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Previous measurements of the ey double decay of 1*In at 35° have been extended to
relative angles of emission of 15, 30, 45, 60, 90, 120, and 150°. The energy distribu-
tions of photons have been determined at each angle in the range from 30 to 210 keV and
from 35 to 197 keV for Ky and (L + M +N)y decays, respectively. The data are in agree-
ment with the theory of the internal Compton effect of Spruch and Goertzel and the theory
of radiation losses in internal conversion of Baumann and Robl. The maximum of the
transition probability has been found at (39.8+2.2)°, while that predicted by the theories
is at 34.6°. The calculations have also been performed using the theory of “nuclear” ey
double decay of Grechukhin. It has been shown that the contributions of this mechanism
to the observed results are negligible. The integral coefficients obtained are BKY
=(1.11+0.04)x107% for photons in the energy range from 35 to 105 keV and Biriyws My
=(1.01£0.08)x 10~% for photons in the energy range from 42 to 105 keV.

RADIOACTIVITY 3In™; measured ey double decay at 15, 30, 35, 45, 60,

90, 120, and 150°; deduced photon energy distributions in the range 30 to

210 keV for K7y decay and 35 to 197 keV for (L + M +N)y decay; deduced

angular distribution for photons of an energy of 35 to 105 keV for Ky decay

and 42 to 105 keV for (L + M + N)y decay; deduced integral energy distribu-
tion and integral ey—double-decay coefficients.

INTRODUCTION

The results of measurements of the electron-
photon double decay (ey decay) of the 392-keV iso-
meric state in *3In at a relative angle of emission
of 35° were presented in a previous paper! (here-
after referred to as I). The continuous energy dis-
tributions of photons from ey decay were compared
with the coefficients of the internal Compton effect
(ICE) derived from the theory of Spruch and Goert-
zel.2 The experimental results are in good abso-
lute agreement with the theoretical predictions. In
this paper we present the results of measurements
performed with the aim of determining the angular
and energy distributions in the ey decay of *%In.
We also performed a more detailed comparison of
the experimental data with several theories of ey
decay.

MEASUREMENTS

The apparatus and the method of measurement
were described in detail in I. Here we present only
the main features and modifications.

Photons and electrons from ey decay continuously
share the available energy, i.e.,

E+E,=W,-B,, @)

where E and E, are the energies of the emitted
photon and electron, respectively, W, is the tran-
sition energy, and B, is the binding energy of the
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electron. The recoil energy of the atom is ne-
glected. The identification of ey events was based
on the energy condition in Eq. (1) and on the con-
dition of simultaneity. A three-dimensional 256-
256-256-channel analyzer was used to record the
amplitudes of pulses from the photon and electron
detectors, and from a time-to-amplitude converter
which measured the time difference.

New measurements were performed at seven
nominal angles, ©,=15, 30, 45, 60, 90, 120, and
150°. The arrangement used in the measurements
was the same as that described in I. For compari-
son, we repeat the results of the previous mea-
surement at a nominal angle of 35°. A silicon sur-
face-barrier detector of a sensitive area of 12 mm
in diameter was used in the measurements at 15,
30, and 35°, whereas a silicon surface-barrier de-
tector of a sensitive area of 14 mm in diameter
was employed in the measurements at 45, 60, 90,
120, and 150°. The energy resolution of these de-
tectors was between 6 and 8 keV for K conversion
electrons of 364 keV emitted in the decay of '*°In.
A coaxial Ge(Li) detector of a sensitive volume of
25 cm?® (detector A in I) was used to detect photons.

The time resolution of the system measured by
coincident detection of K x rays and K conversion
electrons emitted in the decay of '!*Sn was about
35 ns. The peak was asymmetrical, with a long
“tail” caused by the delayed triggering of the pho-
ton discriminator. The time resolution of the fast
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coincidence was set relatively large (27~200 ns)
to avoid losses due to the tail and due to the shifts
of the coincidence curve with energy.

The gain in the photon and electron branch was
adjusted to have the same width per channel (1.5
keV/channel). The gain was rather stable over
long periods of time (shifts were within £0.25%).

The method of deriving the numbers of counts
per channel in the photon branch from seven two-
dimensional diagrams of sum energy versus pho-
ton energy, each corresponding to an interval of
time difference of 32 ns, was described in I.
From the counting rates we calculated the energy
spectra of photons, which we attributed to ey dou-
ble decay on the basis of arguments given in the
following section.

EXTERNAL BREMSSTRAHLUNG

The external bremsstrahlung of conversion elec-
trons in thin layers of materials, which were
“viewed” by both the electron and photon detectors,
satisfy the same energy and simultaneity condi-
tions set in the measurements and analysis of ey
decay. In order to estimate the contribution of the
external bremsstrahlung in the source, it was de-
cided to check whether the amount of SnCl, has an
effect on the counting rates. A relative angle of
emission of 60° was chosen, since it was estimated
that at this angle the effect would be most readily
observed. Therefore, in addition to the measure-
ment with a source prepared by the standard pro-
cedure, a measurement with a “thick” source was
made at a relative angle of emission of 60°. The
preparation of the “thick” source was the same as
that of the standard source, except that inactive
SnCl, was added to a solution of radioactive
138nCl, to increase its quantity by a factor of
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FIG. 1. Results of measurements of the Ky and
(L + M +N)y differential coefficients at ® =60°, with
the “thick” and “thin” sources.

about 10. The activity (about 8 j.Ci), the thickness
of the Zapon backing foil (about 100 pg/cm?), and
the size of the spot were almost the same.

The results of measurements for Ky and
(L +M +N)y decays using the two sources are
shown in Fig. 1. It can be seen that a tenfold in-
crease of the SnCl, content in the source yielded
no observable increase in the counting rates.

After the integration over a photon-energy interval
from 35 to 105 keV the following values for the Ky
differential coefficients were obtained: the “thick”
source, (1.70+0.16)x107* sr™! and the standard
source, (1.98+0.14)X107* sr™!. The difference
amounts to (—0.28+0.21) X107% sr™!, These values
indicate that the contribution of the external
bremsstrahlung in SnCl, in the source is negli-
gible (less than 1%).

This result is in agreement with the results ob-
tained by Seykora,® who measured the external
bremsstrahlung of 624-keV electrons in aluminum
foils up to 200 mg/cm? thick.

The bremsstrahlung in the Zapon foils was es-
timated to be negligible because of its very small
mass and because it is composed of light elements.

The bremsstrahlung of conversion electrons in
the walls of the vacuum chamber (made of alumi-
num) also contributed to the counting rates in the
region where ey events were expected. It was
considerably reduced by lead shields placed around
the photon detector. (The lead shields were used
to prevent the Compton scattering of ¥ rays from
the direct transition within the sensitive volume
of the electron detector, with the detection of the
secondary Compton photon in the photon detector.)
The procedure of estimating upper limits of the
counting rates for this process, on the basis of
the counting rates at energies immediately below
the sum energy of 364 keV, was explained in I.

TABLE 1. Comparison of the calculated counting rates
Nyprems due to the external bremsstrahlung in the walls of
the vacuum chamber with the observed counting rates
Ny for photons of energies between 50 and 150 keV.
(The accuracy of the calculations of Ny, was estimated
to be £50%.)

0,

(dqu) Nbrems Nobs Nbrems/Nobs
15 2.0 £1.0 156+ 31 <3%
30 1.3 +0.65 942+ 45 <0.2%
35 0.50% 0.25 913+ 39 <0.1%
45 0.50% 0.25 654+ 36 <0.15%
60 0.12+ 0.06 863+ 36 <0.03%
90 0.20% 0.10 385+ 31 <0.1%
120 0.05+ 0,03 122+ 26 <0.05%
150 0.09+ 0,05 73+ 18 <0.20%
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An upper limit of 3% was obtained at a relative
angle of emission of 35°.

We also calculated the counting rates expected
from the external bremsstrahlung in the parts of
the vacuum chamber “viewed” by both detectors.
From the stopping-power curve for electrons of
364 keV in aluminium we estimated that the effec-
tive thickness of the layer from which the contri-
bution to the counting rates in the region of sum
energy from 355 to 364 keV was possible, was
about 20 pm. Taking into account the geometry
of our experimental arrangement at each angle
and the data of Aiginger* for the differential cross
sections for the bremsstrahlung of electrons of
380 keV in aluminium, we estimated the counting
rates in the region of photon energies from 50 to
150 keV. A comparison of the calculated counting
rates with the observed ones is shown in Table L
The external bremsstrahlung in the walls of the
vacuum chamber yields less than 0.3% to the
counting rates observed at all angles except at
15°. In the measurement at a relative angle of
emission of 15° the source had to be placed fairly
far away from the detectors, and was only about 1
cm from the wall of the vacuum chamber. Owing
to the proximity of the wall, the contribution of
the external bremsstrahlung at this angle may be
up to 3%.

Taking into account the above results and the ac-
curacy of the measurements, we did not make cor-
rections to the counting rates for external brems-
strahlung.

ANALYSIS OF MEASUREMENTS AND RESULTS
K+ decay

The differential coefficients dBey(E,eo)/dEdQ for
ey decay, defined as the ratios of the differential
transition probabilities dTeY(E,(—)o)/dE dQ for ey

TABLE II. Ky differential coefficients
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decay to the electron conversion transition proba-
bility T, for the same shell, were calculated from
the experimental spectra using Eq. (2) in I. The
finite -geometry correction factor C(E,©,) was cal-
culated assuming the theoretical angular distribu-
tion of Spruch and Goertzel. Its value was close

to 1 at all angles.

The efficiency of the Ge(Li) detector was checked
several times in the course of measurements using
a set of calibrated sources of *38n, 5"Co, ?*!Am,
%Na, *Cs (supplied by the International Atomic
Energy Agency, Vienna), and sources of "*Se and
169Yb_ . .

The results for Ky differential coefficients are
given in Table II and in Figs. 2(a)-2(h). Table II
gives averages taken over 12 channels (AE =18
keV), while Figs. 2(a)-2(h) show averages over
different intervals of photon energy. The errors
are the standard statistical errors. The full lines
represent the theoretical values calculated from
the theory of Spruch and Goertzel.? The values
calculated from the theory of Baumann and Robl®
are approximately equal to the values obtained
from the former theory, and are not shown in
these diagrams. In each figure averages were
taken over the same photon energy intervals AE
as the experimental data. The results of measure-
ments obtained in the range of energy which was
investigated are in good agreement with the theo-
retical values.

The angular distribution for Ky decay obtained
by integrating the experimental values of Ky dif-
ferential coefficients in the range of photon energy
from 35 to 105 keV is given in Table IV (left col-
umn). These results are shown in Fig. 4(a). The
full curves show the theoretical angular distribu-
tion derived from the theory of Spruch and Goert-
zel by integrating the differential internal Compton
coefficients in the same range of photon energy.

dBKY/dEdQ [in units of 10~3 (mc?sr)~!] in the ey decay of the 392-keV state in

13p,
Photon
energy
interval Relative angle of emission (@)
(ke V) 15° 30° 35° 45° 60° 90° 120° 150°
30—48 1.23+0.29 2.60+0.15 2.65+0.15 3.19+0.22 2.74%0.17 0.63+0.07 0.85+0.15 0.08+0.07
4866 0.60+0.19 1.71+£0.10 1.68+0.12 1.91+0.15 1.67+0.10 0.40+0.05 0.34+0.05 0.09+0.04
66—84 0.37+0.18 1,12+ 0,09 1.23+0.,11 1.35+0.12 1.05%0.09 0.28+0.04 0.19+ 0,07 0.07+0.03
84—-102 0.37+0.16 0.60+0.07 1,13+0.10 0.81+0.10 0.65+0.07 0.21+ 0,04 0.16+ 0.06 0.07+ 0,03
102-120 0.45+0.19 0.48+0.08 0.51+0.07 0.59+0.12 0.43+0.06 0.18+0.04 —0.03+0.06 0.04+0.04
120-138 0.13+0.20 0.36+0.07 0.31+0.06 0.57+0.11 0.34+0.06 0.14+0.04 0.20+ 0.08 0.12+0.05
138—-156 0.33+0.22 0.24+0.08 0.43+0.06 0.09+0.11 0.34+0.07 0.10+0,04 —0.02+0,09 ~—0.01+0.01
156—174 0.75+ 0.29 0.09+ 0,09 0.31+0.,07 0.34+0.12 0.18+0.07 —0.02+0,04 -0.05+0.09 0.03+0.05
174-192 0.42+0.35 =~0.02+0.10 0.17+0.07 0.54+0.23 0.16+0.08 0.04+0,05 —0.11+0.11 0.09+0.06
192-210 —0.85+0.45 0.00+0.13 0.19+0.08 0.00+0.22 0.09+0.11 ~-0.05+0.09 —0.06+0.13 0.03+0.05
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At relative angles smaller than 45° the theoretical
values are (by small amounts) systematically larg-
er than the experimental ones, but above 45° the
deviation is in the opposite direction. A simple
fitting procedure yielded the position of the maxi-
mum of the experimental angular distribution at
(39.8+2.2)°, while the maximum of the theoretical
curve is at 34.6°.

The integral Ky coefficient, i.e. the ratio of the
total Ky transition probability for photon energies
between 35 and 105 keV to the K conversion transi-
tion probability, was obtained by integrating the
experimental angular distribution over the whole
solid angle

BK'y(E=35 to 105 keV)=(1.11+0.04) X1073,

This value is in reasonable agreement with the val-
ues 1.09x107% and 0.91X1073 calculated for the
same photon energy interval from the theory of
Spruch and Goertzel®? and from the theory of Bau-
mann and Robl,5 respectively.

(L+M+N)vy decay

The system (mainly the electron detector) did
not allow the resolution of the sum-energy lines
due to Ly, My, and Ny double decays. From the
experimental data (which were obtained along with
the Ky data) we calculated the differential coeffi-
cients for (L+M +N)y decay, i.e., the ratios of
the differential transition probabilities for Ly
+Mvy +Nvy decay to the transition probability for
L+M +N electron conversion. The largest con-
tribution to the process was estimated to be due
to Ly decay.

The results are given in Table III. These values
were obtained by Eq. (2) in I. The intervals of
photon energy of 18 keV were obtained by taking
groups of 12 channels. The same data are shown
in Figs. 3(a)-3(h); the averages of the data, how-
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ever, were taken over different energy intervals.

To the knowledge of the authors, a calculation
of the ICE involving L, M, . .. -shell electrons has
not been made as yet. Spruch and Geortzel have
estimated the magnetic differential coefficients of
the ICE for L electrons to be approximately equal
to the magnetic differential coefficients for Ky
electrons for the same transition, i.e.,

dBLy(E,G)/dE aQ=dBy, (E,©)/dE dQ . 2)

Assuming this relation to be valid also for My and
Ny decays, the differential coefficients for (L +M
+N)y decay would be approximately equal to the
differential coefficients for Ky decay. The full
lines in Figs. 3(a)-3(h) show the results calculated
from the theory of Spruch and Geortzel for Ky.de-
cay. The averages of these values were taken
over the same intervals of photon energy as the
experimental data.

The angular distribution of (L +M+N)y decay
was calculated by integrating the experimental dif-
ferential coefficients in an energy interval from
42 to 105 keV. The results are given in Table IV
(right column) and shown in Fig. 4(b). The full
line represents the differential coefficients of
Spruch and Goertzel for the ICE integrated over
the same range of photon energy. The agreement
is not so good as for Ky decay. The maximum of
the angular distribution also appears at an angle
that is somewhat larger than that given by the theo-
ry.

The integral coefficient for (L +M +N)y decay
for an interval of photon energy from 42 to 105
keV,

By, ey (E =42 to 105 keV) = (1.01£0.08) X102,

was obtained by integrating the experimental angu-
lar distribution over the whole solid angle.

TABLE NI (L+M+N)y differential coefficients dB(y, ., x),/dE dQ [in units of 10~ (mc?sr)~!] in the ey decay of the

392-keV state in 13In,

Photon

energy
interval Relative angle of emission (@)
keV) 15° 30° 35° 45° 60° 90° 120° 150°
36—53 2.05+0.78 4.01+0.49 3.00+0.37 4.19+0.60 2.86%0.31 0.76+0.25 1.68+0.35 0.09%0.04
53=T1 1.50+0.63 2,18+ 0.33 2.13+0.26 1.84+0.37 1.80+0.21 0.54+0.13 0.29+0.23 0.05+0.03
71-89 0.83+0.63 0.70+0.24 1.34%0.22 1.60+ 0,32 1.,18%0.19 0.31+0,11 -0,10£0.23 0.03+0.03
89-107 0.06+ 0.54 0.80+0.22 1,02+0.20 0.38+0.23 0.82+0.16 0.43+0.14 0.35+0.25 0.06+0.03
107-125 0.04+0.68 0.51+0.24 0.29+0,11 0.49+0.23 0.86+0.17 0,22+ 0.13 0.36+ 0,22 0.07+0.03
125-143 0.32+0.78 0.25+0.24 0,59+ 0.33 0.44+0.24 0.67+0.17 0.15+0.13 0.71+0.27 0.05+0.04
143-161 0.98+0.98 0.65+0.28 0.20+0.17 0.10+0.34 0.37+0.19 0.35+0.15 ~0,04+0.34 0,08+0.04
161~179 -0.75+1.,20 =-0.17+0.47 0.29+0.19 0.30+0.37 0.92+0.23 ~0.30+0.19 0.46+0.39 0.18+0.06
179-197 -1.41+1.39 =0.22+0.47 0.54%+0.21 -0.92+0.50 0.26=0.41 0.07+ 0,20 0.07+0.41 0.06+0.06




1317

08T=%% (W ‘,02T="0 B %06="0 @) ‘.09="0 (@) ‘.5¥="9 (P ‘.5e='9 (9) ‘.0e="9 (D ‘.51="@ (¥) "TyEp [BIUOWILIadXE pojuosald oy} SB YIPIM
QweS 9y} Jo sTeAajul A310uUd 1940 soSeaoar Surye} £q PIIJIPOW SBM YOTYM (g) B[NULIOJ SUISn [9Z)a00D) pue yonadg jo A£109Y} 9y} WIOIJ POIBINOTED dI9M SOUI] PIOS YT,

INTERNAL COMPTON EFFECT IN !!3In

Y9 o18ue Jo sonjBA [BI9ASS JB SJUSWSINSEAOUI 9Y} UI PauTe}qo g ASisus uojoyd ey} JO UOHOUNJ € ST ULy, UL £BOSP A(N + I +7) JO SIUSIONJO0D [eHUSISNIA *€ "DII

Cl
("o%)3 (A1) 3 (A1) 3
002 05t oot 002 o5t 001 05 00z o5t 001 05
T - 05 0 — T I 0 T a._l,h T _W T T T T T T T T 710 =}
—_— H
[ f ri I 3
m
L E X
m
L = 4t z
=
- >
y 4 ~
50 S0 M
L o Hz 3
L (uoz) (4 vs7) @
L 006=06 LV AVO3Q $(N+W+1) (4] g 0SE=00 1V AV23Q J(N*W*1) (2) m
L (4 001) j o He-0xe 5
=2
L 0051=00 1V AVO3Q B(N*W1) (4) c.0LXL {e01xt -
o
I~ EY
T 0 ————F— ——— 0 =
L m
L 41 b
m
L o 4 o
L (o]
o
| 50 (y 182) 1, z
L 009=% 1v AV23Q J(N*W+1) (3) + 4z pul
L (4 8iL) ]
<)
L Jeoixe 00€= %0 LV AVD30 $(N*W*1) (d) =z
A - foxe @
(v £21) 4 iy
L e . — 2
L 002i= %0 1V AVI30 S(N*W+1)  (6) 3
L ) 0 z
Ulg, NI NOILISNVYL YW A9 ~26E T T
L 4 a
ol
PRt (TR TR S Y PR 1 PR SR m
alX
n i ojm
1z $
E)
- 1z i
(W) 1e (u €L ) 0
051=00 1V AVO30 A(N*W+1) (D) v
057=00 IV AVI3Q S(N*W<1)  (P)
L H c-0ixe
Ul NI NOILISNV ML 7W A9 -Z6€ Te-0x7 Ul NI NOILISNVYL 7 ASA-Z6€
€Ll €Ul
P S S S SR W R . PR SRS S S S S ST S WY W SY AT S




1318 M. JURCEVIC, K. ILAKOVAC, AND Z. KRECAK 11

DISCUSSION

ey decay is a type of higher-order electromag-
netic transition. This process in lowest order can
proceed via electronic or nuclear virtual inter-
mediate states. The two mechanisms differ in that
the real photon is emitted by the electron or by
the nucleus, respectively.

Electronic intermediate states

Several authors?' ' ®7!2 have calculated the rates
and shapes of continuous spectra of electromag-
netic radiation emitted by outgoing electrons in
nuclear decay. Here we discuss only those papers
the results of which we applied in the analysis of
the data.

A simple, semiclassical theory of the internal
bremsstrahlung in 8 decay was developed by Wang
Chang and Falkoff.® They calculated the radiation
of an electron created in the nucleus at some in-
stant, with the assumption that the velocity of the
electron is constant at all later times.

The radiation of conversion electrons has been
studied by several authors.?'5 7 !2 It is usually
called the ICE.

Spruch and Goertzel calculated the magnetic ICE
differential coefficients for K-shell electrons,
i.e., the ratios of the transition probability per
unit solid angle and unit energy interval for Ky
decay to the transition probability for K electron
conversion, for magnetic multipole transitions.
The initial state of the electron was described by
a nonrelativistic wave function, and the intermedi-
ate and final states by plane waves. The results
of a similar approximation for the transition prob-
ability of K electron conversion were applied. In
both calculations a point nucleus was assumed, so
the nuclear matrix elements cancelled. In taking
the ratio the errors seem to have cancelled to a
high degree because of the application of similar
approximations. This may be inferred from the
agreement of the theory with the energy and angu-

3x107%)

E
Bey (E 80 dE (sr)!
dEd 0

Eq

INTEGRATED DIFFERENTIAL COEFFICIENT FOR ICE f

3x10°4

L {a) 4
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FIG. 4. Angular distribution of photons for (a) Ky
decay and (b) (L +M +N)y decay in 3In. The full
curves show the results derived from the theory of
Spruch and Goertzel.

lar distributions in the Ky decay of *’Ba'? and
with the present measurements of *®In. The value
of the K conversion coefficient for the 392-keV
M4 transition in *3In calculated in the Born ap-
proximation (as used by Spruch and Goertzel) is
0.14. This is about one-third of the experimental

TABLE IV. Angular distribution of photons (in units of 10~% sr=!) in the Ky and (L+M +N)y

decays of the 392-keV state in 13n,

® 105 keV 105 kev
(deg) f [dBy, (E,@,) /dE dR1dE f 4B 1 iy vy (E- O /dE dQE
35 kev 42 kev

15 0.89+0.17 1,56+ 0,48
30 1.90+ 0,07 1.60+ 0,20
35 2,31+ 0,06 2.16+0.13
45 2,24+ 0,10 1.98+0.23
60 1.83+0.08 1,77+ 0.14
90 0.51+ 0,06 0.50+0,11

120 0.36+ 0.05 0.46+0.16

150 0.11+ 0,04 0.06=0.02
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FIG. 5. Comparison of the experimental angular dis-
tribution of Ky decay in 3In with the theoretical dis-
tributions of (A) Chang and Falkoff, (B) Spruch and
Goertzel, and (C) Baumann and Robl.

value'® of 0.438 +0.008 and of the theoretical value
of 0.44 obtained from the tables of Hager and Selt-
zer.'® This means that the transition probabilities
for the ICE, as given by Spruch and Goertzel, are
underestimated by the same factor. It seems that
the differential coefficients for the ICE depend only
on the states of the converted electron, and the
rate of ey decay is very nearly proportional to the
rate of emission of conversion electrons.

In calculating radiation losses in internal conver-
sion Baumann and Robl neglected some terms
which were estimated to give a small contribution
when the photon and electron momentum, measured
in natural units, were much larger than Z/137.
Formally, their theory can be described as the
scattering of a free electron, initially at rest, on
a modified multipole field of the nucleus in which
a bremsstrahlung quantum is emitted. The inter-
mediate and final states of the electron were ap-
proximated by plane waves. Explicit formulas
were given for electric and magnetic multipole
transitions. Their results agree closely with the
results of Spruch and Goertzel.

Jakobson® calculated the energy distribution of
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FIG. 6. Comparison of the experimental energy dis-
tribution of Ky decay in !3In (obtained by integration
over the whole solid angle) with the theoretical distribu-
tions of (A) Jakobson, (B) Chang and Falkoff, (C)
Spruch and Goertzel, and (D) Baumann and Robl.

the ICE in a nonrelativistic approximation, as-
suming that the transition energy was small com-
pared with the rest energy of the electron. In this
approximation ey decay proceeds as a two-step
process: an electron conversion followed by the
emission of a bremsstrahlung quantum.

The results for the Ky decay of '°In, derived

TABLE V. Energy distribution of photons [in units of
10~ (me?~1] obtained by integrating the experimental
angular distribution over the whole solid angle in the Ky

decay of 13m,

Photon energy

interval
keV) j{;(dBK},(E,(@o)/dEdQ)dQ
30-48 17.2 +0.7
48-66 10.0 +0.4
66—84 6,62+ 0.36
84-102 4,59+ 0,31
102-120 2,89+ 0,30
120-138 3.03+0.36
138-156 1.61+ 0,39
156-174 1.23+ 0,41
174-192 1.24+ 0,52
192-210 —-0,49+ 0,63
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from the above-mentioned theories, are compared
with the experimental angular and energy distribu-
tions in Figs. 5 and 6. The angular distributions
obtained by integrating the differential coefficients
for Ky decay over an energy interval from 35 to
105 keV are presented in Table IV and compared
with the theoretical values in Fig. 5.

The values of the energy distribution obtained by
integrating the experimental values of Ky coef-
ficients are given in Table V and compared with
the theoretical energy distributions (also integrated
over the whole solid angle) in Fig. 6.

Nuclear intermediate states

“Nuclear” ey decay has also been studied by
several authors.'® '® Grechukhin'® gave general
expressions for the calculation of differential
transition probabilities integrated over the solid
angle for different combinations of multipoles of
the emitted electron and photon.

ey two-quantum decay proceeds via many

i=c=m,=1)

daT, (w q) _

( )2 2L+1R2L 2L+1
MR,/ [2L+1)11]? (L+1

(yL,,eL,) channels. These should satisfy the con-
servation laws of angular momentum and parity

f1 + i-‘>2 = fl - fz
and
m(L,)7(L,)

where L, and L, and 7(L,) and 7(L,) are the angu-
lar momenta a.nd parltles of the emitted quanta,
respectively, I, and I and 7(/,) and 7(I,) are the
angular momenta and parltles of the initial and
final states of the nuclei, respectively. The in-
terference of different combinations of multipoles
is possible. However, after the integration over
the solid angle the interference terms vanish, and
the total transition probability is a sum of transi-
tion probabilities of all (yL,,eL,) channels.
According to Grechukhin'® the transition prob-
ability of ey decay in which a photon of energy w
and an electron (originating from the gth shell)
of energy W — w are emitted is equal to (in units

=m{)m(l,), @)

) (g, W - )| 0, (MLOEOW - 0)L|i1) |2

MR,)?m [(2L, +1) 1(2L, +1) I1]?

Here e2=1/137, M ~=1837 is the average nucleon
mass, R,=0.43AY° e?is the nuclear radius (A
being the nucleon number), L, and L, are the ang-
ular momenta of the emitted photon and electron,
respectively, and L is the multipolarity of the di-
rect transition. W is the transition energy,

Q(g, W— w) is the electronic factor!® of an EO nu-
clear transition involving the gth atomic shell,
and a(EL,;q, W-w) and B(ML,; q, W- w) are the
electron conversion coefficients for EL, and ML,

— |

+Z et 2 W1 W — w)2E2*1REL M2 L, +1) (L, +1)
( [ L, +1

L, +12L,+1

L) (B L0, W - 0) [0 | (MLWELW- ) LILY |?
2

o1 ),B(MLZ,q,W- )|<12|]EL1wML2W-w)L|[11>IZ].

4)

T
transitions for the gth shell and energy W- w.
The first term in the sum gives the contribution
of the (yL,eE0) channel, and the rest gives the
contribution of other (yL,,eL,) channels. Only the
lowest combinations of multipolarities are taken
into account, since the sum is restricted by the
condition L, +L,= L= |I, -1,| =«.

The reduced matrix elements of ey decay can be
expressed by means of the reduced matrix ele-
ments of single-quantum decays

LI L)l L 1)

GNLwLW -0k l1) =] T UOLL L )

kIp

+(=1)EE2 3 UL L Ly kl

sl

Here Ul(abcd;ef) are normalized Racah coeffi-
cients, [, and I  and E, and E are the angular mo-
menta and energies of nuclear intermediate states,

E,-E,— (W= w)

<I Iz, ”11>€<I L, HA)J ®)

r

respectively, and E, is the energy of the final state
of the nucleus. The summation should be made
over all intermediate states which are above the
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initial state of the nucleus, and which satisfy the
conservation laws (3). Equation (5) is valid for all
channels, including the (yL,eE0) channel, and
therefore the indices (ML, EL) are omitted.

The reduced matrix elements in Eq. (5) can be
calculated from the formulas (also in units Z=c¢
=m,=1)
w2L+1R2L L+1

— KL IEL|L)|?,

cw . o1)=9e2
Ty (BL; w31~ 1) =2€* (or—qytm =7

T,(ML, w;1; ~1,)
__2e* w''RE 2L+1
(MR? [(2L+1) 112 L+1

(<L NIML| 1) |2,

6)

AT TAYERE = N AT TATES

where T, (EL; w,I; - 1,) and Ty (ML; w,I; ~I,) are the
transition probabilities of single-quantum EL and
ML transitions between the states I; -1, with the
transition energy w=E; - E,.

The reduced matrix elements were calculated
using the single-particle model estimates of Mosz-
kowsky.? The (yL, e L0) channel was neglected.
The following intermediate states of **In were
considered: 37(0.647 MeV), 5*(1.024 MeV),
$7(1.029 MeV), and £*(1.194 MeV). These states
have recently been studied both experimentally
and theoretically.®® The internal conversion coef-
ficients were obtained by interpolation from the
tables of Hager and Seltzer.'®

For the sake of consistency, the internal con-
version transition probability for the direct tran-
sition, i.e., of the 392-keV M4 transition in *°In,
for the gth atomic shell, was calculated by the
formula

T,(M4) =B, (M4)T, (M4). (7)

Here the values for the internal conversion coeffi-
cient 8,(M4) were taken from the tables of Hager
and Seltzer, and the y-ray transition probability
T, (M4) was calculated from Moszkowsky’s single-
particle model.

A comparison of the energy distributions of pho-
tons obtained by integration over all directions of
emission of the theoretical “electronic” and “nu-
clear” ey differential coefficients is shown in Fig.
7. The differential coefficient for nuclear Ky de-
cay, (1/T,)dT(E,)/dE,, increases strongly with
energy, while a broad maximum appears for Ly
and My decays. At energies close to the maximum
photon energy the nuclear Ky coefficients, accord-
ing to the results, become larger than the internal
Compton coefficients. Therefore, attempts to de-
termine nuclear Ky decay should be made at large
angles of relative emission and by including large
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FIG. 7. Comparison of energy distributions in ey
decay in 13n due to “electronic” and “nuclear” inter-
mediate states (integrated over the whole solid ang.e).
The ICE distributions were calculated from the theories
of Spruch and Goertzel (S-G) and Baumann and Robl
(B-R). The distributions calculated from the theory of
Grechukhin for “nuclear” ey decay for K-, L-, and M-
shell electrons are marked by (Kvy), (Lv), and (Mvy),
respectively.

photon (and, of course, low electron) energies.
According to our experience, a measurement with
the required sensitivity could be performed with
the currently available experimental techniques,
but it would be difficult and very long.

Integrating these coefficients, we obtained the
following values for the transition probabilities:

Ty, (E, =35 to 105 keV)/T, =3.4X107°,
T}, (E, =42 to 105 keV)/T, =2.2X107°,
Ty, (E, =42 to 105 keV)/T,=2.3xX107°.

Comparison of these values with the results of
measurements and with the values calculated from
the theory of Spruch and Goertzel and from the
theory of Baumann and Robl shows that the con-
tribution of nuclear ey decay in the region of mea-
surements is negligible.
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