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Mechanisms of nuclear excitation in plasmas
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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 excitatioR®8U for which the present experimental data lacks
adequate theoretical interpretati¢80556-281®9)05004-9

PACS numbd(s): 23.20.Nx, 27.90+b

. INTRODUCTION possibility of excitation of2>™U by an electron transition
from a 6p to a &5d level was investigated if8] and[9] where
The possibility of exciting nuclear states by coupling of it was concluded that even at perfect resonance the NEET
the nucleus to the atomic electron system under the action dfansition rate would be significantly smaller than the experi-
a laser field is receiving increased attention with the rapidnental rate reported if8].
progress in high intensity laser sourdds. Indeed, an effi- An alternative possibility is the process of nuclear excita-
cient mechanism for the population of excited nuclear stateion by electron capturéNEEC) [15,16] in which an electron
lies behind any attempt to produce a laser based on a nuc|e'§rcaptured. from the continuum into a bound orbital. This is
transition[2]. One system that has been the focus of study i¢he exact inverse of the well-known process of decay of
the excitation of the isomeric 142 state of 23%U that lies  Nuclear states by internal conversion of bound electrons. The
76.8+0.5 eV above the 7/2- ground staféig. 1). Two ex-  €stimate for?®3 in [15] yielded a rate for NEEC that was

periments have given indications of a possible effect of ex1000 times larger than the rate for NEET. Other nuclear

citation of the isomeric state in a plasma. In the first eXperi_exmtatlon processes include inelastic electron scattering or

photoexcitation by photon Bremsstrahlung generated from
ggﬂ;:&' iiagagztsfrglroutgh%riqta:?gstftr(lthjérégg ncgsrév:tisng moving electrons. The driving effect of the electric field of a
; : ' . igh power lasenwith a photon energy of 5 eVon the
lasma with an electron density near to the cutoff density o - : : i
2019 electrons cm?®. Excitation >(;f the?3*™U isomeric statey tomic electrons of *U was considered ifiL7]. In addition,

, . , 29 P a variant of NEET was treated {i8] where absorption of
with an estimated cross sectieal0 =" cm” was observed |ager photons permits the energy mismatch between atomic

by counting the conversion electrons from its subsequent degng nyclear transitions to be reduced. The laser energy and
cay. A Russian group attempted a similar experiment with genity in the CQ laser experiments, however, appear to be
CO; laser (S J, 200 ns but failed to observe the isomeric \ye|| pelow those capable of giving significant nuclear exci-
state[4,5]. The same group latgb] performed an experi- (4tion rates as a result of direct interactions between the laser
ment in which an electron beam of energy 500 keV was,q the atom-nucleus system. Nuclear excitatioA*8tU by
incident on a uranium target which was heated to an esligjnitaneous application of an x-ray and a laser beam using
mated temperature of 20 eV. The isomeric state, again d§pg jnyerse electron bridge process was considergtiipIn
tected by means of the conversion electrons from its decaypis connection, it is noteworthy that the inverse electron

was PEZSerV?dslto be produced with an estimated cross sectigflijge mechanism has been recently discussed in the context
=10 *-10"* cn?. More recently, Bounds and Dy¢6]  of the very low-energy(3.5 e\) isomeric state of?2*"Th
have investigated nuclear excitation if8U plasma created [20—22. Finally, the theory of excitation of collective

using a low-intensity C@ laser to Screateitzhe plasma with p,clear rotational motion by an x-ray laser has been consid-
irradiation by a high-intensity= 10" W cm™2) 700 fs laser ered in[23].

at 248 nm. An upper limit for the nuclear excitation prob-

ability of 4.0x 10~ ° per 700 fs pulse was reported. The char- 5/2+ 51.701
acteristics and results of these experiments are summarized 9/2- 46.204
in Table I. 32+ 13.040

The mechanisms responsible for nuclear excitation of
23y under the conditions present in experimef8$ and

X ; ; 1/2+ 0.0768 1 8 min
[5] remain uncertaifil]. One mechanism that has been pre-

viously discussefi7—10 is the process of nuclear excitation 72m ? E3 0

by a resonant electron transitighlEET) from an excited

electronic state to a lower-lying electronic stétgg. 2). This

is the inverse of internal conversion to bound states, evi- 235U

dence for which has been found recently in the internal con- 92

version decay of highly ionized ions df°Te [11-14. The FIG. 1. Low-lying levels of?3%U.
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TABLE I. Summary of experiments investigating the excitation of the isomeric 83t 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 Colaser CQ laser 500 keVe™ beam CQ laser
production 150 kA
Laser parameters 1J,100 ns 5J, 200 ns 150 mg 35
+
=10 Wcm 2
700 fs 5 eV

Plasma temp =100 eV =20 eV
Plasman, (cm™3) =101 3-30x 10"
Experimental (onVe) onN
result =10 PcmPs !t oy<10 Fcn? =5x10 %2 cn? Aex<6X10" 571
Nuclear excitation =1 <10°° ~=3%x10°° <6x10
rate per?U (s™1)
(see Sec. )l

At the present moment, several experiments investigatingause it appears to represent a particularly favorable case for
laser-induced excitation of®U and other isotopes are experimental detection of nuclear excitation based on atom-
planned or in progress. One object of this article is thus tawucleus coupling under plasma conditions and because the
consider the theory of nuclear excitation by the processes a#xisting data lacks adequate theoretical explanation. In addi-
NEET, NEEC, inelastic scattering, and photoexcitationtion, before dealing with the theory of the different nuclear
which are likely to give the dominant contributions to the excitation mechanisms, we reconsider in Sec. Il the nuclear
nuclear excitation rates, both with a view to understandingexcitation rates that are extracted from the experimental data,
the existing experimental data and for guidance in the plansince the existing data appears to contain a number of incon-
ning of future experiments. These nuclear excitation prosistencies.
cesses are considered in turn in Secs. lll, IV, V, and VI. We

use the case of excitation 8f®U as an example both be- Il DISCUSSION OF EXPERIMENTAL DATA
e: e A. Laser plasma experiment
NEET The first experiment investigating nuclear excitation of
23 in a plasma[3] used a TEA CQ laser and a natural
N N* uranium target. Uranium ions vaporized from the target were
deflected in an electric field and collected on a plate. After
* ok L 100 laser pulsegeach of duration 100 nsthe plate was
B2 2 % o transferred to a detector which counted conversion electrons
assisted
NEET from the 26.8 minute decay of the 77 eV isomeric state. The
nuclear excitation rate was extracted from the data on the
N N* basis of the following expression for the experimentally

measured numbeNp, of 2*™U nuclei produced per pulse:

K NEEC Np=nenyV{owe) 7, 6]
*

N N wheren, is the electron densityy, is the density of?>U
o o ) nuclei,V is the plasma volumej, is the electron velocity in
c e inelastic the plasma, and- is the duration of the pulse. Under the
electron experimental conditions it was estimated that,
scattering =10 cm 3, V=10"° cnm?, and =100 ns. The?*U den-
N N¥ sity was obtained from= f, 3\, wheref,s5is the fraction

of uranium present in the plasma present in the isotopic form
2 (=0.007 for natural uraniuimand Ny, is the total ura-
//2\ Photoexcitation nium density for all isotopes in the plasma, which was as-
sumed to be equal to the electron density. Using these esti-
mates, the result for the cross section derived from (Ex.
FIG. 2. Feynman diagrams for several possible nuclear excitalVas{ove) = 1.4 10-* cm’s™ . In order to facilitate com-
tion processes in plasma.indicates the nuclear ground stahé parison between different experimental results it is useful to
is a nuclear excited state. The label e indicates an electron state. TB@Nsider the excitation rate per nucleus’& which will be
subscript b indicates a bound orbitaldao a continuum orbital. denoted \y. In terms of the above parameters,y
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=Np/(nyV7) yielding A\y=10"1 s7%. It should be empha- From[5]1=15kA and the b_eam cross section was app_roxi-
sized that this result is based on the assumpigr- n,. If mately 0.03 crf, corresponding to the reported beam diam-

the plasma, the temperature of which was estimated to bgt€r of 2 mm. These parameters yield an electron flux of 3

5~m2c1 it :
100 eV in[5], is composed of multiply ionized uranium one 1(_): t_cm bs band a Inuct:Iear exf'tla(;'_%g crrnozssTshectl(dit?]r
would expectNy<n,. In Sec. lll the charge-state distribu- excitation by beam elec rth.UN_ _cnr. us the
tion is found to peak around=23+. This would indicate cross section resulting from this analysis is between one and

that the uranium density should be reduced by a factor ofwo orders of magnitude larger than that obtained from the

) . o7 nalysis inN4 n th umption of nuclear excitation
approximately 23. In this case, the nuclear excitation rate pej alysis irf4], based on the assump

_ om the plasma. It should be emphasized that the latter cross
nucleus deduced from the data[BJ should be increased by g ction is given in terms of parameters that are quite different

iving . ~2 o1 . g . . )
the same factor, givingny=2 s"". from those in Eq(2) which is the basis of the result given in
[4]. In particular, the present result is completely indepen-
B. Electron-beam experiment dent of the plasma temperature. We note also that the cross

. ) ... section extracted ifi5] using Eq.(2) above should not be

In this experiment a 500 keV electron _bear121 was incidenyjirectly compared with the cross section extractefi3inbe-
on targets containing varying concentrations?fU up to  cause’the e(;]uation for the former cross section contains a
99.9% enriched. The target was heated by the electron beamyctor ofe=7729= 0.021 which is absent from the expression
thus creating a plasma in which the estimated temperaturr the excitation rate if3]. Omitting this factor from the
was approximately 20 eV. Material blown off after plasmacross section deduced from the data[# yields a value
formation was collected on a nearby collector which wasgy=(2—20)x 10 34 cn? for nuclear excitation by plasma
subsequently removed from the beam area and transferred ébectrons.
a detection system. The number TfU nuclei in this mate- We can also use the experimental value for the rétio
rial was measured from the-decay rate and the number of derive an estimate of the nuclear excitation rate per nucleus,
235y nuclei was measured by counting internal conversionvy . Since¢ is equal to the ratio of isomeric to ground-state
electrons from the deexcitation to the ground state. The exauclei in the plasma, we havg=\y7. This yieldsAy=3
periment thus determined the raticequal to the number of <10 ° s™. The nuclear excitation rate thus deduced has the
235y nuclei on collector divided by the total number of merit that it is independent of assumptions concerning the

233U nuclei on the collector. The quoted excitation cross secmechanism of excitation.

tion oy Was extracted using the relation
I1l. NUCLEAR EXCITATION

E=ny(T)re 2Ty oy, 2) BY ELECTRON TRANSITION (NEET)

whereny(T) is the electron density in the plasmajs the NEET decay is_ the excitation (_)f the nucleus with s_imul-
duration of an electron puls&yE=77 eV is the excitation taneous deexcitation of the atomic electron sysf&inlt is
energy of the isomeric state,, is the velocity of a con- thus the inverse of the bound internal conversion process
tinuum electron with energy 77 eV aidis the plasma tem- [11-13 in which a nucleus deexcites by excitation of a

perature. Inserting the quoted experimental regu#8.5  bound electron to a higher-lying bound orbital. If we con-
% 10~ 13 (which was the maximum value of several different sider a NEET transition from an initial atomic state denoted

experimental resulis yielded from Eq. (2), oy=10"% i to a final atomig state denolte_é,dhe NEET process can only

— 1031 cn?. The cross section extracted in this way shouldh@ve non-negligible probability if the energy differenge

be treated with caution. It should be emphasized that since E; is close to the nuclear excitation enefgy—Ey . As in

the velocity which multiplies the cross section is that for athe case of transitions by bound internal conversiBiC)
continuum electron of 77 eV, the value of, derived from  [11], the finite widths of the initial and final states allow
Eqg. (2) refers, as does that derived from Ed), to nuclear transitions to occur when energy matching is not exact, that
excitation occurring as a result of collisions between plasmas when the energy mismatct;;=E;—E;— (Ey—Ey), is
electrons and atoms 6f°U. In the case of the electron-beam nonzero. Experimental evidence for NEET has been pre-
experiment, an alternative possibility exists: it is possiblesented in[24—28 where electron bombardment or photon
that the excitation is due to interactions of beam electrongradiation of a target was used to generate atomic excited
with uranium nuclei, either directly, by inelastic electron states that were supposed to subsequently undergo nuclear
scattering, or indirectly, by photoabsorption of Bremsstrahexcitation by NEET. Doubts have, however, since been
lung generated by electron impact on the uranium targetaised concerning the validity of these experiments and evi-
Theoretical estimates of the cross sections for these pratence has been presented indicating that at least a significant
cesses will be presented in the next section. We first derive part of the measured nuclear excitation rate in the photon
revised estimate of the cross section for nuclear excitation dfradiation experiments can be attributed to nuclear excita-
233 nuclei by beam electrons, which is free from the as-tion due to photoexcitation by Bremsstrahluiag)].

sumption of transfer of energy from the plasma. If we denote In principle, the excited electronic initial state required for
the electron flux on the target 5, and the number of atoms NEET could be produced by a variety of methods. In the
of 2*3U per unit volume in the target, , then the number of  following we restrict the discussion to the case of a laser-
isomeric nuclei produced per pulse iggFcny7. Thus ¢ produced plasma in which electron-ion or ion-ion collisions
=o\Fer. The electron flux is given simply b¥.=I/eA  can produce excited electronic states with significant prob-
with | being the electron-beam currewt,is the area of the abilities. If we consider nuclear excitation by NEET in a
electron beam at the target, aedis the electron charge. volume elemendr at positionr we can write the number of
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nuclei excited per laser pulse as

Nneer= jtzo r% Ef P%(ne,T)

wf<Jf.Mf>=§ Crsts(J5 M), ®)

where ¢,(J; ,M;) and ¢4(J;,M¢) are configuration state
it functions wherel; and J; are the total angular momenta of
XMger(Ne: T)pu(ne, T.r,t)dr dt, (3 the initial and final atomic states and; andM; are theirz

i components. The theory developed[$9] treated the case
where P%!(ng,T) is the fraction of ions present in atomic of initial and final states consisting of a single electronic
statei of charge state under plasma conditions described by configuration in which coupling effects of the active electron
an electron density, and temperaturg, A%=(n.,T) isthe  with the other atomic electrons were ignored. Extending the
rate (per nucleus of*®) for a NEET transition from the results of[8,9] to the multiconfigurational case, yields the
atomic statd to the atomic stat§ andpy(ne,T,r,t) is the  following result for the squared matrix eIemeW\i’ff :
density of 2% nuclei at positiorr at timet. If we assume

further that the plasma can be modeled with a single electron 2 L 2
density, that the probability of a given charge state is posi- Vii=dma Z z CifoSdJi Jf(r’s)
tion independent, and that the dominant excitation occurs
during the laser pulse, then the rate, per nucleus, for nuclear (2ji+1) 3"V [ 1 | 1\2
excitation by NEET is given by 23+ D) [(2L+ T’ JizL0i5
XM (wn)|?B(EL), 9)

)\NEET:% ; P4 (ne, T)Nfiter=Nneer/ 7, (4)
wherea is the fine-structure constartlijLi ,jf(r,s) is a coeffi-

where 7 is the pulse duration. In general, the initial atomic cient arising in the calculation of one particle tensor opera-
state will decay predominantly by atomic transitions withouttors of rankL between orbitals with total angular momeita
nuclear excitation. Denoting the rate of these processes tynd j; in configuration states and s [35], B(EL) is the
Ad'(ne,T), we can write the total NEET rate as nuclear electromagnetic transition moment from the ground

to the excited nuclear statéwy= EK‘— En and the quantity
M| (wy) is the electronic matrix element, which for an elec-

_ pai TING T)Pa: T ! . . L
ANEET Eq: ; (Ne, TINA (Ne, T) Pigen(Ne, T) tric multipole transition, is given by

=§ ; NI 8i), (5) ML<wN)=f [Pr(F)Prr e (1) + Quie(F)Qur o (N ML ()

where P4iE, is the probability of a NEET transition from - M[(K_K,_L)Pnk(r)(?n’x’(r)
statei to statef and A3t (8;) is the effective NEET rate
between statesandf. +(k—k"+L)Qp(r) Py (r)]dr, (10
The theory of NEET excitation has been considered by a
number of author§7—10,30—-34 The initial numerical re- whereP, (r)/r andQ,,(r)/r are the large and small com-
sults given in[7] are now understood to be overestimatesponents of the wave function for the electronic subshell
owing to the use of an incorrect nucleus-electron interactiormhe quantityh, (wyr) is the Hankel function of ordel.
potential. In the following, we assume that the initial and In [8,9] it was suggested that the most important contri-
final atomic state widths are dominated by the atomic levebutions to the NEET rate would arise from the three atomic
widths, I'; and I';. For the case that the conditid;| transitions: §q,,—5ds;, 6P3,—5d3,, and @gp— 5ds,.
>|Vj¢| is satisfied, the NEET probability can be written in In order to investigate this in more detail, we have calculated

the form[8,9] NEET transition energies and matrix elements for these three
transitions in ions ranging frong=7+ (described by the
, T V2 manifold[Xe] 6s°4f1%5d°%6p°®) to =12+ (described by the
PlEeT= ( 1 f)—, (6)  manifold [Xe] 6s?4f1%5d%6pt). On the basis of the discus-

: 5i2f+z(rf+ri)2 sion of charge-state probabilities given below, these ionic

states are expected to be dominant in plasmas With
. . L .~ =20eV. The &,,—5ds, transition satisfies the energy
whereV; is the matrix element between the initial and final matching condition most closely, giving rise to one or more
atom-nucleus states. _ _ resonances lying within a few eV of the nuclear transition
In the calculations described below, the atomic states argnergy in each charge state. Multiple resonances arise from
described in the multiconfiguration Dirac-Fock approxima-ihe coupling of spectator electrons with the active electron
tion so that the initial- and final-state wave functions, yngergoing the transition. This effect is shown for the case of

Wi, Wy, are given by U%* in Fig. 3 for NEET transitions between states described
by the manifolds [Xe] 6s%4f5d%p® and [Xe]
2 114 410p A2 H
V(3 1Mi):Er it (30 M), (7) 6s°4f~"5d*"6p“. Coupling between thecband & electrons,

and between the open shelb &lectrons, splits the electronic
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FIG. 3. Nuclear excitation probability as a function of the un-  FIG. 4. Nuclear excitation probability as a function of the un-
certaintyA;; in the transition energy for NEET resonances arisingcertaintyA;; in the transition energy for NEET resonances arising
from the @,,—5ds, transiton in the ion &  from the &s,— 6py, transition in the ion B* [Xel4f145dl6d?
[Xel6s?41145d%6p® for a plasma at 20 eV. for a plasma at 100 eV.

transition @4,,— 5ds/, into several branches, four of which
lie in the interval with| 5;¢|<4 eV. Each peak, the intensities
of which are discussed below, describes a resonance with
energy mismatcld;; equal to theA value at the center of the
peak.

In general for a given electronic transition between two

chargesZ . appropriate for calculating electronic matrix el-
ements that determine internal conversion, or NEET, involv-
a|ﬂg 5d or 6p orbitals of uranium, are in the region @y
=50 in contrast with values of .4=10—15 that optimize
the energy. We have verified that a recalculation of the

; . NEET matrix element using hydrogenic wave functions with
subshells, the matrix elementgZ , depend on the mixing g hycrog

. ! Ze#=50 yields values folv4 that are in reasonable agree-
coefficients and subshell occupation numbers of the electro®’ Y if g

- oA ) ey
configurations in the initial and final states. For those transi—ﬁl]ent (within 50%) with the values calculated using Dirac

. . . . Fock wave functions. Decreasirif; to =10—15 reduces
tions which occur between atomic states that are dominated, by four to five orders of maanitude. This thus explains
by a single configuration having the maximum occupancy ofhif y Il val fon2 a9 qi .18 for 233 P

the 6p,,, subshell, the matrix elements in the ions wigh the Very small values fov; estimated ir{18] for “U.

=10+ are such thatvZ=(2.0-2.5)x10 8 e\2. These As discussed above, thep§,— 5ds, transition is nearly
o 2 resonant in ions withg=10+. As the ionic charge is in-

s SO oy b oo o e TSEEE, e bty o cecon bin presen 1
larger than the resul? =2.4x 102 eV? reported in[18]. Initial state cecreases anc the energy maiching becomes
. if oorer, with the result that the transition moves out of reso-
The difference between the present result and the result ance. At the same time, other transitions that h&ye 0 in
low charge states, move closer to resonance in higher charge

[9] arises principally from the neglect {®] of Pauli block-
ing by the 5 electrons present in the initial state. The dif- states. Of particular interest is the transitiodsf— 6py/,
which lies close to resonance in ions wigh=23+. Thus, in

ference between the present result and thafl@f arises

principally from the different approximations used for thethe initial state jon B [Xe]4f46d? the Dirac-Fock result

electron wave functions. If8] a nonrelativistic hydrogenic for the transition energy is 77.3 eV corresponding to an en-

approximation was employed with an effective nLJCIearergy mismatch of 0.5 eV Thé atomic configuration in this

charge Zg .chosen to reproduce _the correct electron bindingstate of B3 is par.ticulaély simple since, apart from the

(ranneenrtgsy\'/v-rll—irgﬁ :fep;%an:i: :tr;?jel;sstﬂz]2tr‘ra‘rsa\l;[gﬁa,:l/:f)lrz-(l)—ﬂ1ma:‘glrx eles?ingle & e!ectron, the atom has a closed shell confi_gurati_on.
L When the ion has a more complex open-shell configuration,

interactions between the active electron and electrons in

which

2L—1)1 open shells can again split the transition into a number of
( = (11) branches. An example of this effect is shown in Fig. 4 for the
(wnr)tH? case of the initial state iog=22+ described by the mani-

fold [ Xe]4f14 5d'6d . The coupling of the 8 electron with

Thus for anE3 transitionh, ~r %, in contrast to the energy the &ds, or 6p,,, electron splits the 6s,— 6p,,, transition
operator which weights the matrix elements to larger radialnto 20 branches lying within 4 eV of resonance. The domi-
distances. This has the consequence that the effective nuclezant transitions have electronic matrix elements correspond-

h (wyr)=
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ing to values ofVZ=2x10"*€ eV?, of the same order of
magnitude as those for thep§,— 5ds,, transition in ions
with g=10+. The above estimates of the matrix elements
imply that the condition 8;|=|Vj¢| is satisfied as long as
5;=10 8 eV.

In order to obtain numerical estimates of the NEET rate
from Egs.(5) and(6), one needs to know, in addition to the
atomic energy levels discussed above, the atomic level
widths. In the absence of a laser field, the initial electron hole
state can decay by both radiative and Auger decay. For ex-
ample, for the case of an isolated uranium atom containing a
5d hole, the transition rate for filling of the hole by &1
radiative transition of an electron in one of thp 6rbitals is
of the order of 1€° s™1, corresponding to a natural width for
the initial state of the order of 1§ eV. Under plasma con-
ditions, the level widths are dominated by Stark broadening.
An estimate of the effect of electron broadening contribution
to the Stark width of an electronic transition in an ion, charge
g, in a plasma is given by twice the electron-ion collision
frequency|36]

Ir=5x102nqT, *723-In(n¥qT;%%], (12

with the electron density, in cm™2 and the temperaturg,
in eV. For the dominant charge states in the temperatur

range 20—100 eV the above relation gives transition widthd!

of the order of 5—20 meV.

tiplying the rates\fitkr for a given atomic transition by the
probabilities, P*'(n.,T), where the given hole states are

present in the plasma. In order to determine the approximatt%1
population density in different charge states, we use th?r

collisional-radiative model of the plasma7]. In this model,
the plasma is assumed to be homogeneous and the ener
distributions of the electrons and ions are described by
Maxwellian distribution with a single temperatufe Under

stationary state conditions the ratio between populations of
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FIG. 5. lonization energie§n eV) for uranium as a function of

charge state.

@tions, we estimate the populations of excited states that

ay undergo NEET transitions on the basis of a Boltzmann

distribution. Formation of the & hole states in ions witlg

The absolute nuclear excitation rates are obtained by mul-zl(_)Jr requires an eXC|tat|on_ energﬁex_z 77 eV, while for-
mation of excited @ states in ions withg=23+ requires

Eex=240 eV.

The calculated resonance energies are subject to an uncer-

inty A;;, arising both from an uncertainty in the nuclear

ansition energy(0.5 eV) as well as an uncertainty in the

atomic transition energy. The latter arises both from the ne-

Rect of electron correlation in the Dirac-Fock approximation

successive charge states is given in terms of the rate coeffi.5

cients for the processes of collisional ionization, radiative
recombination and three-body recombination. The ionization
energies for different charge states of uranium up te-40
have been estimated here from the atomic binding energies
using the relativistic atomic structure packagrasP [38].
The results are shown in Fig. 5. For configurations with
closedf shells all configurations belonging to a given mani-
fold were used. For configurations containing ofeshells it
was necessary to limit the number of configurations used in
the calculation. Thus a singlej coupled configuration was
taken for the opefishell electrons and this was then coupled
onto all possible configurations for the remaining electrons.
Using the Dirac-Fock values for the binding energies, the
populationsP%(n.,T) of charge stateg in a plasma with
electron densityn,=10" cm 3, at plasma temperaturds
=5, 20, and 100 eV, calculated on the basis of the
collisional-radiative model are shown in Fig. 6. The domi-
nant charge state in a uranium plasma at 100 eV is found to
be q=23+, in a plasma at 20 eV it ig=10+ and in a
plasmaat5 eV itig=6+. In all cases the ion population is

ulat

Q
(o]
o

-1

10

itself as well as from the shift of the atomic electron energies

20

25 30
Uranium charge state

FIG. 6. Populations of different ionic states of uranium in a

strongly peaked around the dominant chfirg_e_ state so thgtasma with mean temperature 5 éng dashes 20 eV (solid
effectively only a few charge states are significantly popudine), and 100 eV(short dashésbased on the collisional-radiative
lated. Using values oP9(n,.,T) for the ground-state popu- model.
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due to interactions with the electrons and ions in the plasmeited, provided there is a source of continuum electrons.
Comparison ofGRASP results with ionization potentials for Thus, for example, capture could occur onto a ground-state
5d electrons in highZ atoms indicates that the error due to uranium ion without the requirement for & %r 6p hole. On
neglect of electron correlation is approximately 2 eV. Fromthe other hand, NEEC matrix elements for highly excited
the estimates of the level widths given above, we expect thairbitals tend to be less than those for lower-lying orbitals so
the energy shifts will be less than 0.1 eV. Thus we havehat one might expect a reduction in the probability for con-
8it=02"+ A where 57" are the values of the energy mis- tinuum capture with increasing principal quantum number of
match based on the atomic transition energies calculatedhe orbital into which capture occurs.

above in the Dirac-Fock approximation, ang is the error A crude estimate of the probability of NEEC in a plasma
in the resonance energy. On the basis of the above discussigtas presented ifiL5] where the rate for NEEC was found to
we expect|Aj;|<3 eV. Figures 3 and 4 show the NEET be of the order of 1000 times larger than the rate for NEET
rates,Effq'” T(ﬁinFJrAif)' estimated using Eq$5), (6), and decay from a bound initial state. However this estimate was

(9) as a PuErfction of the paramete;; for values of|A] based on a number of approximations of dubious validity,

<4 eV for a particular initial state described by a single Sef'ncluding a nuclear excitation cross section that was indep_en-
of orbital occupation numbers. Contributions from overlap-dent ?f nLtJ)cIear pare}g”letedrsf. More reclzgntly, NEEC ex0|t|at|on
ping resonances in the many different highly excited stateg1as also been considered lor severa isorfib@ by a scal-
populated in the plasma lead to broadening of the NEET"Y procedure gppI!ed to results for the process of resonant
spectrum. The variation in the NEET rates witfy can then transfer excitation in which an electron in a solid target is

be used to derive lower and upper bounds\aer. Thus at captured into a bound orbital of a moving projectile ion. In
100 eV we obtain 10° s <\yger<1 st and at 20 eV this latter case the NEEC cross section was given in terms of

109 s '<\yeer<10* s L. The rates at 20 eV are lower the product of an Auger decay cross section and a ratio of

than those at 100 eV essentially due to the fact that the domguantities pertaining to the Auger decay rate and the internal

rant atomicsats nwhich rsonarce i approached at 20 SPTVEN o tote, Te e of apbiowaton T,
are present with lower probabilitieR?' than is the case at y gp

100 eV. These estimates clearly demonstrate the sensitivi sults were given fof*U excitation. "." the foII.owmg the. .
of the NEET rates to the charge-state distribution and th eory of the NEEC process is rec.on5|der'ed with an explicit
plasma temperature. The sensitivity of the NEET rate toreatment Ofc}he ele_ct_rc_)r:-nuc!e_us mt_eractlfonh h
plasma conditions could be one factor responsible for th VYe con?NeErEacr; Initial statein an |onbo chargeg. The
difference between the experimental rates. This conclusion i tal rate o transitions is given by
also indicated by calculations of NEET rate&9] averaged
over the=0.5 eV uncertainty in the nuclear excitation en- Aeec= > 2 > Pi(ng, TAGLIE, (13)
ergy, employing charge-state distributions based on a model a i nk
of local thermodynamic equilibrium.

As far as future experiments investigating NEETAHU ~ where the rate for NEEC capture to subshmetl is given by
are concerned, the above results indicate that the NEET rate
can be maximized in plasmas with temperatures of between aine_ [° _aqink
10 and 150 eV by maximizing the population of ions with ANEEC™ fE_ oneec(E)Fe(E)dE, (14)
q=23+.

whereoitf&(E) is the NEEC cross section at the enefgy
IV. NUCLEAR EXCITATION BY ELECTRON CAPTURE and F.(E) is the electron flux at this energy. Treating the
(NEEC) NEEC capture as a resonance in the elastic scattering of elec-
trons off the nucleus, the cross section, in lowest order, for
nformation of a resonance state containing the isomeric
fnuclear state is given by

NEEC (nuclear excitation by electron captuiie the ex-
citation of the nucleus by capture of a continuum electro
into a bound orbital. This process is formally the inverse o
the usual internal conversion process in which a nucleus de- e
excites by ejection of an electron from a bound orbital into qine ey T o |
the continuum. The electron orbitals that may contribute sig- ongec(E) = %‘J(E —E)2+(T%)%/4’ (19
nificantly to NEEC capture in a particular ion depend on the ' !

atomic structure of this ion and are thus not necessarily th@vherek is the wave number of the continuum electron of

same as those that participate in the internal conversion d%’nergyE %% is the width of the resonance state for
cay process of neutral or nearly neutral atoms. r o N

If we denote the energy of the captured continuum eIeCpreakup to the initial scattering staté;” is the total width,

tron by E and the binding energy of the bound electron afterandEr the resonance energy. The facBis a function of the
capture byE, then, given an initial state containing a distri-
bution of continuum electron energies, the conditign
=EyN—Ep can be satisfied exactly for some value of the
continuum electron energy, providég,>E,. Thus in gen-
eral, a large number of bound orbitals can participate in the ., ,
NEEC process. In addition, in principle, the NEEC process _ @it D(2"+1)
does not require the initial bound electronic state to be ex- C2(2j,+1)(2j+1)°

nuclear spinsj, andj,, in the ground and excited states, the
total angular momentuny, of the captured electron and the
total angular momentumj,’, of the continuum orbit from
which capture occursSis given by

(16)
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For a narrow transition, the cross section may be approxi-

mated by as function f>‘ ]
°
q,i,nk 2772 q,i,nk /':"
UN’E’EC(E): ?SFN’ ! (E) 5(Er_E). (17) %}10—2_
The widthT'4""~ is given by
() =2 [ 1y 40) P 5E ~ By Ep
(18) f
10
Using the result for the internal conversion matrix element in
[40] gives the following expression for the NEEC rate:
: 1674
)\QvlynK: —— S 2L+2
NEEC ™~ & krz AWy
1wt P D P [ TN T S W B P
0 50 100 150 200 250 300 350 400 450 500
(je 1/2 LO|jp1/2)2 Energy (eV)

X—
[(2L+1)11]?
FIG. 7. Maxwell-Boltzmann distributions of plasma electron en-
X B(EL)|RXL(E,)|?Fo(E,), (190  ergies for a plasma witli= 20 eV (long dashes T= 100 eV/(solid
line), andT=150 eV (dotted ling.
wherek, and E, are the wave number and energy corre-

sponding to the resonance condition &hdE,) is the elec- 47 \2E
tron flux at the resonance energy. The quantifigsind j, PEET)=——"3, —EKT (22
appearing in the Clebsch-Gordon coefficient are the total an- (27kT)

gular momenta of the continuum and bound electron, respec- o
tively. The quantit),R?f,&(E’) is the matrix element for decay This distribution is plotted in Fig. 7 for pla_sma temperatures,
of the resonance state by internal conversion of a bound-stafe ©f 20, 100, and 150 eV. The electronic matrix elements
electron defined by the quantum numbers to a continuurd® computed in a relativistic hydrogenic approximation.
state orbital of energf’. If penetration effects are ignored, Screening effects on the electronic matrix elements are im-
the electric multipole matrix eleme E,% is given by portant and some care has_ to be taken in order to choose t_he
effective nuclear charges in an appropriate way. The basic
procedure adopted here is to select the nuclear charge for the
RE,E(E’)zJ' [Poc(F)PEer o (1) 4+ Qpne(r) Qe o (r)]h (wnr) hydrogenic functions so as to reproduce an appropriate ex-
pectation value for bound orbitals that can be calculated sim-

h—1(@nr) ply using Dirac-Fock wave functions. In order to do this, we

— [ Lk= k" =L)P(r)Qer (1) note that the smallr behavior of the Hankel function,
h, (wr), that appears in the transition-matrix element is

+(k— k" +L)Qn(r)Pgs o (r)]dr, (20) given by Eq.(11). Numerical evaluation shows that this lim-

iting function provides a reasonable estimate of the Hankel
where Pg/ .. (r)/r and Qg/ . (r)/r are the large and small function in the regions that contribute significantly to the
components of the wave function for the continuum electrorintegral in the matrix element. For the excitation3fU, we
normalized on the energy scale. For completeness the exhus choose the effective nuclear chargejfer + 1/2 bound
pression for the magnetic multipole matrix eIemenR[&L, orbitals so as to reproduce expectation valueg of for
given by these orbitals. It is convenient to use the same effective
nuclear charge to describe the=1—1/2 orbital with the
ML e, 1 same value of the principal quantum number. We have veri-
Rnc (B =3 f [Pn(r) Qe (r) fied that a calculation of the internal conversion coefficient
of uranium for the dominant,,,, 6p5,, and &, orbitals
+Qne(N P/, (r)]h (wyr)dr, (21 using relativistic hydrogenic wave functions with values of
Z.#=50 obtained in this way agrees to within a factor of 4
whereP,,, (r)/r andPg, . (r)/r are the large components of with literature values for the internal conversion coefficient
the wave function for the bound and continuum electronreported in[40], calculated with Dirac-Fock bound and con-
respectively, andQ,.(r)/r and Qg/,/(r)/r are the corre- tinuum electron wave functions.
sponding small components of the electron wave function.  In principle, the number of high-lying orbitals satisfying
In the numerical estimates of NEEC rates presented bahe energy conditiorE,<Ey eV can be very large. How-
low, a Maxwellian distributionP(E,T), of continuum elec- ever, we note that, for the case of tA8 transition of?>*U,
tron energies has been assumed given by capture intop andd orbitals dominates since this allows the
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TABLE II. Rates\{t2& for nuclear excitation by electron cap- 5.
ture (NEEC) to the isomeric state d¥®U for capture in subshetix T [
of US* and U°* ions in a plasma at 20 eV with,= 10" cm™3. E, o
is the energy of the continuum electron for resonant capture. I
2
Subshell g+ yLor Y ©
o B B R U
(ev) (107 2s7h (ev) (1072571
6d3, 26.4 1.2 <0 0
6ds, 224 3.8 <0 0 »
7P1p 38.8 1.0 9.7 11 °F
7Pss 41.4 3.0 4.8 46
7d3, 49.9 0.07 17.4 1
7ds, 50.3 0.3 18.5 4
8p1; 54.0 0.2 27.2 2 i
8pa3p 55.2 0.6 29.7 6 10
TOtal 10 70 :....I....I....I....I....I....I,..‘I....!....I....
0 10 20 30 40 50 60 70 80 90 100

Temperature (eV)

bound and continuum electrons to share the angular momen- FIG. 8. The NEEC excitation rate as a function of temperature

tum of the transition and maximizes the electronic matrixfor US* (long dashes U®" (solid line), and B** (short dashes

elements. In order to investigate the basic characteristics aéns. In each case the plasma densityds- 10" cm™3.

NEEC, we consider capture in three ionic state& [Rn],

Uo* [Xe]6s?4f15d0 and U [Xe]4f! Table Il shows the symmetry requirement th+1.+L must be even for

excitation rates per nucleugigf for capture intop andd  an electric multipole transition. The temperature dependence

orbitals of P+ and U°" in a plasma of temperature 20 eV of the NEEC ratesy, A figec, Summed over the orbitals«

in which the electron density is ¥cm™2. Similarly Table  shown in Tables Il and Il is shown in Fig. 8. The experi-

Il shows results for 3*" in a 100 eV plasma fom,  mental nuclear excitation rate is the product of the above

=10 cm3. The excitation rates have been summed oveNEEC rate and the population of the given ion in which

the dominant continuum orbitals that can contribute to capeapture occurs. If the atomic state populatid®$,(ng,T) of

ture into a given bound orbital, taking into account the re-the most probable charge states are of the order of 0.1, as

strictions imposed by the Clebsch-Gordon coefficient and byndicated by the discussion in Sec. Il A, then the above cal-

culations, together with Eq13) indicate that nuclear excita-

TABLE IIl. Rates\ %1 for nuclear excitation by electron cap- 10N rates due to NEEC are of the order of 16s™* in

ture (NEEC) to the isomeric state 62U capture in subshefix of ~ Plasmas withne=10"cm™* at temperatures in the range
U2%* jons in a plasma at 100 eV with,=10° cm 3. E, is the =~ 20—100 eV. Nuclear excitation by NEEC thus appears to be

energy of the continuum electron for resonant capture. significantly less probable than excitation by the NEET pro-
cess discussed above. Results for NEEC excitation of other
Subshell E, Nt nuclei will be presented elsewhel41].
nl; (eVv) (1071257
12031, 58 29 V. INELASTIC ELECTRON SCATTERING
13p3p2 17.6 1.9 Electrons that have energies greater than the nuclear ex-
14ps, 26.7 13 citation energy may cause nuclear excitation in collisions by
15p3) 33.5 1.0 inelastic scatterinj42—4§. If the electron energies are suf-
16p3;2 39.2 0.7 ficiently high, as for example is the case in the electron-beam
17p3p 44.2 0.6 experiment of 5], inelastic scattering may also lead to exci-
18ps, 48.0 0.5 tation of high-lying excited nuclear states that subsequently
12p4p 4.0 0.9 decay to the isomeric state. The effective cross section for
13py; 16.2 0.6 formation of the isomeric state can thus be writtefy
14p4), 25.6 0.4 =3 ,07Y,, wherea, is the cross section for formation of the
15py); 32.6 0.3 state,n, andY, is the probability that the decay of this state
16py), 38.5 0.2 eventually populates the 77 eV isomeric level.
17py) 43.6 0.2 A discussion of the cross sections for inelastic scattering
18py) 47.6 0.1 of 25U by 500 keV electrons is given {@#7]. The dominant
12dg, 9.6 0.2 cross sections were found to be of order 8-103% cn?
12ds, 10.0 0.7 for excitation of levels of the 5[822] and 5/2333] bands
Total 12 for which the bandheads lie at 129 and 333 keV, respec-

tively. Combining these results with an electron flux of 3
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TABLE IV. Parameters describing the resonant photoexcitatioffdf by 500 keV electrons.

Excited nuclear Energy Yn N\n ry a}(E,=Ey) ab
staten e cm e cmre C
(keV) (cm) (eV) (cn? eV) (cnt)
2+ (1/2631]) 0.077 1.0 1.6x10°%  16x10%¥ 11x10% 9x10°%
3+ (1/2631]) 13.0 1.0 95x107° 4.0x10718 27x103®  1x10°%®
2+ (1/2631]) 51.7 1.0 24x10°° 13x10? 53x10%  6x10°°%
2 +(5/2622]) 129.3 0.15 9.6x10° %  65x10°° 45x107%  2x10° %
2 +(5/2633)]) 332.8 0.17-0.22 3.%10°1° 1.1x1077 1.2x10% 1x10°%

x10%° cm 257! yields nuclear excitation rates of order 3 of formation of nuclei in the isomeric state following reso-
x10"8-3%x10"7 s71. In view of the significant difference nant photoabsorption that excites the nuclear statean
between this rate and the experimental rate &f1® > st  then be written
deduced from the data ¢6], an explanation of the data in
terms of electron scattering alone appears unsatisfactory.

Excitation of the isomeric state by inelastic scattering of )‘N:; Y“L‘TE(E)FG(E)dE'
plasma electrons is, in principle, possible. However, an esti-
mate of the rate for excitation of the isomeric state, for a
plasma of temperature 100 eV using the Born approximationiwhere the effective cross section for production of the state
yields A\ ,~1071® s71, negligible in comparison with the ex- via photoexcitation arising from Bremsstrahlung generated
perimental excitation rates. Production of the isomeric stat®y the moving electrons is given by
by inelastic scattering to higher-lying nuclear states is even
less likely due to the low probability that an electron has the o dog(E)
necessary kinetic energy to excite a nuclear state. On~tu dE,

(25

) (7 gAaLd), (26)
E,=Ey
VI. PHOTOEXCITATION
wheret,, is the target thickness in atoms per ¢m
Nuclear absorption of Bremsstrahlung produced by |n the case of the 500 keV electron beam of RBl, the
charged particle motion in the plasma is an additionaldifferential cross sections for production of Bremsstrahlung
mechanism that might populate isomeric states, either by photons with energies of the order of 100 keV are found
direct photoexcitation of the isomeric level or by photoexci-from [49] to be of the order of 10?7 cn? eV~1. Assuming a
tation to a higher level followed by decay to the isomerictarget thickness of uranium of 20 mg ckfor the experi-
level. The cross sectiom)(E,) for resonant photoexcitation ment of Ref,[5] givest,=5x 10'° atoms per crh Table IV
to a nuclear leveh (with excitation energyEy) by photons  shows values of } and the cross sections? for some low-
of energyE , is given by[48] lying transitions. Direct photoexcitation of the 77 eV level in
an E3 transition is negligible because of the small photoex-
RES I ,g  Citation width (= 10 %% eV) of this transition. The largest
(E,—En)2+ r24’ 23 photoexcitation cross sections again arise from+5&ates
at 129 and 333 keV. Multiplying by the deexcitation prob-
abilities to the 77 eV state, estimated from the branching
ratios of[50] yields a total photoexcitation cross section of
approximately 103 cn?, which corresponds to a nuclear

Y . 2
Un(Ey): Egn)\n

where \,, is the transition wavelength;} is the y decay
width of the excited statd,,; is the total width of the excited
state, e.md;!n s a 's,tatlstlcal factor e.qua'l o {g+1)/(2j,, excitation rate per nucleus of the order of 1™ 1. This

+1) with j, and j, the nuclear spins in the ground and ggimate should be considered an upper estimate since no
isomeric nuclear states, respectively. For a narrow resonancgecount has been taken of photon absorption in the target.
the Breit-Wigner form may be approximated bydunction  the contribution of photoexcitation to nuclear excitation in

. _ 2 . . -~ . .
giving o}(E,) = m°gu\qL RS(E,— Ey). _ the experimen{5] is thus less than that arising from inelastic
The number of Bremsstrahlung photons emitted per secglectron scattering.

ond with energies betweel, and E,+dE, produced by In the case of the laser plasma experin{@itthe Brems-
electrons of energg is strahlung cross section estimated froni49] is

dow(E) 10 2 cnfeV L. Assuming a Maxwellian distribution of

R,/E,) =VNUUB—d E,Fe(E)dE, (24) p!asma electron energies witiT =100 _e\( yiel_ds nuclear ex-

dE, citation rates less than 16’ s™1, negligible in comparison

with the experimental result. Excitation rates to higher-lying
whereV is the volume of plasma which contaihg, nuclei  nuclear states are even smaller because the probability
of uranium (all isotope$ per unit volume,Fo(E)dE is the  P(E,T) decreases rapidly with increasing electron energy.
electron flux at the enerdl, anddog(E,)/dE, is the cross  Thus photoexcitation can be ruled out as an explanation for
section for Bremsstrahlung emission of photons by electronthe observed isomer production in the laser plasma experi-
of energyE, differential in the photon energlf,. The rate  ment[3].
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TABLE V. Summary of theoretical nuclear excitation rates {)sper 2*®U nucleus for three cases : a
plasma with electron density,=10'° cm™2 and temperatur& =100 eV, a plasma with,= 10" cm™2 and
T=20 eV, and finally nuclear excitation resulting from interactions of beam electrons in a 500 keV electron
beam with a?®U target.

Inelastic
Conditions NEET NEEC scattering Photoexcitation
PlasmaT =100 eV 105-1 101 10716 <107
PlasmaT =20 eV 10°-10"* 1071 107 <107
500 keVe™ beam 107 <107’
VIl. CONCLUSIONS ciently long ¢;,,> ns) in order to permit the excited nuclei

Table V summarizes the theoretical results for excitationariSing from the laser-irradiated target to be analyzed spec-

of 23"y discussed above. These values can be comparetfrqu_fo?"\ji”é :Fiossélﬁfv) nggtld(illtelsE Ecllu&e ket\f})e a:gclel
with the experimental results shown in the last row of Table205pg (E2|l: N—Z :'33 keV) ' N '

I. The largest values of the theoretical nuclear excitation =N '

rates come from the NEET process which is sensitive to the

plasma temperature. At 100 eV the NEET rate is dominated\PPENDIX: NUCLEAR ELECTROMAGNETIC MOMENTS

by the near-resonant electronic transitias6— 6py/, while The nuclear electromagnetic moment for an electric mul-
at 20 eV the rate is dominated by the electronic transitioqip0|e transition of multipolarityL is defined by[51]
6p1,—5ds;,. The uncertainty in the theoretical transition
energies at the level of a few eV combined with the large 1 o NP

number of possible NEET resonances arising from the many (2j,+1) [inlIMCED) 1], (A1)
different excited states populated in the plasma has the con-

sequence that the theoretical results for the nuclear excitatiqghere j, andj/, denote the nuclear spins in the initial and
rates lie in a range spanning approximately five orders ofing| state andMi(EL) is the nuclear electric multipole op-
magnitude. The revised experimental values for the nuclear .. o o3 14+ 1[631]— 1 1[743] transition it is
excitation rate in the experimenf8] and[5] given in the : _ h | . h : |
bottom row of Table | lie at the upper end of the theoreticalcolr:lvee?éerntthgoiﬁtsé'rr:;ti;nse\:;gﬁ E;;Pﬁfet gf ?gﬁ”ggga
;\?Eg?rs'p:tess':r?tlgg Ezrgo:reg g;astegh%rt]hgo;?gg? ! rﬁzgg]laﬁsth 6.8 m and the theore(z)tical result for the internal conversion
plasma with nuclear excitation in a central hot spot defined:()e'(f'?'em'“:2.'5>< 10°° obtained by mtgrpola_ttlon of the re-
by a single electron density and temperature. In reality, therémtS in[40] Wh"?h were calculated using Dirac-Fock elec-
is a continuous variation in density and temperature as th§0n wave functions. The total decay rakg can be ex-
plasma plume expands away from the focal spot. ThuPressed in terms of the internal conversion coefficient
NEET transitions favored in the lower density plume may bethrough

different from those favored in the central dense region of Ar=(1+a)\,, (A2)
the plasma. In addition NEET reactions could also occur in

the conduction zone of compressed matter behind the hathere the radiative rate,, is given by

spot. Errors in the experimental values for the nuclear exci-

tation rates could result from imprecise knowledge of the N = 8m

plasma volume and uranium ion and electron densities. Sev- Y reL+1np? L
eral experimental investigations of nuclear excitatiorf-ot)

in a plasma are currently in progress in order to clarify theysing these relations, together with the values given above

experimental situation. . . for @ and Ny, yields B(3+—Z1—)=192.5e?fmb. The
As far as other candidates for possible future experiment eisskopf model gives the following result for an electric
observation of NEET are concerned, we note that in generanlwultipole transition of multipolarity. [51];

the NEET rate will be large when the electronic matrix ele-

B(EL)=

1
E3-"'B(EL).  (A3)

ments are large, when the energy mismatch is small and 1.2L 2 oL/32 oL o
when the half-life of the excited state for decay to the ground B(EL)=——| 3] A™"e%(fm)™=3280e" fm".
state is short. In addition, for a given multipole transition, the (A4)

electronic matrix elements will be large when the nuclear

charge is large and when the principal quantum numbers ofhus the transition is hindered by a factéy,=0.06. TheB
the bound atomic orbitals are small since the bound electrogalue for inverse transitioifrom the ground statg to the
density is then localized in the smalkegion where the mul-  excited statee) is related to that for the decay of the excited
tipole operator is large. At the same time, it is desirable fromstate by

the experimental point of view to work with a nucleus which .,

is stable, or which has a long half-life in the ground state, B(g—e) _ (2jnt1)

and for which the isomeric state has a half-life that is suffi- B(e—g) (2j,+1) (A5)
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Thus theB value for excitation of the ground state to the
isomeric level isB(3— —%+)=48.1e?fm".

No direct experimental information is available on tBe
values forE1 transitions from the ground state to low-lying
states of”>®U. Here we estimate the associaudalues from
B=BHy whereB,, is the Weisskopf model result arhtl,

is the hindrance factor. We estimate the latter using dat

on the related transitions if*®Pu [52]. This approach
gives Hy(% — 2[743]— 3 + 3[631])=1.8x 10" ° and Hy,(3
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—2[7431— 3+ 3[622])=6.3x 10" 7 We then obtain the fol-

lowing B values for?%®U E1 transitions:B(% — 5[ 743]— %

+32[631])=4.5x10" ¥ e?cn? and B(Z%Pu — 2[743]—3
+3[622])=1.5x 10 %2 e?cn?. If we assume also that the
hindrance factors for the transitions; —2[743]— 32
+32[633] and £ —1[743]— 3+ 3[622] are the same, then
he B value for the Z— [ 743]— 3+ 2[633] transition in
%% is also equal to 1810 32 e?cn?. The latter value
may be compared with the value &=2x10 3?e?cn?
reported in[47].
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