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Abstract

The 8 decay of 'In, the one proton hole and one neutron particle neighbor to 100Gy, was
investigated at the GSI on-line mass separator by using germanium detectors and a Nal total-
absorption spectrometer. On the basis of 3y~ coincidences, the 180Tn decay scheme was established
for the first time. The ground-state spin and parity for 1001y, are discussed by investigating A
feeding of levels in 19°Cd and $B-delayed proton emission to Ag. The half-life was remeasured
and found to be 5.9(2) s. The Qpc value was determined from the measured EC/87" ratio for
the (-delayed protons to be 10.08(23) MeV. The main fraction of the J feeding was established
to populate the region of 6 MeV excitation energy, which corresponds to a total Gamow-'leller
(GT) strength of 3.9(9) and a centroid at 6.4 MeV. Large-scale shell-model calculations employing
a realistic interaction are used to assign configurations to states in %’In and '%°Cd. The GT -
decay strength distribution measured in the total absorption experiment is compared to shell-model
predictions. The deduced overall hindrance of the GT strength agrees with the values predicted

for the 1998n GT decay.

PACS numbers: 21.10.Tg, 23.20.1v, 23.40.-s, 21.60.Cs, 27.60.+j



I. INTRODUCTION

Beta decay and in-beam investigations following fusion-evaporation reactions provide
the adequate tools for exploring the structure of nuclei near the double shell closure at
N = Z = 50. The main topics of interest which characterize this mass region are single-
particle energies and shell gaps as determined by the nuclear mean field, residual interaction
-specifically in the proton-neutron (71) channel- and the Gamow-Teller (GT) strength of
the mgg/y — vge e transition. 'Tn, representing the 7 particle-hole (ph) configuration with
respect to the doubly-magic nucleus '%Sn, is the closest-lying neighbor to this core nucleus
which is accessible to detailed 3~y spectroscopy while still having a simple ph shell-model
structure. Due to the attractive (o) (7-7) part of the nucleon-nucleon interaction, which
is strongest in wv pairs of spin-flip partners, e.g., Tgg/2 vigrsz (1], the vdsm — vgrm spacing
decreases with filling of the mgg/y orbital towards '™Sn [2]. Therefore, the ph multiplets
[wgg_/éud5 s2]2—7 and [Trgg/?zvgr; /2118 provide the leading configurations which determine the
ground-state spin of 'In. Values of 6% and 7+, respectively, are expected to become the
lowest-lying members of these multiplets. Their centroids are predicted to be very close in
energy [3, 4].

Under the assumption that the ground state of '®In has a spin of 6 or 7, the GT decay
of a gg/ proton to a gq/5 neutron in '¥Cd will preferably populate either the J* = (5 — 7)*
members of the two-quasiparticle (2gp) configurations vds agrie OF ug?m at low excitation
energy, or the 4gp configurations in the GT resonance [51. In the latter case, the neutron
orbitals are coupled to an unpaired 7rgg—/22 state, with GT transitions selecting spins between
5 and 8. The low-lying members of the 2¢gp multiplet oceur well below the GT resonance
in a region of low level density, and their GT feeding and v deexcitation may thus be used
to assign configurations to parent and daughter states. These '“Cd states have simple
configurations which are easily accessible to shell-model interpretation [6-8]. In the N = 51
isotones *Rh and *Ag, a ground state with .J™ = 6* has been found [9, 10], and the same
was adopted for the ground states of %1% In in recent in-beam and decay studies [11 13]. In
contrast to that, evidence for a J™ = 77 assignment for the 1%2In ground state was inferred
from the study of '"*Sn 3 decay [14]. In '™In a low-lying isomer was found, with a half-life
of 15.7 s and a tentative spin and parity assignment of (37) [15].

On the basis of the aforementioned arguments, it is decisive for the verification of the



nv residual interaction to experimentally determine the spin of the ground state of '®In.
The decay of !%In has been previously investigated by measuring positrons and [-delayed
protons (3p) from mass-separated sources, yielding a half-life of 6.1(9) s [12]. Recently, in a
study of '"In following a fragmentation reaction, a half-life of 6.6(7) s was obtained [14].
In the present report, the following topics are addressed: (i) spin-parity and configu-
ration assignments to the 'WIn ground state, (ii) search for a possible S-decaying isomer
of *%1In, (iii) experimental level scheme of the daughter nucleus '"°Cd completing the non-
yrast J* = (5 — 8)% part of the scheme, (iv) experimental GT distribution, and (v) com-
parison of the experimental data to large-scale shell-model calculations. These items have
been addressed by employing a high-resolution (composite Ge detectors) set-up and a total-
absorption spectrometer (TAS). Preliminary results from this work were communicated in

several conference contributions [16, 17].

II. EXPERIMENTAL TECHNIQUES
A. Production and mass separation

0Ty was produced via the Cr(*®*Ni,ap3n) reaction. A **Ni beam of 6.20 MeV/u was
delivered by the UNILAC accelerator of GSI Darmstadt. The beam impinged on a 96.9%
enriched °Cr target of 3.5 mg/cm? thickness, backed by a molybdenum foil of 2 mg/cm?
thickness. The reaction recoils were stopped inside a catcher of a thermal ion source [18].
The suppression of the isobaric silver and cadmium contaminants was achieved by making
use of the differences in their ionisation potentials with respect to that of the indium isotope.
After ionisation and extraction from the ion source, the beam delivered by the GSI mass

separator was directed to the high-resolution or to the total-absorption setup.

B. High-resolution experiment

The A = 100 beam was implanted into a tape during 16 s, with the tape being moved
at the end of this interval. The total number of tape cycles amounted to 18600, which
corresponds to a measuring time of 83 hours. The implantation point was surrounded
by a plastic scintillator of 70% efficiency used to detect positrons. Gamma-ray detection

was achieved by means of a hyperpure germanium detector {(HPGe), an EUROBALL-type
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cluster [19], a super-clover from the VEGA array [20] complemented by a low-energy photon
spectrometer (LEPS). The high-resolution #v+ set-up was similar to that used in a previous
experiment [21]. Energy and time events from the individual Ge detectors and from the
plastic scintillator were taken, digitized, and written in list mode on magnetic tape. A
y-energy range up to 4 MeV was utilized. For the time events, time-to-digital converters
with time ranges of 1 ps for the cluster and 400 ns for the other Ge detectors were used.
The accumulation of events was triggered by a logic “OR” condition of the timing signals
originating from: ~ singles, v, and vy events. In case of an accepted event, a signal gate
of 8us length was generated and applied to all analog-to-digital converters.

Energy and efficiency calibrations for each of the 13 individual Ge detectors together
with the gain matching were performed off-line. Standard ~4-ray sources of '33Ba and '52Eu
were used for this purpose, covering an energy range from 30 to 1408 keV. The photopeak
7-detection efficiency for the Ge array amounted to 2.7(1)% at 1.33 MeV ~-ray energy.
By using the intensity of the 2% — 07 transition (see Table I}, the intensity of the mass-
separated '%In beam was determined to be approximately 2 atoms/s at an average primary

Ni beam intensity of 43 particle-nA.

C. Total-absorption experiment

The total-absorption spectrometer, which is described in detail in Ref. [22], consists of
a large Nal crystal of 356 mm diameter and 356 mm length and is equipped with ancillary
detectors for registering 3 particles, protons, and X rays, as illustrated in Fig. 1. Two silicon
(Si) detectors of 450 ym thickness werc mounted above and below the source position. They
are in the following referred to “top” and “bottom”. The bottom detector, viewing the tape
from the side where the ions were implanted, was used to detect positrons and protons. The
top detector, placed at the opposite side of the tape, served to record positrons and thus
to identify Op events by a top-bottom coincidence. An energy deposition in the bottom
detector above 1.5 MeV was assigned to the detection of a #-delayed proton event, whereas
energies lower than 1.5 MeV were considered to be due to a positron detection. A small
contamination from registration of positrons in the “proton gate® was taken into account
by extrapolating the low-energy spectrum recorded in the bottom Si detector to higher

energics. A Ge detector of 10 mm thickness for X-ray spectroscopy was placed above the



top Si detector [22]. By requiring coincidences between the Ge detector and the TAS, we
selected the electron capture (EC) component of the 3 decay. The Ge detector allowed us
to inspect contaminants of the implanted sources.

In contrast to the high-resolution measurement, a special technique for suppressing the
isobar contamination of cadmium and silver isotopes is mandatory due to the low resolution
of the TAS. The release of !%In from the ion source was temporarily separated from that of
1004 and '"Ag by an alternately heated and cooled pocket [23].

The mass-separated A = 100 beamn was implanted in a transport tape which, in step-wise
operation, moved the activity to the center of the TAS where it came to rest in the position
between the Si counters. A period of 16 s for the implantation-measurement cycle was chosen.
After 4 consecutive implantations of TAS sources, the beam was directed for one collection
interval to a separate tape collector, where a standard Ge detector was used to monitor
the beam purity, while TAS registered background radiation. The total measurement time
amounted to 20000 cycles, corresponding to 90 hours. The intensity of the mass-separated

10Tn beam was estimated on the basis of the TAS data to be about 1.6 atoms/s.

IT1. RESULTS OF THE HIGH-RESOLUTION MEASUREMENT
A. Energy spectra of v rays measured in coincidence with positrons

Figure 2 displays the sum spectrum obtained by sorting the individual signals from all
Ge crystals registered in coincidence with positrons. The strongest transitions assigned to
the '®In decay are the peaks at 297, 795, and 1004 keV, followed by the less intense 363,
453, 658, and 1042 keV lines. New v rays of 1068, 1104, 1365, and 1513 keV have been
assigned to the 'In decay. Apart from these transitions, a sizeable amount of the isobaric
contaminant 1% Ag, and therefore transitions occuring in the daughter '™Pd, were identified
in the spectrum. The 451/453 keV doublet, containing + transitions in '""Pd and '*°Cd,
was partially resolved. Random coincidences with gamma rays from the room background
are also present in the spectrum. The experimental energies and intensities of F-dclayed ~

rays of 1’In observed in this work are presented in Table L.



B. Determination of the °°In half-life

In order to obtain information concerning the half-life of '®In, the time distribution of
the intensities of F-delayed v rays was sorted and analyzed. For each of the three strongest
lines a fit of the grow-in curve with one exponential function was performed, as illustrated
in Fig. 3. The results are listed in the first three lines of Table II. The average half-life
based on high-resolution data agrees with the values deduced from TAS(3%), TAS(EC), and
fp data obtained in the present work (see Secs. IV A, IV C and Table II).

C. '%In »10Cd S-decay scheme

Events containing Jyv coincidences were recorded on tape and sorted off-line into two-
dimensional matrices. The vy coincidences were analyzed in the positron-gated matrix
by using the RADWARE program [24]. Examples of background corrected §-gated y-ray
spectra, obtained in coincidence with the 1004 and 795 keV « rays, are displayed in Fig. 4.
In the upper panel, strong coincident transitions at 297 and 795 keV appear, thus defining
the main deexciting sequence. The 453 keV transition deexciting the 8, 2549 keV isomer
[6], is also seen in the spectrum. This observation is due to the fact that the half-life of 60(3)
ns of this isomeric level is short compared to the coincidence time window of 8 ps (see Sec.
IIB). Peaks at 1042 and 412 keV are also visible in the 1004 keV gate, but not in the 795
keV gate (see lower panel of Fig. 4). In both spectra, weak coincidences at 1068 and 1365
keV can be seen, their intensities amounting approximately to 2% and 3% of that of the 1004
keV < ray, respectively (see Table I). Moreover, the 1068 keV transition is in coincidence
with the 297 and 795 keV v rays, while the 1365 keV line is observed in coincidence with
the latter transition only. Thus, a hitherto unobserved " Cd level at 3164 keV excitation
energy has been firmly established. In addition, in the 1004, 795, and 297 keV gates a new
transition at 1104 keV was observed.

Based on the #vv coincidence data, the '™In — 1°°Cd decay scheme is presented in
Fig. 5. It comprises two new non-yrast 1°°Cd levels and three new ~ rays compared to the
data obtained previously in in-beam experiments [6-8]. We confirm the main E2 sequence
deexciting the 81 isomer to the ground state, and also the yrare 6* and 41 levels at 2458

and 2046 keV, respectively, and their subsequent decay. The spin and parity assignments of



the 3164 keV level will be discussed in the shell-model section, see Sec. V. The 1104 keV
transition was tentatively placed as deexciting the new 3200 keV level (see Fig. 5). Due
to weak and ambiguous coincidence relations between the known transitions and the newly
observed 1513 keV ~ ray, the latter could not be placed in the level scheme. The spin and
parity assignments of the 3-decaying ®In state and of '%°Cd levels will be further discussed
in Secs. IVC and V.

The “apparent feeding® (I3.,), that one may determine by performing the y-ray intensity
balance on the level scheme shown in Fig. 5, is related to direct 3 feeding (I3) and to
unobserved v feeding following the 3 decay to higher-lying levels (I,g"'gh). This is the reason
why it is not straightforward to get an insight into the I3 values by inspecting the I, data
(see also Ref. [25]). This topic will be further discussed in Secs. IVB, IVC, and VC.

IV. RESULTS OF THE TAS MEASUREMENT
A. TAS spectra

Despite of the strong suppression of the 1 Ag activity, it still dominated the implanted
A = 100 samples. For the EC mode this is reflected in the X-ray spectrum which is presented
in Fig. 6(a). The strongest peaks are those corresponding to Pd X rays following the " Ag
decay. The Ag X-ray peak is due to the decay of *°Cd, which was accumulated as a '®In
daughter, while Cd X rays originate from °In decay.

The absorbed energics in the TAS(31) spectrum exceed the level energies by 1022 keV,
due to the summation of v cascades with positron annihilation quanta. It is expected that
the TAS(3") spectrum is free of contaminants for absorbed energies above 7 MeV, ie.,
the upper limit corresponding to the largest Qg value amongst the isobaric contaminants
(7.05(8) MeV of 1%Ag [26]). A half-life of 6.1(2) s was found for the TAS(3%) spectrum at
absorbed energics larger than 7 MeV, in agreement with the value of 6.2(4) s obtained from
the most intense + ray observed in the high-resolution measurement (see Table 11). However,
at lower energies the isobaric contamination is detrimental for the TAS(3%) spectrum shown
in Fig. 7(a), where the pronounced structures are due to '’ Ag, '®™Ag, and '°Cd decays. In
order to purify the '®In TAS({3") spectrum from isobaric contamination, sources abundant

in 10Ag W00mAG and 'Cd were prepared and measured in separate experiments, Properly



normalized, the corresponding reference spectra were subtracted from those enriched in '™In.
A normalization for this procedure was found by demanding complete removal of the X and
rays from the decay of the isobaric contaminants, as it is shown in Fig. 6(b). Because of the
contribution from tails of the Pd and Ag X-ray peaks under the Cd peak, such a procedure
was applied not only to the TAS(3%) spectra, but also to the X-ray gated TAS(EC) spectrum.
The TAS(37) and TAS(EC) spectra obtained after the subtraction are displayed in Figs.
7(b} and 7(c). In the TAS(EC) spectrum two different. structures are visible. A half-life of
5.5(7) s (see Table II) was obtained for events with absorbed energies higher than 5 MeV,
whereas the low-energy part, including the pronounced excess of counts in the region below
4 MeV, is characterized by a considerably longer half-life of 14(4) s. The long-lived events in
the TAS(EC) spectrum can not be removed by a reasonable renormalization of the isobaric
contaminants. Excluding the value of 14 s, the weighted average of the half-life of ®In
obtained in this work is 5.9(2) s (see Table II). This result is in agreement with, but more
accurate than the previous values of 6.1(9) s [12], and of 6.6(7) s [14].

The observation of two time components in the TAS(EC) spectrum might be due to a
long-lived isomer in '“In or '%°Cd. However, the lack of statistics does not allow us to clarify
this issue. Therefore we refrain from interpreting the low-energy structures of the TAS(EC)

spectrum and restrict the following discussion to its short-lived high-energy part.

B. Beta intensity

The '"Cd levels identified in the high-resolution measurement should be observed as
peaks in the net TAS{S") spectrum shown in Fig. 7(a), provided that they are directly
populated by sizeable g or v feeding. However, the spectrum is rather unstructured, except
for one peak that can be reliably distinguished from statistical fluctuations. It occurs at an
absorbed energy of 3120 keV, as presented in Fig. 7(b), and is assigned to the feeding of
the 6 level, observed in the high-resolution experiment at 2096 keV (see Fig. 5).

In the following, the arca of such a peak in the TAS spectrum and its composition from
direct 3 and v feeding following  decay will be discussed. The arca S of the resolved peak

can be written as:

S = fall + T(1 ~ €0) 119%), (1)

wherc €, is the efficiency of the full absorption of the v cascade deexciting the level, 74
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and If}igh are parameters defined in Sec. IIIC, and the sum runs over all levels which
are directly /3 populated and deexcite by emitting one v ray, and ¢, is the efficiency for
detecting this + transition. The probability for a v ray to escape from detection is (1 — €;qr),
and the value ranges from 0.05 to 0.2, depending on its energy. This factor is of crucial
importance whenever strong 3 feeding occurs in the high-energy region. Therefore, to decide
if a pronounced peak is directly populated by [ feeding or is rather a result of an incomplete
v detection, a calculation of the I5 is mandatory. In the following, we use the notation I
for both /3 feeding to resolved levels and for the quasi-continuum S-feeding distribution in
the high-energy region as only levels relevant for the GT transition are regarded.

The procedure of deriving I3 values from the experimental TAS spectra was described
in detail in Refs. [10, 27]. The observed TAS(G*) and TAS(EC) spectra represent convolu-
tions of the respective 47 and EC intensity distributions with the response function of the
spectrometer. We used the decay scheme established from the high-resolution experiment as
a basis for constructing the TAS response matrix. For the = cascades from the experimental
low-lying levels, the v branching ratios according to the decay scheme were used. The v
cascades from the high excitation energies were simulated by using a statistical analysis.
Expressions for the 4-ray strength functions were taken from literature for E1 [28], M1 [29],
and FE2 [30]. In contrast to the usual practice, we replaced the statistical level density by
the levels obtained from shell-model calculations by using the code OXBASH (for details
see Sec. V). The -branching ratios to the experimentally established levels were adjusted
to reproduce the v-ray intensity presented in Table I and Fig. 5. The usc of the shell-model
level predictions as input for the iteration process enables a consistent description of the
statistical simulation in the whole excitation-energy region, as only levels relevant for the
GT transition are regarded.

In order to extract the I distribution, the experimental TAS(3%) and TAS(EC) spectra
were fitted by simulated spectra varying the [z distribution. The TAS(8%) spectrum was
fitted for absorbed cnergies up to 10 MeV. Since only the high-energy part of the TAS(EC)
spectrum can be reliably assigned to the '%’In decay, the fit of this spectrum was restricted to
absorbed energies above 5 MeV. The simultaneous fit of the TAS(5%) and TAS(EC) spectra
implies that the Quc value of '%In is adjusted during the least-squares procedure. Due to
the lack of statistics, only a rough estimate of 10.0(5) MeV was obtained for this quantity.
A more precise Qg¢ evaluation will be discussed in Sec. IVC. The simulated TAS(EC)

10



spectrum is shown in Fig. 7(c) as well.

Figure 8(a) presents the Iy distribution and Table III shows the I; values of individual
1%¢Cd levels in bins of 200 keV width. The main part of the I distribution is characterized
by a resonance occurring at excitation energies above 4 MeV, peaking at 6.4 MeV and having
a FWHM value of about 1 MeV. The small scale fluctuations of the I distribution at low
energies which can be seen from Fig. 8(a) are comparable to the statistical uncertainties.

For all levels cstablished in the high-resolution experiment (see Table I), including the
2096 keV level which was the only pronounced peak in the TAS(3") spectrum, as observed
in Fig. 7(b), we only obtain upper limits for I5. These values are presented in Table IV.
The total g1 feeding to all these levels is less than 12%. The simulation has shown that
the 2096 keV peak is mainly due to < feeding following 7 decay. It is worth noting that a
similar conclusion has been drawn from a TAS study of '™In 3 decay where, despite of a
much better counting statistics, the TAS spectra did not show any pronounced peaks in the
low-energy region [31]. The interpretation of these results in connection with high-resolution

data and with shell-model calculations will be given in Secs. VB and VC.

C. Beta-delayed proton emission

The low-energy part of the proton spectrum registered by the bottom Si detector contains
a sizeable contribution of positron events, see Fig. 9(a). In order to clarify this effect, we
used the two-dimensional TAS-Si matrix and inspected it for different thresholds of the
bottom Si and TAS detectors. If we require coincidences between the bottom Si detector
and TAS energies, Fras < 1.1 MeV, the positron contamination is suppressed and mainly
(p events are selected. This is illustrated in Fig. 9(b). Figure 9(c) shows the spectrum of
3-delayed protons that follow the EC decay of '®In and populate the *Ag ground state. In
order to select these events, an anticoincidence with TAS signals was required. A half-life of
Tij2 = 6.8(8) s was measured for Fp events with £, > 2 MeV (see Table II), in agreement

with the value deduced from the high-resolution data.
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1. P Ag levels fed by 3-delayed protons

Figure 10 displays the TAS spectrum obtained in coincidence with protons registered
in the bottom Si detector, selected under the condition that Eygiom = 1.5 MeV. In order
to estimate the contribution from positrons, a normalized TAS{3") spectrum is shown in
the same figure. It is seen that for the energy window discussed above, the contribution of
the high-energy positron tail is negligible. One can see in the figure that the TAS spectrum
following the delayed protons is located within an energy window of Epaq < 1.1 MeV, which
corresponds to the TAS gate used in the previous section.

In the spectrum, apart from the annihilation peak, which corresponds to the p emission
to the *Ag ground state, there are two more peaks which can be unambiguously assigned
to known levels in ®Ag. These are the 7/2% state at 342 keV known from F-decay studies
[32], and the 13/27 state at 916 keV assigned by in-beam work [33]. Since the annihilation
peak dominates the spectruin, it is evident that the main fraction of the p related intensity
goes to the 9/2% ground state of ®Ag. Table V lists the partial intensities of the proton
emission to states in “?*Ag. The intensity is normalized to 100 fp events. The uncertainties
are mainly due to the extrapolation of the background in the proton spectra. The total
branching ratio for p emission following the '®In decay was found to he 1.6(3)%.

The relative Sp emission feeding levels of different spins in " Ag is sensitive to the spin
value of the 3-decaying “In state. Hence an analysis of experimentally measured feeding
may provide information about the ground-state spin and parity of !““In. On the basis of the
statistical approach discussed in Ref. [34], and of the total experimental energy distribution
of EC-delayed protons (ECp), we calculated the relative intensities of the ECp emission to
9 Ag states, assuming spin and parity values of 5%, 67, 7+ and 8%, respectively, for the **In
ground state. Table VI presents the comparison between the experimental and caleulated dp
intensities. The agreement between the experimental values and the calculation is definitely
better under the assumptions that the ground state of **In has spin and parity of 67 or 7%,
while the other assumptions of spins of 5 and 8 can be rejected. However, the differences
between the competing two spin-parity hypotheses are not significant enough to allow one

to draw a definite conclusion.
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2. Determination of the Qpc value of *Tn

By using the energy distribution (I3,(EC)) of the ECp events, and the total intensity
3> Ig of Ap emission fed to the *®Ag ground state, we estimated the Qrc — S, value of *In
decay to be 5.25(13) MeV, where S, is the proton-separation cnergy of '*Cd. The Qgc — S,

value was found by using the condition

2 1ep =2 Incfs/ fec, (2)

where fz+ and frc are the statistical Fermi functions for 57 and EC transitions, whose ratio
is a function of the §-decay energy. Using an S, value of 4.83(19) MeV [26], a Qg value of
10.08(23) MeV is obtained. The Qg uncertainty takes into account the uncertainty related
to the delayed protons of 0.13 MeV and that of the S, value of 0.19 MeV. The Qgc value
should be compared to the experimental value of 9.5(4) MeV obtained in Ref. [35] by mass
measurements, to the evaluated value of 10.18(30) MeV from Ref. [26], and to a shell-model
prediction of 10.07 MeV [36].

. The experimental Bor distribution

The GT distribution as calculated from the I distribution by standard procedures [27],
making use of the Qg value of 10.08(23) MeV adopted in Sec. IV C, and using the "In
half-life of 5.9(2) s discussed in Sec. IV A, is shown in Fig. 11{(a). The centroid of the GT
resonance is located at an excitation energy of 6.4 MeV and has a width of approximately 1
MeV. The partial strength detected by the TAS in ~ rays is determined to be Bgr., = 3.0(9).
The Bgr is given in units of g3 /47. The uncertainty includes that of the I3 distribution
of 0.60, and that of the (Jpc value originating from the S, value of 0.70, the latter being
the dominating contribution. This implies that the latter value ought to he measured with
higher precision. Similarly, the delayed proton branch results in a partial GT strength of
Ber, = 0.86(15). The Ber, uncertainty originates from the 3p counting statistics and the
half-life determination, and contains a minor contribution from the Qgc — 5, value. The
total GT strength is Bgr, + Berp = 3.9(9). The comparison of the experimental Bey

distribution to the theoretical predictions will be made in Sec. V B.
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V. SHELL-MODEL CALCULATIONS AND DISCUSSION

To gain insight into the microscopic structure of states in '*Cd and '®In, and to study
the GT resonance in "In—!°Cd A decay, shell-model calculations were performed using
the code OXBASH [37]. The model space for the valence protons comprises the Ogy/, and
Lp12 orbitals, while the neutron single-particle orbitals are ldsss, Ogr/e, 28172, 1ds/a, and
0h11/2. The single-particle energies relative to a 88r core were chosen to reproduce the
extrapolated values for a 1°°Sn core [38], namely
B = —292 MeV, €f, = —3.53 MeV, ef, = —11.15 MeV, ¢, = —11.07 MeV,
€95y, = —9-00 MeV, €lay,, = —9:50 MeV, and e = —8.60 MeV.

The effective interaction was derived by employing a perturbative many-body scheme
starting from the free nucleon-nucleon interaction, according to the prescription outlined in
[39]. For calculating the GT-strength distributions the free GT operator was used. We refer
to this approach as model A. The model results are presented in Figs. 8, 11, 12, and 13 in
comparison with the experimental data.

Alternatively, in Ref. [36] the role of np-nh excitations {n = 0 — 2} of the '®Sn core
was studied in a model space consisting of Oge/a, 1p1/2, 1dss2, 0g7/2, 281/, and 1dsz; orbitals
for both protons and neutrons. The theoretical levels in 1In and '%°Cd were calculated
in the JS4 and JS6 approaches, respectively. The corresponding ®In—!%Cd S-strength
distribution was deduced. We will refer to this model as B. Finally, the total GT strength
for the 'In—'"Cd decay was calculated in the model space A [31] using the approach of

Ref. [5] and the modified interaction as described in Ref. [27].

A. '0Cd low-lying states

In this section the results obtained by using model A and shown in Fig. 12 are discussed.
For all the shell-model states presented in Fig. 12, the proton contribution to the wave func-
tion is largely dominated by two holes in the gy/2 and two particles in the py/s orbitals, the
other configurations with different occupancies playing no significant role. In the following,
the structure of the states with respect to the neutron contributions will be discussed. The
first excited state with J™ = 27 is very close to the experimental value. It has a mixed

configuration, where both valence neutrons occupy mainly the ldss, orbital (47%), while
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about 20% of the amplitude comes from the Og7;» orbital. The 4] state, correctly predicted
in energy, has the same dominant structure as the 2 state, which remains valid for the 67
state as well. The 4, wave function is more fragmented since the dominant configuration is
identical to that of 41 state, but significant contributions originate from neutrons cither in
dgod3/9 OT in g7 9ds o multiplets. This is the lowest state where the pair of valence neutrons
is distributed over two subshells; the next state of this character is 6. The different wave
functions of the 4] and 4 states result in a lower mixing between the corresponding levels
which leads to two close-lying 47 states, in agreement with the experiment. A more dra-
matic effect is observed for the first two 6 states, since their wave functions have no major
overlap, and thus their energy spacing is calculated to be 78 keV only. In the experiment,
this spacing is much larger, which may indicate that the wave functions have a slightly dif-
ferent structure than predicted. The calculated 8] state, predominantly of TGy, /22 character,
lies somewhat lower than observed in the experiment. The configuration assignment agrees
also with previous shell-model calculations for 1%°Cd [6], performed in the same model space
but using a different set of two-body matrix elements [2, 40).

The newly identified experimental level at 3164 keV, with a tentative spin and parity
assignment of (61), is very close to the calculated 67 state. The wave function is dominated
by a 62% vdz /o configuration. This is well supported by the experimentally observed decay
mode of this level, which feeds the 67 and 4 levels, see Fig. 5. The spin and parity
assignment for the '®Cd 8 state at 3200 keV was inferred from a comparison with the
shell-model calculations. The structure of the 85 state is interpreted as having one neutron

pair broken and distributed in the gr/9, ds/» orbitals.

B. Iy and GT distributions

The experimental 7z distribution shown in Fig. 8(a) is compared to predictions of model
A assuming values of J” = 67 and of 71 for the '“’In ground-state spin. The theoretical
results are displayed in Figs. 8(b) and 8(c). Under the assumption that the ground-state
spin of '®In is 67, the theoretical I3 distribution shows almost no direct feeding (less than
1%) for the 6% 2096 keV level, which is close to the experimental finding, as observed in
Fig. 7. The centroid position of the resonance is reproduced in the calculations, but not

its width. If the ground state-spin is 7+, a considerable feeding of the 8" level is predicted,
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which is in contradiction with the experimental TAS value (see Table I'V). The tail of the
resonance towards lower energies resembles the experimental one.

The experimental GT distribution is compared in Figs. 11(b) and 11(c) to shell-model
predictions of model A. The distribution from the model A is normalized to a free nucleon
GT operator. The position and width of the resonance are reproduced very well. The small
upward shift in position can be attributed to the neglect of excitations of the '"’Sn core.
It has been pointed out earlier [27], that a small renormalization of the proton-neutron
interaction strength can account for this shift.

Total GT strengths of 14.4 and 15.9 are calculated for spins of 67 and 7T, respectively,
by using the model A. In the approach of Ref. [31] total GT strengths of 15.9 and 15.8 were
calculated for spins of 61 and 7", respectively, whereas 3.9(9) was determined experimentally
in the present work. This translates into hindrance factor values of A = 3.7(9) (for 61) and
of 4.1(9) (for 77). These values should be compared to the experimental values of 3.8(7)
for ®*Cd [5] and to that of 4.3(6) measured for “"Ag [27]. The theoretical hindrance factor
of ™8n is 3.0 [27]. Thus, within the large experimental uncertainties, the '®In 8 decay
exhausts the strength of the GT resonance predicted for 'Sn.

In Sec. IV B the smooth TAS spectrum, the weak feeding of low-lying states (Table IV),
and the large 3 feeding of the GT resonance were discussed. In the light of the shell-model
results from the model A the reasons for these results are threefold.

(i) The low-lying 'Cd states of 2gp character vdy/ogr/ and ygg/z, can be fed by the
unpaired mggsy only, whereas the remaining (7gg/2)5: decay to the GT resonance of 4¢gp
states at high excitation energy. As far as § intensities are concerned, the high suppression
of the reduced transition rates is largely compensated by the decay-cnergy selectivity of the
fg phase-space factor.

(ii) The wave functions of the J* = 61 to 8% 1®Cd daughter states as discussed in Sec.
V A have little overlap with those of the 4gp states. As the two possible parent configurations
(mgoja¥dssa)e+ and (mggjsvgrya)r+ are rather pure (see Sec. VD), the J™ =61 and 8" 1°Cd
levels cannot be strongly fed in GT decay.

(iil) The dominating 4gp GT-resonance configurations (wgys)y (vds/297/2)s, and
(mgas2)3, (vg7/2)%, under the assumption of J* = 6% or 7% | respectively, for the ground
state of 1%In, are connected to the 2¢p states by strong M1 transitions. This can be con-

cluded from the largely different magnetic moments of the 2¢p and 4gp states [6].
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C. Beta-delayed + intensity and spin assignments

For the ®In decay, a strikingly large discrepancy occurs between the I3, values deduced
from the high-resolution experiment, and the I3 limits inferred from the TAS data (see
Table IV). To shed light on this problem, the I distribution was calculated by using the
model A as a starting point for an estimate of the I”*"* values. A one-step v decay of
the f3-fed levels to the experimentally known low-lying levels was assumed. Multipolarities
E1, M1, and E2 were considered with strength functions taken from Refs. [28], [29], and
[30], respectively. The results are listed in Table IV and represent lower limits due to the
restriction to a one-step process. It should be noted that due to the transition energy
dependence of the phase-space factor for v decay, (which is ~ E7, where n = 3 and 5 for
dipole and quadrupole transitions, respectively, in the low-energy limit [41]), the one and
two-step processes are greatly favored. Besides the experimental Ig, and I3, the calculated
values for the assumption of J* = 6% or 7t for the parent state are listed in Table IV. For
comparison also the calculated shell-model 14 values are given. The calculations can account
for a considerable population of states differing by more than 1% from the parent spin under
both assumptions, thus proving the aforementioned retention to the common practice in
interpreting (-decay data.

A closer inspection of the theoretical results for I, and I; and I?*%", and a comparison to
the corresponding experimental data, reveal better agrecment for the parent spin assumption
of J™ = 67. This is demonstrated best for the 1°°Cd states with J™ = 4+, 6, and 8+. The
~ feeding of the J™ = 47 states, which for both parent spin options cannot be fed directly
in GT [ decay, provides a benchmark test for the model input and the validity of the
one-step F1/M1/F2 assumption. As a consequence, the tentative J™ = (67) assignment
to the state at 3164 keV (see Sec. VA, Table I, and Fig. 5) must be reconsidered. An
alternative J™ = (57) assignment is consistent with the missing intensity, its v decay and
the shell-model prediction of E, = 2881 keV as compared to E, = 3027 keV for the J™ = 67

state.
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D. '2In ph multiplets

Experimentally, the presented data do not permit us to draw any firm conclusion with
respect to the ground-state spin of 'In. The shell-model calculations described as model A
were used to make predictions concerning the ﬂg!;/gudé so and wg;/lgug% /2 multiplet energies
in !%In, as displayed in Fig. 13. It is observed that the calculation favors a ground-state
spin of 6. The 7t state, originating from the wgg /121/9,} /2 multiplet, is located at an excitation
energy of 250 keV. Both states have rather pure wave functions with 94% and 70% in the
leading configurations for J* = 6* and 7%, respectively. The ground state of %2In, heing
tentatively assigned a spin of 6, originates from the ng_/].zyd}) /o multiplet [11]. Recently,
evidence has been presented for a spin-parity assignment of 7% [14] to the ground state. At
an excitation energy of 145 keV, a state of spin 7 ocecurs, having a mixed ng;/lgudé /2 and
To/sV g1 /2 configuration [11]. In '®'In, the lowest members of the mg,svd},, multiplet, 6
and 7, respectively, are energetically only 85 keV apart [13]. Based on the aforementioned
experimental observations, the model A reproduces the correct ground-state spin value of
J™ = 6" for the heavier indium isotopes. In model B, the ground-state spin and parity for
®In are calculated as J™ = 7%, however, at the expense of reversing the vds» — vgy/, order,
i.e., placing the vgr/e state 230 keV below the vdy s state in '°'Sn. This is at variance with

recent experimental results from *Sn {42].

VI. SUMMARY

The decay scheme of ®In, the closest neighbor of 1°°Sn, was studied in detailed high-
resolution and total-absorption spectroscopy. In the high-resolution measurement, 3vyv co-
incidences allowed us to establish the decay scheme of *®In for the first time and thus to
extend the level scheme of 1%Cd known from in-beam measurements. The total-absorption
results show that 1°°Cd levels with excitation energies higher than 6 MeV are directly fed
by the #%/EC decay, and a GT resonance is identified at 6.4 MeV. Apparent evidence for
3 feeding to the identificd low-lying states in %Cd is shown to be mainly due to 3-delayed
7 feeding. The Qgc value of "™In was determined to be 10.08{23) MeV, in agreement with
previous experimental and theoretical estimates. From measurements of the decay curves

of ~ rays and f3-delayed protons, an average '“In half-life of 5.9(2) s was obtained. A
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purely statistical model analysis of the Sp data yielded better agreement with a spin-parity
assumption of (6") or (7") for the 1%In ground-state, whereas the comparison of the 3~
feeding with predictions based on model A tends to support a (6") assignment. Large-scale
shell-model calculations using realistic effective interactions and ®Sr as a core yield good
agreement with the experimental level energies of 1%°Cd, and predict a value of 67 for spin
and parity of the '®In ground state (model A). The GT-distribution properties are well

accounted for, implying a GT-hindrance factor as expected for the '"™Sn GT decay.
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TABLE I: Level energies (F.), spins and parities of the initial states (J™), energies of the deexciting
transitions (E,), and relative intensities (1) of the v rays normalized to the 2t — 0% transition.

The J* assignments are based on the S-decay results from this work and on in-beam data from

[6], [7]-

B, JT E, I

9
(keV) (R) (keV) (%)
1004.1(1) 2 1004.1(1)  100(5)
1799.0(1) 4 794.9(1)  88(5)
2046.0(2) 4t 1041.9(2) 8.1(6)
2095.8(1) 6 296.8(1)  60(3)
7.7(4) 6* 362.7(1) 8.9(10)
411.7(3)  2.8(4)

658.2(3) 4.2(4)

2548.6(1) 8* 452.8(1) 9.4(8)
3164.3(1) (57,67) 1068.5(2) 2.9(4)
1365.3(5) 2.5(5)

3199.8(2) (87)  1104.1{2) 6.1(5)

TABLE IL: Half-life of 1%In determined in the high-resolution and the TAS measurements. The

weighted half-life is built from the listed individual values.

Spectrum Condition Tsg (s)
yrays 297 keV 5.4(7)
vrays 795 keV 1.8(4)
~rays 1004 keV 6.2(4)

TAS yras and 8%, Epag > 7 MeV 6.1(
TAS yras and X(Cd), Frag > b MeV 5.5(7)
Protons  FE, >2 MeV 6.8(
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TABLE IIL Beta feeding (f5) and 3-delayed proton intensities (g,) of the decay of ®In to high-

lying '99Cd states. The data are given for 0.2 MeV intervals of the %°Cd excitation energy.
Interval (MeV) I5(%) Igp(%) Interval (MeV) Ig(%) I3,(%)

3.6 0.93 6.2 13.50 0.04
3.8 2.11 6.4 9.01 0.05
4.0 3.00 6.6 7.09 0.03
4.2 2.89 6.8 3.41 0.16
4.4 1.77 7.0 1.50 0.22
4.6 3.86 7.2 0.53 0.20
4.8 4.21 7.4 0.46 0.28
5.0 4.06 7.6 0.13 0.18
5.2 3.68 7.8 0.13
5.4 5.05 8.0 0.09
5.6 448 8.2 0.06
5.8 10.90 8.4 0.05
6.0 12.70 Total 984 1.6
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TABLE IV: Experimental and theoretical data on excited 1%Cd levels. Level energies (E.), spin
and parities (J7), experimental apparent feeding (I5,), shell-model ~ feeding following the 3 decay
to higher-lying levels (If;igh), and shell-model 3 feeding (I5). The experimental 15, values, obtained
by performing the y-ray intensity balance of the decay scheme, include both 8 population of a given
level and the Ii;”g” feeding. The model results stem from the latter process only. The theoretical
intensities are predicted by model A assuming spins of 61- SMg+ or 77- SMy, for the §-decaying

1091 state.

E, J° g, Iligh Is
(keV)  (R) EX(%) SMg+ (%) SMy+(%) EX(%) SMg+ (%) SMy: (%)

1004 2+ 5(7 <1.0

5
1799 4t 21(8 8.4 1.6 <09
2046 4T 5.3(7 6.3 1.2 <09

)
)
)
2096 6+ 33(3) 25.5 218 <30 018 007
)
)
)

2458 6% 16(1 16.2 13.9 < 1.3 0.19 0.32

2549 8%t 9.4(8 7.6 190 <13 7.14

3164 (6%) 5.4(6 6.0 52 < 1.8 0.50 0.04
(57) 7.7 4.5

3200 (81) 6.1(5) 3.0 75 <18 0.005

TABLE V: Experimental intensities of the Sp and ECp emission to the " Ag states.
9/2% /2t 13/2%

Isp(BT)(%) 60(6) 2.8(5) 6.2(12)
T5p(EC)(%) 31(5) <1 <2
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TABLE VI: Comparison of calculated and experimental ECp intensities for the lowest-lying 9/27,
7/2", and 13/2F %9 Ag states.

1001 M Ag states

Ground state 9/2% 7/2% 13/2F

5+ 720 120 22
6t 610 51 50
7+ 320 28 70
8+ 180 44 76

EXP  570(60) 27(5) 62(12)




Nal
Beam from Ge
mass separator I—
¢ —

Nal

FIG. 1: Schematic drawing of the TAS equipped with ancillary Si and Ge detectors. See text for

details.
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FIG. 2: Gamma-ray spectrum obtained at mass A = 100 in coincidence with positrons. Excepting

the 511 keV annihilation peak, the lines labcled with their cnergies in keV were identified as -

delayed ~ rays of '"°In. The lines marked by symbols are transitions from the isobaric-contaminant

decay *9Ag — 19°Pd or from the room background.
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FIG. 4: Coincidence spectra gated on the 1004 and 795 keV transitions, respectively, obtained

from the #vyy matrix. Transitions in '%’Cd are marked by their cnergies in keV.
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FIG. 6: X-ray spectra registered by the small Ge detector inside TAS before (a) and after (b)
contaminant subtraction. Peaks assigned to the decays of 1WAg, 1°Cd, and 'WIn, i.c., Pd, Ag,
and Cd X rays, respectively, are accordingly labeled. Traces of Pd were detected on tape and

therefore Rh X rays are present in (a) and (b).
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FIG. 7: Experimental TAS spectra obtained in coincidence with positrons registered in the Si
detectors (a,b) and Cd X rays (c). Panel (a) presents the TAS(G1) data with and without con-
taminant subtraction, panel (b) shows the corrected spectrum once again on an expanded scale.
The strong line at 1 MeV in {b) is due to a contaminant present on the tape. The peak at about
3 MeV in the TAS(3") spectrum, corresponding to the 2.096 MeV level, is due to direct « feeding
following /3 decay (see text). In panel (c), the simulated spectrum is presented as dashed line (see

Sece. IVC).
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FIG. 8: Beta-intensity distribution deduced from the TAS experiment (a), and from the shell-
model predictions (model A), under hypotheses of a 67 (b) and 7* (¢) assignment for the ground
state of '’In. The experimental uncertainties are indicated as a shadowed area in panel (a). The
calculations have been folded with a Gaussian function having a width equal to the experimental

TAS resolution.
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FIG. 9: Proton spectrum obtained in the bottom Si detector without TAS selection (a), in coinci-
dence with TAS energies < 1.1 MeV (b), and in anticoincidence with TAS (c}. The latter condition

selects the EC-delayed protons which are emitted to the ®Ag ground state.
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FIG. 10: TAS spectrum obtained in coincidence with protons registered in the bottom Si detector.
The contribution due to the estimated positron background in the proton gate is shown in the

shadowed area. In the inset, the lowest excited states in ¥Ag which are fed by delayed-proton

emission are shown.
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FIG. 11: Total experimental Ber distribution (a) compared to theoretical distributions calculated
in shell model A for parent spin-parity assumptions of 6 (b) and 7t (¢). The experimental Qg
value is indicated by a vertical line. The experimental uncertainties are indicated as a shadowed

area in panel (a). Above 6.3 MeV energy proton contributions can be seen in panel (a).
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FIG. 12: Comparison of experimental "°Cd level energies with shell-model predictions from model
A. In the first column the experimental energy levels are presented. The other columns comprise

yrast and yrare groups of theoretical states ordered according to their spin and energy.
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FIG. 13: Calculated level energies of the wg;,l,‘,vg—,v/g and g, /IQUd5/2 multiplets of ®°In by using
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