rate and the number o
235mU nuclei was measured by counting internal convers
electrons from the deexcitation to the ground state. The
periment thus determined the ratioj equal to the number o
235mU nuclei on collector divided by the total number
235U nuclei on the collector. The quoted excitation cross s
tion sN was extracted using the relation

j.ne~T!te2DE/TvesN , ~2!

wherene(T) is the electron density in the plasma,t is the
duration of an electron pulse,DE577 eV is the excitation
energy of the isomeric state,ve is the velocity of a con-
tinuum electron with energy 77 eV andT is the plasma tem-
perature. Inserting the quoted experimental resultj58.5
310213 ~which was the maximum value of several differe
experimental results! yielded from Eq. ~2!, sN510232

210231 cm2. The cross section extracted in this way shou
be treated with caution. It should be emphasized that s
the velocity which multiplies the cross section is that for
continuum electron of 77 eV, the value ofsN derived from
Eq. ~2! refers, as does that derived from Eq.~1!, to nuclear
excitation occurring as a result of collisions between plas
electrons and atoms of235U. In the case of the electron-bea
experiment, an alternative possibility exists: it is possi
that the excitation is due to interactions of beam electr
with uranium nuclei, either directly, by inelastic electro
scattering, or indirectly, by photoabsorption of Bremsstr
lung generated by electron impact on the uranium tar
Theoretical estimates of the cross sections for these
cesses will be presented in the next section. We first deri
revised estimate of the cross section for nuclear excitatio
235U nuclei by beam electrons, which is free from the a
sumption of transfer of energy from the plasma. If we den
the electron flux on the target byFe and the number of atom
of 235U per unit volume in the targetnU , then the number of
isomeric nuclei produced per pulse issNFenUt. Thus j
5sNFet. The electron flux is given simply byFe5I /eA
with I being the electron-beam current,A is the area of the
electron beam at the target, ande is the electron charge
be
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From @5# I 5150kA and the beam cross section was appro
mately 0.03 cm2, corresponding to the reported beam dia
eter of 2 mm. These parameters yield an electron flux o
31025 cm22 s21 and a nuclear excitation cross section~for
excitation by beam electrons! sN.10230 cm2. Thus the
cross section resulting from this analysis is between one
two orders of magnitude larger than that obtained from
analysis in@4#, based on the assumption of nuclear excitat
from the plasma. It should be emphasized that the latter c
section is given in terms of parameters that are quite differ
from those in Eq.~2! which is the basis of the result given i
@4#. In particular, the present result is completely indepe
dent of the plasma temperature. We note also that the c
section extracted in@5# using Eq.~2! above should not be
directly compared with the cross section extracted in@3# be-
cause the equation for the former cross section contain
factor ofe277/2050.021 which is absent from the expressio
for the excitation rate in@3#. Omitting this factor from the
cross section deduced from the data in@5# yields a value
sN5(2220)310234 cm2 for nuclear excitation by plasma
electrons.

We can also use the experimental value for the ratioj to
derive an estimate of the nuclear excitation rate per nucle
lN . Sincej is equal to the ratio of isomeric to ground-sta
nuclei in the plasma, we havej5lNt. This yieldslN53
31025 s21. The nuclear excitation rate thus deduced has
merit that it is independent of assumptions concerning
mechanism of excitation.

III. NUCLEAR EXCITATION
BY ELECTRON TRANSITION „NEET…

NEET decay is the excitation of the nucleus with simu
taneous deexcitation of the atomic electron system@7#. It is
thus the inverse of the bound internal conversion proc
@11–13# in which a nucleus deexcites by excitation of
bound electron to a higher-lying bound orbital. If we co
sider a NEET transition from an initial atomic state denot
i to a final atomic state denotedf, the NEET process can onl
have non-negligible probability if the energy differenceEi

2Ef is close to the nuclear excitation energyEN
* 2EN . As in

the case of transitions by bound internal conversion~BIC!
@11#, the finite widths of the initial and final states allo
transitions to occur when energy matching is not exact, t
is when the energy mismatch,d i f 5Ei2Ef2(EN

* 2EN), is
nonzero. Experimental evidence for NEET has been p
sented in@24–28# where electron bombardment or photo
irradiation of a target was used to generate atomic exc
states that were supposed to subsequently undergo nu
excitation by NEET. Doubts have, however, since be
raised concerning the validity of these experiments and
dence has been presented indicating that at least a signifi
part of the measured nuclear excitation rate in the pho
irradiation experiments can be attributed to nuclear exc
tion due to photoexcitation by Bremsstrahlung@29#.

In principle, the excited electronic initial state required f
NEET could be produced by a variety of methods. In t
following we restrict the discussion to the case of a las
produced plasma in which electron-ion or ion-ion collisio
can produce excited electronic states with significant pr
abilities. If we consider nuclear excitation by NEET in
volume elementdr at positionr we can write the number o
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nuclei excited per laser pulse as

NNEET5E
t50

` E
r
(

q
(
i f

Pq,i~ne ,T!

3lNEET
q,i f ~ne ,T!rU~ne ,T,r ,t !dr dt, ~3!

where Pq,i(ne ,T) is the fraction of ions present in atom
statei of charge stateq under plasma conditions described
an electron densityne and temperatureT, lNEET

q,i f (ne ,T) is the
rate ~per nucleus of235U) for a NEET transition from the
atomic statei to the atomic statef, andrU(ne ,T,r ,t) is the
density of 235U nuclei at positionr at time t. If we assume
further that the plasma can be modeled with a single elec
density, that the probability of a given charge state is po
tion independent, and that the dominant excitation occ
during the laser pulse, then the rate, per nucleus, for nuc
excitation by NEET is given by

lNEET5(
q

(
i f

Pq,i~ne ,T!lNEET
q,i f .NNEET/t, ~4!

wheret is the pulse duration. In general, the initial atom
state will decay predominantly by atomic transitions witho
nuclear excitation. Denoting the rate of these processe
lA

q,i(ne ,T), we can write the total NEET rate as

lNEET5(
q

(
i f

Pq,i~ne ,T!lA
q,i~ne ,T!PNEET

q,i ~ne ,T!

5(
q

(
i f

l̄NEET
q,i f ~d i f !, ~5!

where PNEET
q,i f is the probability of a NEET transition from

statei to statef and l̄NEET
q,i f (d i f ) is the effective NEET rate

between statesi and f.
The theory of NEET excitation has been considered b

number of authors@7–10,30–34#. The initial numerical re-
sults given in@7# are now understood to be overestima
owing to the use of an incorrect nucleus-electron interac
potential. In the following, we assume that the initial a
final atomic state widths are dominated by the atomic le
widths, G i and G f . For the case that the conditionud i f u
@uVi f u is satisfied, the NEET probability can be written
the form @8,9#

PNEET
q,i 5S 11

G f

G i
D Vi f

2

d i f
2 1

1

4
~G f1G i !

2

, ~6!

whereVi f is the matrix element between the initial and fin
atom-nucleus states.

In the calculations described below, the atomic states
described in the multiconfiguration Dirac-Fock approxim
tion so that the initial- and final-state wave function
C i ,C f , are given by

C i~Ji ,Mi !5(
r

cir c r~Ji ,Mi !, ~7!
n
i-
rs
ar

t
by

a

s
n

l

l

re
-
,

C f~Jf ,M f !5(
s

cf scs~Jf ,M f !, ~8!

where c r(Ji ,Mi) and cs(Jf ,M f) are configuration state
functions whereJi andJf are the total angular momenta o
the initial and final atomic states andMi andM f are theirz
components. The theory developed in@8,9# treated the case
of initial and final states consisting of a single electron
configuration in which coupling effects of the active electr
with the other atomic electrons were ignored. Extending
results of @8,9# to the multiconfigurational case, yields th
following result for the squared matrix elementVi f

2 :

Vi f
2 54paS (

r
(

s
cir cf sdj i , j f

L ~r ,s! D 2

3
~2 j i11!

~2Ji11!

vN
2~L11!

@~2L11!!! #2 S j i

1

2
L0U j f

1

2D 2

3uML~vN!u2B~EL!, ~9!

wherea is the fine-structure constant,dj i , j f

L (r ,s) is a coeffi-

cient arising in the calculation of one particle tensor ope
tors of rankL between orbitals with total angular momentaj i
and j f in configuration statesr and s @35#, B(EL) is the
nuclear electromagnetic transition moment from the grou
to the excited nuclear state,\vN5EN

* 2EN and the quantity
ML(vN) is the electronic matrix element, which for an ele
tric multipole transition, is given by

ML~vN!5E @Pnk~r !Pn8k8~r !1Qnk~r !Qn8k8~r !#hL~vNr !

2
hL21~vN!

L
@~k2k82L !Pnk~r !Qn8k8~r !

1~k2k81L !Qnk~r !Pn8k8~r !#dr, ~10!

wherePnk(r )/r andQnk(r )/r are the large and small com
ponents of the wave function for the electronic subshellnk.
The quantityhL(vNr ) is the Hankel function of orderL.

In @8,9# it was suggested that the most important con
butions to the NEET rate would arise from the three atom
transitions: 6p1/2→5d5/2, 6p3/2→5d3/2, and 6p3/2→5d5/2.
In order to investigate this in more detail, we have calcula
NEET transition energies and matrix elements for these th
transitions in ions ranging fromq571 ~described by the
manifold@Xe# 6s24 f 145d96p6) to q5121 ~described by the
manifold @Xe# 6s24 f 145d96p1). On the basis of the discus
sion of charge-state probabilities given below, these io
states are expected to be dominant in plasmas withT
.20 eV. The 6p1/2→5d5/2 transition satisfies the energ
matching condition most closely, giving rise to one or mo
resonances lying within a few eV of the nuclear transiti
energy in each charge state. Multiple resonances arise f
the coupling of spectator electrons with the active elect
undergoing the transition. This effect is shown for the case
U101 in Fig. 3 for NEET transitions between states describ
by the manifolds @Xe# 6s24 f 145d96p3 and @Xe#
6s24 f 145d106p2. Coupling between the 5d and 6p electrons,
and between the open shell 6p electrons, splits the electroni
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2466 PRC 59M. R. HARSTON AND J. F. CHEMIN
transition 6p1/2→5d5/2 into several branches, four of whic
lie in the interval withud i f u,4 eV. Each peak, the intensitie
of which are discussed below, describes a resonance wit
energy mismatchd i f equal to theD value at the center of the
peak.

In general for a given electronic transition between t
subshells, the matrix elements,Vi f

2 , depend on the mixing
coefficients and subshell occupation numbers of the elec
configurations in the initial and final states. For those tran
tions which occur between atomic states that are domin
by a single configuration having the maximum occupancy
the 6p1/2 subshell, the matrix elements in the ions withq
.101 are such thatVi f

2 5(2.022.5)310218 eV2. These
values are slightly smaller than the resultVi f

2 55
310218 eV2 reported in@9# but four orders of magnitude
larger than the resultVi f

2 52.4310223 eV2 reported in@18#.
The difference between the present result and the resu
@9# arises principally from the neglect in@9# of Pauli block-
ing by the 5d electrons present in the initial state. The d
ference between the present result and that of@18# arises
principally from the different approximations used for th
electron wave functions. In@18# a nonrelativistic hydrogenic
approximation was employed with an effective nucle
charge,Zeff chosen to reproduce the correct electron bind
energy. This approach underestimates the NEET matrix
ments which are dominated by the small-r behavior ofhL for
which

hL~vNr !.
~2L21!!!

~vNr !L11
. ~11!

Thus for anE3 transitionhL;r 24, in contrast to the energy
operator which weights the matrix elements to larger rad
distances. This has the consequence that the effective nu

FIG. 3. Nuclear excitation probability as a function of the u
certaintyD i f in the transition energy for NEET resonances aris
from the 6p1/2→5d5/2 transition in the ion U101

@Xe#6s24 f 145d96p3 for a plasma at 20 eV.
an

n
i-
ed
f

of

r
g
e-

l
ear

chargesZeff appropriate for calculating electronic matrix e
ements that determine internal conversion, or NEET, invo
ing 5d or 6p orbitals of uranium, are in the region ofZeff
.50 in contrast with values ofZeff.10215 that optimize
the energy. We have verified that a recalculation of
NEET matrix element using hydrogenic wave functions w
Zeff.50 yields values forVi f

2 that are in reasonable agre
ment ~within 50%! with the values calculated using Dirac
Fock wave functions. DecreasingZeff to .10215 reduces
Vi f

2 by four to five orders of magnitude. This thus explai
the very small values forVi f

2 estimated in@18# for 235U.
As discussed above, the 6p1/2→5d5/2 transition is nearly

resonant in ions withq.101. As the ionic charge is in-
creased, the probability of a 6p electron being present in th
initial state decreases and the energy matching beco
poorer, with the result that the transition moves out of re
nance. At the same time, other transitions that haved i f ,0 in
low charge states, move closer to resonance in higher ch
states. Of particular interest is the transition 6d5/2→6p1/2
which lies close to resonance in ions withq.231. Thus, in
the initial state ion U231 @Xe#4 f 146d1 the Dirac-Fock result
for the transition energy is 77.3 eV corresponding to an
ergy mismatch of 0.5 eV. The atomic configuration in th
state of U231 is particularly simple since, apart from th
single 6d electron, the atom has a closed shell configurati
When the ion has a more complex open-shell configurat
interactions between the active electron and electrons
open shells can again split the transition into a number
branches. An example of this effect is shown in Fig. 4 for t
case of the initial state ionq5221 described by the mani
fold @Xe#4 f 14 5d16d1. The coupling of the 5d electron with
the 6d5/2 or 6p1/2 electron splits the 6d5/2→6p1/2 transition
into 20 branches lying within 4 eV of resonance. The dom
nant transitions have electronic matrix elements correspo

FIG. 4. Nuclear excitation probability as a function of the u
certaintyD i f in the transition energy for NEET resonances arisi
from the 6d5/2→6p1/2 transition in the ion U221 @Xe#4 f 145d16d1

for a plasma at 100 eV.
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PRC 59 2467MECHANISMS OF NUCLEAR EXCITATION IN PLASMAS
ing to values ofVi f
2 .2310218 eV2, of the same order o

magnitude as those for the 6p1/2→5d5/2 transition in ions
with q.101. The above estimates of the matrix eleme
imply that the conditionud i f u*uVi f u is satisfied as long a
d i f *1028 eV.

In order to obtain numerical estimates of the NEET r
from Eqs.~5! and~6!, one needs to know, in addition to th
atomic energy levels discussed above, the atomic le
widths. In the absence of a laser field, the initial electron h
state can decay by both radiative and Auger decay. For
ample, for the case of an isolated uranium atom containin
5d hole, the transition rate for filling of the hole by anE1
radiative transition of an electron in one of the 6p orbitals is
of the order of 1010 s21, corresponding to a natural width fo
the initial state of the order of 1025 eV. Under plasma con
ditions, the level widths are dominated by Stark broaden
An estimate of the effect of electron broadening contribut
to the Stark width of an electronic transition in an ion, char
q, in a plasma is given by twice the electron-ion collisio
frequency@36#

G.5310221neqTe
21.5@232 ln~ne

1/2qTe
23/2!#, ~12!

with the electron densityne in cm23 and the temperatureTe
in eV. For the dominant charge states in the tempera
range 20–100 eV the above relation gives transition wid
of the order of 5–20 meV.

The absolute nuclear excitation rates are obtained by m
tiplying the rateslNEET

q,i f for a given atomic transition by the
probabilities, Pq,i(ne ,T), where the given hole states a
present in the plasma. In order to determine the approxim
population density in different charge states, we use
collisional-radiative model of the plasma@37#. In this model,
the plasma is assumed to be homogeneous and the en
distributions of the electrons and ions are described b
Maxwellian distribution with a single temperatureT. Under
stationary state conditions the ratio between population
successive charge states is given in terms of the rate co
cients for the processes of collisional ionization, radiat
recombination and three-body recombination. The ionizat
energies for different charge states of uranium up to 41
have been estimated here from the atomic binding ener
using the relativistic atomic structure packageGRASP @38#.
The results are shown in Fig. 5. For configurations w
closedf shells all configurations belonging to a given ma
fold were used. For configurations containing openf shells it
was necessary to limit the number of configurations use
the calculation. Thus a singlej -j coupled configuration was
taken for the openf-shell electrons and this was then coupl
onto all possible configurations for the remaining electro

Using the Dirac-Fock values for the binding energies,
populationsPq(ne ,T) of charge statesq in a plasma with
electron density,ne51019 cm23, at plasma temperaturesT
55, 20, and 100 eV, calculated on the basis of
collisional-radiative model are shown in Fig. 6. The dom
nant charge state in a uranium plasma at 100 eV is foun
be q5231, in a plasma at 20 eV it isq5101 and in a
plasma at 5 eV it isq561. In all cases the ion population i
strongly peaked around the dominant charge state so
effectively only a few charge states are significantly pop
lated. Using values ofPq(ne ,T) for the ground-state popu
s
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lations, we estimate the populations of excited states
may undergo NEET transitions on the basis of a Boltzma
distribution. Formation of the 5d hole states in ions withq
.101 requires an excitation energy,Eex.77 eV, while for-
mation of excited 6d states in ions withq.231 requires
Eex.240 eV.

The calculated resonance energies are subject to an u
tainty D i f , arising both from an uncertainty in the nucle
transition energy~0.5 eV! as well as an uncertainty in th
atomic transition energy. The latter arises both from the
glect of electron correlation in the Dirac-Fock approximati
itself as well as from the shift of the atomic electron energ

FIG. 5. Ionization energies~in eV! for uranium as a function of
charge state.

FIG. 6. Populations of different ionic states of uranium in
plasma with mean temperature 5 eV~long dashes!, 20 eV ~solid
line!, and 100 eV~short dashes! based on the collisional-radiativ
model.
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due to interactions with the electrons and ions in the plas
Comparison ofGRASP results with ionization potentials fo
5d electrons in highZ atoms indicates that the error due
neglect of electron correlation is approximately 2 eV. Fro
the estimates of the level widths given above, we expect
the energy shifts will be less than 0.1 eV. Thus we ha
d i f 5d i f

DF6D i f whered i f
DF are the values of the energy mi

match based on the atomic transition energies calcul
above in the Dirac-Fock approximation, andD i f is the error
in the resonance energy. On the basis of the above discus
we expectuD i f u&3 eV. Figures 3 and 4 show the NEE
rates,( f l̄NEET

q,i f (d i f
DF1D i f ), estimated using Eqs.~5!, ~6!, and

~9! as a function of the parameterD i f for values of uD i f u
,4 eV for a particular initial state described by a single
of orbital occupation numbers. Contributions from overla
ping resonances in the many different highly excited sta
populated in the plasma lead to broadening of the NE
spectrum. The variation in the NEET rates withD i f can then
be used to derive lower and upper bounds onlNEET. Thus at
100 eV we obtain 1026 s21,lNEET,1 s21 and at 20 eV
1029 s21,lNEET,1024 s21. The rates at 20 eV are lowe
than those at 100 eV essentially due to the fact that the do
nant atomic states in which resonance is approached at 2
are present with lower probabilitiesPq,i than is the case a
100 eV. These estimates clearly demonstrate the sensit
of the NEET rates to the charge-state distribution and
plasma temperature. The sensitivity of the NEET rate
plasma conditions could be one factor responsible for
difference between the experimental rates. This conclusio
also indicated by calculations of NEET rates@39# averaged
over the60.5 eV uncertainty in the nuclear excitation e
ergy, employing charge-state distributions based on a m
of local thermodynamic equilibrium.

As far as future experiments investigating NEET in235U
are concerned, the above results indicate that the NEET
can be maximized in plasmas with temperatures of betw
10 and 150 eV by maximizing the population of ions wi
q.231.

IV. NUCLEAR EXCITATION BY ELECTRON CAPTURE
„NEEC…

NEEC ~nuclear excitation by electron capture! is the ex-
citation of the nucleus by capture of a continuum elect
into a bound orbital. This process is formally the inverse
the usual internal conversion process in which a nucleus
excites by ejection of an electron from a bound orbital in
the continuum. The electron orbitals that may contribute s
nificantly to NEEC capture in a particular ion depend on
atomic structure of this ion and are thus not necessarily
same as those that participate in the internal conversion
cay process of neutral or nearly neutral atoms.

If we denote the energy of the captured continuum el
tron byE and the binding energy of the bound electron af
capture byEb then, given an initial state containing a distr
bution of continuum electron energies, the conditionE
5EN2Eb can be satisfied exactly for some value of t
continuum electron energy, providedEN.Eb . Thus in gen-
eral, a large number of bound orbitals can participate in
NEEC process. In addition, in principle, the NEEC proce
does not require the initial bound electronic state to be
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cited, provided there is a source of continuum electro
Thus, for example, capture could occur onto a ground-s
uranium ion without the requirement for a 5d or 6p hole. On
the other hand, NEEC matrix elements for highly excit
orbitals tend to be less than those for lower-lying orbitals
that one might expect a reduction in the probability for co
tinuum capture with increasing principal quantum number
the orbital into which capture occurs.

A crude estimate of the probability of NEEC in a plasm
was presented in@15# where the rate for NEEC was found t
be of the order of 1000 times larger than the rate for NE
decay from a bound initial state. However this estimate w
based on a number of approximations of dubious valid
including a nuclear excitation cross section that was indep
dent of nuclear parameters. More recently, NEEC excitat
has also been considered for several isomers@16# by a scal-
ing procedure applied to results for the process of reson
transfer excitation in which an electron in a solid target
captured into a bound orbital of a moving projectile ion.
this latter case the NEEC cross section was given in term
the product of an Auger decay cross section and a ratio
quantities pertaining to the Auger decay rate and the inte
conversion decay rate. The degree of approximation in
duced by this scaling procedure is not clear and no numer
results were given for235U excitation. In the following the
theory of the NEEC process is reconsidered with an exp
treatment of the electron-nucleus interaction.

We consider an initial statei in an ion of chargeq. The
total rate of NEEC transitions is given by

lNEEC5(
q

(
i

(
nk

Pq,i~ne ,T!lNEEC
q,i ,nk , ~13!

where the rate for NEEC capture to subshellnk is given by

lNEEC
q,i ,nk5E

E50

`

sNEEC
q,i ,nk~E!Fe~E!dE, ~14!

wheresNEEC
q,i ,nk(E) is the NEEC cross section at the energyE

and Fe(E) is the electron flux at this energy. Treating th
NEEC capture as a resonance in the elastic scattering of e
trons off the nucleus, the cross section, in lowest order,
formation of a resonance state containing the isome
nuclear state is given by

sNEEC
q,i ,nk~E!5

p

2k2
S

GN
q,i ,nkG t

q,i

~Er2E!21~G t
q,i !2/4

, ~15!

where k is the wave number of the continuum electron
energy E, GN

q,i ,nk is the width of the resonance state f
breakup to the initial scattering state,G t

q,i is the total width,
andEr the resonance energy. The factorS is a function of the
nuclear spins,j n and j n8 in the ground and excited states, th
total angular momentum,j of the captured electron and th
total angular momentum,j 8, of the continuum orbit from
which capture occurs.S is given by

S5
~2 j n811!~2 j 811!

2~2 j n11!~2 j 11!
. ~16!
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For a narrow transition, the cross section may be appr
mated by ad function

sNEEC
q,i ,nk~E!5

2p2

k2
SGN

q,i ,nk~E!d~Er2E!. ~17!

The widthGN
q,i ,nk is given by

GN
q,i ,nk~E!52pE u^c f uV̂uc i&u2d~E2EN2Enk!dk.

~18!

Using the result for the internal conversion matrix elemen
@40# gives the following expression for the NEEC rate:

lNEEC
q,i ,nk5(

nk

16p4

kr
2

SavN
2L12

3
1

@~2L11!!! #2
~ j c 1/2 L0u j b1/2!2

3B~EL!uRnk
XL~Er !u2Fe~Er !, ~19!

where kr and Er are the wave number and energy cor
sponding to the resonance condition andFe(Er) is the elec-
tron flux at the resonance energy. The quantitiesj c and j b
appearing in the Clebsch-Gordon coefficient are the total
gular momenta of the continuum and bound electron, resp
tively. The quantityRnk

XL(E8) is the matrix element for deca
of the resonance state by internal conversion of a bound-s
electron defined by the quantum numbers to a continu
state orbital of energyE8. If penetration effects are ignored
the electric multipole matrix elementRnk

EL is given by

Rnk
EL~E8!5E @Pnk~r !PE8k8~r !1Qnk~r !QE8k8~r !#hL~vNr !

2
hL21~vNr !

L
@~k2k82L !Pnk~r !QE8k8~r !

1~k2k81L !Qnk~r !PE8k8~r !#dr, ~20!

where PE8k8(r )/r and QE8k8(r )/r are the large and sma
components of the wave function for the continuum elect
normalized on the energy scale. For completeness the
pression for the magnetic multipole matrix element isRnk

ML ,
given by

Rnk
ML~E8!5

1

2 E @Pnk~r !QE8k8~r !

1Qnk~r !PE8k8~r !#hL~vNr !dr, ~21!

wherePnk(r )/r andPE8k8(r )/r are the large components o
the wave function for the bound and continuum electr
respectively, andQnk(r )/r and QE8k8(r )/r are the corre-
sponding small components of the electron wave functio

In the numerical estimates of NEEC rates presented
low, a Maxwellian distribution,P(E,T), of continuum elec-
tron energies has been assumed given by
i-

n

-

n-
c-

te
m

n
x-

,

e-

P~E,T!5
4pA2E

~2pkT!3/2
e2E/kT. ~22!

This distribution is plotted in Fig. 7 for plasma temperatur
T, of 20, 100, and 150 eV. The electronic matrix eleme
are computed in a relativistic hydrogenic approximatio
Screening effects on the electronic matrix elements are
portant and some care has to be taken in order to choose
effective nuclear charges in an appropriate way. The ba
procedure adopted here is to select the nuclear charge fo
hydrogenic functions so as to reproduce an appropriate
pectation value for bound orbitals that can be calculated s
ply using Dirac-Fock wave functions. In order to do this, w
note that the smallr behavior of the Hankel function
hL(vr ), that appears in the transition-matrix element
given by Eq.~11!. Numerical evaluation shows that this lim
iting function provides a reasonable estimate of the Han
function in the regions that contribute significantly to th
integral in the matrix element. For the excitation of235U, we
thus choose the effective nuclear charge forj 5 l 11/2 bound
orbitals so as to reproduce expectation values ofr 24 for
these orbitals. It is convenient to use the same effec
nuclear charge to describe thej 5 l 21/2 orbital with the
same value of the principal quantum number. We have v
fied that a calculation of the internal conversion coefficie
of uranium for the dominant 6p1/2, 6p3/2, and 6d3/2 orbitals
using relativistic hydrogenic wave functions with values
Zeff.50 obtained in this way agrees to within a factor of
with literature values for the internal conversion coefficie
reported in@40#, calculated with Dirac-Fock bound and con
tinuum electron wave functions.

In principle, the number of high-lying orbitals satisfyin
the energy conditionEb,EN eV can be very large. How-
ever, we note that, for the case of theE3 transition of235U,
capture intop andd orbitals dominates since this allows th

FIG. 7. Maxwell-Boltzmann distributions of plasma electron e
ergies for a plasma withT520 eV ~long dashes!, T5100 eV~solid
line!, andT5150 eV ~dotted line!.
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2470 PRC 59M. R. HARSTON AND J. F. CHEMIN
bound and continuum electrons to share the angular mom
tum of the transition and maximizes the electronic mat
elements. In order to investigate the basic characteristic
NEEC, we consider capture in three ionic states: U61 @Rn#,
U101 @Xe#6s24 f 145d10, and U241 @Xe#4 f 14. Table II shows
excitation rates per nucleuslNEEC

q,i ,nk for capture intop and d
orbitals of U61 and U101 in a plasma of temperature 20 e
in which the electron density is 1019 cm23. Similarly Table
III shows results for U241 in a 100 eV plasma forne
51019 cm23. The excitation rates have been summed o
the dominant continuum orbitals that can contribute to c
ture into a given bound orbital, taking into account the
strictions imposed by the Clebsch-Gordon coefficient and

TABLE II. RateslNEEC
q,i ,nk for nuclear excitation by electron cap

ture~NEEC! to the isomeric state of235U for capture in subshellnk
of U61 and U101 ions in a plasma at 20 eV withne51019 cm23. Er

is the energy of the continuum electron for resonant capture.

Subshell U61 U101

nl j Er lNEEC
61,nk Er lNEEC

101,nk

~eV! (10212 s21) ~eV! (10212 s21)

6d3/2 26.4 1.2 ,0 0
6d5/2 22.4 3.8 ,0 0
7p1/2 38.8 1.0 9.7 11
7p3/2 41.4 3.0 4.8 46
7d3/2 49.9 0.07 17.4 1
7d5/2 50.3 0.3 18.5 4
8p1/2 54.0 0.2 27.2 2
8p3/2 55.2 0.6 29.7 6
Total 10 70

TABLE III. RateslNEEC
q,i ,nk for nuclear excitation by electron cap

ture ~NEEC! to the isomeric state of235U capture in subshellnk of
U241 ions in a plasma at 100 eV withne51019 cm23. Er is the
energy of the continuum electron for resonant capture.

Subshell Er lNEEC
241nk

nl j ~eV! (10212 s21)

12p3/2 5.8 2.9
13p3/2 17.6 1.9
14p3/2 26.7 1.3
15p3/2 33.5 1.0
16p3/2 39.2 0.7
17p3/2 44.2 0.6
18p3/2 48.0 0.5
12p1/2 4.0 0.9
13p1/2 16.2 0.6
14p1/2 25.6 0.4
15p1/2 32.6 0.3
16p1/2 38.5 0.2
17p1/2 43.6 0.2
18p1/2 47.6 0.1
12d3/2 9.6 0.2
12d5/2 10.0 0.7
Total 12
n-

of

r
-
-
y

the symmetry requirement thatl b1 l c1L must be even for
an electric multipole transition. The temperature depende
of the NEEC rates,(nklNEEC

q,i , summed over the orbitalsnk
shown in Tables II and III is shown in Fig. 8. The expe
mental nuclear excitation rate is the product of the abo
NEEC rate and the population of the given ion in whi
capture occurs. If the atomic state populations,Pq,i(ne ,T) of
the most probable charge states are of the order of 0.1
indicated by the discussion in Sec. II A, then the above c
culations, together with Eq.~13! indicate that nuclear excita
tion rates due to NEEC are of the order of 10211 s21 in
plasmas withne.1019 cm23 at temperatures in the rang
20–100 eV. Nuclear excitation by NEEC thus appears to
significantly less probable than excitation by the NEET p
cess discussed above. Results for NEEC excitation of o
nuclei will be presented elsewhere@41#.

V. INELASTIC ELECTRON SCATTERING

Electrons that have energies greater than the nuclear
citation energy may cause nuclear excitation in collisions
inelastic scattering@42–46#. If the electron energies are su
ficiently high, as for example is the case in the electron-be
experiment of@5#, inelastic scattering may also lead to exc
tation of high-lying excited nuclear states that subseque
decay to the isomeric state. The effective cross section
formation of the isomeric state can thus be writtenseff

e

5Snsn
eYn wheresn is the cross section for formation of th

state,n, andYn is the probability that the decay of this sta
eventually populates the 77 eV isomeric level.

A discussion of the cross sections for inelastic scatter
of 235 U by 500 keV electrons is given in@47#. The dominant
cross sections were found to be of order 10233210232 cm2

for excitation of levels of the 5/2@622# and 5/2@333# bands
for which the bandheads lie at 129 and 333 keV, resp
tively. Combining these results with an electron flux of

FIG. 8. The NEEC excitation rate as a function of temperat
for U61 ~long dashes!, U101 ~solid line!, and U241 ~short dashes!
ions. In each case the plasma density isne51019 cm23.
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TABLE IV. Parameters describing the resonant photoexcitation of235U by 500 keV electrons.

Excited nuclear Energy Yn ln Gn
g sn

g(Eg5EN) sn
p

staten ~keV! ~cm! ~eV! (cm2 eV) (cm2)

7
2 1(1/2@631#) 0.077 1.0 1.631026 1.6 310239 1.1 310250 9310255

3
2 1(1/2@631#) 13.0 1.0 9.531029 4.0 310218 2.7 310233 1310239

5
2 1(1/2@631#) 51.7 1.0 2.431029 1.3 310212 5.3 310229 6310236

5
2 1(5/2@622#) 129.3 0.15 9.6310210 6.5 31029 4.5 310226 2310233

5
2 1(5/2@633#) 332.8 0.17–0.22 3.7310210 1.1 31027 1.2 310225 1 310233
3
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31025 cm22 s21 yields nuclear excitation rates of order
310282331027 s21. In view of the significant difference
between this rate and the experimental rate of 331025 s21

deduced from the data of@5#, an explanation of the data i
terms of electron scattering alone appears unsatisfactory

Excitation of the isomeric state by inelastic scattering
plasma electrons is, in principle, possible. However, an e
mate of the rate for excitation of the isomeric state, fo
plasma of temperature 100 eV using the Born approximat
yields ln'10216 s21, negligible in comparison with the ex
perimental excitation rates. Production of the isomeric s
by inelastic scattering to higher-lying nuclear states is e
less likely due to the low probability that an electron has
necessary kinetic energy to excite a nuclear state.

VI. PHOTOEXCITATION

Nuclear absorption of Bremsstrahlung produced
charged particle motion in the plasma is an additio
mechanism that might populate isomeric states, either b
direct photoexcitation of the isomeric level or by photoex
tation to a higher level followed by decay to the isome
level. The cross sectionsn

g(Eg) for resonant photoexcitation
to a nuclear leveln ~with excitation energyEN) by photons
of energyEg , is given by@48#

sn
g~Eg!5

p

2
gnln

2
Gn

gG t

~Eg2EN!21G t
2/4

, ~23!

where ln is the transition wavelength,Gn
g is the g decay

width of the excited state,G t is the total width of the excited
state, andgn is a statistical factor equal to (2j n811)/(2j n

11) with j n and j n8 the nuclear spins in the ground an
isomeric nuclear states, respectively. For a narrow resona
the Breit-Wigner form may be approximated by ad function
giving sn

g(Eg)5p2gnln
2Gn

pd(Eg2EN).
The number of Bremsstrahlung photons emitted per s

ond with energies betweenEg and Eg1dEg produced by
electrons of energyE is

Rg~Eg!5VNU

dsB~E!

dEg
dEgFe~E!dE, ~24!

whereV is the volume of plasma which containsNU nuclei
of uranium ~all isotopes! per unit volume,Fe(E)dE is the
electron flux at the energyE, anddsB(Eg)/dEg is the cross
section for Bremsstrahlung emission of photons by electr
of energyE, differential in the photon energyEg . The rate
f
ti-
a
n,

te
n
e

y
l
a

-

ce,

c-

s

of formation of nuclei in the isomeric state following res
nant photoabsorption that excites the nuclear staten, can
then be written

lN5(
n

YnE
E
sn

p~E!Fe~E!dE, ~25!

where the effective cross section for production of the stan
via photoexcitation arising from Bremsstrahlung genera
by the moving electrons is given by

sn
p5tUS dsB~E!

dEg
D

Eg5EN

~p2gln
2Gn

g!, ~26!

wheretU is the target thickness in atoms per cm22.
In the case of the 500 keV electron beam of Ref.@5#, the

differential cross sections for production of Bremsstrahlu
photons with energies of the order of 100 keV are fou
from @49# to be of the order of 10227 cm2 eV21. Assuming a
target thickness of uranium of 20 mg cm22 for the experi-
ment of Ref.@5# givestU.531019 atoms per cm2. Table IV
shows values ofGn

g and the cross sections,sn
p for some low-

lying transitions. Direct photoexcitation of the 77 eV level
an E3 transition is negligible because of the small photoe
citation width (.10240 eV) of this transition. The larges
photoexcitation cross sections again arise from 5/21 states
at 129 and 333 keV. Multiplying by the deexcitation pro
abilities to the 77 eV state, estimated from the branch
ratios of @50# yields a total photoexcitation cross section
approximately 10233 cm2, which corresponds to a nuclea
excitation rate per nucleus of the order of 1027 s21. This
estimate should be considered an upper estimate sinc
account has been taken of photon absorption in the tar
The contribution of photoexcitation to nuclear excitation
the experiment@5# is thus less than that arising from inelast
electron scattering.

In the case of the laser plasma experiment@3#, the Brems-
strahlung cross section estimated from@49# is
10223 cm2 eV21. Assuming a Maxwellian distribution o
plasma electron energies withkT.100 eV yields nuclear ex-
citation rates less than 10217 s21, negligible in comparison
with the experimental result. Excitation rates to higher-lyi
nuclear states are even smaller because the probab
P(E,T) decreases rapidly with increasing electron ener
Thus photoexcitation can be ruled out as an explanation
the observed isomer production in the laser plasma exp
ment @3#.
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TABLE V. Summary of theoretical nuclear excitation rates (s21) per 235U nucleus for three cases :
plasma with electron densityne51019 cm23 and temperatureT5100 eV, a plasma withne51019 cm23 and
T520 eV, and finally nuclear excitation resulting from interactions of beam electrons in a 500 keV ele
beam with a235U target.

Inelastic
Conditions NEET NEEC scattering Photoexcitation

PlasmaT5100 eV 102621 10211 10216 ,10217

PlasmaT520 eV 102921024 10211 10217 ,10217

500 keVe2 beam 1027 ,1027
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VII. CONCLUSIONS

Table V summarizes the theoretical results for excitat
of 235mU discussed above. These values can be comp
with the experimental results shown in the last row of Ta
I. The largest values of the theoretical nuclear excitat
rates come from the NEET process which is sensitive to
plasma temperature. At 100 eV the NEET rate is domina
by the near-resonant electronic transition 6d5/2→6p1/2 while
at 20 eV the rate is dominated by the electronic transit
6p1/2→5d5/2. The uncertainty in the theoretical transitio
energies at the level of a few eV combined with the lar
number of possible NEET resonances arising from the m
different excited states populated in the plasma has the
sequence that the theoretical results for the nuclear excita
rates lie in a range spanning approximately five orders
magnitude. The revised experimental values for the nuc
excitation rate in the experiments@3# and @5# given in the
bottom row of Table I lie at the upper end of the theoreti
ranges. It should be noted that the theoretical estimate
NEET presented here are based on a static model of
plasma with nuclear excitation in a central hot spot defin
by a single electron density and temperature. In reality, th
is a continuous variation in density and temperature as
plasma plume expands away from the focal spot. T
NEET transitions favored in the lower density plume may
different from those favored in the central dense region
the plasma. In addition NEET reactions could also occu
the conduction zone of compressed matter behind the
spot. Errors in the experimental values for the nuclear e
tation rates could result from imprecise knowledge of
plasma volume and uranium ion and electron densities. S
eral experimental investigations of nuclear excitation of235U
in a plasma are currently in progress in order to clarify
experimental situation.

As far as other candidates for possible future experime
observation of NEET are concerned, we note that in gen
the NEET rate will be large when the electronic matrix e
ments are large, when the energy mismatch is small
when the half-life of the excited state for decay to the grou
state is short. In addition, for a given multipole transition, t
electronic matrix elements will be large when the nucle
charge is large and when the principal quantum number
the bound atomic orbitals are small since the bound elec
density is then localized in the small-r region where the mul-
tipole operator is large. At the same time, it is desirable fr
the experimental point of view to work with a nucleus whi
is stable, or which has a long half-life in the ground sta
and for which the isomeric state has a half-life that is su
n
ed
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ciently long (t1/2. ns) in order to permit the excited nucle
arising from the laser-irradiated target to be analyzed sp
troscopically. Possible candidates include the nuc
201Hg (M1,EN51.56 keV), 193Pt (M1,EN51.64 keV), and
205Pb (E2,EN52.33 keV).

APPENDIX: NUCLEAR ELECTROMAGNETIC MOMENTS

The nuclear electromagnetic moment for an electric m
tipole transition of multipolarityL is defined by@51#

B~EL!5
1

~2 j n11!
u^ j n

8 uuM ~EL!uu j n&u2, ~A1!

where j n and j n
8 denote the nuclear spins in the initial an

final state andM (EL) is the nuclear electric multipole op

erator. For theE3 1
2 1 1

2 @631#→ 7
2 2 7

2 @743# transition it is
convenient to estimate theB value using the experimenta
value for the internal conversion half-life of the72 2 state
~26.8 m! and the theoretical result for the internal conversi
coefficient,a52.531020 obtained by interpolation of the re
sults in @40# which were calculated using Dirac-Fock ele
tron wave functions. The total decay ratelT can be ex-
pressed in terms of the internal conversion coefficienta
through

lT5~11a!lg , ~A2!

where the radiative ratelg is given by

lg5
8p

@~2L11!!! #2

L11

L
Eg

2L11B~EL!. ~A3!

Using these relations, together with the values given ab

for a and lT , yields B( 1
2 1→ 7

2 2)5192.5e2 fm6. The
Weisskopf model gives the following result for an electr
multipole transition of multipolarityL @51#:

B~EL!5
1.22L

4p S 3

L13D 2

A2L/3e2~ fm!2L53280e2 fm6.

~A4!

Thus the transition is hindered by a factorHW50.06. TheB
value for inverse transition~from the ground stateg to the
excited statee! is related to that for the decay of the excite
state by

B~g→e!

B~e→g!
5

~2 j n811!

~2 j n11!
. ~A5!
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Thus theB value for excitation of the ground state to th

isomeric level isB( 7
2 2→ 1

2 1)548.1e2 fm6.
No direct experimental information is available on theB

values forE1 transitions from the ground state to low-lyin
states of235U. Here we estimate the associatedB values from
B5BWHW whereBW is the Weisskopf model result andHW

is the hindrance factor. We estimate the latter using d
on the related transitions in239Pu @52#. This approach

gives HW( 7
2 2 7

2 @743#→ 1
2 1 5

2 @631#)51.831029 and HW( 7
2

-

of
0

N
ev

h,

. R
ys

A

.

ta

2 7
2 @743#→ 5

2 1 5
2 @622#)56.331027 We then obtain the fol-

lowing B values for 235U E1 transitions:B( 7
2 2 7

2 @743#→ 1
2

1 5
2 @631#)54.5310235 e2 cm2 and B(239Pu7

2 2 7
2 @743#→ 5

2

1 5
2 @622#)51.5310232 e2 cm2. If we assume also that th

hindrance factors for the transitions7
2 2 7

2 @743#→ 5
2

1 5
2 @633# and 7

2 2 7
2 @743#→ 5

2 1 5
2 @622# are the same, then

the B value for the 7
2 2 7

2 @743#→ 5
2 1 5

2 @633# transition in
235U is also equal to 1.5310232 e2 cm2. The latter value
may be compared with the value ofB52310232 e2 cm2

reported in@47#.
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