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The self-consistent-field model for K shakeoff in 3% decay and electron-capture (EC) decay
is extended to deal with the processes of L shakeoff accompanying K capture and K shakeoff
accompanying L capture. The results indicate that many-body effects play an important role and

reduce the shakeoff probability.

PACS number(s): 32.80.Dz, 32.80.Hd, 35.10.Wb, 23.40.-s

I. INTRODUCTION

When the nucleus decays due to the weak interaction
(ﬁi and electron capture), the atomic electron cloud is
disturbed. This may cause electronic excitation to unoc-
cupied bound states (shakeup, SU) or ionization to the
continuum states (shakeoff, SO), and the atomic system
ends up with inner-shell vacancies. Most of the theoreti-
cal and experimental effort has been concentrated on the
K-electron shakeoff probability. The measurable quan-
tities which can be compared with the theory are the
K-vacancy creation probability Pg in 8% decay, and the
two K vacancies creation probability Px g in electron-
capture (EC) decay.

In recent theoretical approaches, the discrepancy be-
tween the experimental data and the theoretical predic-
tions in the K shakeoff accompanying 3% decays have
been essentially resolved. The self-consistent-field (SCF)
one-step theory by Law and Suzuki [1] succeeded in ex-
plaining the group of experimental values quantitatively
in the case of 3~ decay, indicating that the atomic con-
figuration in the final state should be properly chosen.
On the other hand, Intemann [2] obtained a satisfactory
agreement with measured Py values in the case of 37
decay taking into account the contribution from the di-
rect collision (DC) between the emerging [ particle and
an atomic electron.

However, there remains a problem to be solved in the
theory in EC decay in which some systematic devia-
tions between experimental and theoretical Pk g exist.
The two most sophisticated theoretical approaches, SCF
theory by Suzuki and Law [3] and the semirelativistic-
propagator (SRP) method by Intemann [4], bracket most
of the measured values. (The experimental and theoret-
ical situations are summarized in Ref. [5].) Obviously,
further theoretical investigation on the electron-capture
shakeoff is required.

The present paper is concerned with the processes, L
shakeoff in K capture (L-SO in K-EC) and K shakeoff
in L capture (K-SO in L-EC). Since both processes end
up with K and L vacancies of a daughter atom, these
processes can contribute to the electron-K-X-ray coin-
cidence spectrum, which is used to measure the K-SO
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probability in K-EC. These processes have to be stud-
ied in order to remove the contributions from the L-shell
electrons to the coincidence spectrum to obtain experi-
mental Pk values. The study of these processes can
provide important information on shakeoff in EC decay.

Primakoff and Porter [6] suggested that K capture
would give rise to no L shakeoff, since the L electrons
are under the influence of approximately the same ef-
fective charge in the initial and the final states, because
of the shielding by the K electrons. Wolfsberg [7], how-
ever, noted the significance of L-electron contributions to
the coincidence spectrum. Following Wolfsberg’s sugges-
tion, several theoretical calculations have been done. Law
and Campbell [8] calculated nonrelativistically the prob-
ability of L,-SO in K-EC and K-S0 in L;(25,/,)EC.
Mukoyama and Shimizu [9] estimated the contributions
from all L subshells, Li, L2(2P;/;), and L3(2P5/), us-
ing screened relativistic hydrogenic wave functions. They
found that L-shakeoff probability is strongly influenced
by the initial state correlation. In other words, the proba-
bility is very sensitive to the phenomenological screening
parameter chosen.

In order to remove the ambiguity with respect to
the phenomenological parameters, the SCF model is ex-
tended to calculate these processes.

II. FORMALISM

The formalism for K-SO in L-EC and L-SO in K-EC
can be done in an analogous way to K-SO in K-EC [3].
For both processes, the initial state is a neutral atom in
its ground state, and the final state is the 1" ion with
one K and one L vacancy. Suppressing the nuclear and
neutrino variables, we may take the initial and final states
to be

EL> = | €K, €Ky, €L, >s
If) =1 ep ek )-

The decay rate of the process is calculated following Fock
space methods by Law and Campbell [10], and we have
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where G, is the vector coupling constant, ¢ is the al-
lowed combination of nuclear matrix element, Wk, is
the transition energy in this process, and W, is the total
energy of the continuum electron. (We use units in which
A = ¢ = 1.) The coefficient in front of the interference
term (the last term in the square brackets) is 1 instead of
2 after spin averaging of the initial K- and L-shell elec-
trons. We can define the shakeoff probability of L-SO in
K-EC and K-SO in L-EC per K capture as

PKL.'—L"K = ALI;_—L;E, (22)
EC
where Agc is the K-capture rate,
G 2 72
AEC = o 3 | ‘/’K(O) | Ws. (2~3)

It is important to note that two processes, L;-SO in
K-EC and K-SO in L;-EC, cannot be distinguished. For
both cases, the final continuum states have the single par-
ticle angular quantum number £ = —1(S}/2). Therefore,
we have an interference term in Pxr,_r, k. On the other
hand, there is no interference term for L; (i = 2,3). In
principle, it is possible to distinguish them. However,
the angular distribution of the electron has not yet been
measured experimentally, so all the processes have to be
considered together. The total contribution from the L
shell is given by

P = ZPKLi—LiK' (2.4)

=1

For discussion purposes, we define the L;-shakeoff
probability as

Pk, = ’\/\’; (2.5)
2
Az, = 22 € |4 (O)P
(2 )3 (WKL WP+m€)2|<e;|eLi)|2'
(2.6)

We also define the K-shakeoff probability during L;-
capture per ordinary K capture as

ALK
Aec

PL;K = (2.7)

The study of K-SO during 8~ decay indicates that the
whole system undergoes rearrangement to a fully relaxed
state. Therefore the transition energy of the processes
can be obtained by comparing the initial and final en-
ergies of the whole system including all the remaining
electrons. For the initial state,

E; = M,(Z +1,4), (2.9)
where M, is the atomic mass whose nuclear charge is
Z + 1 and mass number is A. For the final state,

E; = —BKL',(Z)-}-(Z

Mn(Za A) - l)me +Wp+qu1

(2.10)

where B, is the total binding energy of the 11 ion with
both K and L vacancies. Therefore the transition energy
can be written as

Wk, = Wp + ¢ = Qec — [B(Z) — BkL,(2)],
where Qgc is the tabulated @ value of the decay and
B(Z) is the total binding energy of the neutral atom.

The main difficulty in calculating the decay rates lies
in the evaluation of the overlap integrals. In most of
the theoretical calculations, hydrogenic wave functions
(relativistic or nonrelativistic) with screening parameters
are used to evaluate the overlap integrals. In the SCF
theory, the initial state wave function is obtained from
the Dirac-Fock-Slater (DFS) atomic structure program
of Lindgren and Rosén [11]. The final continuum state is
obtained by solving the DFS equation numerically with
a SCF one-body potential. As seen in [1,3], the choice of
atomic configuration is crucial. In the physical situation
for L-SO in K-EC and K-SO in L-EC, the parent atom
undergoes EC decay to a final state which consists of a
1% ion with both K and L vacancies, one neutrino, and
one continuum electron. For example, in the case of the
decay 53Fe — 3Mn, we have

(2.11)

Fe - Mn" + e + v,

{[Ar]4s® 3d%}26 — {[Ar](K~*L71) 452 3d%},5 + €p + Ve,
where the explicit configuration has been written down
in the second form. The subscripts of the terms in curly
brackets stand for the nuclear charge. The SCF potential
for the continuum wave function is obtained from the
DF'S program with this configuration.

III. NUMERICAL RESULTS AND DISCUSSION

The shakeoff probability Pk, 1,k was calculated for
nuclides 37Ar, 55Fe, " Ge, '31Cs, and !®°Er using Eq.
(2.2). In addition, L;-SO probability in K-EC, Pk, and
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TABLE I. Shakeoff probabilities (in units of 107°) in K-capture decay for °°Fe calculated with
the SCF wave functions from (a) one K and one L vacancy, (b) one K vacancy, and (c) one L
vacancy. For comparison, the results with Dirac wave functions (Dirac) and those obtained by

Mukoyama and Shimizu (MS) are also listed.

Quantity Dirac SCF MS
(a) (b) (c)

Pxp, 78.5 35.1 59.26 11

P 4.99 4.06 8.03 11

Pk, 32.58 1.657 15.34 0.084

P,k 0.027 0.023 0.445

Pk, 30.89 1.607 14.38 0.069

K-SO probability in L;-EC per K capture, P, g, were
calculated using Eq. (2.5) and Eq. (2.7), respectively.
Nuclear and atomic data were taken from Ref. [12].

The results obtained for °Fe are displayed in Table I
under the heading SCF. To see the effect of the inner-shell
vacancies, these values were calculated for three different
configurations:

(a) [Ar)(K'L;')4s%3d°,
(b) [Ar](K')4s%3d5,

(c) [Ar](L;")4s%3C.

For comparison, we also have listed the theoretical results
obtained by Mukoyama and Shimizu [9] under the head-
ing MS. Also of interest are the results obtained by em-
ploying hydrogenic Dirac wave functions (labeled Dirac)
for both electronic states, completely neglecting all corre-
lation and screening effects. As was observed in the case
of K-SO in K-EC, Pkk obtained by using Dirac wave
functions is larger than the SCF values. The dramatic

reduction in Pk, which results when the Dirac wave
function is replaced by the SCF wave function is strik-
ing. This reduction is due to the smaller overlap between
the initial bound state and the final continuum state in
the SCF scheme. The use of the SCF potential, which
takes into account all the remaining electrons, causes the
continuum wave function to be pushed out and gives a
smaller overlap with the initial bound state. This ten-
dency is observed in all nuclides.

As far as Pr,k is concerned, the discrepancy between
the SCF values and MS values is attributed to the dif-
ferent final state configurations. In the MS work, the
configuration (b) is used for Pk, and (a) for Pp k. If
the configuration with one L; vacancy is used in the SCF
model, the theoretical values are doubled and approach
MS results. On the other hand, in the case of Pk, SCF
and MS values are so different that we cannot attribute
the discrepancy only to the final state configuration. L-
SO probabilities seem to be much more sensitive to the
final state potential to be used. The problem is compli-
cated by the effects coming from the many-body nature
of the problem, so that it may not be reducible to a sim-
ple parametrization.

TABLE II. Shakeoff probabilities in units of 107°. See text for definitions of shakeoff probabili-

ties.

Nuclide Pxr, Pr k Py, -1,k Pk, P,k Prr, P,
3TAr 76.40 8.56 62.20 3.955 0.020 4.002 70.18
5%Fe 35.11 4.06 28.32 1.657 0.023 1.607 31.61
13Ge 27.08 2.23 17.72 1.070 0.024 1.060 19.87
231Cs 8.31 0.86 5.52 0.334 0.031 0.289 6.17
$95Er 5.27 0.67 4.131 0.248 0.036 0.150 4.57
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The numerical results for all five nuclides are listed in
Table II. Py, i has not been listed in the table, because
Ls- to K-capture ratio is too small (~ 1078) to contribute
to Pxr,—r,k. In fact, for allowed decays, L3 capture is
forbidden. Due to the small overlap with the continuum
state, the contributions from L, and L3 shells are small
(~ 10%) compared to the contribution from the L; shell,
hence the dominant part of the L-shell contribution to
the ionization process comes from the L, subshell.

It has been noted in the past that the shakeoff prob-
ability generally decreases with Z~2. Omitting the Q-
value dependence, we find from our calculation

136.4\%  _
PKLl—LlK ~ (—Z ) x 10 5, (3.1)
2
34.9 -
PKLz—LzK ~ (7) x 10 5, (32)
2
34.3 -
PKLa—LaK ~ (——Z——) x 10 5. (33)
149.3\
Py~ (7) 107° (3.4)

Till now, our discussion has been restricted to the
shakeoff probabilities. It is also of interest to observe
the spectral distribution of the ejected electron. In Fig.
1, we have plotted the theoretical spectrum shape of the
ejected electron for 33Fe. It can be seen that the L-shell
contribution is significant over the whole energy range.
In particular, in the low energy region, the contribution
from the L-shell dominates the spectrum.

Experimental data are available only for Py in 37Ar.
The experiment was performed by Neumann [13], who
measured an electron spectrum composed of K-SO in
K-EC, L-SO in K-EC, and K-SO in L-EC. In the en-
ergy range 4.1-5.0 keV, the experimental data were fit-
ted using Levinger’s theoretical spectrum shape for L-
SO in K-EC [14] assuming that the spectrum contains
important contributions only from L-SO in K-EC and
K-SO in L-EC. The experimental value P, = 130 x 10™°
was obtained by extrapolation. The value is inconsistent
with our result, P = 70.18 x 1075, and the result of
Mukoyama and Shimizu, Py = 57 x 10~°. However, it
should be noted that Levinger’s spectrum was obtained
by employing a nonrelativistic hydrogenic wave function,
which gives a larger shakeoff probability than the SCF
result by up to a factor of 2. Moreover, since the L-shell
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FIG. 1. Momentum spectrum of ejected electrons in
%5Fe. Solid line: the spectrum of ejected electrons for

K-capture-L-shakeoff and L-capture-K -shakeoff; dashed
line: K-capture-—K-shakeoff.

contribution is significant in the whole energy region, one
cannot separate out the L-shell contribution from K-shell
ionization in K capture by measuring the double coinci-
dence spectrum. Therefore we consider that it is pre-
mature to make a quantitative comparison between the
experimental data and the theoretical calculations.

Further experimental studies need to be made of the
L-shell contributions to the inner-shell ionization accom-
panying electron capture. We hope that measurements
of P, will be forthcoming as they will provide an oppor-
tunity to make a quantitative comparison between the
experimental values and the numerical results obtained
in this work.

ACKNOWLEDGMENTS

This work was supported by a grant from the Natural
Sciences and Engineering Research Council of Canada.
We would like to thank Professor A. Suzuki and Professor
J. L. Campbell for useful discussions.

1] J. Law and A. Suzuki, Phys. Rev. C 25 514 (1982).

(2] R. L. Intemann, Phys. Rev. A 28, 1288 (1983).

[3] A. Suzuki and J. Law, Phys. Rev. C 25, 2722 (1982).
[4] R. L. Intemann, Phys. Rev. C 31, 1961 (1985); R. L.
Intemann, J. Law, and A. Suzuki, J. Phys. (Paris) Colloq.
9, C9-555 (1987).

[3] Y. Isozumi, Nucl. Instrum. Methods Phys. Res. Sect. A
280, 151 (1989).

(6] H. Primakoff and F. T. Porter, Phys. Rev. 89, 930 (1953).

[7] M. Wolfsberg, Phys. Rev. 96, 1712 (1954).

[8] J. Law and J. L. Campbell, Nucl. Phys. A 199, 481
(1973).



1376 M. C. CHON AND J. LAW 50

[9] T. Mukoyama and S. Shimizu, Phys. Rev C 9, 2300 Wapstra, G. Audi, and R. Hoekstra, At. Data Nucl. Data
(1974). Tables 39, 281 (1988).

[10] J. Law and J. L. Campbell, Phys. Rev. C 12, 984 (1975). [13] W. Neumann, in Inner-shell and X-ray Physics of Atoms
[11] I. Lindgren and A. Rosén, Case. Stud. At. Phys. 4, 93 and Solids, 1981, edited by D. J. Fabian, H. Kleinpoppen,
(1974). and L. M. Watson (Plenum, New York, 1981) p. 289.

[12] Table of Isotopes, edited by C. M. Lederer and V. S. [14] J. S. Levinger, Phys. Rev. 90, 11 (1953).

Shirley (Wiley-Interscience, New York, 1978); A. H.



