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INTRODUCTION

DVANCES in the technique of proportional and
scintillation spectrometry have extended our
knowledge of orbital electron-capture. In a study of
comparative half-lives (ft values), Major and Bieden-
harn! have summarized the data existing up to the
middle of 1954.

The theoretical work of Marshak? and Rose and
Jackson® has been extended by Brysk and Rose* in the
light of present knowledge of beta-decay theory of for-
bidden transitions, with particular reference to capture
of L-shell electrons.

In the interpretation of radiative electron-capture
(inner bremsstrahlung) spectra, the capture of p-elec-
trons appears to be significant.>

This review comprises a summary and analysis of the
existing data on electron-capturing nuclides (up to
May, 1955) whose decay schemes are relatively simple
and well established. In particular, the primary concern
is with the ratio of L-capture to K-capture both as a
test of the theory of Marshak and of Brysk and Rose
and as an application of the theory to the determination
of transition energies in electron-capture and of L-
fluorescence yields.

EXPERIMENTAL TECHNIQUES

Essentially three techniques have been applied to the
determination of x-ray intensity and capture ratios.
These are described below.

(A) Internal Source Spectrometry

The radioactive material is contained within the sen-
sitive volume of the detector. Gas proportional counters
have been used for the study of A% Kr” 8 and Ge™?
(in the form of germane, GeHy). In this method the

* Supported in part by the U. S. Atomic Energy Commission.
1 Department of Physics.
IDepartment of Chemistry.
17, K. Major and L. C. Biedenharn, Revs. Modern Phys. 26,
3217(1954).
2 R. E. Marshak, Phys. Rev. 61, 431 (1942).
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7 Pontecorvo, Kirkwood, and Hanna Phys. Rev. 74 082 (1949).
8P, Radvany1 Compt. rend. 235, 428 (1952); M. Langevin
and P. Radvanyi, Compt. rend. 238, 77 (1954).
9 M. Langevin, Compt. rend. 239, 1625 (1954).

prompt cascade of x-rays and Auger electrons, which
follows each K-capture event, is integrated by the de-
tector to give a single “K-line” in the pulse-height
spectrum. An “L-line” arises from L-captures and from
K-captures which are followed by escape of the K x-rays
from the sensitive volume. The correction for K x-ray
escape may be made small by suitable choice of detector
material and size, and it can be calculated quite accu-
rately from x-ray absorption data and K-fluorescence
yields.’® Since L x-rays and L-Auger electrons are totally
absorbed, no correction need be made for L-fluorescence
yield.

Scintillation crystals have been grown!: containing
radioactive I'? and Cd!®. In this type of experiment
the amount of L-capture is obtained from the difference
between the number of K x-rays and the total number
of gamma-ray transitions on the assumption that one.
gamma ray accompanies each decay.

(B) External Source Spectrometry

The radioactive substance is placed outside of the
sensitive volume, and corrections must be applied for
source self-absorption and self-scattering, for differen-
tial air and window absorption, and for K and L fluores-
cence yields. One must also consider that a K-shell
hole may be filled by an L-electron either by radiative
transition (Ko=XK— L1, Lii1) or by Auger transition
(K—LL, K—LX). The number of L-shell vacancies
produced in this manner, 7k 1, ranges from 1.36 at Z=29
to 0.75 at Z=90, as will be discussed below.

In case electron capture is followed by gamma emis-
sion, the conversion of the gamma rays must be taken
into account.

Many electron-capturing nuclides of the heaviest
elements have been investigated.'?'® The intensities of
the L x-rays have been measured carefully by use of
proportional counters and a bent-crystal x-ray spec-
trometer.'? However, most of these nuclides have low-
energy gamma transitions which are highly converted
in the L-shell so that the interpretation of x-ray inten-
sities in terms of electron-capture ratios is tenuous. No
attempt has been made to correlate these data with
theory in this paper.
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L/KE-CAPTURE RATIOS IN ELECTRON-CAPTURE

(C) Absorption Experiments

Some absorption measurements of relative L and K
x-ray intensities have been reported by Wilkinson and
Hicks* and Chu.!® These measurements have not been
considered in this work. Most of the nuclides involved
have hard gamma-rays and conversion electrons; their
decay schemes and conversion coefficients are unknown,
and there is always the possibility of low-energy (and
highly converted) gamma transitions unresolved from
the x-rays.

CALCULATED P./Px RATIOS

Marshak? has shown that L-capture always accom-
panies K-capture and occurs with increasing probability
as the transition energy becomes small and Z large.
For allowed transitions the ratio of capture proba-
bilities is given by

Pr/Pg= (2%) (g—%)[l-{—fmf/gm?], (1)
JK 8K

where ¢ is the neutrino energy for J-capture; gs and
frare the “large” and “‘small”’ components of the Dirac
radial wave function in a Coulomb field, respectively.
Marshak evaluated the appropriate ratios using rela-
tivistic wave-functions with Slater screening. He also
indicated that for forbidden transitions the capture of
electrons of 7>% might compete favorably under certain
conditions.

Rose and Jackson® have computed wave-function
ratios using self-consistent (Hartree) wave functions
and relativistic wave functions for a Thomas-Fermi
atom with exchange. The ratio of (g%.;/¢%«) is given
graphically as a function of atomic number.

Brysk and Rose* have extended the previous work in
the light of present knowledge of beta-decay theory of
forbidden transitions. For the first-forbidden unique
transition (|AJ| =2, yes), the expression for the capture
ratio is particularly simple. They have also computed
the values of the Dirac radial wave functions at the
nuclear radius, and have given wave function ratios
using relativistic wave functions corrected for the finite
size of the nucleus, variations in electron wave functions
over the nuclear volume, and screening. The results
obtained for L;/K capture are similar to those of
Rose and Jackson. Using the wave functions and
wave-function ratios given graphically by Brysk and
Rose, one can compute Ly and Ly capture prob-
abilities.

Capture ratios have been computed from the above
theoretical results for those cases where the decay
scheme is relatively simple and the transition energy
known. Table I contains these computed ratios as well

14 G, Wilkinson and H. G. Hicks, Phys. Rev. 75, 696, 1370
(1949) (Hf, Tm); 77, 314 (1950) (Re); 79, 815 (1950) (Tb, Ho);
80, 491 (1950) (Eu); 81, 540 (1951) (Lu, Hf); G. Wilkinson, Phys.

Rev. 75, 1019 (1949) (Pt, Au); 80, 495 (1950) (Ta, W).
15T, C. Chu, Phys. Rev. 79, 582 (1950) (Ir).
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as experimental values for half-life, energy of the elec-
tron-capture transition, and branching ratio. Also tabu-
lated is the nature of the transition according to the
shell model, as given by King,'® and the logarithm of
the comparative half-life (log f¢). The latter is either
taken from Major and Biedenharn' or calculated by
their method or from the nomogram of Moszkowski.}?

The relative probability of L capture has been cal-
culated for the four cases where the spin change is
believed to be, greater than unity. The electron-capture
transitions of K%, Ca#, and TI** involve changes of
parity as well as changes of angular momentum of two
units (|AJ|=2, yes), corresponding to first-forbidden
unique type of beta decay. The shell model indicates
that Ni*® undergoes a second-forbidden electron-capture
transition (|AJ| =2, no); capture ratios were computed
for mixtures of the 4,; and T';; matrix elements (for the
tensor interaction) and found to be appropriate for
second-forbidden beta decay having |AJ| =2, no.8 It
appears that a sensitive experimental determination of
the capture ratio of Ni* might allow an estimate to be
made of the ratio 4;/T; for this transition.

COMPARISON OF THEORY WITH EXPERIMENT

In a few cases direct measurements have been made
of the P /Px capture ratio where the transition energy
is known. These are given in Table IT (a) along with the
computed values transposed from Table I. In several
other cases the energy is deduced from the measured
capture ratio as shown in Table II (b). The experi-
mental results have been recalculated by the present
authors for Ge™ and Kr” using K-fluorescence yields
given by Broyles, Thomas, and Haynes? instead of
those of Burhop® used in the original reports.

The theory is in relatively good agreement with the
experiments on A% and Kr”, and in the case of K the
agreement is not within the assigned error, because the
experimental errors in the values used in the closed
cycle calculation (see below) might lie mostly in one
direction.

The energies deduced in Table II (b) lead to com-
parative half-lives (f¢ values) consistent with allowed
transitions for Cd'%, I?5 and Ba'!®, and with first-
forbidden unique transitions for K% (compare Ca* and
TI2# in Table I). In the case of 9.5-year Ba'¥ the decay
scheme is complex and the contribution of internal con-
version uncertain. Langevin® suggests that the decay
might proceed entirely by L-capture which would oper-
ate to reduce the comparative half-life bringing it into
better agreement.

The large discrepancies indicated in Table II (a) for
Pd® and Ge™ may not be real; in the case of Pd%,

16 R. W. King, Revs. Modern Phys. 26, 327 (1954).

175, A. Moszkowski, Phys. Rev. 82, 35 (1951).

18 T, J. Konopinski and L. M. Langer, Ann. Revs. Nuclear Sci.
2 (Annual Reviews, Inc., Stanford, California, 1953), p. 300.

9 E, H. S. Burhop, The Auger Effect (Cambridge University

Press, Cambridge, England, 1954).
20 M. Langevin, Compt. rend. 240, 289 (1955).
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L/K-CAPTURE RATIOS IN ELECTRON-CAPTURE

because of the contribution made by the internal con-
version of the 40-kev isomeric state in the daughter;
and in the case of Ge™, because of reported isomerism.?

The electron-capture transition energy used in com-
puting the P/ Pk ratio in Table I for K% was deduced

2t M. Langevin, Compt. rend. 238, 2518 (1954).
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from a closed cycle® consisting of the beta-decay energy

of K%, 1.32540.015 Mev,” the Ca®*— A% mass differ-

ence, 0.1994-0.015 mmu=0.18540.014 Mev,? and the

energy of the first excited state of A%, 1.4594-0.007
2 P, Morrison, Phys. Rev. 82, 209 (1951).

2 1,, Feldman and C. S. Wu, Phys. Rev. 87, 1091 (1952).
24 W. H. Johnson, Jr., Phys. Rev. 88, 1213 (1952).

8 Column 2 is an estimate of the relative reliability of the
experimental information; transitions in the A category are well
established, while those in the C category remain to be confirmed.
This classification follows that of Major and Biedenharn (see
reference 1).

Column 4 gives the energy of the transition indicated in column
5 and the method by which it was determined. The following
nomenclature is used: (p,n), reaction threshold measurement;
B*, positron decay energy; IB, inner bremsstrahlung endpoint
plus K-electron binding energy; cc, closed cycle calculation, which
may include energies of alpha particles, beta decay, or gamma
rays, and, in the case of K%, mass spectrometer data.

Column § lists the type of transition involved and the branching
ratio for electron-capture. g and e refer to ground-state and first-
excited state transitions, respectively (e; means ith excited state).

Column 7 gives the theoretical capture ratios for L subshells
and the total capture ratio. P;,;/PK is given only for cases
where |AJ| >2 (see text).

b References for Tables I through IV.

Al. Anderson, Wheeler, and Watson, Phys. Rev. 90, 606 (1953).

A2. P. Avignon, J. phys. radium 14, 637 (1953).

A3. Axel, Fox, and Parker, Phys. Rev. 97, 975 (1955).

A4. P. Avignon, J. phys. radium 14, 636 (1953).

Bl. E. W. Backofen and R. H. Herber, Phys. Rev. 97, 743
(1955).

B2. I Bergstrom, Phys. Rev. 82, 112 (1951).

B3. Bertolini, Bisi, Lazzarini, and Zappa, Nuovo cimento 11(9),
539 (1954).

B4. A. Bisi and L. Zappa, Nuovo cimento 12(9), 539 (1954).

BS. Bisi, Terrani, and Zappa, Nuovo cimento 1(10), 651 (1955).

B6. Bradt, Gugelot, Huber, Medicus, Preiswerk, Scherrer, and
Steffen, Helv. Phys. Acta 19, 218 (1946).

B7. Brown, Hanna, and Yaffe, Proc. Roy. Soc. (London) A220,

203 (1953).

B8. Browne, Rasmussen, Surls, and Martin, Phys. Rev. 85,
146 (1952).

B9. G. L. Brownell and C. J. Maletzkos, Phys. Rev. 80, 1102
(1950).

B10. M. E. Bunker and J. W. Starner, Phys. Rev. 97, 1272
(1955).

B11. Bradt, Gugelot, Huber, Medicus, and Preiswerk, Helv.

Phys. Acta 20, 153 (1947).
C1. Cheng, Dick, and Kurbatov, Phys. Rev. 88, 887 (1952).
D1. M. Deutsch and L. G. Elliot, Phys. Rev. 65, 211 (1944).
D2. DeWire, Pool, and Kurbatov, Phys. Rev. 61, 564 (1942).
D3. J.M. Dickson and T. C. Randle, Proc. Phys. Soc. (London)
A64, 902 (1951).
D4. L. A. DuBridge and J. Marshall, Phys. Rev. 58, 7 (1940).
D5. R.B. Duffield and J. D. Knight, Phys. Rev. 76, 573 (1949).
El. Emmerich, Singer, and Kurbatov, Phys. Rev. 94, 113
(1954).
F1. E. Feenberg and G. Trigg, Revs. Modern Phys. 22, 399
(1950) (calculated EC/B* branching ratios).
F2. L. Feldman and C. S. Wu, Phys. Rev. 87, 1091 (1952).
F3. R.(W. )Fink and B. L. Robinson, Phys. Rev. 98, 1293
1955).

F4. G. Friedlander and W. C. Orr, Phys. Rev. 84, 484 (1951).
G1. Goldhaber, der Mateosian, Scharff-Goldhaber, Sunyar,
Deutsch, and Wall, Phys. Rev. 83, 661 (1951).

G2. Good, Peaslee, and Deutsch, Phys. Rev. 69, 313 (1946).

G3." M. L. Good, Phys. Rev. 81, 891 (1951).

G4. J.R. Gum and M. L. Pool, Phys. Rev. 80, 315 (1950).

H1. Hollander, Perlman, and Seaborg, Revs. Modern Phys. 25,
469 (1953). A mean value or a value attributed to private
communications or unpublished reports.

H2. G. Harbottle, Phys. Rev. 91, 1234 (1953).

H3. R.(W. I-gayward and D. D. Hoppes, Phys. Rev. 98, 1172(A)

1955).
H4. J. Heintze, Z. Naturforsch. 9a, 469 (1954).

HS5. J. (R H)uizenga and C. M. Stevens, Phys. Rev. 96, 548
1954).
Haywar;i, Hoppes, and Ernst, Phys. Rev. 93, 916(A)
(1954).
J1.  James, Ghiorso, and Orth, Phys. Rev. 85, 369 (1952).
J2. H. Jaffe, University of California Report, UCRL-2537
(1954) (unpublished).
J3.  W. H. Johnson, Jr., Phys. Rev. 88, 1213 (1952).
K1. L. I Katzin and M. Pobereskin, Phys. Rev. 74, 264 (1948).
K2. L. Koester, Z. Naturforsch. 9a, 104 (1954).
K3. R. W. %(ing, Revs. Modern Phys. 26, 327 (1954) (mean
value).
L1. M( Lan)gcvin and P. Radvanyi, Compt. rend. 238, 77
1954).
L2. M. Langevin, Compt. rend. 238, 2518 (1954).
L3. M. Langevin, Compt. rend. 239, 1625 (1954).
L4. M. Langevin, Compt. rend. 240, 289 (1955).
L5. L. ]J. Laslett, Phys. Rev. 76, 858 (1949).
L6. J. (]9 Li)vingood and G. T. Seaborg, Phys. Rev. 60, 913
1941).
L7. Long, Pool, and Kundu, Phys. Rev. 88, 171(A) (1952).
L8. Lovington, McCue, and Preston, Phys. Rev. 85, 585 (1950).
L9. W.S. Lyon, Phys. Rev. 87, 1126 (1952).
. W.S. Lyon, Phys. Rev. 97, 121 (1955).
Macklin, Lidofsky, and Wu, Phys. Rev. 78, 318(A) (1950).
Ma(tgnus)son, Thompson, and Seaborg, Phys. Rev. 78, 363
1950).
H. C. Martin and B. C. Diven, Phys. Rev. 86, 565 (1952).
E. der Mateosian and A. Smith, Phys. Rev. 88, 1168 (1952).
E. der Mateosian, Phys. Rev. 92, 938 (1953).
D. E. Matthews and M. L. Pool, Phys. Rev. 72, 163 (1947).
McCown, Woodward, and Pool, Phys. Rev. 74, 1311 (1948).
J. J. G. McCue and W. M. Preston, Phys. Rev. 84, 384
(1951).
. Meinke, Ghiorso, and Seaborg, Phys. Rev. 81, 782 (1951).
M10. M( M. )Miller and R. G. Wilkinson, Phys. Rev. 83, 1050
1951).
Mi11. P. Morrison, Phys. Rev. 82, 209 (1951).
P1. D. M. Van Patter and W. Whaling, Revs. Modern Phys.
26, 402 (1954) (mean value).
P2. R. Patterson, Phys. Rev. 95, 303(A) (1954).
P3. W. C. Peacock and M. Deutsch, Phys. Rev. 69, 306 (1946).
P4. Perlman, O’Connor, and Morgan, Plutonium Project Re-
port 14B, 1651 (1949), National Nuclear Energy Series,
McGraw-Hill Co., Inc., New York.
Ps. Po?teco;'vo, Kirkwood, and Hanna, Phys. Rev. 74, 982
1949).
R1. P. Radvanyi, Compt. rend. 234, 1275 (1952).
R2. P. Radvanyi, Compt. rend. 235, 428 (1952).
R3. Richards, Smith, and Browne, Phys. Rev. 80, 524 (1950).
R4. Rietjens, van den Bold, and Endt, Physica 20, 107 (1954).
RS. B. L. Robinson and R. W. Fink, Annual Progress Report,
University of Arkansas (March 1, 1954) (unpublished).
S1.  Saraf, Varma, and Mandeville, Phys. Rev. 91, 1216 (1953).
S2.  B. Saraf, Phys. Rev. 94, 642 (1954).
S3.  Glass, Thompson, and Seaborg, J. Inorg. and Nuclear
Chem. 1, 3 (1955).
S4. E. Segre and C. E. Wiegand, Phys. Rev. 75, 39 (1949).
S5. R. Sherr and R. H. Miller, Phys. Rev. 93, 1076 (1954).
S6. K. Shure and M. Deutsch, Phys. Rev. 82, 122 (1951).
S7. G. H. Stafford and L. H. Stein, Nature 172, 1103 (1953).
S8. Steffen,)Huber, and Humbel, Helv. Phys. Acta. 22, 167
(1949).
T1. Ter-Pogossian, Robinson, and Goddard, Phys. Rev. 76,
453(A) (1949).
T2. C.C. Trail and C. H. Johnson, Phys. Rev. 91, 474 (1953).
Weimer, Kurbatov, and Pool, Phys. Rev. 66, 209 (1944).
G. Wilkinson, Nature 160, 864 (1947).
H. W. Wilson, Phys. Rev. 82, 548 (1951).



428

B. L. ROBINSON AND R. W. FINK

TasLE II (a). Experimental determinations of orbital electron capture ratio for cases where transition energy is known.

Theoretical
Experimental PL/Pk
Z A PL/Pk Ref.2 (Table I) Remarks
18 A 37 0.08 to 0.09 PS5 0.082
19 K 40 1.3540.23 H4 0.2110:33 See Table II (b).
“*—0.06
32Ge 71 0.19-+0.03 L3 0.106 Experimental results recalc. using wg=0.50.P
Decay scheme in question (L2).

36 Kr 79 0.096-0.030 R2,L1 0.101 Experimental results recalc. using wg =0.63.p
46 Pd 103 0.7940.15 A2 0.120 Conversion of the 40 kev IT daughter in

question.

a See list of references in footnote b of Table I.

b See reference 10 in text.

TasLE II (b). Experimental determinations of orbital electron capture ratios from which transition energy is calculated.

Experimental

Calculated

Energy Log
VA A Half-life Ref.s PL/Pk Ref. Transition (Mev) ft Remarks
19 K 40 1.3X10°yr Hi1 1.35+0.023 H4 e(4— to2—) 0.01940.002 10.3 COI)lsistent with (|AT]|=2
yes,
48 Cd 109 470 days G4 0.28+0.03 MS e(5/2,7/2—gi12) 0 062+0'009 4.1 See Table II1
T —0.005

53 I 125 60.0 days F4 0.23+0.03 MS e(ds;a—ds) 0 100—!-0.020 4.9,
) Y —0.012

56 Ba 133 ~9.5yr H1 >9 14 es(s3—s1) <0.040 5.6 Decay scheme complex and

controversial (L4, H6).

a See list of references in footnote b of Table I.

Mev.2® For this energy, 51422 Kev, the capture ratio
for second-forbidden unique (|AJ|=2, yes) transition
0.33 .
lies between 0.54 and 0.15, (0.21t0 06)' Heintze?®
has measured the specific activity of potassium for the
emission of argon K x-rays; after correcting for the
K-fluorescence yield of argon, he finds that the specific
activity for K-capture (K x-rays) is less than the spe-
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Fi6. 1. nkr=wkr~+axz. The number of L-shell vacancies pro-
duced in the filling of a K-shell vacancy.

25 M. L. Good, Phys. Rev. 81, 891 (1951).
26 J, Heintze, Z. Naturforsch. 9a, 469 (1954).

cific activity for electron-capture (gamma rays). The
excess of gamma rays is attributed to L-capture giving
an experimental ratio of Pr/Pxg=1.3540.23. From
this one may deduce that the transition energy is
1942 kev. As mentioned previously, the comparative
half-life for this energy is very similar to those for
similar transitions in other nuclides.

X-RAY INTENSITY RATIOS AND MEAN
L-FLUORESCENCE YIELDS

The relative intensities of K and L x-rays have been
measured for several electron-capturers for which the
capture ratio is known, either from experiment or by
computation from the transition energy. The x-ray
intensity ratio Ip/Ix is related to the capture ratio
P1/Pg by the expression

Py, wr
IL/IK= (P—+nKL — (2

K WK

where wx= K-fluorescence yield; @z=mean L-fluores-
cence yield,* and ngzr=number of L-shell vacancies

* For completeness, because of common usage, the following
quantities are also defined: wr;, wry, wry=fluorescence yields
for the Ly, L1, L subshells, respectively. (The mean L-fluores-
cence yield defined above is an average of these partial yields
weighted in an essentially unknown manner. In general, these
subshell yields differ from one another.) wzx=fluorescence yield
from secondary L-vacancies (i.e., arising from K-vacancies).
wrr.=fluorescence yield from primary L-vacancies (i.e., arising
from nuclear processes, L-capture or internal conversion in the
L-shell).
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TasLE III. Experimental determinations of x-ray intensities in electron capture from which mean L-fluorescence yields are calculated.

Z A

Calcd.

v IL/Ix Ref.2 PL/Pk Ref. Ngr wg @, Remarks

48 Cd 109 0.05054-0.0003 B3 0.28+0.03 M5 0.93 0.83 0.029-:0.003 Corrected for internal
conversion of 87 kev
IT (A4, B11)

55 Cs 131 0.121£0.008 F3 0.160 Table I 0.89 0.87 0.104-0.01

81 Tl 204 0.330.05 J2 0.524 Table I 0.78 0.95 0.240.05

83 Bi 210 0.304=0.05 See reference 29

0.384-0.49 See reference 29a

a See list of references in footnote b of Table I.

TasLE IV. Experimental determinations of x-ray intensity ratios in electron capture with capture ratios calculated using
estimated &z (Fig. 2) and transition energies deduced from capture ratios.

Half-
Lif -
zZ A (dlass) Ref. Transition IL/Ix Ref. wg (Esz.) gl PL/Pk (f/IEec\‘f) Lj%g mlzsks
WL 140 W2 g(3,3/2—gm) 0.3940.01 BS 093 0.2240.05 0.81 0.83+0.35 0 110-{-27 6.4
=12 -
0.15 1.54 0.092 6.4 See BS
7605138 97 K1  e(3— todsp) 0.402-0.05 M10 094 0.23+0.05 080 0.8+04 <0.07 5.8 b
79Aul® 180 S8  e(3/2—fir) 0.408+0.016 B4 0.95 0.78 0.58+0.14 0 148+28 6.9 e
148 _ 75 A
s T122 125 M3 e(2—to2+) 0.39 HS5 095 0.25+0.05 0.78 0.7040.10 0.154+0.01 5.33 e

a See list of references in footnote b of Table I.

produced in the filling of a K-shell vacancy,
Ix, 2(K—LL)+(K—LX)
NKL=WK ( ) tax
Ix

(this sum might be broken down further into subshell
components); [k,/Ix=intensity ratio of K, x-rays to
total K x-rays; ax=K Auger yield (1—wg); and
(K—LX)=partial Auger yields; X denotes M, N, etc.
shell electrons. (K— LX) is the probability that a K-
shell vacancy is filled by an L-shell electron with the
excess energy carried off by an X-shell electron.

The ratio (Ik./Ik) has been computed from data
given in Compton and Allison,?” K-fluorescence yields
are given by Broyles, Thomas, and Haynes,® and par-
tial Auger yields have been computed from the litera-
ture.2® The values of nx 1 computed for Z=29, 32, 47,
49, 56, 78, 80, 83, and 84 are plotted in Fig. 1 and a
smooth curve has been drawn. Appropriate values of
nx 1 are entered in Table ITI together with observed
intensity ratios, capture ratios, and K-fluorescenc-
yields. Mean L-fluorescence yields @z have been come

27 A, H. Compton and S. K. Allison, X-Rays in Theory and
Experiment (D. Van Nostrand Company, Inc., New York, 1935),
second edition.

28 J, F., Perkins and S. K. Haynes, Phys. Rev. 92, 687 (1953)
(Cu). M. Ference, Phys. Rev. 51, 727 (1937) (Ge). Huber,
Humbel, Schneider, and de Shalit, Helv. Phys. Acta. 25, 3 (1952)
ﬁAg, Cd). Broyles, Thomas, and Haynes, Phys. Rev. 89, 715

1953) (In, Ba, Hg). Steffen, Huber, and Humbel, Helv. Phys.
Acta. 22, 167 (1949) (Pt). C. D. Ellis, Proc. Roy. Soc. (London)
A139, 336 (1933) (Bi). R. W. Hoff, University of California

Radiation Laboratory Report, UCRL-2325 (1953), unpublished
thesis, (Po).

2 Augers

b Transition to upper state is pure L-capture.

¢ Calculated for allowed transition.

puted and also entered in Table III. The value of &y,

found by Damon and Edwards® for the conversion of
the 47.5-Kev gamma ray of RaD(Pb%?) is also entered.?®
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F1c. 2. Mean L-fluorescence yields. The full circles are values
obtained by H. Lay, Z. Phys. 91, 533 (1934), using a photographic
technique and x-ray excitation. Points a-d have been deduced
from nuclear data as follows: ¢ Cd® EC—Bertolini, Bisi, Lazza-
rini, and Zappa, Nuovo cimento 11(9), 539 (1954). b Cs'3t EC—
R. W. Fink and B. L. Robinson, Phys. Rev. 98, 1293 (1955).
¢ Ti2¢ EC—H. Jaffe, UCRL-2537 (1954) (unpublished). d Pb*®
(RaD)—Internal Conversion. P. R. Damon and R. R. Edwards,
Phys. Rev. 95, 1698 (1954). (See reference 29a.) .

2 P, E, Damon and R. R. Edwards, Phys. Rev. 95, 1698 (1954).

28 Note added n proof.—Ross, Cochran, Hughes, and Feather
[Proc. Phys. Soc. (London) A68, 612 (1955)], have examined
critically all existing experimental data on the fluorescence yields
of the L-levels of bismuth excited by internal conversion (RaD)
and by soft x-rays. They conclude that for bismuth the value of
&z, “probably lies between 0.38 and 0.49.” They also have shown
that most of the transitions from the L1 subshell (for which the
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In Fig. 2 the mean L-fluorescence yields are plotted
against Z. The results of Lay® obtained by a photo-
graphic method for fluorescent excitation are also shown.
(A break is indicated at Z~73; beyond this point
Coster-Kronig transitions contribute. A Coster-Krénig
transition is an Auger transition of the type (Li—
LiiitMry,v) which shifts Ly vacancies to the L shell
for which the partial fluorescence yield is greater.)

If a systematic error in the work of Lay is excluded,
Fig. 2 implies that the weighting of the subshell contri-
butions to the mean L-fluorescence yield is fundamen-
tally different for different methods of excitation, and
that &y lies lower for nuclear excitation than for x-ray
excitation (except see reference 29a).

SOME TRANSITION ENERGIES

The intensities of the Z and K x-rays have been
reported for several electron-capturing nuclides. These
are given in Table- IV together with K-fluorescence
yields, #xz, and mean L-fluorescence yields estimated
from Fig. 2. Capture ratios, transition energies, and
comparative half-lives have been computed for these
cases and entered in the table. The four cases are dis-
cussed individually below.

(a) The nuclide W8 has been reported?! to exhibit
pure electron-capture with no gamma rays; from x-ray
intensity measurements the capture energy is inter-
preted to be 92 kev (corresponding to @z=0.15). From
Fig. 2 one estimates ®7,=0.224-0.05 leading to a cap-
ture ratio of 0.83, and an energy of 110 kev. The pre-
viously reported weak gamma rays®? at 136.5 and
152.5 kev are believed to be the result of impurities.

(b) The K and L x-rays of Os!85 have been observed
by Miller and Wilkinson.®® Two gamma rays at 648 and
878 kev are associated with the decay and were found
not to be in coincidence. Weak conversion electrons
corresponding to the ‘“stopover” transition have been
reported,® but the gamma ray has not been observed.
On the assumption of little or no “stopover” transition,
it is impossible to satisfy both the observed gamma-ray
intensity ratio and the x-ray intensity ratio, I1/Ig,
except by assuming that the transition to the second
excited state is pure L-capture, thus setting an upper
limit of about 70 kev for the energy of this transition.

(c) By means of a subtle interpretation of the pulse-
height spectrum of Au'®s in a proportional counter,

fluorescence yield is small) are of the Coster-Kronig type, and
that most of the L-fluorescence x-rays arise from the L1 sub-
shell. Consequently, in this region @wr~@ry,;, regardless of the
primary excitation. The value for TI (point ¢, Fig. 2) was
obtained by neglecting Coster-Kronig transitions and it is prob-
ably much too low. On the other hand, Coster-Kronig transitions
do not occur for Z<73 and the values for points ¢ and & are
undoubtedly correct.

®H. Lay, Z. Physik 91, 533 (1934).

3 Bisi, Terrani, and Zappa, Nuovo cimento 1(10), 651 (1955).

3 Cork, Nester, Le Blanc, and Brice, Phys. Rev. 92, 119 (1953).
( 3 1\% M. Miller and R. G. Wilkinson, Phys. Rev. 83, 1050
1951).

# J. B. Swan and R. D. Hill, Phys. Rev. 88, 831 (1952).

B. L. ROBINSON AND R. W. FINK

Bisi and Zappa® concluded that the capture ratio for
transitions to the second excited state is 0.58, from
which a transition energy of 148 Kev is deduced.

(d) In connection with a study of Pb*2, Huizenga
and Stevens®® have reported for TI? an x-ray intensity
ratio Ix/I.,=2.6. Neglecting the weak conversion of
the 435-kev gamma ray (about 2.5%7%), and the possi-
bility of ground-state transitions, one deduces a capture
energy of about 150 Kev for this nuclide.

SUMMARY AND CONCLUSIONS

The theory of orbital capture appears to be in rela-
tively good agreement with experiment in those cases
where there is no question about the decay scheme
(2 cases). The theory has been applied to the determi-
nation of : (1) transition energies where P/ Pg is known
(4 cases); (2) mean L-fluorescence yields where both
the transition energy and x-ray intensities are known
(3 cases); and (3) transition energies where x-ray inten-
sities are known and mean L-fluorescence yields esti-
mated (4 cases). Theoretical capture ratios have been
computed and tabulated for nuclides whose transition
energies are known and decay schemes simple (28 cases).

It is clear from the lack of good experimental cases
that more refined orbital capture data are required.
In this respect the internal source technique should be
more widely applied because the interpretation does not
require a knowledge of Z-fluorescence yields.

It is indicated that mean L-fluorescence yields de-
pend upon the method of excitation; various modes of
excitation result in different relative populations of
L-shell vacancies. The relative contribution of the L-
subshells to the mean L-fluorescence yields can be de-
termined only by studying the L x-ray fine structure
with instruments of sufficiently high resolution (e.g.,
bent crystal spectrometer).

Note added in proof—Recently there has been much
discussion®® concerning the charge distribution on the
CI®¥7 recoil ions from electron capture in A%, and the
relation to the L/K capture ratio via theoretical Auger
transition probabilities. The charge distributions ob-
served by Kofoed-Hansen and Snell and Pleasonton
do not appear to be consistent with the 8 to 99, L/K
capture ratio in A% (reference 7).

We feel that the experimental results are probably
valid and that the difficulty lies in the use of an in-
adequate theory of Auger transition probabilities. It
has been suggested by Daudel []. phys. radium 16, 515
(1955)7] that the neglect in the present Auger theory of
the correlations among the positions of the electrons
may lead to large errors.

% A. Bisi and L. Zappa, Nuovo cimento 12, 539 (1954).

36 J. R. Huizenga and C. M. Stevens, Phys. Rev. 96, 548 (1954).

37 Rose, Goertzel, Spinrad, Harr, and Strong, Phys. Rev. 83, 79
(13935(1)).‘ Kofoed-Hansen, Phys. Rev. 96, 1045 (1954); A. H. Snell
and F. Pleasonton, Phys. Rev. 97, 246 (1955); R. A. Rubenstein
and J. N. Snyder, Phys. Rev. 99, 189 (1955); P. Radvanyi, J.

phys. radium 16, 509 (1955); and A. Winther, J. phys. radium 16,
562 (1955).



