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The probability of nonradiative excitation of nuclei i atomic transitions (the so-called NEET
process) is derived on the basis of QED. The existing experimental and theoretical results for the
nuclei '*°Os, '’ Au and >*’Np, are reviewed and analyzed. The theoretical estimates of the
probabilities differ significantly from the experimentally observed values. It is shown that the
interpretation of the experimental results on excitation of a low-lying (76.8 eV) isomeric state of
235U in a laser plasma with the help of the NEET mechanism is incorrect. The possibility of
measuring the NEET probability in coincidence experiments is discussed.

1.INTRODUCTION

Nuclear excitation by electron transition (NEET) was
proposed by M. Morita in 1973 as a highly efficient process
for exciting atomic nuclei into isomeric states when one of
the inner atomic shells is ionized.! The crux of the phenome-
non consists of the following. If an atom is capable of a tran-
sition which is close in energy to and has the same multipo-
larity as a nuclear transition, then besides the standard
channels for deexcitation of the atom—x-ray and Auger
emission—the process of nonradiative excitation of the nu-
cleus by direct transfer of energy to the nucleus from the
atomic shell is also possible.

The process of nonradiative excitation of a nucleus, but
for muon transitions in u-mesic atoms, was itself first stud-
ied by D. F. Zaretskii back in 1959.2 The phenomenon was
subsequently studied in many experimental and theoretical
works, especially in the 1960s. The interaction of a nucleus
with an electron shell was studied in detail in different orders
of perturbation theory by V. A. Krutov. In particular, in
Ref. 3 Krutov and Fomenko considered, among other pro-
cesses, the deexcitation of a nucleus by a process inverse to
NEET. The method proposed in Ref. 3 can be used (and is
used) for studying different nuclear excitation mechanisms.

The theoretical calculations made by M. Morita in Ref.
1 indicate that the NEET mechanism has a high efficiency.
In a subsequent series of experimental papers*™® the excita-
tion of low-lying levels of the nuclei '*Os, '’ Au, and »*"Np
accompanying irradiation of targets consisting of thin foils
of these metals by electrons and photons with energies suffi-
cient to ionizate the K shells of the atoms was explained by
the NEET process. The results of the experiments of Refs. 10
and 11 on the formation of the isomeric nuclei >**"U in a hot
plasma, produced on the surface of natural uranium by CO,
laser radiation, were interpreted with the help of the same
mechanism.

There are a number of theoretical treatments of the
NEET process. In Ref. 12 calculations, on the whole con-
firming the results obtained in Refs. 1 and 4-11, were per-
formed and nuclei meeting the requirements for NEET were
proposed. D. P. Grechukhin and A. A. Soldatov pointed
out,"® however, that the expression employed in Refs. 1 and
12 for the electron-nucleus interaction Hamiltonian is not
entirely correct (essentially because the nuclear current was
determined incorrectly) and consequently the results were
much too high. Indeed, the Hamiltonian in Ref. 1 had the
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where Z is the charge of the nucleus and r and R, are, respec-
tively, the radius vectors of the electron and one of the pro-
tons in the nucleus. After expanding the denominator in Eq.
(la) in multipoles the following formula was obtained for
the interaction energy:

4nZe*
2L+1

int™

R, )

where L is the multipolarity of the nuclear transition. Next,
the L th power of the radius of the nucleus R, = 1.24 '* fm,
where A4 is the atomic weight of the element, was substituted
for the average value (R © ), and the quantity (r ~*~') was
estimated as 7" “ !, where r, is the radius of the Bohr orbit
with n = (n;, + n,)/2 and n,, are the principal quantum
numbers of the initial and final atomic states. The presence
of Zin Eq. (1a), the substitution of R, for (R ), and the fact
that the angular parts of the matrix elements were neglected
resulted, as will be shown below, in an overestimate of the
probability of NEET by several orders of magnitude.

An attempt at a relativistic calculation was made in Ref.
14. The fifth-order diagram in e was studied (the Coulomb
interaction between the electrons in the shell in the initial
state was taken into account). The use of hydrogen-like elec-
tronic wave functions and some other unjustified approxi-
mations (see the analysis in Ref. 15), however, resulted in
overestimation of the NEET probability.

The contribution of third-order diagrams in e to the
probability of nonradiative excitation of the nucleus was cal-
culated in Ref. 15. It was assumed that the smallness intro-
duced by the extra electron-photon vertex in many cases can
be compensated by a relative increase in the probability of
excitation of the nucleus due to an increase in the number of
accessible final states as a result of photon emission. It will be
shown in Sec. 2 that taking into account the finite widths of
the atomic levels in the second-order diagram does indeed
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result in an expression for the probability of the process that
already includes the contribution of all diagrams describing
higher-order channels for de-excitation of the atomic shell.

In Ref. 16, in order to determine the efficiency of
NEET, it was proposed that the atom be treated as a system
of two coupled oscillators (the nucleus and the atomic shell)
with close resonance energies. In this case, in the opinion of
the authors, the probability of excitation of the nucleus does
not depend on the magnitude of the nuclear matrix element,
but rather is determined only by the properties of the corre-
sponding atomic transition. As a consequence, the numeri-
cal estimates of the probability of NEET in the model of Ref.
16 are significantly higher than all previously obtained val-
ues. An excitation mechanism similar to that studied in Ref.
16 will be analyzed in detail in Sec. 4.

The problem of NEET was subjected to serious critical
analysis in Refs. 17 and 18. Calculations of the NEET proba-
bility for the nuclei '**Os, '*’ Au, and »*’Np, performed with
the help of time-dependent perturbation theory for nonrela-
tivistic quantum mechanics, were performed in Ref. 17. In
Ref. 18, in addition to the three nuclei indicated above, the
nuclei '**Ir and '*' Dy were also studied and the possibility of
NEET for the nuclei 2*°U was likewise analyzed. The calcu-
lations were performed on the basis of quantum electrody-
namics (QED). The discrepancies between the numerical
results of Refs. 17 and 18 arise primarily for two reasons:
first, in Ref. 18 the widths of both atomic levels participating
in the process were taken into account (which, as will be
shown below, is important in order to obtain the correct
formula for the probability of the procesS), while in Ref. 17
only the width of the lower level was taken into account;
second, in the numerical calculations reported in Ref. 17
employed nuclear matrix elements, which, in our opinion,
were not entirely correctly reconstructed from existing ex-
perimental data.

Due to the significant discrepancies between different
theoretical estimates, contradictory experimental results
(for example, for the nucleus '*°Os, and the possible interest
of experimenters in the process of excitation of nuclei in
atomic transitions, in the present paper the formulas for the
probability of NEET are derived consistently on the basis of
QED and the experimental results presented in Refs. 4-11
are discussed. The system of units #i = ¢ = 1 is employed.

2.PROBABILITY OF EXCITATION OF THE NUCLEUS IN AN
ATOMIC TRANSITION

Following Ref. 18, we consider the NEET mechanism
starting with the stage when excitation of the nucleus actual-
ly occurs in an electron transition between atomic shells. We
neglect the previous history—the process in which a vacancy
is formed in one of the lower shells. This approximation can
be justified by estimating the rates of both processes. Consid-
er, for example, the K-shell of atoms with Z = 70-80. The
total width of a K-shell vacancy is equal to 30-50 eV, which
corresponds to a lifetime of ~10~'" s. On the other hand,
NEET is practically localized in the ““upper’’ atomic (in our
case L or M) shell participating in the process. The residence
time of 100-keV beam electrons (the energy must be high
enough to achieve efficient ionization of the K-shell) in the
K-shell and the time in which an electron knocked out of the
K-shell leaves the region of interaction are equal to about
10~ 5. For this reason, without significant loss of accuracy,
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it can be assumed that there is enough time for the K-shell
vacancy to forget by the time it decays the process by which
it was formed. Similar arguments also apply in the case when
NEET occurs in electron transitions between the upper
shells of an atom. Although significantly lower electron en-
ergies are required to ionize these shells, the ratio obtained
above for the times of the processes involved also holds here,
since vacancies in these shells have significantly longer life-
times. On the basis of what was said above, the diagrams in
Fig. 1 which are of second and third order in the electromag-
netic interaction constant e are most important for describ-
ing NEET.

We now proceed to the calculation of the probability.
The nuclear wave functions of states with energies E; and E .

¥, (¢, R)=exp(—iE2) ¥ ,(R),
Yo (t. R)=exp[—i(Er—il'v/2)t] ¥ (R) (3)

satisfy the normalization condition
§ ORI 0, (R) 121,

In the wave functions (3) I’ is the width of the isomeric
nuclear level |F ). We assume that the initial state is station-
ary. The wave functions of the electron hole, which has ener-
gy & in subshells with binding energies &, and widths "
(we assume &= — &, i.e., the energies of the electron
holes are positive), have the form

Pien, 0 (2. P)=expl ~i(&in, n—ilinnn[2) )i, 1 (), (4)

where |i) is the initial state (vacancies are located in the
“lower” shell), |n) is the final state of the hole for a second-
order diagram and an intermediate state for third-order dia-
grams, and |f) is the final state of the electron hole for the
diagrams in Figs. 1b and ¢. Thus we shall consider the excita-
tion of the nucleus not in an electron transition but rather,
more conveniently, in a transition of a hole from lower atom-
ic levels to higher atomic levels.

In the calculations the wave function of an electron hole
was represented as

gu(r) Qjim (m) )
—ifii () Qurm(n)

with the normalization condition

w('i)=( (5)
§ arreter 0+ 1=1.

Here g(r) and f(r) are, respectively, the large and small
components of the radial wave functions, n=r/r, the

X X
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a b c

FIG. 1. Diagrams of the NEET process: a) second-order perturbation theo-
ry; b) and c) direct and exchange third-order diagrams, respectively.
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spherical spinors are defined as

1
Qjim(n) = Z (lml —i‘ szm) Y i, (1) Y

mg,My

Xm=(0) if (1), Y,.(n) are spherical functions,
(Im, 4 m,|jm) are Clebsch-Gordan coefficients, and landj
are the orbital and total angular momenta of the states of the
electron hole.

The elements of the second-order S-matrix correspond-
ing to the diagram in Fig. 1a have the standard form

—i

&r &*ReT, (1) ",
w~~m4—i(r.-+1‘,+r,,)/zj r &'Rew,; (1) 1"9: (1)
XD,y (0x; r—R)e¥ .+ (R) 'Y, (R), (6)

()
Sy =

where oy = Ep — E;, 0, = &, — &, y* are Dirac matri-
ces, ¥ = 3 9°, and J ¥ is the electromagnetic-current 4-vec-
tor of the nucleus. The coordinate-frequency representa-
tion'® is used for the photon propagator in Eq. 6:

exp (iox [r—R])

DIW((DN;‘I._R)= —8uv |r—R| ,

(7

where g,,, is the metric tensor and the electron in the shell is
the source of the field.

The formula (6) is obtained after integrating over the
times at both vertices and over the energy of the intermediate
photon. The following well-known relation is employed for
the time integration:?°

1
exp[i(g—if)tlzﬁj dﬁ@:f)jg-

—o0

ein

(8)

which gives
j dt, dt, exp[ —i(0a—o—i(Ti+Ty)/2)t,Fi(0y—0—ilx/2) ]

—1 —1 (9)

T oa—0—i(THT,)/2 ox—o—ilx/2’

Next, the integral over the energy w of the intermediate pho-
ton is calculated as

S dw--25i Res (o=wx—iI'v/2).

After asimilar integration over times at the vertices and
energies of the intermediate photon and electron hole, we
obtain the following expression for the element of the third-
order S-matrix corresponding to the sum of the diagrams in
Figs. 1b and lc:

8 =2ne’8 (& —& ;—wx—wx)
XZ{[ § a0rp, () 52 (r, 02) 0 (0)

ijd’r d*R§. (r)*: (r) Dy (0w, r—R) ¥ (R) J*¥,(R)
X [(J)N"“ (é’,——é’") +l(F.+F"+Pn) /2]—l+

+[ j j @’ d*R(r)y* . (£) Dy (0w, -—R) ¥ * (R) /¥ (R)
x J &1 () 58" (1, 0.0 000 |
X[0x— (& —82)~i(T+T,) /21 . (10)

Here wy is the energy of the emitted x-ray, & =y*d,,and
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o, (r,wy) is the wave function of the photon. The deriva-
tion of Eq. (10) employed the following representation of
the electron hole propagator:

Gap(ty—ts; s )

. dE exp[iE (t,—t.)] _
=- lZﬂ:l j?n-m ¥, (¢, (ri)exp(—Tats),
(11)

which is constructed with the help of the integral relation
(8) from the functions (4) according to the standard rules of
QED. The summation in Eq. (11) extends, generally speak-
ing, over all possible intermediate states. But, nuclei for ex-
perimental investigations of NEET are selected so that the
energy w, of the nuclear transition is close to the energy
difference &, — &, between the initial state and one of the
intermediate states of the electron hole. This makes it possi-
ble to make immediately two simplifications in the theoreti-
cal calculations. First, the single-level approximation can be
used in the matrix elements (10) and (11) and, second, only
the direct diagram of Fig. 1b need be considered in order to
estimate the contribution of the third-order diagrams to the
probability of the NEET process, since in this situation the
first term in braces in Eq. (10) will be significantly greater
than the second term, where there is no resonance.

For the subsequent calculations we employ the stan-
dard technique. After the phonon propagator (7) is expand-
ed in multipoles, the longitudinal and scalar components in
the amplitude S ;>’,as is well known, cancel (see, for exam-
ple, Ref. 21). As a result, the matrix element (6) can be
written as a sum over electric (E) and magnetic (M) multi-
poles

4nioy
oy—0—i(Fi+T,+Ty) /2

X 2 Z j d’r d’Rep,* (r) ap (r) B, (r)e ¥,

(2)
S =~

X (RYJ¥,(R)A,.*(R), (12)

where a = E, M, a = ¥°7, and in the Coulomb gauge (see
Ref. 21) the electromagnetic potentials are
L+1

Yy
2—1:_{_—1") jL-—l(mNH)YLL—l;m(n)

At )=

L \"
- (—,—2[14’1) Jres(0xR)Yiriim(m), (13)

ALmM (R) =jL((1)NR)YLL: m(“)’

Jr (x) is a Bessel function, Y, ,.,, (n) are vector spherical har-
monics, defined as

Yo, (n) = 2 (LmAp|IM)Y 1 (0) &y,

n,u

where£, (u = + 1,0) are the components of the spin vector
of the photon in a cyclic basis related to the components e,
(i = 1,2,3) in the Cartesian basis by the relations

Et,=q:(e,:tie._.)/2’/‘, Eo=¢;.

The potentials BZ* (r) are obtained from A7\ (R) by re-

placing the Bessel functions in the formulas (13) by Hankel
functions of the first kind 4 (" (wy7).
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In order to calculate the third-order amplitude (10) we
employ the following representation for the wave function
for the photon with momentum k (Ref. 21):

'

S, (r, 1) =exp(—iwxt) (%E)

X(27)" D 5 (L) D, (e, 01, 0)

Lm

X[iArn® (r) +pAi.™ (r) ], (14)

where D %, (¢,,%,0) are Wigner D-functions.

In order to calculate the probability of the NEET pro-
cess it is necessary, in particular, to integrate over the angu-
lar variables of the momentum k of the emitted photon. For
real photons the multipolarity L is always > 1. D-functions of
the form D;;m (w,9,0) are orthogonal on the sphere. As a
result, the contribution of the term corresponding to inter-
ference of the second- and third-order diagrams in the
expression |S ;> + .5 £|* to the probability of the process
will be zero. For this reason, in what follows, the probability
W (er of the second-order process (diagram Fig. 1a) can
be calculated separately from the contribution W’ of the
third-order diagram (Fig. 1b).

Consider the expression (12). We use the standard defi-
nitions of the matrix element (ME) of the nuclear current?!

o [ L+1\"
[ @trew . (R)Tw, (R)AZ (R) = —2 (——)

(2L+1)!! L
M -1 f E
XMl 20 Ry (- {70 T sy
1 for M

Here .# £}” (R) is the electromagnetic transition operator
and J; , and M, are the spin of the nucleus and its projec-
tion on the quantization axis in the initial (final) state. The
reduced probability of the nuclear transition is expressed in
terms of the matrix element (15) as follows:

N M| A1 12, (16)

M, Mp

B(EM)L;[—~F)=
(E) ) 2/+1

As far as the electronic part is concerned, by taking into
account the selection rules in the matrix element of the nu-
clear current the electronic part can be reduced to the fol-

lowing form with the help of the appropriate formulas from
Refs. 22 and 23:

f @rBry (1) Pa* (r) s (r)

[L(2L+1)(2] 1) ] ﬁﬂfm)( )
4r (L+1) (2,+1)
1 1 1 for E
(],———LOI],.———)(]mLM“,,m,,){ 1t M
(17)

The radial matrix elements in Eq. (17) were calculated from
the formulas

7 (0) = J dr {1 (0r) L4, (M ga () H (P a0 .

(1)
__ﬁﬂku, #u—L) g (1) fa () + (%i—mat L) f (1) g»(r)l}

Mn

5 drrhy’ (or) [g:(Nfa (N +: (g (],
(18)

M ()= z
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where % = (/ —j) (2j + 1). The matrix elements (18) were
calculated numerically. The mean field and the electronic
wave functions were determined in the relativistic form of
the Hartree-Fock-Slater method using A. A. Soldatov’s
program (a description and the necessary references can be
found in Ref. 24).

In order to obtain the probability W (&g for excitation
of the nucleus in an atomic transition, we square the absolute
value of the expression (12), divide by the time, and sum
over the final and average over the initial states of the nu-
cleus and the electron. Using the relations (15)—(17) it is
easy to show that

E i (L; ox; i~n, [>F)

() :
=(T;++T ’ ?
weer== ( ~) (oy—0,4) %+ (T, +Ty) %4 (19)

where the squared interaction energy E.
tity

ne denotes the quan-

2 .
E. . (L; on;i—n, [—F)
2(L+1)

N 1 1\?
—dne 2L +1)| j —L0(j, —
Anet oAy 1)(" 5 L0lin )

X | (0x) |*B(E(M)L; I-F). (20)
If, now, the width of the nuclear state is neglected com-

pared with the widths of the atomic levels, the final expres-
sion for W {3xr assumes the form

W pmer=1"P, (21)

where
Lo\ Ei(L; oy; i—~n, [~F)
P=\1+ 22
( ) (oxy—0.4)*+(T+T,)%4 (22)

is the probability, introduced by M. Morita in Ref. 1, of a
transition of the nucleus to an excited state accompanying
the decay of the electron “hole” in the atomic level |7). In
what follows, we denote by A the difference v, — 4, ap-
pearing in the dominator, between the energies of the atomic
and nuclear transitions.

The key part of the formula (22) is the expression (20)
for the interaction energy of the nuclear and electronic cur-
rents. In order to verify its correctness, we employ the rela-
tions for the widths of radiative transitions with energy oy
between nuclear levels®!

Iy (E(M)L; on; I+F)

2L+41

Wy I+1
l(2L—! 1)"]2 L

B(E(M)L; I~F) (23)

and between the lower atomic shells*
Ty (E(M)L' ©x; i—n)
L(2L+1)

2 E(M 2
=2e 0y W( "‘“L()l/n '_‘) (Re [mL )((I)N)J)
(24)

It is easy to see that Eq. (20) can be rewritten in terms of
Eqgs. (23) and (24) as

Eo="T4 (E(M)L; oy;i—~n)
XTI (E(M)L; oy; I->F) (1+1/6%), (25)
where § = Re[MF™ (wy) ]/Im[ MM (wy) ] is the ana-
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log of a function well-known in the theory of internal elec-
tron conversion, and Re and Im denote, respectively, the real
and imaginary parts. Now, cutting the photon line in the
diagram of Fig. 1a (i.e., switching to two independent radi-
ation processes) we obtain, instead of Eq. (25), as we
should, a product of two radiation widths. (Indeed, 1/8*
evidently vanishes and the factor of 1/4 in Eq. (25) is a
consequence of the summation over the final states of the
emitted photon performed in Egs. (23)-(24). This once
again confirms the correctness of the relations (20) and
(25) obtained above.

We now return to the expressions for the probabilities of
nonradiative excitation of the nucleus W et (19) and P
(22). Taking into account the finite widths of the atomic
levels participating in the NEET process results in the ap-
pearance of additional terms of order I, /T’; in these formu-
las. We are not interested in further decay channels for a
vacancy in the upper subshell |r). They could also include
emission of an x-ray, as in Ref. 15, and the Auger process. It
is the total probability of these processes that gives the width
I, .For this reason, introducing into the wave functions (4)
the finite widths of the atomic states, we took into account,
by means of the diagram in Fig. 1a, in particular, the contri-
butions of the diagrams in Figs. 1b and c. We shall demon-
strate this in greater detail.

We now calculate the probability of the third-order pro-
cess. Squaring the absolute value of the expression (10)
(without the second term in braces), summing over the final
and averaging over the initial quantum numbers, and inte-
grating over the momentum of the emitted x-ray, as the in-
termediate state, we obtain the following relation for the
probability:

W,(,»a)=8ne"m\-m;”“+” L/(2L’+'1) . 2L+1
’ L'+1  [@L+1)n)e
1 1\* 1 1\?
S Lo ) et 1)
; ]l 2 LOl]ﬂ 2 ]n 2 LOI]f 2
(M, (0x; i—n) |*|Re[ M (0x; n—>f)1]*
(&n—& T oy)*+(T,+T1Ty) %4

B(L; I-F)

(26)

where L' is the multipolarity of the emitted photon.

The final expression is obtained by using the formulas
(20) and (24) for the interaction energy and the width of the
atomic transition. Using these formulas and limiting the cal-
culation to the single-level approximation, we can put the
expression (26) into the form

&,keV  Kk[NngA) ¥ £ keV
3y, =——= -208
"sr/g =305 3/2[573] /2 T T 69,54
|
MI1+E2 |EZ
- ivE2 Ya(510) Uy —t—1—3620
9p(508)  Ypm— 3981
1Sy, - Y_-7378 ¥(s512) ¥y - 0,0
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W= 2 Fi (ox; L' n—f)

f,L'
E:(E(M)L; oy i—~n,[>F)
(&, —& i+ oy) i+ (T, +TATy) 4’

(27)

where all possible final states of the hole and multipolarities
of the emitted x-ray are summed over in order to calculate
the total probability. It is obvious that the summation of the
widths of the atomic transitions over |f) and L ' in the formu-
la (27) will give a quantity that is approximately equal to the
total width of the vacancy in the intermediate state I',, (mi-
nus the probabilities of Auger processes), i.e.,
E o (E(M)L; oy; i~n, [~F)

W =T, . 28
(gn_gi-"(l)]v)z—l_ (FH+F,)2/4 ( )

This is the additional term that appears in the formula (19)
when the width of the level |n) is taken into account.

Now the ratio of the probabilities of the processes
shown in Figs. 1a and 1b, which we would have obtained if
we have neglected the finite width of the state |n) in the wave
function (4), becomes obvious:

W(a)/W(z)an/l'\‘_, (29)

and since in most cases the state |i) corresponds to the K-
shell and |n) corresponds to the L and higher shells, even in
the indicated case W ’is only a correction (sometimes, it is
true, a quite significant correction) to W .

3.NEET IN THE NUCLEI '*°Os, '*”Au, >’Np, '*°Ir, '*'Dy, AND
235
U

Before proceeding to specific examples, we stipulate at
the outset that the data on the total widths of the atomic
levels were taken from Ref. 26 for the M-shell and from Ref.
27 for the K- and L-shells. The values employed below for
the binding energies & , of the atomic levels and the energies
o 4, of the atomic transitions were taken from Refs. 28-30; in
addition, in the case of the experimentally observed transi-
tions preference was given to the measured values of w .

A portion of the diagrams of the atomic and nuclear
levels of 1%Os is presented in Fig. 2. The data on the ener-
gies, spins, and lifetimes of the nuclear levels were taken
from Ref. 31. The rotational quantum number K and the
quantum numbers in Nilsson’s model [Nn,A] were taken
from Ref. 32.

According to Ref. 31, the reduced probabilities of

Ty
1,62 nsec
FIG. 2. Portions of the energy level diagrams of (a) the os-
053 nsec mium atom and (b) the '®Os nucleus.
§8h
stable
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the transitions of interest to us are as follows:

B(M13/2~ -5/27)=545%x10""

B(E23/27 -5/27) =69.84 fm*.
The widths of the atomic states in the M, - and K-shells are
equaltoT'(M,) =20.4 eV and I'(K) = 42.6 eV. A numeri-
cal calculation of the atomic matrix element of the M 1-tran-
sition 38, , — 1S, ,, gave the value |} (wy)|* = 113.4. Us-
ing the data presented, the interaction energy and the

relative probability of excitation of the nucleus on one K-
shell vacancy are, according to the formulas (20) and (22),

fm?,

Ei:t(jW1; M,—~K; %, ~>*/,7)=3.8X10"*eV?,
Py, =34X107", P, =(A=0)=57x10"".

The second of these values for P,,, is the maximum effi-
ciency at resonance of w , with w, .

An analogous calculation for the transition
3D,,, - 18, ,, givesfor M 1-and E 2-transitions results which
are approximately four and two orders of magnitude
smaller, respectively. The contribution of other atomic
shells is even smaller. Thus the value P for the levels
studied with A<1.3 keV should fall into the range
3.4%X 10~ 9<P<5.7x 10 7. In this sense, the evolution of
the experimental results given in Refs. 4-7 as the measure-
ment methods improved is interesting: P~10~° (Ref. 4),
P=(1.7402)X10""(Ref. 5), P=(43+02)x10"?
(Ref. 6), P=(5.7+ 1.7) X 10 ~° (Ref. 7). The last three
values are consistent with the range obtained here. There is,
however, a problem. In many cases we actually do not know
the exact energy of the atomic transition. When the samples
are irradiated with y-rays in experiments with bremsstrah-
lung® and synchrotron radiation’ (wide spectrum), ioniza-
tion of the outer shells of the atoms can occur at the same
time. Then the binding energies of the inner shells and, as a
consequence, the energies of the transitions between them
can change, i.e., conditions which are closer to resonance
and the opposite conditions can be realized.

We now calculate the cross section o, for the excitation
of the nucleus '*°Os into the state 5/2 ~ (69.537 keV) by the
NEET mechanism by 100 keV electrons and the cross sec-
tion o, for the formation of the isomer 9/2~ (30.814 keV).
The cross section for the ionization of the K-shell (we denote
it as o) by 100-keV electrons is equal to about 6.2 barns
(this estimate is based on the well-known empirical formula
given in Ref. 33). From the relation

0N=0AP

(30)

we have o, =2.1X 10 ~* cm? In order to find o, it is neces-

sary to know the probability for the state 9/2~ (30.814 keV)
to be occupied when the level 5/2~ (69.537 keV) decays;
there are no experimental data on the E 2-transition between
the indicated levels (in Fig. 2 this transition is denoted
by the dashed line). This transition is K-forbidden in first
order. We introduce the intensity reduction factor
Fg, =B(E25/2~ -9/27)/B(E2;W), where the quanti-
ty in the denominator is the reduced probability in the
Weisskopf model. Then the total width is I'(E2;5/2~
-9/27)=(1+a)T"(E2;5/27 -9/27)=171x10""°

Fy, eV, where the internal electron conversion coefficient
a = 357.6 was calculated here using the program of Ref. 22.
Correspondingly, the fraction of nuclei which occupy a long-
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lived state is equal to

t=I(E2; */,==°[,")IT (°1,7) =5,7-107"F ..

The decrease in the intensities of K-forbidden transitions is
usually less than 10” for each unit of K-forbiddance. For this
reason, the quantity Fp, probably falls in the range
10~ 2<Fy, <10~ . As a result, we obtain the following esti-
mate for the cross section for the excitation of the long-lived
isomer '®*"Os in the NEET process when the sample is irra-
diated with 100 keV electrons:

12x107% cm?<o,<1.2X1073%¢ cm?, 31)

When the sample is irradiated with 100 keV photons we
obtain the following range for o, with the cross section for
photoionization from the K-shell o, ~10 ~?' m?**

2X107% cm?<o0,<2X1073* cm?. (32)

We underscore the fact that Eqs. (31)-(32) were obtained
for monochromatic beams of electrons and photons under
the assumption that ionization of the outer atomic levels
does not occur at the same time.

The results presented above show that the NEET mech-
anism could not give the experimentally observed yield of
isomeric osmium nuclei. Of all the possible excitation pro-
cesses, in the present case inelastic scattering of beam elec-
trons by '**Os has the highest cross section. In Ref. 35 the
cross section for the excitation of the 5/2 ~ level (69.5 keV)
was calculated with relativistic electron wave functions in
the initial and final states, and the effect of the atomic shell
was taken into account; the atomic shell, in turn, was calcu-
lated using the code already mentioned above (these calcula-
tions are described in detail in Ref. 36).'*> The cross sections
obtained for 100 keV beam electrons were as follows:
0f?=3.0x10"* cm® and o' = 5.6 10" 3 c¢m? whose
sum is approximately 3.1 times smaller than the excitation
cross sections of the 5/2~ level (69.5 keV) which were re-
constructed from the experimental data given in Ref. 5. Our
result®® is in good agreement with a similar calculation per-
formed by M. D. Bondar’kov and I. M. Kolomiits in Refs. 15
and 37. The question of how other mechanisms for filling a
K-shell vacancy in the experiments in Refs. 5 and 7 [for
example, inverse internal electron conversion (IIEC)]
might affect the probability of excitation of osmium nuclei
was specially investigated in Ref. 38. It was found that the
significant difference between the results obtained in Refs. 5
and 7 (we recall that in Refs. 5 and 7 the K-shell was ionized
by an electron beam and by synchrotron radiation, respec-
tively) cannot be explained by IIEC, and as pointed out in
Ref. 16 it is a consequence of systematic errors in the experi-
ments performed in Refs. 5 and 7. For this reason, in the
experiments of Refs. 4 and 5 the data on the ratio
on(E)/oy(E,) as afunction of the energy E of the incident
electron (E, is the minimum energy for which excited nuclei
could be observed) are more reliable than the data on the
cross sections oy (E) for the excitation of the 5/2~ (69.5
keV). These data are in good agreement with the theory.*’

One experiment was performed on the nucleus '*’Au.®
Thin gold foil was bombarded with 100 keV electrons. After
irradiation ceased the conversion electrons from the L-shell,
which arise when the 1/2 * nuclear state (77.335 keV) de-
cays, were recorded. The measured value is
P=(22+18)x10"*
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The energy of the 3S,,, » 1S, ,, transition in the gold
atom is very close to the energy of the nuclear transition
wy = 77.35 keV: A=50 eV. The widths are I"(M,) = 20.9
eVand I'(K) = 49.6 eV. The reduced probability of the nu-
clear transition is B(M1; 3/2*—1/2%) =3.05x10""
fm2.*° The atomic matrix element is |M¥(wy)|*> = 106.8.
The calculation gave the following results:

El (M1, M,~K; */;t—'/,*)=3.07x10"*eV?
PM,=1,3'10—1. P;[i(A=0)=395X10_7'

NEET is significantly weaker in the case of atomic transi-
tions from other levels. Using the experimental values for the
cross section for ionization of the K-shell of gold by 100 keV
electrons o, ~4.4 barns,** we now obtain oy ~6x10~*
cm? for the cross section for the excitation of the 1/2* nu-
clear state (69.545 keV) in NEET. It is important to note
that the total cross section 022 * ™! for the excitation of the

172 * level (77.35 keV) with inelastic scattering of 100 keV
electrons by '’ Au nuclei, as calculation shows, is equal to
approximately 4.1 1032 cm?. Thus here we have one of
those rare cases when, because of the very small energy dif-
ference A, the NEET process predominates over the (e,e’)
process.

In Ref. 9 neptunium atoms were irradiated with 122
keV and 136 keV p-rays from *’Co. The intensities of the x-
ray lines from electron transitions into the L-shell, which
arise when the latter is ionized as a result of conversion decay
of the 5/2~ state (59.537 keV), were measured. The mea-
sured valueis P= (2.1 + 0.6) X 10~

According to Ref. 41, the reduced probability of a nu-
clear transition with energy w, = 102.96 keV is equal to
B(E1l; 5/2%-7/27)=0.769% 10 =7 fm?. The widths of
the atomic levels are I'(L,)~4 eV, I'(L;)=6 eV, and
I'(K) = 94.2 eV, and the energies of the corresponding tran-
sitions are w, (L, »K) =97.067 keV and o, (L;-K)
= 101.068 keV. The computed values of the atomic matrix

TABLE I. Experimental and theoretical values of the probability of NEET.

elements are as follows:

|ME(0y; LK) |*=3,4, |MF(oy; Li~K)|*=4,2.

Thus for the atomic transition 2P,,, - 1S, ,
Eini(E1; Ly~ K; */,* /") =096 X 107% €V?, P, =2,9-10"";
and for the 2P, , — 1S, ,, transition

E.l(E1; L,~K;%/,*~"/,7)=0,76-10"" eV?, Pg=2,3-107".

Since the cross section for photoionization from the K-shell
by 122 keV y-rays is equal to ~10~2' cm? (Ref. 34) and the
fraction of nuclei populating the isomeric 5/2~ state
(59.537 keV) with the decay of the 7/2 ~ level (102.96 keV)
is practically equal to unity,*' we obtain g, ~3X 10 ~** cm®
for the cross section for the excitation of an isomer in NEET.

Experiments with '*’Ir and '*'Dy nuclei have not yet
been performed. But these nuclei have stable ground states
(which is very convenient for performing experiments) and
transitions whose energies are close to the energies of atomic
transitions (see Ref. 42). We present the data on them in
Table I, which briefly summarize the current situation with
NEET.

Experimental and theoretical information, no less con-
tradictory than for osmium-189, exists for uranium-235. On
the other hand, the low-lying (76.8 eV) isomeric state in
235U was very efficiently excited in a laser plasma in the ex-
periment described in Ref. 10. In Ref. 10, Izawa and Yaman-
aka considered, on the basis of the incorrect calculations of
Ref. 1, NEET as a mechanism for the excitation of the nu-
clei. According to Refs. 10, 11, and 43, P must be equal to
approximately 10 ~'! in order to explain the yield of uranium
isomers observed in Ref. 10. On the other hand, a similar
experiment described in Ref. 44, performed at the I. V. Kur-
chatov Atomic Energy Institute, was unsuccessful. The un-
successful attempt to observe the excitation of **"U in a
plasma produced by CO, laser radiation on the surface of

Probability P
Nucleus
Experiment Theory
189Qg ~10-¢ [4] 1,5-10-7 12]
(1,740,2)-10— [5] 2,5-1077  [14]
(4,3%0,2)-108 [6] 1,1.107  [15]
(5,741,7)-10° [7] 2,31.10~7  [16]
1,2.107  [17]
3,410~ =
1974y (2,2+1,8)-10- [8] 3,5-107  [14]
2,2.10-5  [16]
4,210 [17]
1,310 =
1INp (2,1£0,6)-10- [9] 1,5.10-7  [14]
2,6.10~¢  [16]
8,5.107° [17]
3,1.10-12 *
1950y — 4,6-10%  [14]
6,1.10®  *
161Dy — 6,6.10-11 =

*—present work
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uranium dioxide ceramic, even with 6% 2**U content (natu-
ral uranium was employed in Ref. 10), is very sobering. In
Ref. 44 the parameters of the plasma obtained in the experi-
ment of Ref. 10 were first reproduced and then “exceeded.”
The second attempt was more successful. In 1989 a series of
experiments on excitation of the low-lying isomeric 1/2*
state (76.8 eV) of 2**"U in a plasma, produced with an elec-
tron beam on the surface of highly enriched (99.99%) me-
tallic uranium, was performed in the Triton facility.** The
parameters of the plasma in Ref. 45 were close to those in
Ref. 10, but, first of all, the measured excitation efficiency
was significantly lower than in Ref. 10 and, second, the
isomers were formed as a result of inelastic scattering of
beam electrons (whose energy reached 500 keV) by uran-
ium nuclei, during which high-lying levels were populated
first and uranium isomers were only formed in transitions
from them.*® Neither the NEET mechanism nor other
mechanisms, including also “plasma” mechanisms (IIEC,
etc.; see Ref. 46), for nuclear excitation had any connection
with this.

As far as the efficiency of excitation of uranium by the
NEET mechanism in plasma experiments'®**** is con-
cerned, here only a qualitative assessment can be made. The
following reduced probability was obtained in Ref. 47 for the
isomeric E 3-transition between the ground and low-lying
nuclear states: B(E3; 7/2~ —»1/2%) =0.28 fm° NEET
is more likely to occur in the atomic transitions
6P;,, »5D,,,5,,, 6P, ,, »5D;,,. The corresponding interac-
tion energies are equal to

EL(E3; P,~0y; /,-—1/,*)=5.1X 10" ¥ eV?,
E. (E3;P,—~0,; "/, /") = 1.6 X107 ¥ V2,
Elzﬂl(Egy Pa_’of,; 7/2_-’1/2.’-): 09>< 10~ 18 eVz.

Since we are talking about a plasma whose electron tem-
perature is equal to several tens of electron volts, where mul-
tiple ionization of the levels occurred, it is difficult to make
any judgments about the energy of the atomic transitions
indicated above. Since, however, the squared interaction en-
ergy of the nuclear and atomic currents is equal to only
10 7-10~!® eV2, we can see that even at resonance the
probability P will be of the order of 10 ~'' only if the widths
of the levels participating in the transition are less than 10 ~ >
eV. This, however, is unrealistic in practice, because of the
collisional broadening of atomic levels in plasma.*®

4.EXCITATION OF NUCLEIBY THE INVERSE ELECTRONIC
BRIDGE MECHANISM

The relatively recent work Ref. 16 was one of the latest
in a series of theoretical investigations of NEET. This paper
contains a number of assertions which require careful analy-
sis, and some numerical results which differ radically from
other theoretical estimates. The model employed in Ref. 16
agrees with the experimental data only for *'Np (see
Table I).

The nuclear excitation mechanism proposed in Ref. 16
reduces to the process shown in Fig. 3a. This process was
first studied in Ref. 49 by I. S. Batkin and was termed Comp-
ton excitation of the nucleus. Later it was studied in Ref. 50,
where it was termed inverse electronic bridge (IEB) (since
it is actually the reverse of the process of deexcitation of the
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FIG. 3. a) Direct diagram of the IEB process; b) diagram describing the
excitation of an atom by a photon.

nucleus through an electronic bridge). Following Ref. 16,
we shall analyze the efficiency of this mechanism in the sim-
plest case—the transition of a hole between discrete states of
the atomic shell, assuming at the outset that the vacancy
already exists in one of the upper subshells of the state |7).
Then the process studied in Ref. 16 corresponds to the dia-
gram shown in Fig. 3a: The external radiation is absorbed by
the atomic shell and as a result the vacancy is transferred
from the shell |i) into the inner shell |n), after which re-
emission of the y-ray by the shell and excitation of the nu-
cleus occur. It is proposed that the efficiency P, of the pro-
cess be defined as the ratio of the excitation cross section of
the nucleus to the photoabsorption cross section of the atom
(diagram Fig. 3b).

The amplitude corresponding to the direct diagram of
IEB (Fig. 3a), written with the help of the functions and
relations of Sec. 2, has the form

SP = Y| (& A 0r—8 —n—il[st (DAHT,AT)/2])

[ § dor R, (1) 100 () Duw s =R W (R)IW (R)

x [ dtrip, (r) 5 (e, 01) 1 (1) [E2—& i~y Hi(T AT /2171,
(33)

where w,, is the energy of the incident photons. The follow-
ing expression is obtained for the nuclear excitation cross
section from this formula:

_ Ad Tl (@ i—n) [1+ (D +T;) /720, 1F

Cdn (B—&—ay) (N ATV

(3)

x EiiL(L: oy, n—~f, 1> F)
(é”.-"‘(u,—gf—u)y)z““l‘nz“‘*' (FI+FI)/2FVL]Z '

(34)

Here A, =27/w,, and the width of the nuclear level was
neglected compared with T",,.

The cross section for the excitation of an atom by a
photon is calculated similarly, and in our notation it has the
form
1) — 7\«12 FnrAr ((!)1', L—’n)

T 81 (&~ —0)HT.4
The formula for the desired efficiency or the relative
probability P, = 0¥’ /0" of excitation of the nucleus when
the atom is irradiated with resonance photons (resonant,
since in the derivation of the expression for o*’ we consid-
ered only the contribution of the direct diagram in the single-
level approximation, which, generally speaking, is correct
only near resonance @, =&, — &)
Ei(L; 0x; n—f,1--F)

(En—& 1—on)* 4T

(35)

6]

P~ (36)
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evidently has the same structure as the formula (22), and it
includes, of course, the nuclear matrix element through the
expression for the electron-nuclear interaction energy (20)
and the reduced probability of the nuclear transition (16).
The differences, which are not fundamental, between P, and
P from Eq. (22) are related to the fact that the IEB, in con-
trast to the processes studied in Sec. 2, includes the previous
history—the formation of a vacancy in an inner atomic shell.

5.CONCLUSIONS

The NEET probability computed in this paper prevents
this mechanism from playing a leading role in the excitation
of isomers in the experiments of Refs. 4-10 and 45. In order
to separate NEET from the background formed by other
processes, such as, for example, inelastic scattering of elec-
trons by the nucleus or Compton excitation of nuclear lev-
els,’! in most cases a special coincidence experiment must be
performed, in which the K-shell electron leaving the atom is
correlated with the conversion electron formed as a result of
the decay of the isomeric level. The only exception is '*’Au,
where the cross section for the excitation of the isomeric
nuclear level in the NEET process accompanying irradia-
tion of gold-197 atoms with 100 keV electrons is an order of
magnitude larger than the cross section for inelastic scatter-
ing of electrons by nuclei. This is what makes the nucleus
7 Au most promising for experimental investigations of
NEET. The '*’Ir nucleus is also interesting, because the dif-
ference between the energies of the atomic and nuclear tran-
sitions (about 100 eV) is comparatively small for it too. Cal-
culations show that in a similar experiment with an electron
beam the cross section for NEET on '**Ir will be approxi-
mately equal to the cross section for the excitation of the
isomer accompanying inelastic scattering of electrons:
onper = 3.5X 1072 cm?, oM T2 =2.4X 10~ cm®.

The computed values of the matrix elements of the
atomic transitions were presented in the examples studied in
the text. When necessary, this makes it possible to compare
the results with calculations performed using other pro-
grams. The energy E;, of interaction of the nuclear and
atomic currents is very sensitive to the magnitude of the
atomic matrix element, i.e., to the accuracy with which the
atomic wave functions of the K-, L-, and M-states are calcu-
lated, in particular, near zero, where the Neumann function
has a singularity. The real part of the matrix element can be
tested according to the known widths of the corresponding
atomic transitions and the imaginary part can be tested ac-
cording to the probability of internal electron conversion of
low-energy nuclear transitions, where it makes the dominant
contribution.

Apparently, the correctness of the calculation of E,,,
can now be checked in a different type of experiment—laser
excitation of a low-lying isomeric state (with energy less
than 5 eV) of *°Th by the inverse electronic bridge mecha-
nism.>?> As we saw in Sec. 4, the IEB cross section depends
directly on the energy E,,, of the interaction of the nuclear
and electronic currents—the basic parameter, concerning
whose value the greatest disagreements exist in the theoreti-
cal estimates of the NEET probability.

As far as the experimentally obtained absolute yield of
isomeric nuclei is concerned,*® no currently known mecha-
nism gives the required excitation cross section. As we have
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already mentioned, this is, in all probability, attributable to
inadequate accuracy of the measurements. On the basis of
what has been said above, it seems reasonable, on the one
hand, to increase the accuracy of measurements of the nu-
clear excitation cross sections and, on the other, to perform
coincidence experiments in order to determine the NEET
cross sections themselves.

In conclusion it should be noted that in spite of the ap-
parent simplicity of the NEET mechanism, from the view-
point of theoretical models, reality may turn out to be much
more complicated. The point is that in a different version of
the process of nonradiative excitation of nuclei, namely,
annihilation of positrons in an atomic shell, there is also a
significant disagreement between the theoretical calcula-
tions and the experimental results (see, for example, the re-
view Ref. 53). The reason for this state of affairs could be the
same in both processes.

Ithank M. D. Bondar’kov for helpful discussions, A. A.
Soldatov for providing the codes for calculating the internal
electron conversion coefficients, and V. F. Strizhov for assis-
tance in the calculations.
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