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The thermal cross sections and resonance integrals have been determined for radiative neutron capture
by 1121161221245y Jeading to the ground and isomeric states of '131231238n and the isomeric state of ''Sn.
Using natural samples of Sn metal foils and high-resolution y-ray spectroscopy, it was possible to determine a
mutually consistent set of cross sections, particularly the small thermal cross sections leading to 11/2~ states. A
detailed analysis of the y-ray emissions from irradiated Sn samples enabled us to make new and more precise
determinations of the energies and intensities of y rays emitted in the decays of 40-min '>*™Sn and 9.5-min
125mSn and corresponding adjustments to the energy levels of '?*!23Sb. The present results support the recently
adopted revised value for the branching ratio of the 255.1-keV y ray in the decay of ''*Sn. The presence of a
16mTp impurity in our samples prompted a new determination of the energies and intensities of the y rays emitted

in its decay and of the energy levels in ''°Sn.
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I. INTRODUCTION

Precise and consistent values of neutron capture cross
sections are important not only for the characterization of
materials using neutron activation analysis but also as a probe
of nuclear systematics. Thermal cross sections provide a
convenient fixed calibration point for calculations that seek
to characterize neutron interactions in other energy regions,
such as at stellar temperatures.

The cross sections for neutron capture by Sn isotopes have
been previously measured in a variety of studies using the
activation technique of measuring the radiations emitted in
radioactive decays that follow neutron capture [1,2]. In some
previously reported cases, it was not possible to distinguish
clearly between captures leading to ground and isomeric states,
and many previous studies used detectors of poor resolution in
comparison with present capabilities. Consequently, there is
a wide variation and often poor agreement among the results
reported from previous studies.

In the present work, we sought to remeasure these thermal
cross sections and resonance integrals in a consistent manner to
provide a set of results that enables the reliable comparison of
ground-state and isomeric cross sections as well as comparison
of results for different Sn isotopes. We were particularly
concerned with obtaining values for the millibarn cross
sections for thermal captures leading to the 11/27 states in
117.123,1258n | as these values have appeared in previous studies
with large relative uncertainties (including one study yielding
anegative cross section). The extraction of such small thermal
cross sections generally involves a careful correction for the
effects of capture of epithermal neutrons, and so we also sought
to obtain a precise and consistent set of resonance integrals.

A schematic view of the neutron capture process applicable
to the even-mass Sn isotopes is shown in Fig. 1. Capture by an
even-mass Sn isotope of mass number A leads eventually to
the ground state and an isomeric state in the Sn isotope of mass
number A+-1. Isotopic and decay parameters relevant to the
present investigation are listed in Table I [3]. For ''*™Sn and
117mSn, the isomeric state decays mostly or entirely through an
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isomeric y e transition, which serves as the analyzer for that
state. For '2™Sn and '2™Sn, there is no isomeric transition, so
the decays of both the isomeric and ground states are analyzed
through y transitions in the Sb isotopes populated following
the Sn 8 decay.

The energies and intensities of the y rays in '23123Sb follow-
ing the decays of '™125mSp are known only with relatively
large uncertainties. We have therefore studied the decays of
irradiated Sn samples with a high-resolution spectroscopy
system in order to improve the spectroscopic knowledge of
these decays. We report here the results of these studies, along
with the verification of a newly proposed branching ratio in the
decay of ''3Sn and a spectroscopic study of the decay of !'™In,
which is present as an impurity in our irradiated Sn samples.

II. EXPERIMENTAL DETAILS

Samples of Sn metal foils of thickness 0.025 mm were
irradiated in the Oregon State TRIGA reactor (OSTR) [4]. Four
different irradiation facilities were used: a thermal column
(TC; nominal thermal and epithermal neutron fluxes of, re-
spectively, 7.2 x 10'" and 1.8 x 10® neutrons/cm?-s), in-core
irradiation tube (ICIT; 9 x 10'2 and 1 x 10'? neutrons/cm?-s),
a cadmium-lined in-core irradiation tube (CLICIT; O and
1 x 10'? neutrons/cm?-s), and a fast pneumatic transfer fa-
cility (“rabbit”; 1 x 10'3 and 4 x 10'! neutrons/cm?-s). The
rabbit samples could also be enclosed in a Cd box (1-mm
wall thickness) to isolate the epithermal component. All Sn
irradiations were accompanied by flux monitors. Primary flux
monitors were Au and Co as dilute alloys (respectively, 0.134%
and 0.438%) in thin Al metal foils. Secondary flux monitors
were Fe, Zn, and Zr, also as thin metal foils. Properties of these
flux monitors have been discussed previously [5].

The Sn samples for irradiation ranged from about 20 to
600 mg. The larger samples were placed into storage for
several months to allow the 9.64-d '>3Sn to decay, which
enabled the weak 1089-keV line in the decay of '>>Sn to be
clearly seen without interference from the 'Sn line of the
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FIG. 1. Processes involved in thermal neutron capture by even-

mass Sn isotopes. In the capture of epithermal neutrons, p-wave (3/27)
resonances may also contribute.

same energy. Irradiations in the TC, ICIT, and CLICIT were
of typical durations of 1 to several hours. Counting of some of
the TC samples began as soon as 45 min after the irradiation,
permitting observation of the short-lived 3™ 123m.125mgp
Rabbit irradiations to observe these same short-lived activities
were typically 5 min long, and counting began within 15 min
after irradiation.

The y rays were observed with a high-purity Ge detector
(nominal volume of 169 cm?, efficiency of 35% compared
with Nal at 1332 keV, resolution of 1.68 keV at 1332 keV).
Source-to-detector distances were generally 10 to 20 cm,
for which coincidence summing has a negligible effect on
the intensities of the strongest transitions; the weak 123
samples, which are not affected by coincidence summing, were
counted at 7.5 cm. The signals were analyzed with a digital
spectroscopy system connected to a desktop computer. For the
cross-section determinations, peak areas of the y-ray lines,
which were well isolated from neighboring peaks, were usually
determined with the MAESTRO software [6]. The spectroscopy
studies were analyzed using the spectrum analysis software
SAMPO [7]. Absolute efficiency calibrations were done with
NIST-traceable sources of '*Ba and 'S’Eu. The relative
efficiency calibration below 200 keV was characterized using

PHYSICAL REVIEW C 73, 054312 (2006)

reactor-produced sources of 'OTb, '°Yb, and '®2Ta; above
1500 keV, ?*Na and 2’Bi were used. Sample y-ray spectra
from the long- and short-lived Sn activities are shown in
Figs. 2 and 3. To be able to account properly for the effect of
the intense ''®™In activity in the short-lived sample, a separate
measurement was made of the '"In y rays from a small
sample of irradiated In.

III. CROSS-SECTION RESULTS

After correcting for detector efficiency and source decay,
the deduced activities at the end of bombardment were
typically in the range of 10-100 kBq for the long-lived isotopes
produced in the ICIT and CLICIT irradiations, 100 Bq and
100 kBq for, respectively, the long- and short-lived isotopes
in the TC irradiations, and 1-10 MBq for the short-lived
isotopes produced in the rabbit irradiations. Also present in
our samples were '>3Sb (produced from the decay of 'Sn)
and activities of !'""™Ag 116mIn and '2%124Sb, presumably
produced from neutron capture by small Ag, In, and Sb
impurities present in the Sn. None of these activities interfered
with the measurement. Because the '2°Sb observed in the ICIT
and CLICIT samples is produced almost entirely from the
decay of '2™Sn, the '>3Sb provided an independent check on
the cross sections deduced from the '>>™Sn in the TC and rabbit
irradiations.

The end-of-bombardment Sn activity a resulting from
irradiation of N target nuclei for a time #; can be represented
as

a = N(¢no + ¢ep11)(1 - e—M,’)’ (D

where ¢ and ¢ep; and the thermal and epithermal neutron
fluxes and o and [ represent the effective thermal cross
section and resonance integral. According to the resonance
data presented in Ref. [1], there are no broad or low-energy
neutron resonances in any of the isotopes considered in
the present work; therefore, the cross section below 1 eV
follows the expected 1/v behavior. The flux monitors behave
similarly, so our data give the equivalent 2200 m/s thermal
cross section. Because the thermal cross sections of all the
final states considered in this work are much smaller than the
resonance integrals, the correction for the 1/v contribution to

TABLE I. Properties of Sn isotopes used for cross-section determinations.

A Abundance (%) Capture to JT tip Isomeric state Analyzing y transitions
E (keV) Iy 1o (%)
112 0.97 113 ¢ 1/2* 115.09d 255.1 (2.1%), 391.7 (65.0%)
113 m 7/2* 21.4 min 71.4 91.1 77.4 (0.50%)
116 14.54 117 ¢ 1/2* 00
117 m 11/2~ 13.61d 314.6 100 156.0 (2.1%), 158.6 (86.4%)
122 4.63 123 g 11/2- 129.2d 1088.6 (0.60%)
123 m 3/2* 40.08 min 24.6 0 160.3 (85.6%)
124 5.79 125 ¢ 11/2~ 9.64d 822.4 (4.0%), 915.5 (3.9%), 1067.0 (9.0%),
1087.6 + 1089.2 (5.4%)
125m 3/2* 9.52 min 27.5 0 332.0 (97.0%)
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FIG. 2. y-ray spectrum of long-lived activ-
ities from irradiated Sn. Peaks from Sn decays
used in cross-section determination are labeled
with their energies in keV. Prominent impurity
] peaks include those from """ Ag (A), '?2Sb (B),
124Sb (C), and '>°Sb (D).
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the resonance integral is negligible, except for captures leading
to 12mSn, where it contributes at about the level of one standard
deviation of /.

The thermal cross sections deduced in the present work
are shown in Table II and compared with results of previous
studies [8-21]. The uncertainties are typically in the 5%—
10% range and represent mostly uncertainties in the flux
measurements and detector efficiency calibrations; uncertain-
ties due to counting statistics were generally negligible, as
were contributions to the overall uncertainty from the y-ray
branching ratios (except as discussed below). The relatively
large uncertainty in the thermal cross section for 123¢Sn is due
to the uncertainty in the correction for epithermal captures in
the ICIT irradiations. (The otherwise similar results for '2°¢Sn

TABLE II. Thermal cross sections of Sn isotopes.

Product o (b)
Present work Previous work
113 g+m 0.513 (30) 1.1 (4)%, 1.3 (3)°, 0.9 (3)°, 0.65%,
0.71 (10)¢, 0.52f, 0.42 (8)¢,
0.576 (12)", 0.547 (30)', 0.539 (11)!
113 ¢ 0.386 (38)
113 m 0.140 (26) 0.39 (10)°
117 m 0.0035 (5) 0.006°, —0.015 (1), 0.00542 (30)!
123 ¢ 0.0041 (12) 0.1°
123 m 0.138 (10) 0.1°, 0.206 (30)%, 0.15 (2)¢, 0.145F,
0.18 (2)8, 0.134 (15)", 0.19 (6)"
125 ¢ 0.0033 (3) 0.002°, 0.0042 (13)™
125 m 0.114 (10) 0.57 (11)*,0.5%, 0.125 (19)k,

0.13 (2), 0.11 (4)2, 0.135 (5)",
0.070 (4)", 0.43 (6)"

2Reference [8].

bReference [9].

‘Reference [10].
dReference [12].
¢Reference [13].
fReference [14].
gReference [15].
hReference [17].
iReference [18].
iReference [19].
kReference [11].
IReference [20].
MReference [21].
"Reference [16].

1200

do not show this effect because the latter were obtained from
the TC irradiations for which the epithermal correction is much
smaller; unfortunately, the 123381y was too weak to be seen in
the TC samples.) For '232Sn and '2%¢Sn, we have not included
in the uncertainty a possible systematic effect in the absolute
branching intensities, estimated to be, respectively, 17% and
29% [3].

Although it is not always clear from the previous works, the
results quoted for the cross section leading to !'3¢Sn represent
a combination of direct and indirect production through the
decay of the isomer. Using the present results for the cross
sections leading to the isomer, we can obtain the cross section
for direct production of ''3#Sn by neutron capture, which is
indicated in Table II.

The ratio between the isomeric and ground-state thermal
cross section was measured for ''*Sn by Schmorak et al.
[10] and for '"3Sn and '**Sn by Gangrsky et al. [22]. For
1138, our results give o(m)/o(g) = 0.36 £ 0.08, in excellent
agreement with the previous results (0.41 + 0.06 [10] and
0.41 £ 0.03 [22]). For '23Sn, the present results give a ratio of
34 £ 10, which does not agree very well with the previous
results (14.3 £ 1.6, [22]).

TABLE III. Resonance integrals of Sn isotopes.

Product I (b)
Present work Previous work

113 g+m 25.9 (21) 242,254 21 (4)°, 28.7 (15)¢,
27.9 (16)¢, 189 (86)f, 31 (6)2

113 ¢g 20.0 (16)

113 m 7.4 (6)

117 m 1.43 (12) 1.86 (5)¢, 1.014 (20)?

123 g 0.100 (8) 1.06 (45)f

123 m 0.74 (5) 0.79%, 0.71 (7)°, 1.28 (20)¢

125 ¢ 0.103 (8) 0.083 (25)

125 m 7.2 (5) 6.9 (10)°, 7.5 (1)}, 7.52 (35)4,

16.7 (137)t

2Reference [12].
bReference [14].
‘Reference [15].
dReference [17].
¢Reference [18].
fReference [23].
gReference [24].
hReference [21].
iReference [16].
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FIG. 3. y-ray spectrum of short-lived activ-
ities from irradiated Sn, showing peaks used for
cross-section determinations and a strong peak
from the ""In impurity. The inset shows the
77.4-keV line in the region of the Pb x rays.
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Resonance integrals measured in the present study are
summarized in Table III and compared with results of previous
work [23,24]. As was the case with the thermal cross sections,
there is overall good agreement between the present and previ-
ous work. Several authors [25-27] have reported experimental
values for the ratio I /o. Their values are compared with those
of the present work in Table IV. (The authors of Ref. [25] did
not quote uncertainties for their values of //o. We assumed
their quoted uncertainties for their deduced values of / from
the ratio were characteristic of their errors in / /o, since they
apparently did not take into account the uncertainties in the
previous values of o from the literature.) The agreement is
adequate except for the case of !'7™Sn, in which the extremely
small value of the thermal cross section may be distorting the
previous results; we found that even in our well-thermalized
neutron beam there are still sufficient epithermals to require
a correction to the deduced cross section. It is also possible
that the results for !'’™Sn can be distorted by the ''°Sn(n, n’)
reaction; however, if this reaction were contributing to the
present work our deduced value for / /o would be even larger
than the value quoted in Table IV.

IV. y-RAY SPECTROSCOPY OF 1131231256y AND !6mp
A. Decay of 1*Sn

In analyzing our data for the decay of ''3Sn, we used the
value of 0.0325 for the ratio of the intensities of the 255.1-
and 391.7-keV lines, taken from the online compilation of
the NNDC [2]. This value disagrees with the previous value

TABLE IV. Ratio of resonance integrals to thermal cross
sections.

Capture to /o

Present work Previous work

113 g+m 50.5 (50) 38.6 (19)?, 49.1 (14)
117 m 409 (49) 81 (3), 60 (3)°
123 m 5.36 (53) 5.55 (13)2, 5.37 (3)°
125m 63 (7) 62 (3)*, 53.0 (23)°

2Reference [25].
bReference [27].
‘Reference [26].

400 450

of 0.0285 quoted in the Table of Radioactive Isotopes [3]
and the Nuclear Data Sheets [28]. We remeasured this ratio
and obtained the value 0.0323 £ 0.0005, in agreement with
the value adopted by the NNDC and with the most recent
experimental determination (0.0337 £ 0.0005) by Mukherjee
et al [29]. Our measurement includes data from five different
samples of strengths varying by more than an order of
magnitude and at counting distances from 10 to 20 cm; these
measurements yield identical values for the branching ratio
(within %+ 0.5%).

B. Decay of 1»*™Sn

Samples containing the short-lived Sn activities were pro-
duced by irradiating Sn in the rabbit for several minutes. Count-
ing generally began within 5 min after irradiation. The '>*™Sn
activity at the start of counting was typically in the range 0.2—
1.0 MBgq. Counting began with the sample at 20 cm from the
Ge detector; after 30-50 min, the sample was moved to 10 cm.
Even at the closer distance, coincidence summing produced
negligible effects. A sample y-ray spectrum is shown in Fig. 4.

The results of our measurements of the energies and
intensities of the y rays from the decay of '>™Sn are shown in
Table V and compared with the presently accepted values from
the Nuclear Data Sheets [30], which are based on the weighted
average of the results obtained by Raman ez al. [31] and Tikku
et al. [32]. Our data represent an average of the results from
five different samples. We adjusted the '>3Sb level energies
to fit our results for the y-ray energies; the correspondingly
deduced level energies are shown in Table V and listed with

TABLE V. y rays from the decay of '>*™Sn.

Present work Nuclear Data

Sheets?
E (keV) 1 E; E; E (keV) 1
160.35 3 100 2 160.35 0.0 160.325 100
171.2238 0.003 3 712.79 542.06 170.97 0.008 5
381.77 5 0.050 3 542.06 160.35 381.43 0.0494
5419510 0.028 5 542.06 0.0 541.84 0.023 4
552.2924  0.0103 712.79 160.35 552,53 0.0122

2From Ref. [30], based on data of Raman et al. [31] and Tikku
et al. [32].
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their uncertainties in Table VI. From our y-ray intensities and
the known [30] internal conversion coefficients, we deduced
the B feeding intensities shown in Table VI. Overall, the
present results are in agreement with and are more precise
than the previously accepted values.

C. Decay of '>™Sn

The '>™Sn activity in the rabbit samples at the start of
counting was typically about 2 MBq. Some of the stronger
peaks in the y-ray spectrum are labeled in Fig. 4. Table VII
shows our deduced y-ray energies and intensities compared
with the previously accepted values from the Nuclear Data
Sheets [33], which were obtained from an unweighted average
of the data from Baedecker and Walters [34], Berzins and
Auble [35], and Kawase et al. [36]. The uncertainties of our
energies and intensities are generally an order of magnitude
smaller than those of the previously accepted values. The decay
with time was verified with the expected 9.5-min half-life for
all peaks with intensity greater than 0.030; several peaks below
that intensity also show agreement with the expected half-life
(1304.42,1349.37,1633.11, and 1913.66 ke V). The remaining
peaks are either too weak to permit a half-life determination
or contain admixtures of transitions from the decay of !!*™In.

In only three instances did we observe interference between
the y rays from '>™Sn and those from the ''™In impurity.
The 278.56- and 779.5-keV y rays are almost degenerate
with '"%™In y rays. By carefully measuring the intensities
of the ''®™In components in a separate measurement with a
pure ''"In sample, it was possible to correct for the ''®™In

TABLE VI. Energy levels in '2Sb populated in the decay of
123msn.

Present work Nuclear Data Sheets*

Level energy B feeding Level energy B feeding J”
(keV) (%) (keV) (%)

0.00 0.00 7/2*
160.35 3 99.92 1 160.33 5 99.9224  5/2*
542.06 5 0.065 5 541.83 0.0557  3/2%
712.79 21 0.0114 712.8 3 0.0175 12+

2From Ref. [30].

components and thus obtain the intensities of the '™Sn
components. Averaged over the course of the '>™Sn counting,
the combined 278-keV peak consisted of roughly 50%'>™Sn
and 50%119"In, while the 779-keV peak was about 25%'2M8p
and 75%"'™In. It was not possible to observe or resolve any
doublet structure in the peaks at either energy; as a result, the
deduced uncertainties of the '>™Sn peak energies are larger
than those of well-resolved peaks. The third peak that showed
interference from ''°™In was at 2113 keV. Here, previous work
shows a very weak 125mgp peak, which we could not observe
because it was totally obscured by a very strong !'®™In peak
at that energy.

We observed two peaks that have not been reported
previously, at 430.03 and 1025.46 keV. We placed those peaks
in the '>Sb level scheme based on their good match with
energy differences among known levels. We also observed
a peak at an energy of 1633.11 keV, which was previously
reported but does not fit among any of the known '>Sb levels,
even though its decay with time appears to be consistent with
the expected 9.5-min half-life.

Based on our measured y-ray energies and intensities, we
deduced the level energies and § feedings shown in Table VIII.
These are in good agreement with, but more precise than, the
previously accepted values.

D. Decay of '"In

Because it was necessary to make a precise correction
for the presence of the 54-m ''“"In impurity in the Sn
samples, we irradiated a small sample (roughly 0.1 mg) of
In metal for 5 s in the rabbit facility, which produced a sample
of ""In with an activity of 1.5 MBq. This sample was
counted for 2h at 20 cm and then for 2h at 10 cm. To obtain
precise energies for the stronger peaks, the sample was then
returned to 20cm and counted simultaneously with energy
calibration sources (198Au, 207Bj, 90Co, 137Cs). Removal of
some of the Pb shielding around the Ge detector allowed the
background lines at 1460.83 and 2614.53 keV to be used
for calibration, and Pb x rays from the remaining shielding
provided low-energy calibration points. This process enabled
a precise determination to be made of the energies of the eight
116mn » rays with intensities above 1%. These could then be
used in turn to calibrate the high-count-rate spectra for the
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TABLE VIL. y rays emitted in the decay of '>™Sn.

Present work

Nuclear Data Sheets*

E (keV) I E; E; E (keV) I
278.56 15 0.023 6 921.55 642.96 27845 0.075
310.96 4 0.045 5 642.96 331.94 31125 0.075
331.942 100 7 331.94 0.0 33192 1002
386.52 3 0.100 3 1736.00 1349.46 386.0 4 0.09 /
430.03 14 0.012 3 1913.66 1483.77
589.61 2 0.194 4 921.55 331.94 580.6 5 0.214
642.96 2 0.156 3 642.96 0.0 643.0 5 0.164
779.5 3 0.014 4 1700.55 921.55 778 2 0.0135
840.83 5 0.072 3 1483.77 642.96 840.9 5 0.07 2

1017.57 4 0.087 3 1349.46 331.94 1017.3 5 0.102

1025.46 22 0.0136 1947.32 921.55

1057.77 21 0.019 4 1700.55 642.96 1059 1 0.022

1093.27 14 0.036 3 1736.00 642.96 1093 7 0.04 2

1151.70 8 0.032 3 1483.77 331.94 1151.16 0.03 2

1304.42 10 0.012 3 1947.32 642.96 1305 1 0.01 !

1349.37 8 0.017 2 1349.46 0.0 1349.0 8 0.02

1368.61 4 0.104 3 1700.55 331.94 1368.8 5 0.102

1404.06 2 0.699 7 1736.00 331.94 1404.0 5 0.72 3

1483.77 2 0.178 3 1483.77 0.0 1483.9 5 0.19 3

1581.96 20 0.010 2 1913.66 331.94 1582 1 0.006 6

1615.38 3 0.1113 1947.32 331.94 16153 5 0.122

1633.11 10 0.016 1 1634 1 0.022

1736.07 7 0.0312 1736.00 0.0 17356 5 0.03 1

1913.66 10 0.019 2 1913.66 0.0 191355 0.02 !

1947.50 13 0.014 3 1947.32 0.0 1947 1 0.0105

b 2113 1 0.002 2

2From Ref. [33], based on data from Baedecker and Walters [34], Berzins and Auble [35], and Kawase

et al. [36].

®Not observable in present work due to interference from ''*In.

determination of the energies of the weak peaks. A sample
y-ray spectrum is shown in Fig. 5.

At the high count rates used in this experiment, coincidence
summing has a significant effect on the spectrum. The
reduction in intensity of the strong peaks due to the “summing
out” correction is small, but the “summing in” correction
can distort the intensity of weak peaks and give rise to
spurious peaks. Both true and accidental coincidences can
contribute to the sum peaks. At the 20 cm distance, the average
true/accidental ratio was about 0.6; and at 10 cm, the average
ratio was about 3. It is also necessary to take into account the

0 500

10°

angular correlation effect in the true coincidences, which can
increase the true coincidences by 10%—-20% in some cases.
Our results for the energies and intensities of the
y rays following the ''®"In decay are shown in Table IX
and compared with the previously accepted values from the
Nuclear Data Sheets [37], based on a weighted average of
the data reported by Rabenstein [38] and Ardisson [39].
Agreement with the expected 54-m half-life was checked for
all transitions with intensities above 0.030 and for several
below that level. Using our values for the y-ray energies, we
adjusted the energies of the !'®Sn levels to obtain the best

10°
10*
10°
10°
10'
10°

Counts per channel

FIG. 5. y-ray spectrum from the decay of
116m]p Peaks are labeled with their energies in
keV. Also labeled are peaks due to coincidence
summing (X) and positron annihilation (e*).

2000
Energy (keV)
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TABLE VIIL Energy levels in '>Sb populated in the decay of
125mg

Present work Nuclear Data Sheets*

Level energy  f feeding  Level energy g feeding J*
(keV) (%) (keV) (%)

0.00 0.00 7/2*
331.942 98.34 2 332.144 98.320 512+
642.96 2 0.038 71 64323  <0.11 3/2+,5/2+
921553 0.1858 921.74 0267 12

1349.46 5 0.004 4 1349464  0.029 24 7/2)*

1483.77 2 0.268 5 1484.16 0.28 4 3/2+,5/2+

1700.55 4 0.1336 1700.9 5 0.133

1736.00 3 0.8429 1735.7 3 0.86 4 3/2)*"

1913.66 10 0.040 3 191355 0.025 12

1947.32 3 0.146 5 19474 5 0.136 23 @2t
21131 0.002 2 1/27,3/2~

2From Ref. [33].

agreement. The corresponding level energies are included in
Table IX. The energies and their uncertainties are summarized
in Table X along with the deduced B feedings (using the
internal conversion coefficients given in Ref. [37]).

In general, our results are in good agreement with the
previously accepted values. Among the differences are sev-
eral peaks that we observe that have not been reported in
previous works. A peak at 410.20 keV fits nicely between
the 2801.17 and 2390.86 keV levels (AE = 410.31 keV)
and decays at a rate consistent with the 54-m half-life
expected for ''®™In, A peak at 517.6 4 0.9 keV was previously
reported by Rabenstein [38] but has not yet been included
in the accepted ''°Sn level scheme. We observe a y ray at
517.23 £ 0.10 keV that can be placed between the levels at
3046.05 and 2529.13 keV (AE = 516.92 keV). We observe a
peak at 2265.69 keV that may be the ground-state transition
from a previously known level at that energy. A y ray at
1356.36 keV may be the transition from the previously known
level at 2650.44 keV to the first excited state, and a y ray
at 395.64 keV could populate that level from the level at
3046.05 keV. We also observe a new transition at
1803.43 keV that can be placed between previously known
levels at 3096.80 and 1293.56 keV.

We deduce a 10% greater intensity for the 138.29-keV
y ray than the previously accepted results. Although our rela-
tive intensity differs from the latest NDS compilation, it agrees
with the value 4.308 &+ 0.032 reported recently by Wurdiyanto
et al. [40] based on both singles and coincidence measure-
ments. We observe a peak at 165.72 keV that appears to
decay with the expected half-life (albeit with large uncertainty)
and which fits between two established levels (2390.86 and
2225.39 keV). The only previous reference to a transition at
this energy comes from the Coulomb excitation work reported
by Kantele et al. [41], who deduce B(E2) < 2 Weisskopf
units, which corresponds to an intensity of <0.00046 units on
the scale of Table IX. We therefore regard our identification of
this transition in the decay scheme as very tentative.
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We do not observe several y rays that were reported in
previous works (116.5, 196.5, 345.2, 458.5, 474.9, 500.1,
639.1, 1254.1, 1536.3 keV) and can set upper limits on their
intensities that are significantly below the previously reported
intensities. We do observe a previously reported peak at
730.47 keV but we can account for all of its intensity as a
double escape (DE) peak from the 1752.50 keV y ray. The
closest match among the ''%Sn levels (and the previously
suggested placement of this transition connecting the 3096.80-
and 2365.94-keV levels) would correspond to an energy
difference of 730.86 keV, amounting to 6.5 standard deviations
from the measured y-ray energy and making it unlikely
that this assignment is correct. The previously identified
transition at 781.1 keV is a single-escape (SE) peak from the
1293.56-keV transition; its large width in our spectrum marks
it either as an unresolved doublet or a SE peak. The intensity
of the peak at 272 keV consists about 48% of a y ray of energy
271.96 keV and 52% of the DE peak from the 1293.56 keV
transition; without correcting for the DE peak, the observed
energy of this line (271.75 + 0.02 keV) would deviate
considerably from the energy difference corresponding to its
placement in the level scheme (272.04 keV).

We observe a peak at 1235.49 + 0.03 keV, in apparent
agreement with previous work. However, our calculations
indicate that essentially all of the intensity of this peak can be
accounted for by coincidence summing, about 65% from the
416.90 + 818.68 keV sum and about 35% from the 138.29 +
1097.28 keV sum. Accidental coincidences account for 27%
of the intensity at 20 cm and 7% at 10 cm. Together, these
contributions account for about 95% of the observed peak,
leaving possibly 5% to represent a transition between the
2529.13- and 1293.56-keV levels. Absent this correction, the
deduced relative intensity of the 1235.49-keV peak would
increase by about a factor of 2.5 between the 20 cm and 10 cm
data. Although the intensity of a normal y-ray peak depends
roughly on the inverse square of the distance between the
source and detector, sum peaks depend on the inverse fourth
power of the distance. This change of the relative intensity of
the 1235.49-keV peak with distance clearly identifies it as a
sum peak.

A similar situation obtains for the peak at 1710.35 keV, the
intensity of which can be accounted for through the “skip-over”
coincidence 416.90-(818.68)-1293.56 keV. At least 90% of
the observed intensity of this peak must be due to summing,
leaving only a small upper limit for a possible peak at this
energy. Together, our failure to observe peaks at 458, 475,
639, and 1712 keV eliminate the need to introduce a new level
at 3005 keV as originally suggested by Ardisson [39].

The calculation of the intensities of these sum peaks
has been calibrated against the numerous other sum peaks
that appear in the spectrum, including accidental sums (both
self-coincidences such as 1097.28 4 1097.28 = 2194.56 keV
or 1293.56 + 1293.56 = 2587.12 keV as well as “paral-
lel” coincidences such as 1097.28 4- 1507.59 = 2604.87 keV
or 416.90 4+ 1097.28 = 1514.18 keV) and true sums (di-
rect cascades such as 1097.28 4 1293.56 = 2390.84 keV or
416.90 4 2112.29 = 2529.19 keV as well as “skip-over”
cascades such as 138.29 4 1293.56 = 1431.85 keV).
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TABLE IX. y rays emitted in the decay of '®™In.

Present work Nuclear Data Sheets*
E (keV) 1 E; E; E (keV) 1
99.73 4 0.028 3 2365.94 2266.16 99.81 10 0.020 8
<0.008 116.5 10 0.059 24
124.65 5 0.0122 2390.86 2266.16 124757 0.0126
138.29 2 4.36 10 2529.13 2390.86 138.326 8 3.90 14
163.40 10 0.018 2 2529.13 2365.94 162.6 5 0.083 24
165.72 10 0.016 2 2390.86 2225.39 165.5 0.00058
<0.010 196.5 5 0.059 24
24498 5 0.039 3 3046.05 2801.17 245.03 0.044 9
263.03 3 0.148 5 2529.13 2266.16 262.95 8 0.14 3
271.96 4 0.045 4 2801.17 2529.13 27248 0.094 35
278.62 2 0.1534 2390.86 2112.26 278.49 8 0.17 2
303.73 4 0.1427 2529.13 2225.39 303.80 7 0.14 2
<0.007 3452 8 0.035 12
355.402 0.861 10 2112.26 1756.77 355.36 4 0985
395.64 16 0.0080 25 3046.05 2650.44
410.23 4 0.0713 2801.17 2390.86
416.90 2 32.13 2529.13 2112.26 416.86 3 328 14
435.186 0.027 3 2801.17 2365.94 43497 0.043 17
<0.004 458.55 0.083 24
463.212 0.855 10 1756.77 1293.56 463.14 12 0.98 6
<0.010 4749 8 0.020 10
<0.010 500.1 8 0.035 12
517.23 10 0.0152 3046.05 2529.13
535.03 5 0.040 3 2801.17 2266.16 536.0 6 0.041 15
567.556 0.064 5 3096.80 2529.13 567.49 0.049 15
<0.008 639.1 10 0.035 12
655.17 2 0.145 3 3046.05 2390.86 655.74 0.135
679.85 8 0.024 4 3046.05 2365.94 679.9 10 0.035 12
688.93 2 0.196 4 2801.17 2112.26 689.0 3 0.19 3
705.97 2 0.189 3 3096.80 2390.86 705.7 3 0.20 3
<0.003 730.7 3 0.08 3
736 <0.0035
779.92 2 0.2915 3046.05 2266.16 780.4 2 0.326
<0.005 781.18 0.130 24
818.68 2 14.3 1 2112.26 1293.56 818.7 2 13.6 5
830.68 10 0.034 6 3096.80 2266.16 830.9 4 0.062 12
931.83 4 0.106 5 2225.39 1293.56 93223 0.090 719
972.60 2 0.5856 2266.16 1293.56 972.4 2 0.538 19
1072.50 20 0.0196 2365.94 1293.56 107237 0.024 18
1097.28 2 69.0 7 2390.86 1293.56 1097.3 2 66.6 13
1235.49 3 0.006 3 2529.13 1293.56 1235.5 10 0.112
<0.010 1254.1 10 0.047 23
1293.56 2 100 / 1293.56 0.0 1293.54 15 100 2
1356.36 23 0.0093 13 2650.44 1293.56
1507.59 2 11.7 1 2801.17 1293.56 1507.4 2 11.84
<0.008 1536.3 9 0.047 35
1710.53 3 <0.010 1712.3 10
1752.50 2 2.78 3 3046.05 1293.56 1753.8 6 2919
1803.43 23 0.0105 20 3096.80 1293.56
2112.29 2 17.8 2 2112.26 0.0 2112.1 14 1845
222539 3 0.0552 2225.39 0.0 222558 0.061 10
2265.69 21 0.0036 6 2266.16 0.0

2From Ref. [37], based on data of Rabenstein [38] and Ardisson [39].
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TABLE X. Energy levels in ''%Sn populated in the decay of ''"In.

Present work Nuclear Data Sheets*

Level B Level B JT
energy feeding energy feeding
(keV) (%) (keV) (%)

0.00 0.00 (0
1293.56 1 1293.560 8 2%
1756.77 3 1756.864 24 0t
2112.26 2 2112.323 15 2+
2225392 2225.379 17 2%
2266.16 3 2266.159 19 3
2365.94 3 2365.975 21 5”
2390.86 2 5426 2390.879 18 52.112 4+
2529.132 3253 2529.202 18 33.815 4+
2649.92 23 2650.438 23 2+
2801.17 2 10.3 1 2801.28 4 10.2 4 4+
3046.05 2 2.824 3046.40 9 27110 4+
3096.80 3 0.243 3096.93 13 0.334 4+

2From Ref. [37].

V. CONCLUSIONS

From measurements of the intensity of the y radiations
following the decays of ground and isomeric states in the
odd-mass radioactive isotopes of 31171231258 we have
deduced a self-consistent set of thermal cross sections and
resonance integrals for !12:116:122.1248n For captures leading to
11/2~ states ('17™1232.12528n), for which five units of angular
momentum must be added to the 1/2" capture state, the
measured thermal cross sections are small and in quite good
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agreement with one another at 3—4 mb. Captures leading to
other Sn isotopes with 11/2~ states include ''®”Sn (10 =+
6 mb [2]) and ?!™Sn (I mb [2,8]), consistent with the
systematic behavior of captures leading to the 11/27 states
observed in the present work.

There is also reasonable agreement among the thermal cross
sections leading to the 1/2% and 3/27 states in the odd-mass
isotopes. We have determined precise values for the 1/27 state
in '132Sn (for the first time clearly separating direct and indirect
production) and the 3/27 states in 2™ 125mSn_ These values are
consistent with other previously measured Sn cross sections
[2], including neutron captures leading to the 1/2% states in
1328n (0.12 £ 0.03 b), ''72Sn (0.14 £ 0.03 b), and ''°2Sn
(0.22 4 0.05 b) and the 3/2* state in '2!2Sn (0.14 & 0.03 b).
These cross sections leading to the sy, and d3, single-particle
states are generally in the range of 0.1-0.2 b, suggesting that
the states can be reached with more or less equivalent ease from
the 1/2 capture state. These systematic behaviors for both the
hi1» states and the s/, and d3,, states are a consequence of
the closed proton shell in Sn, which restricts the contributions
of the protons to the nuclear structure despite the addition of
12 neutrons from ''3Sn to '>3Sn. Such systematic behavior
seems not to be demonstrated in neutron capture in the
corresponding Te isotones, only two protons removed from
Sn [42].
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