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Abstract. The low-lying states in the odd-odd and unstable isotopes 1°61%In have been Coulomb excited
from the ground state and the first excited isomeric state at the REX-ISOLDE facility at CERN. With
the additional data provided here the mggy /12 ® vds/o and mgy /12 ® vgr /2 multiplets have been re-analyzed

and are modified compared to previous results. The observed «-ray de-excitation patterns were interpreted
within a shell model calculation based on a realistic effective interaction. The agreement between theory
and experiment is satisfactory and the calculations reproduce the observed differences in the excitation
pattern of the two isotopes. The calculations exclude a 6% ground state in *°®In. This is in agreement
with the conclusions drawn using other techniques. Furthermore, based on the experimental results, it is
also concluded that the ordering of the isomeric and ground state in °®In is inverted compared to the
shell model prediction. Limits on B(E2) values have been extracted where possible. A previously unknown
low-lying state at 367 keV in '°®In is also reported.

1 Introduction

The low-lying states in '°6:10%In can be interpreted as
the coupling of a proton () hole in the gg/5 orbit to
the neutron (v) states in the corresponding °7199Sn
isotopes [1,2]. Here we aim to expand the knowledge of
the low-lying energy spectrum in '°6:198In using Coulomb
excitation for the first time. According to measurements of

the magnetic dipole moment in °8In [3-5], the 7+ ground
state and the T}/, = 39.6 min isomeric 21 state are dom-
inated by the 7rg9_/12 @ vds o configuration. The higher-
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lying states have previously been identified in terms of the
71'99_/12 ®vds /o and 7rgg_/12 ®vgy /2 multiplets [5] based on the
observed decay pattern following the °8Cd(p, ny)!%In re-
action. In '96In the identification of the states is less clear.
According to refs. [3,4,6] the 7T ground state has a domi-
nating wg;/lz ® vds 9 configuration. The first excited state

in '%°In is also isomeric with T3 ;2 = 5.2 min. However, the
spin measurements are inconsistent. For instance, (p,ny)
measurements report this state as a 37 state [7], while
decay studies suggest a spin and parity of 2% [8,9].

It is well known that the ~-ray decay pattern follow-
ing, e.g., a compound reaction is largely governed by the
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yrast sequence, whereas for S-decay it depends on the na-
ture of the initial state of the parent nucleus. In Coulomb
excitation the excited states are populated from below.
The probability to populate a state is determined by the
reduced transition matrix element for the initial and fi-
nal states. Therefore, for the case at hand, this method
offers the possibility to investigate the 7! ® v multiplets
starting from a specific initial state that couples to the
higher-lying excited states in a manner different from the
techniques used before.

In the following the data is interpreted using a two-step
approach. First, the spectrum of the low-energy states in
the two isotopes was calculated in the shell model. The re-
sults of this calculation, including the transition probabil-
ities, were used as input to the coupled-channels Coulomb
excitation code GOSIA [10]. Secondly, the de-excitation
patterns simulated in this way were compared to the
corresponding experimental observations. From this, the
71 ® v multiplet character of some of the excited states
could be inferred. It should be noted that the shell model
interaction used here reproduces the energy spectrum of
1061y and 198In well.

2 Experimental technique

The measurements were carried out at the REX-ISOLDE
facility using RIBs consisting of both Sn and In isotopes.
The results for the Sn isotopes have been published, see
ref. [11]. The definition of the physical events and the of-
fline data analysis for the present case is identical to that
of the Sn experiment and therefore treated very briefly
here. The In isotopes were produced by bombarding a
LaC, target with 1.4 GeV protons. The produced species
effused into an ion cavity where the In isotopes were singly
ionized through surface ionization against the cavity walls.
Singly charged isotopes were subsequently extracted from
the cavity by an applied electric field and the mass of in-
terest was selected using electromagnetic separation. The
low-energy RIB was post-accelerated to a final energy of
2.8 MeV /u and bombarded onto a 2.0 mg/cm? thick **Ni
target. At this beam energy the inelastic collision process
was safe in the meaning that the target and the projectile
nuclei did not penetrate their mutual Coulomb barrier.
Scattered beam and target particles were detected in a
double-sided silicon strip detector (DSSSD) [12]. The ~-
rays were detected by the MINIBALL spectrometer [13]
which consists of 24 highly segmented Ge detectors sur-
rounding the secondary °®Ni target in a spherical configu-
ration. Particle-y events were time-correlated by a 100 ns
gate applied in the particle-y coincidence spectrum.

3 The observed ~-ray de-excitation patterns

The Doppler-corrected y-ray energy spectra and the ex-
tracted ~-ray yields for '°®In and '°In are shown in
figs. 1, 2 and tables 1, 2. All but three ~-ray transitions
observed in '°®In could be assigned to known levels in
this nucleus whereas all of the observed 7-ray transitions
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Fig. 1. Doppler-corrected v-ray energy spectrum for '°®In
showing the decay of the levels populated in Coulomb exci-
tation.
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Fig. 2. Doppler-corrected ~-ray energy spectrum for '°In
showing the decay of the levels populated in Coulomb exci-
tation. The transitions indicated with empty diamonds were

detected for the first time in this work.

Table 1. Yields and relative intensities of the observed ~y-ray
transitions in '°®In. The ~-ray yields of the 151 keV transitions
(Nos. 1 and 4) are separated using the known branching ratio
of the 151keV and 248 keV transitions from the (5)" state at
248keV [5].

No. Transition E, (keV) Yield I,

1 =Tk 151 377(66)  23(4)
2 3t —of 169 1536(64)  100(4)
3 (53)t — 78 248 631(50)  50(5)
4 (5)" — (6,7,8) 151 79(14) 5(1)

5 3t —of 236 1106(67)  86(6)
6 4t — 3t 283 192(60)  17(5)
7 4t — 3t 216 150(50)  11(4)

in 1%In are known from before, see fig. 3. It can be noted
that the branching ratios of the 283 keV and 216 keV tran-
sitions from the 4T state at 482keV in '°®In differ from the
previously measured values [5]. The 151 keV ~-ray yield in
1081y is the sum of the yields from the (5)* — (6,7,8) and
7t — T4 transitions. One of the 151 keV transitions orig-
inates from a (5)* state with a known 248keV (5)" — 7
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Table 2. Yields and relative intensities of the observed ~-
ray transitions in '°In. The two yields given for the 123 keV
doublet transition correspond to the yield of the observed y-ray
peak.

No. Transition E, (keV) Yield I,

1 (677T8T9T) — 7L 123 897(41)  100(5)
2 (77) — 74 147 566(61)  68(8)
3 2)F = (2)* 123 897(41)  100(5)
4 (67) — 74, 367.1(2)  321(29) 64(6)
5 (61) — (71) 221.1(14) 38(14)  6(2)

6 6 — (67778T9™) 267 105(21)  17(4)
7 (8T) — 74 821 59(16)  18(5)
8 (8%) — (1) 673 128(24)  36(7)
9 (87) — 78 1118 66(23)  25(9)
10 8" — (7 970 81(21)  28(7)
1 9" =74 1307 40(12)  17(5)
12 not placed 658.7(4)  42(11) 12(3)

branch [5]. From this, the 151keV doublet was resolved,
see table 1. The yield of the 123keV ~-ray transition in
1061 is also a doublet. It is the sum of the (2)* — (2)*
and (6%,71,87,9%) — 71 transitions. However, a sepa-
ration similar to that in '°®In was not possible. Three pre-
viously unknown v-ray transitions at 221.1(14), 367.1(2)
and 658.7(4) keV were detected in 19In. The 367keV ~-
ray peak is rather prominent, see fig. 2. The low proba-
bility for multiple Coulomb excitation favors a direct ex-
citation from the 7 state to a (57,67, 7" 8% 9%) state
at 367.1(2) keV. According to the shell model calculations,
see sect. 3.1, this state likely has spin and parity 6*. From
the energy sums, the 221.1(14) keV ~-ray peak was placed
as an 18(7)% decay branch from the 367keV state to the
(7T) state at 147.2keV. This further strengthens the exis-
tence of a state at 367 keV. The weak 658.7 keV transition,
see table 2, could not be placed.

3.1 Shell-model-based GOSIA simulations

From inspection of the experimental de-excitation pat-
terns of 1%In and '°®In shown in fig. 3, one can conclude
that the states at higher energy couple more strongly to
the 7T ground state in °In than in '°®In. In order to
investigate this further a set of theoretical E2 and M1
transition matrix elements were derived using a realistic
effective interaction [14] based on a G-matrix renormal-
ized CD-Bonn nucleon-nucleon potential [15]. The model
space included the orbits v(1g7/2,2ds/2, 351 /2,2d3/2) and
m(1gg/2,2p1/2) outside the ®3Sr core. The single-particle
energies were taken from ref. [16], the effective charges
were set to e, = 1.5e and e, = 1.0e, and the standard
gyromagnetic ratios were used. The negative-parity orbit
v(1hi1/2) was excluded for computational gain since it has
a very small amplitude in the wave functions that describe
the low-energy positive-parity states. The transition ma-
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trix element were then used to simulate the ~-ray yield
using the coupled-channels code GOSIA [10]. The simu-
lation included the geometry of the setup, the thickness
of the target foil, and the theoretical internal conversion
coefficients [17].

The shell model calculation for %In predicts a 67
ground state instead of the previously experimentally as-
signed 7T ground state. In addition, in order for the
GOSIA simulations to reproduce the coupling to the
higher-lying states the 67 ground state must be replaced
by the theoretical first excited 7] state. Indeed, a GOSIA
simulation based on a 67 ground state leads to an intense
87 — 7] transition and only one transition to the ground
state, namely from the 71+ state. However, experimentally
other transitions are observed as well which corroborates
the 7; shell model state as the ground state. The 1307 keV
state was tentatively assigned as 97 in ref. [18]. Most
likely, it corresponds to the 9% state at 1271keV in the
shell model calculation. The observed decay of the (8%)
state at 821 keV has two branches, one to the 7 ground
state and the other to the (71) state at 147 keV. The shell
model calculation predicts a similar transition between an
87T state and the 7T ground state. However, the branch to
the second 7% state is not reproduced. Nevertheless, the
tentative 8T assignment seems plausible.

The simulated v-ray intensities for transitions to the
isomeric 2% state and the 7t ground state in '°®In are
consistent with data if the isomeric fraction of the indium
component of the RIB is 50%, see fig. 4. However, the
current analysis is independent of the exact beam com-
position although the isomeric fraction of the RIB can be
resolved using the y-rays following the decay of the beam
particles implanted at the experimental setup [19]. In or-
der to reproduce the adopted data in '%8In, the 2+ ground
state and first excited 7T state of the shell model has to
be interchanged. This conclusion is based on the intensity
of the transition between the 37 state at 198 keV and the
isomeric 27 state at 30keV. The 37 state can be identified
as the 262keV state in the shell model. The shell model
correctly describes the feeding of this state from above by
a 4T state at 482keV, corresponding to the 4% state at
796.4keV in the calculation. Furthermore, both the shell
model state and the experimental counterpart have a de-
cay branch to a lower-lying second 3™ state which then de-
cays to the first excited isomeric 2% state. We stress that
the coupled decay pattern of these four states is, apart
from the energies of the involved states, very well repro-
duced in the shell model calculation. Therefore, the exper-
imental 37 state at 266 keV most likely corresponds to the
501 keV state in the shell model calculation. As mentioned,
the (6,7)" at 248keV has a 91.2% decay branch directly
to the 7T ground state. The only similar transition in the
shell model calculation is from the 5% state at 392keV.
Therefore the 248 keV state is here tentatively assigned as
having spin and parity 5T, see fig. 3. It should be pointed
out that the 97keV transition from the low-lying (6,7, 8)
state to the 7+ ground state was not, observed since at this
energy the de-excitation is dominated by internal conver-
sion and the detection threshold of the MINIBALL Ge
detectors was ~ 100keV.
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Fig. 3. Experimental and theoretical levels in 16198 In. The width of the arrows reflect the observed ~-ray yields. The theoretical
~y-ray de-excitation patterns were obtained from a GOSIA simulation based on the E2 and M1 transition matrix elements
derived from a shell model calculation. The theoretical y-ray yields were normalized to the experimental transition indicated
with a triangle or a circle. The shell model calculation for '°In predicts a 6% ground state and a first excited 7 state.
In order to reproduce the experimentally observed spin sequence, the 67 ground state was excluded and the first excited
71*' state was assigned as the ground state. The level at 367keV in °°In was observed in this work and the tentative spin
assignment is indicated. Also, the experimental levels and their theoretical counterparts, where identified, are connected with
a dashed line.
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(c) Multiplet interpretation of this work. (d) The multiplet structures of the shell model calculation.

3.2 Multiplet interpretation

In two previous efforts [5,20], the excited states of 1%%In
have been interpreted in terms of the 7rg;/12 ® vgr/2

and wg;/é ® vds/ multiplets, see fig. 4(a). However,
the previous measurements were not directly sensitive
to the transition matrix elements but had to rely on
branching and mixing ratios. These were based on decay
data, angular distributions from a (p,ny) reaction, and
from a high-spin study of '98In. The results were com-
pared [5] with an interacting-boson-fermion-fermion calcu-
lation (IBFFM) [21], see fig. 4(b). The residual interaction
of the corresponding Hamiltonian was fitted to reproduce
the energy spectrum of '°In. Here, we interpret parts of
the experimental energy spectrum of '°%In starting from a

realistic shell model interaction without phenomenological
modifications, see figs. 4(c), (d). The theoretical multiplets
were extracted in the following way. Between neighboring
I — I+1 states of the same 7! @ v multiplet one can ex-
pect a large M 1-matrix element, which, in the following,
we refer to as the M 1-overlap. Starting with the 2 ground
state of the shell model calculation, which has a dominat-
ing vds/; component, a sequence of states belonging to
the mgg /12 ®@ vds /o multiplet can be identified by following
the strongest M 1-matrix elements. Similarly, the theoret-
ical 7rg;/12 ® vgr/e multiplet was traced out by starting
with the only 17 state in the shell model calculation. In
detail, the 27 ground state of the calculation has a large
M 1-overlap with the 3% shell model state at 501 keV. In-
voking the similarities in the simulated and observed de-
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excitation patterns, it is concluded that the experimen-
tal 31 state at 266 keV also belongs to this multiplet, see
fig. 4(c). This assumption is strengthened by this state
being fed by the 4 state at 482 keV. This assignment dif-
fers from the one in ref. [5] and fig. 4(a). We suggest that
the experimental 37 state at 198keV does not belong to
the mgq /12 ® vds /o multiplet. The reason is that the corre-
sponding shell model state at 262keV has an M 1-overlap
with respect to the 27 shell model ground state which
is 20% smaller than the overlap with the 3% shell model
state at 501 keV. In the previous section, the observed 4™
state at 482keV was identified as the calculated 4 state
at 796 keV. The M1-overlap of this state with the 3 shell
model state at 501 keV is twice that of the overlap with
the 37 state at 262keV. This makes a 7rg;/12 ® vds /o as-

signment of the 4T state at 482 keV plausible. Continuing,
the 57 and 6™ states of this multiplet would correspond
to the shell model states at 1020keV and 935keV. In the
shell model, these states are the fourth and the second
states with these spins and parities. Therefore, assuming
an equivalent sequence of the spins and parities in the ex-
perimental spectrum, the states at 633keV and 598 keV
are suggested to belong to the Wg;/lz ®@ vds /o multiplet. In

the shell model, the 6% state at 935keV has the largest
M1-overlap with the 7 shell model state that corresponds
to the experimental ground state.

Regarding the mgg /12 ® vgr/2 multiplet, the only low-
lying 17 state in the experimental spectrum is located
at 699keV. In the shell model calculation, the 17 state
has the largest M1-overlap with the low-lying 2% state
at 251keV. The only experimental low-lying 2% state,
apart from the isomeric state at 30keV, is located at
303 keV. Therefore, it is reasonable to assign this state to
the g, /12 ®vgz/2 multiplet. From the discussion above, we
assign the experimental 37 state at 198 keV to the 7rgg_/12 ®
vgr /2 multiplet. The (4)* state of this multiplet is, ac-
cording to the shell model, the second state with this spin
and parity. Therefore, the next non-assigned (4)" state at
231keV is tentatively assigned to the 7rgg_/12 ® vgr /o mul-
tiplet. Similarly, the 57 and 6% states of the shell model
correspond to the experimental (5)T state at 289 keV and
the (6,7,8) state at 97keV. It is noteworthy that the 37-
(4)*-(5)T sequence of states of the 7rgg_/12 ®vgr /o multiplet

were all assigned to belong to the 7rgg_/12®1/d5 /2 multiplet in

earlier efforts, see fig. 4(a). The lowest 7T and 8 states
in the shell model calculation can be assumed to corre-
spond to the experimental 77 and 8T states at 151keV
and 808 keV.

The 7~ ! ® v multiplets cover the same energy range.
This could be interpreted as originating in the nearly de-
generate 5/2% ground state and first excited 7/2% state
in 1998n, with an energy difference of only 13keV [1,2].
The IBFFM calculations and the 1°8Cd(p,nvy)!°®In reac-
tion data in ref. [5] predict a larger energy splitting be-
tween the 7rgg_/12 ®vgr 2 and gy /12 ® vds /o configurations
than the one deduced in this work. It is worth pointing out
that the parameters for the neutron-core coupling in the

The European Physical Journal A

Table 3. Observed v-ray transitions in '°*In and the deduced
limits on the transition probabilities where possible.

Transition FE; (keV) Ey (keV) E, (keV) B(E2) (Wu)
T — 7L 150.8 0.0 150.8 < 196
57— 7L 2477 0.0 247.7 <222
57 — (6) 247.7 96.9 150.8 <93

IBFFM calculations of ref. [5] were fitted to the energies
of the experimentally determined 7~! ® v multiplet.

4 Coulomb excitation analysis

For completeness we present upper limits of three B(FE2)
values extracted from the '°®In data using the standard
computer codes GOSIA and GOSIA2 using a °®Ni target
normalization. For the details regarding the normalization
we refer to ref. [10]. The E2 and M1 couplings between the
states shown in fig. 3 were included in the analysis as well
as the small set of known branching ratios and mixing ra-
tios from ref. [5]. For the cases where several tentative spin
assignments exist, the lowest spin was chosen. However,
the solution was not sensitive to any variation of tentative
spin assignments for the present case. The properties of
the x2-minimum were tested by initiating the minimiza-
tion routine with a wide range of starting conditions using
randomization and rescaling of the matrix elements. The
statistical uncertainties of the v-ray yields and the large
number of free parameters rendered final matrix elements
with large correlated uncertainties. However, the extremes
of the uncertainties for three of the E2-matrix elements
in '98In were reasonable, see table 3.

5 Conclusions

In conclusion, the radioactive isotopes 196:198In have been
Coulomb excited from their ground states and first excited
isomeric states. The multiplet structure of '°8In has been
re-analyzed in view of the de-excitation patterns observed
here. The realistic residual interaction based on the CD-
Bonn potential does not predict the correct ground-state
spins of 161081y but it reproduces the observed transition
patterns in general. Further Coulomb excitation studies
accompanied with high-statistics decay and reaction stud-
ies are needed in order to improve the precision of the
transition matrix elements in °6:1%In. This information
will provide a good benchmark for studies of the nucleon-
nucleon interaction in the vicinity of '°°Sn, and the m-v
two-body matrix elements in particular.

This work was supported by the Swedish Research Coun-
cil, the European Union through RII3-EURONS (Contract
No. 506065) and the German BMBF through Grant No.
06 KY 205 L.
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