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Abstract: The low-energy and high-energy y-ray spectra associated with the reaction *!3In(n, y)*!¢In
have been measured with Ge(Li) detectors and a Ge(Li)-NaI(Tl) pair spectrometer. A y-y
coincidence study has been performed using a Ge(Li)-Ge(Li) coincidence system. Combining
these measurements with the results of (d, p) and other (n,y) studies, a level scheme for
118In up to 1.4 MeV is proposed. In particular, seven states of the (mw(gg)~', vhy) multiplet
(3~ to 97) are unambiguously identified and the anomalous high isomeric cross-section ratio
of the second isomeric state is explained. The binding energy B, of the last neutron in 115In
has been determined to be 6784.2 4-1.2 keV. From the energy splitting of the fairly pure high-spin
states of the (n(gg)~*, vhy) multiplet, the coupling constant of the quadrupole part of the
residual proton-neutron interaction x, is calculated in a spherical basis. The «x, obtained
is about 5 times larger than the one normally used in calculations of quadrupole oscillations in
doubly even nuclei. This discrepancy is discussed, and an explanation in terms of an isovector
component of the quadrupole interaction is proposed.

E NUCLEAR REACTIONS !!%In(n, ), E= th; measured E,,1,,y-y coin; deduced Q. 116fp
deduced levels, J, =, y-branching. Natural and enriched targets, Ge(Li) detectors.

1. Introduction

The purpose of the present paper is to study the proton-neutron interaction in
nuclei which are far away from closed shells in one type of particle. The low-energy
spectra of doubly even systems depend very strongly on the short-range part of the
residual interaction. In doubly odd systems, one can determine much more precisely
the residual long-range part of the force owing to the appearance of some special
levels at low energy. It must be remembered that when one makes a multipole expan-
sion of the force, the short-range part determines the higher multipoles while the long-
range part determines the lower multipoles.

Up to now, the doubly odd nuclei theoretically studied ') have been mainly the
ones near closed shells.

We have chosen for our study the nucleus 116In for several reasons. The first is that
the single-particle proton and neutron levels present in that region suggest that there
may be several levels (the 1%, 8" and high-spin negative-parity states) that will have
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a pure structure, namely a g, proton hole coupled to a neutron quasiparticle. Another
interesting point is that the nuclei ***In and !'”In seem to have excited deformed
bands which are a puzzle in this spherical zone 2 3).

In order to complete the experimental information for this nucleus, we have studied
the y-decay after neutron capture in '!'°In. There has already been considerable in-
terest in the study of **®In by means of the (n, y) reaction. Measurements of the high-
energy transitions are reported in refs. *~®). Low-energy y-transitions have been mea-
sured with Ge(Li) detectors 7~ °) and with crystal spectrometers '% ). Also, low
energy conversion-electron studies % '?) and a y-y coincidence study with 2 Ge(Li)
detectors ' *) have been carried out. Extensive measurements of the decay of the low-
lying neutron resonances in !'6In can be found in refs. 1°717),

Although level positions and characteristics have also been studied by the (d, p)
reaction 872°) and by the excitation of analog states in the reaction ***In(p, n)***Sn
[ref. *#)], no complete and satisfying level scheme of !!¢In has been published yet.

The construction of a consistent level scheme has been especially complicated by
the following facts:

(a) the position of both isomeric states was not accurately known;

(b) the level density is rather high even at low excitation energies;

(c) the number of energy-sum relations from cross-over transitions is relatively
small owing to the high configuration purity of many low-lying states, and the large
spin differences.

2. Experimental procedure

All measurements have been carried out at the end of a neutron guide tube *!) in-
stalled at the FRM. The neutron flux available was about 10° n/cm? - sec. Low-energy
singles spectra have been measured with Ge(Li) detectors of different efficiencies and
resolutions. A Ge(Li)-Ge(Li) coincidence system and, for the high-energy measure-
ments, a three-crystal pair spectrometer have been employed; both have been described
in ref. >?). Details about the procedure by which the coincidence information has been
stored on a magnetic disc with the help of a PDP-8 computer can be found in ref. 23).

The targets consisted of 99.999 9 pure In of natural isotopic composition in the
form of 0.2 or 0.5 mm thick metal foils and of **°In enriched to 99.99 9/ in the form
of In,O3 powder in a polyethylene container.

Using both targets, it was possible to identify transitions belonging to 1#In. Tran-
sitions in **®Sn, to which the ground state and first excited state of ' ®In decay, were
recognized by comparison with the energies and intensities given in ref. 2#).

3. Experimental results
3.1. SPECTRA

A high-energy y-spectrum taken with the three-crystal pair spectrometer is shown
in fig. 1. Table 1 contains the energies and absolute intensities of the high-energy y-
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transitions above 4.5 MeV. They are believed to be all primary transitions, thus
establishing energy levels in ** ®In up to 2.2 MeV. From the energy differences of these
primary transitions, level distances could be calculated with a mean energy error about
five times smaller than the absolute mean error of the energy of the primary transitions
as given in table 1.

For the energy calibration of the y-rays in table 1, the 7367.73+0.5 keV line from
neutron capture in lead ?°) and the y-line from neutron capture in H (2223.29+0.07
keV) [ref. ?°)] have been used.

In the same way as Lone ef al. '®), we have chosen I, = 8.6 per 1000 neutron
captures as the absolute intensity of the strong 5891 keV line in **®In, which is the
weighted average of the values given by Bartholomew and Kinsey *) and Groshev
et al. *) for the absolute intensity of this primary transition.

Only relative errors in the intensities are given in table 1; the additional systematic
error for absolute intensity values introduced by our calibration should be less than
15%.

Pair spectrometer measurements of the high-energy transitions have also been car-
ried out by Fubini ef al. ®). In their work, many weak transitions are given above
5.6 MeV which we could not find. The sensitivity of our measurement has normally
been three to five times better than the intensities of those weak lines which we could
not find. Therefore, 14 of the levels below 1 MeV which Fubini et al. based on these
weak primary transitions have not been accepted by us.

Fig. 2 shows the low-energy y-spectrum from neutron capture in natural In ob-
tained with a small high-resolution planar detector (400 eV FWHM at 60 keV), and,
in the higher-energy part, with a 25 cm? five-sided detector.

The measured energies and intensities contained in table 2 may be compared with
the results of Alexejev et al. *!), which are given in columns 3 and 4 of the same table.

In order to facilitate the comparison, the relative y-intensities of the Leningrad
group '!) have been renormalized to give 1,(162 keV) = 147 per 1000 neutron cap-
tures. For the adopted energy and intensity values, only the results of the Leningrad
group and our results have been taken into account. Above 400 keV the y-intensities
obtained in our work are systematically lower than the corresponding intensities of
the Leningrad group (with I,(162 keV) set equal!). Here, therefore, our own intensity
values have been adopted instead of averaged values.

For the energy calibration of the low-energy transitions the 121.97 +0.03 keV line
of *7Co [ref. 2¢)] and the 661.635+0.076 keV line of *37Cs have been used; for the
correction for non-linearity, we used a precision Hg pulser. The results have been
checked applying the energy of two '!®In lines, 126.370 and 608.346 keV, for the
energy calibration, and six other y-energy values of ref. 1) (the 61, 155, 186, 273, 434
and 557 keV lines) for the non-linearity correction. Both sets of energy values agreed
well within the error limits. The values given in the table are those calculated according
to the second method because for them the error was generally smaller.

The efficiencies of the applied Ge(Li) detectors have been determined up to about
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TABLE 1

Energies and intensities of primary y-rays from thermal neutron capture in natural In

No. This work Resonance capture ?) Final state
E, Iy E, 21.',/E},3 ®) (keV; J™
(keV) per 1000 (keV)
neutrons captured
1 6656.34:1.5 0.17+£0.05 6656.0+2.0 0.84-0.3 127.3 57
2 6559.44-1.5 0.1640.04 6559.04-3.0 0.940.4 2233 4°
6505.04-3.0 0.54+0.4
3 6469.9 1.7 0.074:0.02 6471.04-2.0 1.6+0.5 313.5 57
4 6410.44-1.4 0.924+0.20 6411.24-6.7 4.1+0.7 3734 6
5 6324.94-1.4 0.714-0.15 6326.34+6.9 4.0+0.8 4589 5-
6 6277.44+2.4 0.044-0.02 508.2 3°
7 6228.64-1.4 0.524-0.11 6230.4+42.6 10.84+1.0 555.0 4~
8 6134.7-41.3 0.554:0.11 6136.4+-4.0 1.94-0.6 6489 67
9 6125.341.3 0.1740.04 658.1 4*(37)
6057.2-4.9 3.54£0.7 728.8 3~
10 6048.54-1.3 0.4540.10 6047.64:2.2 5.941.1 735.7 6=
6016.647.1 1.640.7
6005.0+1.7 2.940.7
11 5994.24+1.3 0.161+0.05 789.3 6%, (5%, 7%)
5976.0+7.0 2.0+0.9 813.3? 3+, 4%
12 5891.3+1.2 8.6 +1.6 5893.8+1.2 16.6+1.2 892.6 4~
13 5834.6 1.2 0.43-4-0.09 5835.8-+3.1 10.4+1.0 949.3 5%,6"
14 5811.94+1.3 0.63 4+0.15 970.3
15 5806.8+3.5 0.0740.07 977.5
16 5776.24+1.3 0.61+£0.14 1007.6 5%, (4%)
17 5768.64-1.2 1.43+0.28 57711419 6.6141.1 1015.5 4*,(3%)
18 5752.8+1.2 0.57+0.12 1031.2 4%, (5%)
19 5731.141.2 0.57+0.12 5736.2+5.5 3611 1052.6
20 5713.14:1.3 0.3010.07 5716.1+4.5 8.0+1.0 1070.9
21 5703.1-1-1.6 0.161+0.05 5703.0-4-4.3 6.44-1.4 1081.9 4%, 5*
22 5688.94:1.9 0.10+£0.05 5686.01-4.1 324101 1094.2
23 5662.51-1.4 0.15-£0.05 1121.5
24 5617.34+1.4 0.14-£0.04 1167.0
25 5596.34-1.6 0.101+0.04 1187.3 4%, 5+
26 5579.6 +1.1 1.30£0.25 5576.0+5.0 4.0+1.4 12043 (5,6)*
27 5570.741.1 0.861+0.17 1213.4
28 5532.14:2.0 0.114+0.05 1252.6
29 5525.141.2 0.514+0.11 5528.0+2.0 43+1.4 1260.1
30 5498.34:1.1 1.5140.28 5502.142.1 10.4+1.4 1285.7 (4,5,6)”
31 5480.941.1 1.0240.19 5484.54-2.1 3.841.4 1304.4
5467.24-5.1 29+1.4
32 5442.54+1.1 0.4640.10 5445.24-3.7 45414 1343.5 4%, 5%
33 5409.84+1.1 2.524+0.47 5412.045.1 15.64+2.3 1374.5 (4,5, 6)~
34 5384.34+-1.4 0.234+0.07 5386.64-2.3 4.7+1.5 1399.7 4%
35 5357.741.1 2.184-0.40 5360.84-2.0 59417 1426.4
36 5346.34+1.1 1.85+£0.35 5349.4-42.1 6.24+1.4 1437.7
37 5332.5-41.1 3.804-0.70 5335.84-2.2 7.4+1.5 1451.1 (4, 5)%
38 5318.241.1 1.6240.31 5320.642.2 9.0+1.6 14659 (4,5,6)~
39 5296.2+1.1 0.55-4-0.13 1487.8

40 5287.64-1.3 0.314+0.09 5283.04:2.1 7.4+1.8 1496.5




TABLE 1 (continued)

No. This work Resonance capture ?) Final state
E, I, E, S[.',/E.._,3 b) (keV; J7)
(keV) per 1000 (keV)
neutrons captured
41 5252.7+1.4 0.30+0.09 1531.3
42 5245.34+1.1 1.2740.27 5249.042.3 59117 1538.7
43 5240.2+2.0 0.2740.15 1543.9
44 5213.5+1.3 0.2140.06 1570.6
45 5189.64-1.2 0.3640.09 1594.4
46 5171.5+1.0 4.364-0.80 5175.2+2.4 10.6--2.0 1612.6
47 5141.0+1.1 3.484-0.80 5143.34+2.4 11.842.1 1643.0
48 5137.0+1.1 2.034+0.60 1647.0
49 5118.7+1.1 1.004+0.21 5120.4+4.4 8.5+19 1665.4
50 5111.8+1.6 0.424-0.12 1672.3
51 5102.2+41.0 7.1 +1.3 5105.8+2.4 15.2--2.3 1681.8
52 5088.14-1.6 0.284-0.10 1695.9
53 5081.0-+1.1 0.7740.17 5086.5+2.7 11.24+2.2 1703.0
5067.5+2.6 7.8+2.1
54 5047.6 1.1 0.4040.10 1736.4
55 5031.7+1.0 1.284+0.25 5035.343.6 8.9-+2.2 1752.3 .
56 5014.7--1.0 0.804+0.16 5017.4+4.0 16.0+2.2 1769.4
57 5004.64-1.0 2.604+0.49 5007.7+3.4 11.5+2.4 1779.4
58 4997.1+1.1 0.794+0.17 1787.0
59 4985.24+1.1 0.584-0.13 1798.9
60 4968.8+1.0 4.1340.78 4971.8L5.5 11.44+2.2 1815.2
61 4962.54+1.0 1.62+0.33 1821.5
62 4955.141.0 1.494-0.29 4959.14+4.9 5.64+2.2 1828.9
63 4924.64-1.0 0.844+0.18 1859.5
64 4914.6-+-1.0 2.45--0.47 4915.3+8.4 13.64+2.7 1869.4
65 4908.54+1.0 2.0840.41 1875.6
66 4898.94-1.1 0.8440.19 4901.74+-7.9 10.3+2.6 1885.2
67 4892.34-1.1 0.64+0.16 1891.8
68 4877.44-1.0 0.89-+0.19 4880.54+3.0 10.54+2.4 1906.6
69 4868.4-1-0.9 3.2 406 4872.24-2.8 9.942.6 1915.6
70 4862.0--1.2 0.69+0.17 1922.0
71 4849.4+1.0 1.234+-0.24 4852.74+3.2 7.44+2.5 1934.6
72 4821.84-0.9 1.154+0.18 4825.8-+3.2 7.442.5 1962.3
73 4807.04-0.9 1.58+0.24 4812.34-3.3 9.8 +2.7 1977.1
74 4774.04-0.9 3.7440.54 4778.0+5.7 27.24+4.0 2010.0
75 4764.5+0.9 1.364-0.21 2019.5
76 4742.54-0.9 2.26+0.34 4745.44-6.0 8.0+-2.8 2041.5
77 47345411 0.594-0.13 2049.6
78 4723.54-1.0 0.63--0.13 4729.14-4.0 11.54£3.3 2060.6
79 4706.64-1.1 0.404-0.10 2077.4
80 4699.04+-0.9 2.14-0.31 4704.1+4.1 99+3.3 2085.1
81 4682.8+0.9 1.2040.19 2101.2
82 4675.34+0.9 1.424-0.22 4680.91+-4.0 5.6+£2.9 2108.8
83 4665.34+1.5 0.674:0.33 2118.8
84 4661.441.4 0.774:0.33 2122.7
85 4651.740.9 2.114-0.31 4658.44-4.0 7.5+£3.0 2132.4
86 4635.8+1.2 0.374:0.14 2148.3
87 4624.041.0 1.1940.21 4627.54-3.2 10.043.7 2160.0
88 4616.04-1.2 0.76+0.18 4617.143.3 11.3+3.5 2168.0
89 4610.04-1.1 0.864-0.20
90 4597.04-0.9 2.0240.32 4597.9-+-3.4 99+3.3 2174.1
91 4588.440.9 1.854-0.29 2195.7
92 4578.6+0.9 2.70+0.42 4583.9--3.4 10.2+3.2 22054

*) Ref. 16), ®) In units of 10~ 3 x (photons per 100 neutrons captured X MeV—3),
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2 MeV with the help of standard radioactive sources from [AEA, Vienna. The ab-
solute intensity of the 162 keV transition between the second and the first isomeric
states can be calculated because the isomeric cross section ratio [6,,2/0,, = 0.42+
0.04, ref. 27)], the K-conversion ratio [ag = 1.1540.09, ref. 28)] and the K/LM ratio
[1.6+0.2, ref. 29)] are known fairly accurately. In this way, an absolute y-intensity
value of 147+17 per 1000 neutron captures is obtained for the isomeric transition
162 keV. In column 2 of table 2 only relative intensity errors are given, Therefore,
for absolute errors, the error of the calibration line has to be included as a systematic
error.

In the range 1-4 MeV, the line density in the In(n, y) spectrum is very high and
there are no prominent lines (except from '!°In decay). Therefore, it did not seem
worthwhile to us to extract energy values from this part of the spectrum. One also
has to assume that, especially above 0.5 MeV, there are some multiple peaks in the
spectrum which could not be resolved in our measurements.

We carried out three different y-y coincidence measurements:

(i) in the range (0-1, 0-1) MeV with two Ge(Li) detectors of 25 cm? sensitive vol-
ume and about 3 keV FWHM at 1.3 MeV;

(i) in the range (0-0.75, 4.4-5.9) MeV with the same detectors. Because of the
low coincidence rate and the unfavourable peak-to-background ratio on the high-
energy side, only a few of these spectra coincident with high-energy peaks contain
interesting information. In fig. 3, a few spectra of this kind are shown together with
the high-energy coincidence sum spectrum;

(iii) in the range (0-0.6, 0-0.9) MeV. Here, the first detector of coincidence mea-
surements (i) and (ii) has been replaced by a high-resolution 5 cm® planar Ge(Li)
detector (1.1 keV FWHM at 122 keV).

Fig. 4 characterizes the coincidence (detection) efficiency achieved in the third co-
incidence experiment (90 h). These curves, which have been obtained from experi-
mental values by means of the already known parts of the **°In level scheme, have
been useful in calculating the intensity of several y-lines which could only be found in
coincidence spectra, and in estimating whether a certain coincidence relationship of
a given coincidence intensity could be detected or not.

In the last column of table 2, the numbers of all those transitions which are found
in coincidence with the respective y-line are given.

3.2, CONSTRUCTION OF THE LEVEL SCHEME

Apart from our own results, the very accurate crystal spectrometer data of Alexejev
et al. '), the (d, p) measurements with a high-resolution magnetic spectrograph by
Moorhead et al. 2°) and the neutron resonance capture study by Lone ef al. 1®), have
been especially helpful in the construction of the *'%In level scheme (fig. 11) and in
the assignment of spins and parities to the levels.

The placement of the 126 keV line plays a key role in the construction of the level
scheme. The spectrum coincident with this line and the spectrum coincident with the
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Fig. 3. Comparison of the y-ray spectra coincident with the 5891 keV and 126 keV transitions,
respectively.
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Fig. 4. Curves of smallest observable coincidence intensity (given in 103 per neutron capture)
observed in an In(n,y) 90 h -y coincidence run using a 5 cm?® planar Ge(Li) detector and a
25 cm? five-sided Ge(Li) detector.

strong primary transition of 5891 keV, which populates a level at 893 keV, seem to be
identical (fig. 3).

It appears that the spectrum coincident with the 126 keV line can be explained
without contradiction only if one assumes that the ground state and both isomeric
states are appreciably populated from the 893 keV level. The decay to the ground
state proceeds via cascade I [384.5, 235.3 and 273.0 keV] (fig. 8). From the level at
508 keV, casscade II [284.9 and 96.0 keV] decays to the first isomeric state. Cascade
III [163.8, 173.9, 96.0, 85.6, 22.8 and 60.9 keV) connects the 893 keV level with the
second isomeric state, in this way establishing levels at 729, 555, 459, 373, 351 and
290 keV.

To the levels at 555, 459 and 373 keV, primary transitions have been observed in
thermal neutron capture; a primary transition to the 729 keV level has been observed
only in resonance capture ! ). The spectra coincident with the different transitions of
cascade III show that every cascade transition is in coincidence with every other cas-
cade member (e.g. figs. 5 and 6). The 22.8 keV transition is placed above the 60.9 keV
transition because the level at 351 keV, established in this way, has also been seen in
the (d, p) study 2°). The whole cascade level construction is supported by a weak
246.08 keV transition, which is found in coincidence with the 85.6 keV line and fits
exactly between the levels at 373 and 127 keV, the latter being the first isomeric state.

The levels at 223, 313 and 426 keV, which decay to the first isomeric state, are based
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on energy sums and coincidence relationships and agree well with the (d, p) results
[refs. 1®2%)] and with the analog states in '*®Sn [ref. '8)]. The levels at 223 and at
313 keV are also populated by weak primary transitions. On account of the coinci-
dence relationships between those transitions by which the levels at 223, 313 and 426
keV decay and other transitions, a number of higher-lying states have been established

86
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Fig. 5. Gamma-ray spectrum in coincidence with the 434 keV y-line.
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Fig. 6. Gamma-ray spectrum in coincidence with 173 keV. (This spectrum has been taken from a
coincidence study of '4In.)

(fig. 7): these are at 649, 736 (both also observed in (d, p) and populated by primary
transitions), 761, 789, 791, 949 and 1082 keV.

The spectrum coincident to the 272.9 keV line (fig. 8) led us to assume the existence
of several other energy states: those at 658, 745, 813, 829, 850, 875, 970 and 1031 keV.
Most of them have not been observed in the (d, p) reaction and therefore, they might
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be levels with a proton configuration different from the !!°In ground state. Several
weak transitions have been placed between states of this group of levels and the group

of levels which mainly decay to the first isomeric state.
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Fig. 8. Gamma-ray spectrum in coincidence with the 273 keV y-line.
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From the 850 keV level, which is populated by a 42.2 keV transition from the 893
keV level, a transition to a state of the negative-parity multiplet, the 555 keV state,
is also seen.

t
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Fig. 9. Gamma-ray spectra coincident with the y-transitions 337.7, 375.9 and 567.4 keV, which are
coincident with different components of the complex 96 keV peak.

Besides the strong 272.9 keV line, only two other transitions to the ground state
have been found, originating from new levels at 557 and 771 keV excitation energy.
In both cases, only the ground state transition, depopulating the level, has been found.
The 557 keV level is based on coincidences of the 557 keV line with the 294 and 319
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keV transitions, both of which originate from levels also decaying to the 273 keV state.

The level at 771 keV is based on the coincidences of the 149.7 and 173.4 keV lines
with the 771 keV line. Here, it is assumed that the 173.4 keV line, a transition found
only in the coincidence measurements, populates a level at 921 keV, which decays to
the 273 keV state by a 648 keV transition and to the 771 keV state by a 149.7 keV
transition.

The peak at 96 keV (fig. 2) consists of 3 transitions. The energy difference between
the strong lines of 96.038 and 96.065 keV is so small that they cannot be resolved with
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Fig. 10. Coincidence “‘slices” showing that ay-line at 299.5 keV is in coincidence with the 76.8 keV
transition. The contribution to the lower spectra, due to coincidence with lead X-rays, is rather
similar to the sum spectrum of all coincidences.

a Ge(Li) detector. The weaker 95.378 keV line, which is coincident with the 375.9 keV
one, can be satisfactorily separated from the other two lines in the coincident spectra
(fig. 9). This important coincidence confirms a level at 665.6 keV, already seen in
(d, p), which decays mainly to the second isomeric state at 289.7 keV. The cascade
299.5-76.757 keV is proposed as another decay branch of the 665.6 keV level. This
cascade implies a level at 366.4 keV, already known from the (d, p) work. The tran-
sition 299.5 keV has been found only in the spectrum coincident with the 77 keV line
(fig. 10).

In order to show how the line intensities observed in coincident spectra have been
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used to extend the level scheme or to check the consistency of the existing part of the
level scheme, the placement of the 175.063 keV line will be treated in more detail,
because it led to the assumption of a new low-lying level at 448 keV. The relative
intensities of the 175 keV transition in the singles spectrum and in a spectrum coin-
cident to 273 keV line (fig. 8) are compared with the corresponding values of the 235.2
keV transition, which populates the 273 keV level directly. In the singles spectrum
the intensity ratio of the two lines is 0.264+0.040; the corresponding ratio in the
spectrum coincident with the 273 keV transition is 0.198+0.039. This result is com-
patible with the assumption that the 175 keV line directly populates the 273 keV level.
If there were a transition between the 175 and the 273 keV transitions, it would be
found in the spectrum coincident to the 175 keV line, unless its energy was either very
small (< 50 keV) or rather large (> 1 MeV) (as seen in fig. 4, taking into account
the intensity of the 175 keV line). Since neither is very probable, a level at 448 keV is
tentatively proposed.

Four other levels below 1 MeV, at 787, 921, 936 and 973 keV, have not been safely
established. All levels above 1 MeV (table 3) are based on primary transitions, with
the exception of the levels at 1019 and 1193 keV.

The level energies and errors given in table 3 were obtained with a least-squares
program, which fits the level energies to the energies of all unambiguously assigned
transitions,

The consistent incorporation of a great number of the known transitions in the
'1°In level scheme shows that a large fraction of the '!®In states lying below 1 MeV
which are populated in the (n, 7) reaction with a measurable intensity are included in
our level scheme.

In addition, table 3 shows that all states found in the (d, p) reaction below 900 keV
[ref. 2°)] are contained in our level scheme. We could not find a clear correspondence
between our higher-lying levels, populated by primary transitions from the neutron
capture state, and the (d, p) levels above 900 keV excitation energy. This may be
understood by taking into account the high level density above 1 MeV which increases
strongly with increasing excitation energy.

For the neutron binding energy of !!®In we obtained

B, = 6784.2+1.2 keV.

This value has to be compared with the corresponding values B, = 6781 +3 keV of
Lone et al. '®) and B, = 6779.5+ 1.5 keV of Fubini ez al. ®). The significant discrep-
ancy between our value and Fubini’s value can be explained by the large difference
of the level schemes used in calculating B,.

3.3. SPINS, PARITIES AND POSSIBLE STRUCTURE OF THE ENERGY STATES IN 116[p

3.3.1.  Ground state and isomeric states. Allowed B~ transitions of the !'®In
ground state to the 0% ground state and the first excited 2* state of 11¢Sn show that
the ground state of '' °In has spin and parity J* = 1*. The spin and parity of the first
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TABLE 3
Energy levels and spin and parity assignments for 16In

This work (d, p) reaction *)
excitation Jr excitation I J7 S‘°) S®)
energy (error) energy
(keV) (keV)

0 1* 0 4 i+ 0.20 0.67
127.269 (5) 5* 125 0 5+ 0.45 0.41
223.329 (5) 4+ 221 0 4+ 0.20 0.22

2 0.12 0.13
272.962 (2) 2% 273 0 4+, 5% 0.008
289.660 (6) 8- 288 5 8- 1.07 0.63
313.475 (5) 5* 313 2 5+ 0.56 0.51
0 0.033 0.030
350.575 (6) 7~ 349 5 5,67,77,9° 0.90 0.60
366.417 (6) 9~ 366 5 57,6°,77,9" 0.87 0.46
373.367(12) 6~ 373 5 9,10~ 1.13 0.87
425.925 (5) 4+ 426 0 4+ 0.23 0.26
2 0.43 0.48
448.026 (4)°) 1-,2-(37) )
458.935(12) 5~ 460 5 5-,67,7°,9" 0.92 0.84
508.233 (4) 3+ 508 2 3+ 0.57 0.81
554.972(13) 4= 556 5 3-,47,5° 0.62 0.69
556.842(25) 2-,3%
648.899(10) 6" 650 2 6+ 0.86 0.66
658.069 (6) 4*(37)
665.600(10) 8+ 666 5 5-,6°,77,9° 0.87 0.51
728.845(16) 3- 729 5 3-,47,5° 0.57 0.81
735.686 (7) 6%
744.820 (6) 3,4+
760.978(10) 7*(6%) 761 2() 2+-7% 0.18
771.19 (10) 1%,2%, (0%)
787.178(40)°) 0-3)*
789.353(10) 6%, (5%,7%) 790 2 2+-7t 0.14
790.933(28) 3x(2%,4%)
813.341 (6) 3+,4%
829.127 (6) 3+, 4%
850.480(23) 3%
875.299(11) 1%,2%, 3=
892.649(14) 4=
913 2 2+-7*% 0.16
920.86 (10)°) (1-3)*
935.875(10) 4%, 5% 6%, 7-
949.284(10) 5%,6~ 951 1) 376" 0.007
951.450(16) 4%
970.295 (6) 4%, 5% 67
972.95 (19)°) 4-,5% 6%
977.463(25) 4% 5% 6+
1007.644(14) 5%, (4%) 1007 1M 3--6- 0.002
1015.490(20) 4+, (3%)
1019.019(14) 3-,4%,5%, 6"

1031.206 (4) 4, (5%)
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TABLE 3 (continued)

This work (d, p) reaction *)
excitation Jrm excitation I Jr S’®) S
energy (error) energy
(keV) (keV)
1052.605(50) 4%, 5% 6+
1070.86 (15) 4%, 5% 6%
1081.874(32) 4% 5+
109442 (9) 4%, 5% 6%
1121.5 (14) 4%,5%, 6%
1167.88 (16) 4+, 5% 6%
1187.27 (12) 4%, 5+
1192.922(38) (2-5)*
1204.34 (12) 5%, 6%
1213.36  (9) 4%, 55(3-, 6%)
1252.65 (9) 4-6)=
1260.05 (19) (4-6)*
1285.689(21) 4-,57,6"
1304.43 (8) “4-6)*
1343.45 (25) 4%, 5%
1374.46 (15) 4-,5°,6"
1399.70 (22) 4%
1426.4 (10) (4-6)*
1437.7 (10) (4-6)*
1451.07 (23) 4% 5%
1465.9 (10) 4-,57,6"
#) Ref. 29).

®) These are related by the equation S’ = S(2J-+1)/(2J.+1), where J;, J are the angular
momenta of the target and final nuclei, respectively, and S the spectroscopic factors (S’ is from
ref. 29)).

¢) Existence of level doubtful.

isomeric state (54.1 min) have been determined as 5* using atomic beam magnetic
resonance. Heckmann et al. ?%) have measured the K-conversion coefficient of the
162 keV transition between the second and the first isomeric state, o = 1.15+0.09,
and found the multipolarity E3 for this transition (theoretical E3 value: ax =
1.05+0.03). Thus, the second isomeric state at 290 keV should have J* = 87, It will
be demonstrated below that this value is not in contradiction with the well-known
high isomeric cross-section ratio of the second isomeric state 3°~32).

3.3.2. The (ny~", vhy) levels. The position of the low-lying proton hole levels in
11511 and the quasineutron levels in ! * 7Snare well known *). Usingtheselevelschemes,
it is easy to estimate roughly at which excitation energies the various low-lying proton-
hole states can be expected to lie (fig. 12). Most interesting are the low-lying negative-
parity states which result from coupling a g, proton hole to an hy quasineutron. As
fig. 12 shows, there are no other low-lying states with J” between 7~ and 10~ which
could mix with these states. Also, the lowest 57 and 6~ states might have a rather
pure configuration. The members of the (g,, hy ) multiplet can be recognized by their
orbital angular momentum 7, = 5 in the (d, p) reaction 2°%).
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Fig. 12. Positions of Jow-lying proton-hole quasineutron states in **®In constructed from ''*fn and
11781 level schemes neglecting residual interaction.

By taking in consideration the decay of these states and the existence and strength
of a primary population, the following classifications could be made: the second iso-
meric state ([, = 5) can be regarded as the 8™ member of the multiplet. All three states
at 373, 459 and 555 keV have /, = 5 and are populated from the thermal capture state,
which has predominantly J® = 5*. Because of their cascading decay, these states
must have the spins J = 6, 5,4 or J = 4, 5, 6 in the order 373, 459, 555 keV, respec-
tively. The /, = 5 state at 729 keV is not populated by primary transitions in thermal
capture or from the 5 resonances at 1.46 and 9.1 eV, but rather clearly from capture
in the 4™ resonance at 3.86 eV [ref. '®)]. Therefore, this state is characterized by
J™ = 37. The state at 555 keV, to which it decays, must have J® = 47, The decay of
the 373 keV (67 ) state to the 351 keV (I, = 5) level and from there to the second iso-
meric state (87) suggests J™ = 7~ for the 351 keV state.

There are only two other states below 1 MeV which have been characterized by
I, = 5inref. 2°): those at 366 and at 666 keV. Transitions from the 666 keV level to
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the 366 keV level and to the 7~ and 8 levels defined above have been found. The
366 keV state, itself, decays to the 290 keV level (8 7). Therefore, the characterization
666 keV (97) and 366 keV (107) would be possible. The transition from the 666 keV
level to 351 keV (77) would then have E2 character and would compete with other
M1 transitions (but the correct placement of this 315 keV transition is not proved by
a coincidence relationship anyway).

We prefer the characterization 366 keV (97) and 666 keV (8") for the following
reasons: (i) the decay of the 761 keV level (77 (6™)) to the 666 keV state; (ii) the atypi-
cal angular distribution of the 666 keV state, already noticed in the (d, p) work 2°);
(iii) theoretical predictions for the positions of the 97 and 10~ multiplet member
states, using the positions of the states with J* = 67,7~ and 8 (see fig. 13); and (iv)
the E1 character of the 376 keV transition !*) from the 666 keV state to the 290 keV
state. The 666 keV (8") state probably has /, = 4.

The considerable configuration purity of the higher-spin negative-parity states may
be seen from the weakness of El transitions from these states to lower-lying positive-
parity states. In particular, the 246 keV transition from the decay of the 373 keV (67)
level to 127 keV (5%) is definitely established. This transition competes with the strong
23 keV M1 transition connecting the multiplet member states. Measured in Weisskopf
units, this E1 transition is retarded by a factor of (3+1)x 10° compared to the M1
transition.

3.3.3. Other low-lying levels. Definite spin and parity values have already been
proposed for the low-lying /, = 0 and /, = 2 states from the (d, p) work 2°). The
classification of these states as

127 keV(5+, 1 = 0), 223 keV(4*,1=0,2), 313keV(5*,/=2,0),
426 keV(4*,1=10,2), 508 keV(3¥, I = 2), 649 keV(6*, 1 = 2),

is now supported by the strength of the transitions occurring between them: From the
508 keV(3™*) level, transitions could be found only to the 4* and not to the 57 states.
The 6* level at 649 keV, on the other hand, decays only to the 5% states.

For two other I = 2 states at 761 and 789 keV, the possible range of spins could be
confined much more than in the (d, p) work (see table 3).

For the spin and parity for the 893 keV state, J® = 47 is proposed. This state is
populated by strong primary transitions in the decay of most of the neutron resonances
studied 1¢); it decays to the 37,4~ and 5~ levels and to the 3* level at 508 keV. Be-
cause of the strong primary transitions, which should have El character, negative
parity is proposed for this level.

It is less easy to define spins and parities for the 273 keV state and for those levels
which decay preferentially to this state and which have not been found in the (d, p)
work 29).

The 273 keV state is definitely not identical with an /, = 0 (J™ = 4%, 57) state
found in the (d, p) work 2°) at this energy, because our 273 keV state decays exclusive-
ly to the ground state (17). It is very possible that there is a second state near 273 keV
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with /, = 0, covering a small peak of neutron transfer to our 273 keV state. However,
we did not find any indication of such a 4* or 5% state, which should definitely be
appreciably populated in the (n, 7) reaction.

According to refs. 1% 2?), the multipolarity of the 273 keV transition is most prob-
ably M1. The transition from the 508 keV, 3" state and the fact that theoretically no
other low-lying 17 state is to be expected implies J* = 2* for the 273 keV state.

For the 850 keV level, J* = 37 is proposed because it decays to the 555 keV (47),
273 keV (2*) and 557 keV levels. The 557 keV level, which decays only to the ground
state and not to the 273 keV state, which is, however, populated by a 335.8 keV tran-
sition from the 893 keV (47) level, should have J* = 3% or 27

The 175 keV transition, depopulating the 448 keV level, has E1 character according
to ref. 13). This level (assuming it really exists) should, therefore, have J* = 17, 2~
or 37, the smaller spins being more probable because of the low overall population
of this level.

The 658 keV state is excited by primary y-radiation. Since this state decays nearly
exclusively to the 273 keV level, it should have J* = 3~ or 4*. If 3~ were correct,
both the 384.4 and 385.1 keV transitions would have E1 character. This should have
been noticed in ref. 1*). This consideration renders J* = 4% more probable.

With similar arguments for the remaining levels, the other spins and parities are
restricted to the range given in table 3. Parts of these spin-parity ranges would be in-
correct if any of the spins and parities already defined above proved to be wrong.

3.4. ISOMERIC CROSS-SECTION RATIOS

Thermal neutron activation cross sections for the isomeric states in ' ®In have been
measured and discussed by different authors *°~32). This is because the strong pop-
ulation of the second isomeric state is in contradiction to the prediction of the statis-
tical theory of isomeric cross-section ratios developed by Huizenga and Vandenbosch
[ref. **)], if one assumes J™ = 8 as spin and parity of the second isomeric state (see
table 4).

TABLE 4
Isomeric cross-section ratios in *!°ln from capture of thermal neutrons in *!5In

State E:xc J7 T.} (Gact> (Gact) a)
(kev) O-tot exp Gtot theor
forJg,, = 8~ Jmz = 57
g 0 1t 14.1 sec 0.21-+0.03 0.14-0.28 0.14-0.28
m, 127.3 5t 54.1 min 0.37-+£0.04 0.61-0.82 0.28-0.49
m; 289.7 8~ 2.16 sec 0.424-0.04 0.04-0.11 0.37-0.44

#) From ref. 3°) calculated according to ref. 33).

Alexander et al. 3') proposed two different explanations for this discrepancy:
(i) Using the theory of Huizenga and Vandenbosch, one would conclude that the
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spin of the second isomeric state is 5 or 6. The very large retardation for the 162 keV
isomeric transition to the first isomeric state (5*) would have to be explained, in
this case, by the action of a j-selection rule on the transition between very pure shell-
model states with configurations (ng3',vhy) and (mg; ', v(s;+d;)), respectively.

(i1) A similar j-selection rule could provide an efficient mechanism for directing
the neutron-capture y-ray cascade through the (ng; ', vhy) multiplet to its lowest-
lying member, the isomeric 8~ state. The activation cross section represents, in this
case, the cross section for the population of many of the multiplet members.

Our levels scheme shows that the second explanation is correct and that the reason
for the breakdown of the statistical theory **) for ''®In can be found in the neglect
of selection rules acting on transitions among low-lying states.

In *'*In, the isomeric cross-section ratios and the spins of the isomeric states are
very similar to those in ! ®In. Therefore, the same effects as in 1! ®In can be expected
in 1'4In.

4. Theoretical calculations

The Hamiltonian used in the theoretical calculations is
H = H)+H{ZY, 1)

where H{7;” is the interaction between the protons (n) and the neutrons (v) and H),
is the usual pairing Hamiltonian which is assumed to act only on the neutrons. Once
the quasiparticle transformation is done, H, can be written as

H; = z E;’jﬁl-;mﬂljm’
ljim

Ejy = [(ey =4+ 477, 2
where ¢;; are the single-particle energies; A, 4 are the chemical potential and the gap
parameter respectively, and B/, is the creation operator of a neutron quasiparticle
in a state nljm.

The residual proton-neutron interaction was assumed to be:

K=0,2,4

where

= 2 . =
un ; r.l YKI‘(GI)’ K 2’ 4’ (4)

qoo = L.

In this calculation the states of ''°In are described as a g; proton hole coupled to
a neutron quasiparticle, i.e. the basis within which the Hamiltonian (1) is diagonalized
is |[0gs] ™", valj, J*M ), where vnlj labels the neutron quasiparticle states.
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The matrix elements of the proton-neutron interaction are

<[”0g—g—]_1’ vl i, JM|H1i[ﬁtvl[n0g%]_l’ vy ly ju, JIM) = _K:O(U.Igl - Vj21)5l,12 5j1j2

o : 2 j J
DI RN R A LI
K=2,4 b 7z K

x {Ogs|1r* Yll0gg > p<ny Ly jollr* Yelina 1y j2>. (7)

In (7), C|| l| >, denotes that the matrix element is taken between particle states.

In order to keep the xy as the only free parameters of this calculation, the E}; and
the factors Uj; and V;; can be obtained from the neighbouring nuclei. It must be
pointed out, however, that the one-particle transfer data 2°) show an anomalous pop-
ulation of the hy and g; levels in '**Cd and '!7Sn. One possibility is, therefore, to
use a set of single-particle energies which yields a reasonable description *#) of 11°Cd.
Another possibility is to assume that the lowest levels of **7Sn are pure quasiparticle
states. Thus from the corresponding energy spectrum and making use of the inverse-
gap method, it is possible to obtain the quasiparticle energies E};, and the Uy, V;
and g;;.

In table 5, the different sets of single-particle energies which were obtained follow-
ing these alternative procedures are summarized.

The strengths x, and x, in H%" are determined by fitting to the energy differences
of the 77, 87 and 9~ states, while « is obtained using the energy of the 8 state rela-
tive to that of the 1*. The values obtained are given in table 5.

TABLE 5

Single-particle energies, BCS parameters and coupling constants for Hi(l’;;")

nlj Set %) Set 11 ?) Set 1L ®)
ey Ey Uy Yy ey Ey Uy Vy &gy By Uy Wy
1 d % 0 2.20 0.231 0.973 0 2.34 0.191 0.982 0 2.45 0.265 0.964
0 g 3% 0.32 1.92 0.268 0.963 0.58 1.81 0.250 0.968 1.50 1.37 0.543 0.840
2 s 3 1.45 1.10 0.534 0.846 1.96 0.89 0.650 0.759 1.84 1.27 0.650 0.760
0 h 4 2.83 1.42 0927 0.374 3.59 1.82 0.969 0.249 3.00 1.63 0.905 0.425
1 d % 2.58 1.25 0.897 0.442 2.15 0.88 0.738 0.675 1.75 1.28 0.621 0.784

A 0.9894 0.8783 1.2509

2 1.7798 1.9823 1.9242

xo (MeV) 0.17244 0.30076 0.30063

k2 (MeV/b*) —0.50081 —0.41135 —0.56357

kq (MeV/b*) —0.22622 —0.18581 —0.25457

2) Obtained from the ''7Sn spectrum.
®) Taken from table 3 of ref. 3*), These are the values of &; which give the best fit to the
115Cd spectrum without anharmonic terms.
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TABLE 6

Comparison of theoretically calculated and experimentally observed excitation energies of the
(m(gg)~!, vhy) states

J Eexp Etheor

1 (2395)

2 (1847)

3 728.845 1242

4 554.972 746.57

5 458.935 461.519

6 373.367 370.433

7 350.575 350.575

8 289.660 289.660

9 366.417 366.417
10 1561.4

The states with spins J = 7, 8 and 9 are used to fit «, and «4.

LQIn67
*¥ level position used
for theoretical fit
negative positive
Eeoxc parity parity
r states states
1200+ /’
L I
/
1000 F / —_—
i ; Setl Set 1 = Set I Set II
/ , — -
800 | / 7 = - &
T — / — I
- / gt/ oo 8
600 - / 6" R
L ’ 2',% —
L 3" — - > -
e . e s s
00T 9~ \—":'f= 0 g;
| 777 L 5: Rt — h 2 __\<7-
*8 A Ot ;ar g‘ 3o
200 exp. theor & states N\ 48
A o TN
. — %
0 L *1 —_-—_ * *
64'
exp. theor. AN 1,:
Quasineutron (h,, } . (S, ,d;..9,.,d:.) 5
i KRR theor. theor.
plus Proton-hole 99/2'1

Fig. 13. Comparison of experimentally obtained and theoretically calculated excited states. For the
three sets of single-particle energies used in the calculation, see table 5 and the text.
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The energies of the negative-parity multiplet states are given in table 6. The position
of the 10~ state, which has not been observed yet, should be predicted fairly well by
this calculation,

The whole theoretical energy spectra are compared to experiment in fig. 13. From
this comparison, it follows that all the states with a pure structure (such is the case
of the 1*, 8%, and high-spin negative-parity states) are given reasonably well by the
calculation.

On the other hand, all other states in which some configuration mixing is involved
fail to be reproduced except for the calculation with the set I single-particle energies.

The theoretical branching ratios that were calculated with the wave functions cor-
responding to set I are compared to experiment in table 7. It is possible to conclude

TABLE 7
Branching ratios for electromagnetic transitions

Transitions Branching ratios
exp. theor.
42 > 4 1.5440.16 1.0
4, =~ 5,
42> 5 8.0 107 7.3
42 > 52
32> (3.4 -L1.1)x10-3 1.4
52 - 51

that within the present model, the description of complex states is not accurate enough
to account for transition rates. Any improvement of these results would require the
inclusion of either additional multipoles in (3) or more proton-hole states.

The main feature that can therefore be exploited in order to extract valid informa-
tion about the proton-neutron residual interaction is the existence of certain levels
having pure wave functions.

The value of x, obtained is much larger than the one traditionally used in the de-
scription of quadrupole oscillations in doubly even nuclei, which is of the order of
—2404F = —0.089 MeV/b*, where b is the size parameter of the harmonic oscillator.

The anomalous values of «, can have two possible interpretations. On the one hand,
it may be that a stable deformation is present, as suggested by the existence of excited
states in the odd In isotopes which can be interpreted as rotational bands. The oc-
currence of such deformations will be reflected, in this calculation, in a large value
of the coupling constant, since spherical harmonic oscillator wave functions were used
for the evaluation of the matrix elements of r*. However, the quadrupole moment of
the ground state of !°In is experimentally known to be %) 9(2) fm? and the theoreti-
cal prediction is (1 +e.c—L(UZ— V3 )e). It can therefore be seen that for reasonable
values of e g it is possible to explain this value without introducing deformations.
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On the other hand, the value of x, can be understood ' on the grounds of the pres-
ence of an isovector component >¢) in the quadrupole interaction:

HQ — K(O)QT=0 . QT=0+K(1)QT=1 . QT=1- (8)

This residual interaction gives rise to isoscalar and isovector collective modes both
having excitations of particles either within an oscillator shell (AN = 0) or across
two (AN = 2) such shells. The presence of the collective modes causes a renormal-
ization of the strength of the bare interaction between two valence particles. This pro-
cess can be pictured by the diagrams of fig. 14.

NS T e
—_
"

Keff M bare renorm
GI b[ GI b/
= >“ + Z o
a b «a a b
Upare Hrenorm

Fig. 14. Renormalization diagrams for the calculation of w«cer.

The dotted lines represent a bare interaction and the wiggly line labelled o corre-
sponds to all possible high-energy collective modes of excitation (T = 0, 1; AN =
0, 2) which are different from those generated exclusively through the valence degrees
of freedom.

From (8), it follows that

Kpare = K(O) + 4tz t:’ K(l)’

where ¢, and ¢, are the z-components of the isospins of the interacting valence par-
ticles. A relation can be established between x(0) and #(1), based on the isospin de-
pendence of the central potential well *7), namely x(1) = —3x(0). Therefore, for
identical particles #y,.. = — 2k(0), being repulsive, and for the non-identical particle
case Kp,e = 4k(0); however, if renormalizations are included, the strength acting
between identical particles becomes barely attractive while x%f" = 3.2x(0).

The results obtained here for an effective neutron-proton quadrupole interaction
are therefore consistent with these predictions. A further systematic analysis of other
doubly odd nuclei is, however, desirable to confirm the idea that this effect is in fact
due to the presence of an isovector term in the quadrupole force.
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paring the manuscript, and to the staff of the FRM for their services.
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