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Abstract. The 3 decay of '°®Sn, a three-neutron-particle nucleus with respect to the °°Sn core, was
investigated at the GSI on-line mass separator using an array of 17 germanium crystals and a total
absorption spectrometer. A total of 31 S-delayed y-rays (29 new) of the '**Sn — '93In decay were observed
and, on the basis of 3-v- coincidences, the '°*Sn decay scheme was established for the first time. By means
of total absorption spectroscopy, 3 intensities, the Gamow-Teller strength distribution and the summed
Gamow-Teller strength value of 3.5 + 0.5 were determined for this decay. Its half-life and Qrc value were
found to be 7.0+0.2 s and 7.64+0.7 MeV, respectively. The -delayed proton branching ratio was measured
to be 1.2 £+ 0.1%. The results are discussed in comparison with shell-model predictions based on realistic

and empirical interactions.

PACS. 27.60.4+j 90 < A < 149 — 21.10.-k Properties of nuclei; nuclear energy levels — 23.40.-s 3 decay;
double 3 decay; electron and muon capture — 23.20.Lv ~ transitions and level energies

1 Introduction

Since the doubly closed-shell nucleus °°Sn and some of
its neighbouring isotopes were identified [1,2], the study
of these very neutron-deficient isotopes has attracted
considerable interest. The experimental progress in
this field includes in-beam spectroscopy of !%3Sn [3],
101 [4], 99Cd [5] and 98Cd [6,7], the search for direct
proton radioactivity in °°Sb [8,9] and (-decay studies
of 1911025y [10,11], 190:192T [12,13] and 9 % Ag [14-18].
Doubly closed-shell nuclei and neighbouring isotopes/-
isotones provide a sensitive test ground for the nuclear
shell model. 1°°Sn is the heaviest doubly-magic N = Z
nucleus, located near the proton drip line, where valence
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protons and neutrons occupy identical shell-model or-
bitals. As the overlap of their wave functions is large,
a strong proton-neutron interaction is expected. The [
decay of nuclei “southeast” of '°°Sn, i.e. with Z < 50
and N > 50, is dominated by the Gamow-Teller (GT)
transformation mgg 2 — vgr/2, which in the decay of an
even-even nucleus populates the I™ = 17 GT resonance in
the daughter nucleus. For an odd-N parent nucleus such
as '93Sn the coupling of this resonance to the unpaired
nucleon can be investigated [10,12-14,16-18].

Our intention has been to contribute to studies on
the GT [(-decay and on the structure of nuclei near the
doubly-magic '°°Sn by investigating the 1°3Sn EC/T de-
cay. Based on shell-model considerations the spins and
parities of the 193Sn and '%3In ground states are likely to
be 5/2% [3] and 9/2T [19], respectively. The main part



212

of the GT strength is thus associated with the 3 feed-
ing of 3/2%, 5/2% and 7/2% levels in '%3In. This dis-
integration pattern corresponds to dominant feeding of
three-quasiparticle states in 1%3In, which represent the
W(gg/Q)_1Vg7/2d5/2 shell-model configuration spread over
many levels. A direct 1°3Sn decay to the ground state
of '9In is second-order forbidden and hence very slow.
Therefore, one expects that °3Sn undergoes mainly an al-
lowed proton-to-neutron transformation to high-lying lev-
els of the J-decay daughter.

The GT strength can be experimentally determined
by measuring (-delayed ~-rays and particles. The elec-
tromagnetic radiation is normally measured by means of
high-resolution germanium (Ge) detectors. However, for a
case such as 193Sn it is expected that a significant part of
the total B-decay strength is distributed over many daugh-
ter states at high excitation energy, where the level density
is very high. Since the g feeding to individual levels is of-
ten very weak and, moreover, their v de-excitation might
proceed through several partly parallel cascades, high-
resolution ~ spectroscopy based on Ge detectors is gen-
erally insufficient to determine the complete GT-strength
distribution due to the limited detection sensitivity. How-
ever, Ge detectors are useful for identifying low-lying levels
in the -decay daughter. This is the reason why they were
employed in this work.

Alternatively, the 3 strength can be obtained from
total absorption spectrometry. An advanced total-
absorption spectrometer (TAS) was used in this work to
study 3 decay of 93Sn. The TAS consists of a large Nal
crystal, a planar Ge detector and a silicon (Si) array for
recording ~-rays, X-rays and charged particles, respec-
tively. The TAS technique is based on recording cascades
of B-delayed ~-rays, with the energy resolution being poor
compared to Ge detectors. The evaluation of TAS data
strongly depends on the knowledge of the response func-
tion of the TAS for each of the cascades. The information
required to obtain the response function concerns excited
levels and their de-excitation pattern, which can be deter-
mined from high-resolution experiments. Thus, using two
complementary methods provides a tool to map the GT-
strength distribution, including high excitation energies in
the daughter nucleus.

The decay of '°3Sn was studied by using both, the TAS
as low-resolution high-efficiency device and an array of
Ge crystals including Si detectors for recording positrons
(Si-Ge array). In this paper we present the first detailed
investigation of the 3-decay properties of '93Sn, yielding
the half-life, the Qgc value, the B-delayed proton branch-
ing ratio, B-delayed y-ray energies and relative intensities,
properties of levels in the '°3In daughter nucleus and the
summed GT strength value. The experimental techniques
are introduced in sect. 2, and the experimental data ob-
tained from the Si-Ge array and TAS are given in sect. 3.
A shell-model calculation is discussed in sect. 4, in com-
parison with experimental results, and sect. 5 presents the
summary.
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2 Experimental techniques
2.1 Production and mass separation

The experiment was performed at the GSI on-line mass
separator. 1°3Sn was produced in the fusion-evaporation
reaction *°Cr(°8Ni, an)®3Sn. A 4.9 MeV/u 5®Ni beam
of about 40 particle-nA from the linear accelerator UNI-
LAC impinged on an enriched *°Cr target (3 mg/cm?,
enrichment 97%). FEBIAD-B2C ion sources with carbon
or niobium catchers were used. High chemical selectiv-
ity for tin was achieved by adding CSs vapour to the ion
source [20]. Using this technique about 60% of the tin ion-
output is shifted to the SnS* molecular side-band, thus
strongly suppressing the isobaric contaminants of indium,
cadmium, silver and palladium isotopes. After ionisation,
acceleration to 55 keV and mass separation in a magnetic
sector field, the ions with A = 103 + 32 were directed to
the high-resolution array or to the TAS. On the basis of
the decay-spectroscopy data, the °3Sn beam intensity was
found to be about 23 atoms/s at a *®Ni beam intensity of
40 particle-nA.

2.2 Si-Ge array

The A = 103 + 32 beam from the mass separator was
implanted into a tape collector in the center of the Si-
Ge array. The implantation point was placed in a vacuum
chamber and surrounded by a prism-shaped array of Si
detectors (covering 65% of 4) to record positrons. It con-
sisted of three 1 mm thick individual detectors, with an
area of 60 x 60 mm? each and is described in detail in
ref. [21]. Around the vacuum chamber an array of 17 indi-
vidual Ge crystals (including one Euroball Cluster [22] and
two GSI VEGA-SuperClover detectors [23]) were placed.

Energy and time events originating from -y and 8-y-y
coincidences between the individual Si and Ge crystals
were digitized and written in event-by-event list mode on
a magnetic tape. For registering such coincidences, a fast-
slow coincidence circuit based on NIM standard electron-
ics was employed. The range of the time-to-digital convert-
ers was set to 1 us for each individual detector. The accu-
mulation of the data was triggered by a logic “OR” condi-
tion of the timing signals originating either from single sig-
nals from the individual Ge crystals suppressed by a fac-
tor of 2°, or from (unsuppressed) 3-v and -7 events. The
corresponding (- coincidence trigger was used to open a
time gate of 10 us for all amplitude-to-digital converters.

The ~-ray energies, observed in this work, were cali-
brated by using known lines from the room background
as well as from standard calibration sources such as
133Ba, 152Eu and 2°7Bi. These sources, placed at the
implantation point, were also used to determine the
photopeak efficiency as a function of the v-ray energy for
all Ge counters. It was measured to be 3.2% for 1.33 MeV
~v-ray energy for the single-hit mode, i.e., accumulating
the individual events from each Ge crystal. The energy
resolution determined as full width at half maximum
of the photopeak was about 3 keV at 1.33 MeV ~-ray
energy. The segmentation of the Ge-detector system used
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in this experiment was sufficient to keep the summing
perturbation of the measured 7-ray intensities below 10%
for a y-ray multiplicity of 5 [24].

The main '°3Sn measurement was performed in the
grow-in method, i.e., during the time when the A =
103+ 32 beam was continuously implanted into the tape at
rest. After a pre-selected time, the tape moved away the
buildup activity of 1°3Sn decay products from the center
of the Si-Ge array. An implantation period of 48 s was
chosen in order to optimize the '°3Sn decay rate and to
suppress the longer-lived contaminants. The total num-
ber of tape cycles amounted to 870, which corresponds to
a measuring time of 11.6 h. In addition a measurement
(2.1 h) was performed with the A = 103 4 32 beam be-
ing implanted into the tape for 16 s, followed by a 16 s
beam-off period (grow-in/decay method).

2.3 TAS

The TAS, which is described in detail in ref. [25], con-
sists of a large Nal crystal with 356 mm length and 356
mm diameter. The pulse-height distribution obtained from
this crystal is called “TAS spectrum” in the following. A
cylindrical well along the axis of the crystal permits the
placement of a source and ancillary detectors in the cen-
ter of the TAS. The mass-separated A = 103 + 32 beam
was implanted into a transport tape, with the resulting
radioactive sources being regularly moved to the center
of the TAS. Here, the implantation point was viewed by
two Si detectors (thickness 0.5 mm, diameter 16 mm) sit-
uated above (TOP) and below (BOT) the transport tape.
Just behind the TOP detector the planar 2 cm?® Ge X-ray
(GeX) detector was placed. By demanding coincidence
with signals from the Si detectors, the 3T component for
the decay of interest was selected, whereas coincidences
with characteristic K g X-rays recorded by the GeX de-
tector were used to select the electron capture (EC) mode.
The BOT detector, viewing the transport tape from the
side of the ion implantation, was used to detect positrons
as well as B-delayed protons.

To deliver fresh radioactive sources and remove the
daughter activity, the transport tape was periodically
moved. Each implantation-measurement cycle consisted
of consecutive periods of 16 and 0.8 s used for implan-
tation and transport, respectively, with the measurement
being performed simultaneously with the implantation of
the subsequent source. The total number of such cycles
was 8090, corresponding to a total measuring time of 36 h.

The TAS spectra obtained with mass-separated
activity contain background, in spite of the selectivity
of the ion source and the tape cycle. In order to obtain
a pure '93Sn spectrum, the '°3In and '3Cd contri-
butions to the TAS spectrum have to be determined.
For this purpose, we chose implantation-measurement
periods of 64 and 800 s and accumulated 630 and 8
such cycles, respectively. To measure the efficiencies of
the above-mentioned coincidence gates on characteristic
K, g X-rays and positrons, an additional measurement
of the '°Sn decay was performed with 107 cycles of 120
s implantation-measurement time.
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Table 1. Results obtained from the Si-Ge array measurement:
~-ray energies (E,), relative y-ray intensities (I,) and -y co-
incidence relationships.

E, (keV) I, (%)™ ~-rays in coincidence
(keV)

314.0£0.2 45%2  (295), 355, 511, 1356, 1611

351.340.2 941 511, (780), 1078

355.440.2 1141 314, 511, (1212), 1356

627.441.4 1.240.5 511, 1397

635.440.5 4+1 511, 821, 1356

643.140.1™ 1541 511

752.140.2 8+1 511, 1397

780.0+0.2)  3.0+£0.5 511, 351

821.0+0.1 1241 511, (635), 1356

830.60.2 2.940.5 511, (1078)

853.0+0.5 3.44+0.5 511, 1356

964.34-0.6 341 511, 1356

993.74+0.3(*) 741 511

1071.340.3) 5+1 511

1077.6+0.3 2241 351, 511, (831)

1134.540.2(*) 5+1 511

1272.840.3 1.9405 511

1355.840.1 100 314, 355, 511, 635, 821, (824),
853, 964, (1144), 1611,
(1841), 2106

1396.840.1 43+2 511, 752, 627

1428.94-0.1(® 1541 511

1548.84-0.3(*) 4+1 511

1579.840.4) 4+1 511

1610.940.2 13+1 314, 511, 1356

1669.320.3(°) 541 511

1840.940.4 541 511, 1356

1908.5+0.5(%) 4+1 511

1958.8+0.3(*) 1141 511

2049.7+0.3%) 741 511

2106.340.3 7+1 511, (1356)

2209.3+0.3(®) 4+1 511

2813.2+0.5() 104£2 511

(a) Absolute intensities per 100 decays can be derived from the I, values
by multiplying them by a factor of 0.40 &+ 0.05.

(*) Transitions tentatively assigned to the 1°2Sn decay but not placed
in the decay scheme.

(e) Transitions placed in the level scheme without coincidence relation-

ship but on the basis of known level energies.

3 Experimental results

3.1 Results of the measurement performed by means
of the Si-Ge array

The (-vy and (B-v-v coincidence data were sorted off-line
into spectra and two-dimensional matrices. The condition
for detecting positrons in the Si detectors as full-energy
or energy-loss events was set to cover the range of 190
to 2110 keV. The ~-ray spectrum obtained at mass A =
103 + 32 in coincidence with positrons is shown in fig. 1.

The v-ray lines at 1078 and 1273 keV were identified
by in-beam work [19] to represent transitions in '%3In.
In addition to these two transitions, we were able to
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Fig. 1. Gamma-ray spectrum obtained for mass 103 + 32 in coincidence with positrons. Gamma rays known to belong to
the '%3In decay [26] are marked by circles. The 1078 and 1273 keV lines, marked by open squares, were identified by in-beam
spectroscopy [19] as transitions in '°3In. Lines marked by filled squares indicate new 3-delayed y-rays which are assigned to the
decay of 193Sn. Energy labels are given in keV. The spectrum in the top panel was scaled by a factor of 5 above an energy of
530 keV and in the bottom panel by a factor of 8 above an energy of 1500 keV.
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Fig. 2. Background-subtracted (3-y-y coincidence spectrum, obtained for mass 103432 with a gate on the most intense 1356 keV
line. The spectrum in the top panel was scaled by a factor of 9 above an energy of 530 keV.

unambiguously assign 20 new 7 lines to the 1°3Sn decay. Table 2. Half-life of *>Sn determined by using the Si-Ge ar-
Gamma rays in '°2Cd such as the 777 keV 2+ — 071 tran- ray and the TAS (see text). The weighted average half-life is
sition, that may be emitted after 3-delayed proton decay calculated from the six individual values.

of 193Sn, were not observed in the spectrum displayed in Spectrum condition Ti/2 (5)
fig. 1. This is due to the fact that this disintegration mode 5 yays 314 (grow-in) T9+0.7
has a small branching ratio and is mainly connected with  ~-rays 314 (grow-in/decay) 7.840.9
EC decay, as will be discussed in sect. 3.2.3 ~-rays 1356 (grow-in) 6.7+ 0.6
The results obtained from this measurement are sum-  77Tays 1356 (grow-in/decay) 6.6+0.8

marised in table 1. The relative v-ray intensities were 78S 1397 (grow_,m) Tl
obtained from the §-gated vy-ray spectrum. For this pur- Protons with energies above E, > 3 MeV T0£05
Protons in anticoincidence with TAS 7.0+04

pose, the original intensities were corrected for the energy-
dependent efficiency of the Ge detectors and normalised
to the intensity of the 1356 keV line, neglecting summing
corrections.

Ti/s =7.040.2

The assignment of the 314, 1356 and 1397 keV ~-rays Table 2 shows results of fits to measured time profiles
to the 193Sn decay was based on experimental half-lives. using the maximum-likelihood method. They stem from
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Fig. 3. Proposed scheme of '°*In levels fed in the decay of '°*Sn compared with shell-model calculations [30,31] (Model A, see

sect. 4.2). Transitions in '°*In are marked by their energies in

keV and relative intensities in %. Spin and parity assignments

were taken from [19] (except for 1429 keV level). Transitions and levels marked by dashed lines are placed tentatively in the
decay scheme. The § intensities (I5 in %) and log ft values represent TAS results. For the shell-model predictions, all 3/2%,
5/2%, 7/27 and 9/27, but only the first 1/27, 11/2T and 13/2% '°In levels are shown.

(-delayed ~-ray (48 s grow-in and 16 s/16 s grow-in/decay)
or proton data (see sect. 3.2.3). The lower accuracy of
the half-life values deduced from the measurement in
grow-in/decay mode is due to the short measurement
time, i.e. poor statistics. The weighted average of the
1038n half-life is 7.040.2 s. This result is in agreement, but
considerably more accurate than the previously obtained
values of 7+ 3 s [27] and 7.5 £ 1.5 s [28]. Tt deviates,
however, from the result of 8.7 £ 0.6 s [29].

Further information for constructing the 1°3Sn —
decay level-scheme stems from the [-v-y coincidence
data which are included in table 1. As an example, the
background-corrected y-ray spectrum obtained in coinci-
dence with 1356 keV line is shown in fig. 2. The resulting
decay scheme, displayed in fig. 3, includes 23 of the 31
v transitions that were assigned to represent [-delayed
v-rays of 1%3Sn. The 1078 and 1273 keV ~-rays are known
to represent transitions from the (11/2%) to the ground
state and from the (13/2%) to the ground state [19]. The
cascades feeding levels at 1078, 1356 and 1397 keV were
established by using ~-v coincidence relationships. The
1429 keV level, based on the coincidence relationship be-
tween the 1078 and 351 keV transitions, is supported by
the observation of the 1429 keV transition which is in-

103In

terpreted as a cross-over transition from this level to the
ground state. This 1429 keV transition competes with the
351 keV one, for which the F2 multipolarity is likely ex-
cluded. Therefore, the 1429 keV level is most probably a
9/2% state, as the transition from the 193Sn ground state
(5/27) to the 11/27 state in 1%3In is forbidden, and an E2
would be required for the (7/2%) — 11/2" one. In a simi-
lar way like for 1429 keV line the 1669 keV transition sup-
porting a level established by the 1356 and 314 keV lines
was placed, as well as the 2209 keV (2209 = 853 + 1356),
2813 keV (2813 ~ 1356 + 821 + 635) and 1909 keV
(1909 = 1078 + 831) transitions. These four lines were
considered to represent cross-over « transitions, with only
minor contribution due to summing effect (see sect. 2.2).
The nine lines marked by asterisks in table 1 have been ob-
served in coincidence with the 511 keV annihilation peak
only (except for 780 keV line). In view of this fact and the
low statistics of these lines which make a half-life determi-
nation unreliable, it was considered unsafe to include these
lines into the decay scheme of '°3Sn. The possible place-
ment of the 643 keV transition is discussed in sect. 3.3.
The apparent [ intensities and log ft values, deduced
from such a (partial) level scheme, are unreliable due to
the problem of missing (weak) ~-rays in high-resolution
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Fig. 4. X-ray spectra registered during the A = 103 + 32
measurement by the GeX detector before (upper panel) and
after (middle panel) subtraction of contributions from contam-
inants, and in coincidence with protons registered in the BOT
detector (lower panel). Peaks assigned to the decay of 103Gy,
1031y, 193Cd, corresponding to the observation of In, Cd and
Ag X-rays, respectively, are accordingly labelled.

studies. The [ intensities and log ft values shown in fig. 3
were obtained from the TAS data (see sect. 3.2.2).

3.2 Results of the TAS measurement
3.2.1 Experimental TAS spectra

As the singles TAS spectrum is dominated by contribu-
tions from the room background, 1°3Sn decay events were
selected by using the ancillary detectors. The GeX de-
tector was employed to measure the characteristic X-rays
emitted after EC processes. The resulting X-ray spectrum
is shown in the upper panel of fig. 4. The peaks of In, Cd
and Ag X-rays can be assigned to the EC decay of %3Sn,
1031y and '°3Cd, respectively, provided the contributions
of conversion electrons from transitions in the respective
daughter nuclei can be neglected. By demanding coinci-
dence between the TAS signal and the characteristic In
X-ray measured by the GeX detector, the EC component
of the 13Sn decay was selected. The resulting TAS spec-
trum (TAS(EC)) is shown in the lower panel of fig. 5.
The absorbed-energy scale of this figure and all following
TAS spectra is only approximate as the correspondence
between peak position in the TAS spectra and 1°3In level
energies depends on the de-excitation path, see ref. [32]
for details. The TAS(EC) spectrum does not suffer from
the isobaric contaminant because of the high resolution of
the GeX detector.

The TOP and BOT detectors were used to regis-
ter positrons and protons (see fig. 6). The exponential
low-energy events are assigned to positrons while the
“bump” above about 2 MeV is interpreted as being due to
B-delayed protons (see sect. 3.2.3). The latter events reg-
istered by the TOP detector are shifted to lower energies

The European Physical Journal A
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Fig. 5. Upper panel: TAS spectrum gated by the TOP and
BOT detectors, selecting the 8+ component of the '°3Sn decay.
The °In and '°3Cd contamination has been subtracted. Lower
panel: TAS spectrum representing the EC component of the
10391 decay. The latter data were obtained by gating on In K,
X-rays measured by the GeX detector.
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Fig. 6. Spectrum of (-particles and protons from the °3Sn
decay, measured by the BOT (black-line histogram) and TOP
(shaded-area histogram) detectors.

due to the energy loss of protons in the tape. The energy
range between 0.2 and 1.8 MeV was used as a positron con-
dition for both Si detectors. Events observed in the BOT
detector, which have energy deposits larger than 2.5 MeV
were considered to stem from protons. By demanding co-
incidence of the TAS signal with signals from the TOP
or/and BOT detector within the positron gate, the 8+
component of the decay was obtained (TAS(3%)). On the
basis of the additional measurements with longer tape cy-
cles (see sect. 2.3), the 19%In and 193Cd contributions were
subtracted from the total TAS(3™) spectrum obtained for
A = 103432. The subtraction coefficients were determined
by using the X-ray spectra for normalisation. For this pur-
pose, the GeX spectra obtained from the long-cycle mea-
surements (see sect. 2.3) were subtracted from the GeX
spectrum of the main measurement until the peaks of char-
acteristic Ag and Cd X-rays disappeared. The resulting
GeX spectrum is shown in the central panel of fig. 4, while
the corresponding background-free TAS(3) spectrum is
displayed in the upper panel of fig. 5. All in all, it was
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Fig. 7. Upper panel: Background-free singles TAS spectrum
of the '%Sn decay (thick-line histogram) and sum of the
TAS(EC) and TAS(B™") spectra divided by corresponding gate
efficiencies (grey-line histogram). Lower panel: Difference be-
tween the spectra displayed in the upper panel.

found that the total TAS(31) spectrum contained a frac-
tion of 23% due to contributions of isobaric contaminants.

The efficiency of the gate conditions set on the Si
and GeX signals was deduced from the °6Sn data (see
sect. 2.3). In this case the singles TAS spectrum was used,
after subtracting the contribution from the room back-
ground determined in a separate measurement. The re-
sulting TAS spectrum is shown in the upper panel of
fig. 7. The singles background-free TAS spectrum consists
of 87 and EC contributions from the decay of interest and
from contaminants. In the first-order approximation the
Si gated TAS spectrum contains only the 3T component
but with reduced statistics compared to the singles TAS
spectrum. The reduction factor represents the efficiency
of the corresponding gate (eg;). The same assumption can
be used for conditions on In and Cd X-rays measured by
the GeX detector (egex,in, €Gex,cda). However, this ap-
proach works only for events where all prompt 7-rays are
absorbed by the TAS. Otherwise, there is the probabil-
ity of registering ~-rays in the GeX or Si detectors, which
depends on the v-de-excitation pattern in the daughter
nucleus. The condition of 100% total-absorption efficiency
is fulfilled only for the photopeaks. Therefore, during the
decomposition of the singles TAS spectrum only photo-
peaks were taken into account. The resulting sum of the
TAS(EC) and TAS(B8") spectra, corrected for gate effi-
ciencies of eg; = 88+ 1% and egex i = 6.6 £0.5%, respec-
tively, is shown in the upper panel of fig. 7. During the
decomposition, only the °6Sn and '°°In EC-decay com-
ponents were taken into account. The small disagreement
between the two spectra, displayed in the lower panel of
fig. 7, is due to neglecting the 1°Cd EC-decay component.

The total number of counts in the TAS(EC) and
TAS(B) spectra measured for the 1%3Sn decay as well
as the efficiencies of the gate conditions were used to de-
termine the EC/total ratio. However, to take into account
the probability of registering 7-rays in the GeX detec-
tor, a small correction of 0.92 4+ 0.02 was applied to the
€gex,in value. This correction factor was deduced from a
Monte Carlo simulation of the 1°3Sn decay. The resulting
EC/total value was found to be 0.20 & 0.02.
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3.2.2 Beta-intensity distribution

In order to determine the [-intensity distribution for
1038n, a set of TAS spectra corresponding to the popula-
tion of selected 193In levels was simulated and fitted to the
experimental TAS spectra by a least-squares method, with
the 3 intensities of these levels being variable parameters.

The simulations were performed by using the Monte
Carlo code GEANT-4 [33]. To perform the simulation for
a TAS spectrum corresponding to the population of a se-
lected 19%In level the knowledge of its de-excitation pat-
tern is required. Therefore the level scheme obtained from
the high-resolution measurement (see sect. 3.1) was used
as an input for the simulation. However, the low efficiency
of the high-resolution setup means that weak (-delayed ~
transitions have remained unobserved. Correspondingly,
the decay scheme shown in fig. 3 is incomplete, and hence
assumptions have to be made in deducing [ intensities.
To overcome this problem, additional 1°3In levels were in-
troduced. For this purpose, a shell model calculation [30,
31] (see also sect. 4.2, Model A) of '%3In excited levels
in the spin range between 1/2 and 21/2 was performed,
yielding 4900 levels within the Qgrc value of 7.64 MeV
(see below). Among them 800 levels have 3/2%, 5/2% or
7/2% spin-parity, thus were assumed to be populated in
the 193Sn 3-decay. However, each of these level adds addi-
tional parameters to the deconvolution procedure. In order
to reduce the number of fit parameters, the range of 1%In
excitation energies above 2.5 MeV was divided into 90 en-
ergy intervals (AFE;) of 50 keV width which were treated
as “single levels” populated in 3 decay.

To simulate a [-decay event a sequence of sub-
events, namely X-ray or positron emission followed by
prompt v-rays, was generated as an input to the detector-
simulation programme. The generation of the prompt
cascade depends on the type of the initial level. In case
of a B decay to one of the levels known from the high-
resolution measurement (L;) the de-excitation pattern
was taken from the scheme shown in fig. 3. However, to
simulate the response function of the TAS for a 3 de-
cay to the interval AE; additional assumptions had to be
made. The spin-parity I™ of the initial energy interval was
drew for each simulated event to be 3/2%, 5/2% or 7/2%.
Further de-excitation of the levels within AFE; is possible
via a -y transition to another energy interval or to one of
the experimentally established levels L;. The probability
of the AE;(I]) — AEy(I}) transition was assumed to

be bAE(i,Iﬂf,I}r) = Zker,X FX(Ei,If;E’;,I,’J), where
F\ (E1,IT; Ey,IF) is the probability of the electromag-
netic transition of the type x € {F1, E2, M1} between
the excitation energies F; and FEs determined by sta-
tistical models (E1 [34], M1 [35], E2 [36,37]). The en-
semble My consists of the levels predicted by the shell
model calculation to lie within the energy interval AE;.
In case of transitions from the energy interval AFE; to one
of the known levels L; the probability was calculated as
bo(i, I, IF) = Cr 32, F (B, IT; Ey,I7), where Cy are
coefficients introduced in order to reproduce the relative
~-ray intensities listed in table 1.
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Fig. 8. Intensities of the S-delayed ~-rays from the '°*Sn de-
cay as a function of the '°3In excitation energy. The ~ intensity
is defined as the number of quanta emitted per 100 decays, in-
tegrated over an excitation energy interval of 20 keV. The TAS
results (black-line histogram) are compared to data obtained
by the Si-Ge array (shaded-area histogram). The latter distri-
bution has being folded with the TAS resolution.

In order to verify the above-mentioned assumptions,
an additional criterion is needed. Once the (3 intensities
(Ig) are determined from the fit procedure it is possible
to deduce the ~-intensity (1) spectrum which shows how
many ~ quanta depopulate a certain '°3In level. In case of
the correct construction of the level scheme including the
energy intervals, and the correct determination of the Ig
distribution, the v intensities deduced for the experimen-
tally known levels L; should be the same as those deter-
mined from the high-resolution measurement. When the
level scheme used for the simulation is wrong, the corre-
sponding I, spectra obtained from the fit and experiment
will disagree. To correct such a discrepancy the above-
mentioned coefficients C'y were changed. After matching
the Cy values a new simulation was performed to deter-
mine the TAS response functions, and the fitting proce-
dure was repeated. Such iterations were made until agree-
ment between experimental and simulated I, spectra was
reached. The corresponding I, spectra are shown in fig. 8.
Below 2.5 MeV, the two curves agree. However, above 2.5
MeV the TAS measurement shows higher 7 intensities
because in this excitation energy region close-lying and
weakly-populated °3In levels exist, whose identification
is impossible with the Ge array used in this work.

During the deconvolution procedure the TAS(87) and
TAS(EC) spectra were fitted simultaneously with the
103Sn Qg value being a fixed parameter. The resulting 15
distribution allowed us to determine the EC/total ratio,
which strongly depends on the Qgc value assumed dur-
ing the fit. By repeating the fitting procedure for different
Qrc values the experimental EC/total value of 0.20+0.02
mentioned in sect. 3.2.1 was reproduced, the correspond-
ing Qgrc value for the 1°3Sn decay being 7660 + 100 keV.

The final I3 distribution is shown in fig. 9. The TAS
data give evidence for the population of the 1670, 2025,
2177, 2812, 3281 and 3462 keV levels obtained from the
high-resolution measurement. For the other levels, shown
in fig. 3, the TAS measurement excludes [ intensities
above a level of about 0.5%.
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Fig. 9. Beta-intensity distribution for the '°3Sn decay ob-
tained by measuring (-delayed 7-rays (black-line histogram)
and (-delayed proton emission (shaded-area histogram).

The TAS data for the °3Sn decay show no direct 3
feeding of the '93In ground state. The 1022 keV peak in
the TAS(B7) spectrum, displayed in fig. 5, corresponds to
an escape of a y-ray depopulating a '°%In level by a single
~ transition. A simple estimate based on the assumption
that all counts in the 1022 keV peak correspond to the
direct ground-state feeding gives an upper limit of 1% for
the ( intensity of the ground-state—to—ground-state decay.
This result will be further discussed in sect. 4.3.

3.2.3 Beta-delayed proton properties

Beta-delayed protons of the 93Sn decay were registered
by the BOT detector. However, the thin layer of air
(0.65 mm) between the source and BOT detector did not
allow us to make an accurate energy calibration. A *8Gd
a-source was used as a high-energy calibration point of
3.18 MeV. In order to take into account the energy losses
of a-particles in air, the corresponding response of the
BOT detector was simulated by the Monte Carlo toolkit
GEANT-4 [33] and compared with the measured spec-
trum. The 662 keV conversion-electron peak, observed by
using a '37Cs source, was used as an additional calibration
point. The resulting accuracy of the energy calibration for
protons was about 100 keV.

The TAS enables one to identify the final states pop-
ulated in Bp decay by detecting v-rays following proton
emission. Moreover, the total absorption effect in the TAS
allows one to discriminate between the EC and 87 decay
modes. The TAS spectrum measured in coincidence with
protons emitted in the 3 decay of 1°3Sn is shown in fig. 10.
The 777 keV peak corresponds to the Gp decay to the first
excited state in 1°2Cd after EC (ECp) decay. The 1022 keV
peak stems from proton transitions to the '°2Cd ground
state after positron (3+p) decay of 193Sn. The trace of the
T77+1022 keV peak in fig. 10 indicates the 87 p feeding of
the 777 keV state in 1°2Cd. The energy shift of 1022 keV
between the ECp and S7p peaks is due to the absorp-
tion of two 511 keV quanta, whereas the ECp decay to
the ground state of the °2Cd is characterised by the ab-
sence of TAS signals. The fp-gated TAS spectrum was
decomposed into four contributions from STp and ECp
transitions to ground and first excited states of 1°2Cd by
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150 777 keV Table 3. Experimentally determined relative branching ratios
[ for B-delayed proton decay of '°3Sn to °2Cd states of excita-
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Fig. 10. TAS spectrum gated by (-delayed protons from the 5
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Fig. 11. Intensities of the 3-delayed proton decay of °3Sn,
obtained in the experiment (solid-line histograms) and from
statistical model calculations (dashed-line histograms). Upper
panel: proton intensities for the 1°3Sn fp decay to the °2Cd
ground state. Lower panel: proton intensities for Sp decay to
the 27 level in the '°2Cd.

using the simulated TAS response functions. However, the
branching ratios obtained for these states are related to
the entire proton spectrum of the 1°3Sn decay within the
proton window and, therefore, should be corrected by us-
ing the proton spectra of each decay component.

The proton spectrum of the ECp decay to the ground
state of 1°2Cd was obtained by demanding anticoinci-
dences of the BOT signals with those from TAS. However,
the low-energy part of the resulting spectrum contains a
contribution from conversion electrons emitted in the de-
cay of the 632 keV 1/2~ isomer of '°3In, which will be
discussed in sect. 3.3. The protons corresponding to the
B7p mode feeding the ground state and the ECp compo-
nent feeding the 2%, 777 keV state of 192Cd were selected
by gating on the 1022 keV and 777 keV lines in the TAS
spectrum, respectively. To avoid summation of the proton
and positron signals, the 31 p spectrum was additionally
gated by (-particles registered in the TOP detector. The
proton spectra for all above-mentioned components con-
tain some positron contribution in their low-energy part.
Nevertheless the Bp events are generally well separated
from positrons and conversion electrons. The only excep-
tion is the proton spectrum of the 3tp component feed-
ing the 2%, 777 keV state in '°2Cd, which was obtained
by setting a 1.3 to 1.8 MeV gate in the TAS spectrum
(777 + 1022 keV line with corresponding Compton tail)

the '°3Sn fp-decay to the ground state of °2Cd. The solid
line represents the best fit of the theoretical IEcp/IBer data to
the experimental results, yielding a Qrc — Sp value of 5400 +
100 keV.

and requiring positrons to be registered in the TOP de-
tector. In this case, the low statistics and the positron
background did not allow us to unambiguously identify
0Op events. This component has, however, a small branch-
ing ratio (less than 2%) and is thus neglected in the fur-
ther analysis. All proton spectra were normalised by us-
ing branching ratios obtained from the decomposition of
the fp-gated TAS spectrum. The efficiency for registering
protons in the BOT detector was determined by Monte
Carlo simulations. The resulting response functions of the
BOT detector for 1.5 to 5 MeV protons were used for
deconvoluting the experimental proton spectra. This pro-
cedure yields the B-intensity distribution related to Gp
emission, displayed in fig. 9. This spectrum, which takes
the proton-separation energy of 2210440 keV in *%3In [38]
into account, was used for determining the proton branch-
ing ratio of 1.2 +0.1% and for deducing the GT strength
distribution related to the Sp decay. The intensities of the
103Gy Bp-decay to the ground and first excited states of
102Cq are shown in fig. 11 in comparison with the statisti-
cal model calculations, discussed in sect. 4.1. The branch-
ing ratios for corresponding 87 p and ECp transitions, de-
duced from these proton intensities, are shown in table 3.

For a selected 1°2Cd state, the slope of the ratio of the
ECp and 7 p intensities (Igcp/Ig+p) as a function of the
proton energy depends only on the energy window open
for these two decay modes, and can thus be used to deter-
mine the Qrc — Sp value. The corresponding results for
the decay of 193Sn to the '92Cd ground state are shown
in fig. 12. The experimental data were fitted by using the
theoretical ratio of the statistical rate functions for 3+
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emission and EC decay [39]. The Qrc — Sp value was the
only free parameter in this fit. The resulting Qrc — Sp
value is 5400 £ 100 keV. The major part of the uncer-
tainty is due to the inaccuracy of the proton energy cal-
ibration. This Qrc — Sp value, together with the known
1031n proton-separation energy of 2210440 keV [38], yields
a Qgc value of 7610 + 110 keV for the 1°3Sn decay. This
Qrc value agrees with the one determined in sect. 3.2.2
from the EC/3" ratio. The weighted average for Qrc is
7640 + 70 keV, compared to a value of 7630 + 300 keV
extrapolated from systematic trends [38].

3.31/2~ isomer in 1%In

The presence of a long-lived 1/27 isomer in '°3In with an
excitation energy of 632 keV and a half-life of 34 +2 s has
been reported in refs. [40] and [26]. In the measurement
with the Si-Ge array we did not observe y-rays depopu-
lating the isomeric state because of the short time gate
for (- coincidences (see sect. 2.2). However, transitions
from the 1/27 isomeric level were registered in the TAS
measurement. The Nal crystal of the TAS was used as an
active shielding of the GeX and Si detectors. By demand-
ing anticoincidence with Nal signals, the 632 keV v-rays
as well as the corresponding conversion electrons were de-
tected by the GeX and Si detectors, respectively.

The [-decay and internal-transition (IT) branches of
103mn are known to be 67% and 33%, respectively [26].
By using the TAS, the intensity of the IT branch was
measured to be about 8(2)% of all '°3Sn decays. This
value was obtained in a conversion-electron measurement,
requiring events in the TOP and/or BOT detectors to
be in anticoincidence with Nal signals. This gives a
total intensity of about 24% of all 1°3Sn decays feeding
the 1/2~ state. The unplaced 7-ray transitions of 643,
994, 1071, 1134, 1548, 1579, 1958 and 2049 keV (see
table 1) are candidates to feed the isomeric state. The
most intense of those being the 643 keV transition has an
intensity of 6% per '°3Sn decay. If one assumes that this
line directly populates the isomer, a level at 1275 keV
is established. The systematics of light odd-A indium
isotopes, displayed in fig. 13, shows the presence of
low-lying 1/2~ isomers in the neighbouring °°In [41] and
107In [42] nuclei. In '%In the 1/2 isomeric level is fed
by two transitions with energies of 629 and 536 keV [43]
and intensities similar to that of the 643 keV line (see
also table 1). It is thus tentatively suggested to place the
643 keV transition as one feeding the 1/2~ isomeric state
in 193In. However, there is no indication of any direct 3
feeding of the 1275 keV level in the TAS data, while it
may well be populated by « decay of higher-lying states.

The (5/27) level in °7In lying at 840 keV above the
1/27 isomer is shown in fig. 13. The 994 keV unplaced
gamma ray in the '°3Sn decay could be an analogue of
(5/27)—1/2~ transition in °7In, albeit no such a tran-
sition has been found in '°°In. The analogous transition
in 1%In has an energy of 791 keV [44]. Another unplaced
780 keV transition, found in this work, cannot populate
the isomeric state, since it was found to be in coincidence
with the 351 keV transition from the other cascade.
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Fig. 13. Systematics of low-lying levels for light odd-A indium
isotopes. Only transitions feeding an isomer are shown. The
data were taken from [41,42] for '°"In, [40,43] for '°°In and [26]
for 1%3In.

4 Discussion
4.1 Beta-delayed proton decay of 1%3Sn

A statistical model calculation was performed in order to
interpret the proton-intensity distribution. In this model
the 5/2% ground state of the 193Sn decays via allowed
BT /EC transitions to I™ € {3/2%;5/2%;7/2%} states in
1031, The probability to populate such levels was assumed
to be proportional to (21 + 1). For the statistical model
calculation the distribution of the experimental 3 inten-
sity, displayed in fig. 9, was used. For the level density of
intermediate states in 1°3In the shell model prediction was
employed (see sect. 4.2, Model A).

The '%In states populated in 5 decay de-excite via
y-ray or proton emission. The corresponding radiative
widths were calculated by using the statistical model
of nuclear electromagnetic de-excitation [45]. The pro-
ton widths for the %3In levels that decay into the '92Cd
ground and first excited states were obtained as described
in ref. [46]. The coeflicients for the proton-barrier trans-
mission were calculated by using a set of optical-model
potential parameters from ref. [47].

In order to reproduce within the statistical model cal-
culation the experimental value of 1.2 +0.1% for the pro-
ton branching ratio (see sect. 3.2.3), the v widths of the
relevant 1%3In states were reduced by 30%. The result-
ing shape of the proton-intensity distributions is in good
agreement with the experimental data (see fig. 11). This
model also reproduces the experimental branching ratio
of Op transitions to the ground and first excited states
of 192Cd. The shift of about 150 keV of the mean proton
energy between calculation and experiment probably indi-
cates that the model calculation is based on an incorrect
energy dependence of the v widths of the 193In states.

The measurement of K X-rays in coincidence with the
Bp decay of 193Sn, shown in the lower panel of fig. 4, al-
lowed us to deduce the intensity ratio Ix (In)/Ix (Cd). The
resulting upper limit of 4 & 2% is in agreement with the
value of 2% obtained in the statistical model calculation
described above. Using this ratio and the total width of
the K-shell vacancy state in a tin atom of 8.53 eV [48],



O. Kavatsyuk et al

the mean width of excited nuclear states in 1%3In was de-
termined to be 0.3 £ 0.2 eV (for more details about this
method see [49,50]).

4.2 1031 level scheme

The shell-model calculations were performed by means of
the code OXBASH [51] in the 7(1gg/2, 2p1/2)117 v(1g7/2,
2ds /2, 2d3/2, 3812, 1h11/2)4 model space, using realistic
effective interaction [30] and considering ®8Sr as an inert
core. The single particle energies were chosen to reproduce
the single proton hole and single neutron particle energies
in 1%98n [31]. This model approach will be denoted Model
A further on. As an alternative approach we will discuss
in sect. 4.4 results from a shell model calculation in the
same model space using an empirical interaction as de-
scribed in refs. [28,52], which will be denoted as Model
B in the further discussion. The shell-model structure of
positive-parity levels in '°3In is governed by the coupling
of a m(1gg/2) hole to the four neutrons above the N = 50
closed shell. The ground state of %3In is assumed to be
I™ = 9/2% [19]. In fig. 3 the experimental level scheme
obtained in the present work is compared to the shell-
model results of Model A. The coupling of the m(1gg,2)
state to the I™=2T state in °4Sn gives rise to the mul-
tiplet I™=(5/2%, 7/2%,9/2%, 11/2%, 13/27%). This set of
states is separated by an energy gap of about 300 keV
from the other higher-lying levels in the shell-model pre-
dictions as well as in the experimental level scheme (see
fig. 3). Two lower-lying levels of the multiplet, at the ener-
gies of 1078 and 1273 keV, are known to have 11/2% and
13/2% assignment [19], respectively. For the 1429 keV level
the spin-parity of (9/2%1) was suggested (see. 3.1). The lev-
els at 1356 and 1397 energy are expected to be 5/2% and
7/2% states. In the shell-model calculation this multiplet
is shifted upwards by about 300 keV, which is due to a
too strong pairing in the '%4Sn ground state. A correction
would require a tuning of the realistic interaction which is
outside the scope of the present paper.

The 1/27 state is predicted by the shell-model calcula-
tion with the original two-body matrix elements (TBME)
to be at an energy of 1372 keV. This is about 700 keV
higher than the experimentally measured value of 632 keV
(see sect. 3.3). The discrepancy is due to the untuned
7p1 2V (ds /2, g7/2) monopole interaction. A monopole shift
of 250 keV to mp;/ovds o multiplet and 200 keV to the
Tp1/2vg7/2 multiplet brings the 1/27 state to 664 keV
(see fig. 3). As a side effect this correction reproduces the
Z = 40 shell gap in ?%Zr, which is predicted too high
with the original TBME, and is determined by the same
monopoles.

4.3 Ground-state spin and parity assignment of 103Sn

The 5/2% assignment for the 193Sn ground state is based
on a systematical comparison with the other odd-A neut-
ron-deficient tin isotopes [3]. If one assumes, in contrast to

.: Beta decay of '°3Sn 221

' 0.2r 7
S ,='=.
o [ X E
2 | i’ S
5 O ' I
< F o~
Q r L
= &
<) N -, e o
m L e L Ll ) ey e I ——— .

00 1 2 3 4 5 6 7

E [MeV]

Fig. 14. GT strength distribution for '°*Sn obtained from the
TAS measurement (black-line histogram) and resulting from
shell-model calculations: Model A (grey-line histogram) and
Model B (dotted histogram), introduced in sects. 4.2. The the-
oretical distributions were normalized to the summed experi-
mental B(GT) value (see text).

this assignment, the vg;/, shell-model state to form the
ground state of 193In, the above-mentioned shell model
calculation predicts a (3 intensity of 6% for its GT de-
cay to the '93In ground state. This prediction, compared
to the upper limit of 1% for the ground-state—to—ground-
state [ intensity (see sect. 3.2.2) yields further evidence
for assigning 5/2% to the ground state of 1%3Sn.

4.4 Gamow-Teller strength distribution of 1%3Sn

For an allowed GT transition, the GT strength (B(GT))
in units of g4 /47 can be calculated according to

D - Is(E)
f(Qec — E)-Ty)o’

where D = 3860418 s denotes the constant corresponding
to the value of g4 for the decay of the free neutron [53,
54], and I3 the normalized § intensity, E the excitation
energy of the daughter nucleus, and f the statistical rate
function.

The GT strength, displayed in fig. 14, was calculated
using the Qgc value of 7660 + 100 keV, obtained from the
deconvolution procedure (see sect. 3.2.2), the half-life of
7.0 £ 0.2 s (see table 2), and the Ig distribution shown
in fig. 9. The summed GT strength > B(GT) of 193Sn
was obtained as 3.5+ 0.5, with fractions of 0.42+0.06 and
3.14£0.5 being related to Sp and [-delayed ~-ray emission,
respectively.

The resonance-like shape of the experimental GT
strength distribution, shown in fig. 14, peaks at an °3In
excitation-energy of about 3.9 MeV. These decay charac-
teristics are interpreted as the mgg /o — vg7/2 GT transfor-
mation occurring within the even-even core and leading to
three-quasiparticle states in the odd-Z, even-N daughter
nucleus. Figure 14 shows also the theoretical B(GT) dis-
tributions obtained from shell-model calculations, namely
Model A and Model B. Both theoretical curves were nor-
malized to the summed experimental GT strength, as the
shell model predicts the Y B(GT) value to be signifi-
cantly larger than the measured one. This “quenching”

B(GT) =
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or “hindrance” can be expressed as a ratio of the shell-
model 3 B(GT) value to the experimental one. For 193Sn
a quenching value of 4.3 + 0.6 was obtained. Most of the
hindrance is believed to be explained by core polarization
and higher-order configuration mixing [55]. Model A pre-
dicts the position of the GT resonance about 500 keV too
high, while the width and the high-energy strength are
slightly overpredicted. Model B misses the resonance by
about 300 keV to the low-energy side which could be due
to the reversed 2ds/3 - 1g7/2 level order obtained in this
model for 1°'Sn, i.e. the 7g9/2v(d5 /2, g7/2) monopole inter-
action. It has been shown that the underpredicted width
of the resonance can be increased by a renormalisation of
the mgg 21972 interaction [17].

5 Summary

The development of SnS™ beams at the GSI on-line mass
separator allowed us to study the [-decay properties of
the very neutron-deficient isotope '°*Sn and thereby gain
information about the GT (-decay in the region of the
doubly-magic nucleus '°°Sn. By using the Si-Ge array, 31
(29 new) (-delayed v-rays of the 1%3Sn decay were identi-
fied; 20 of them were placed in the decay scheme of 193Sn,
constructed on the basis of the y-v coincidence analysis.
The TAS data show that the GT strength distribution
of 1938n is characterized by a dominant resonance occur-
ring at 1%3In excitation energies of about 3.9 MeV. This
observation is compatible with the simple picture accord-
ing to which this decay occurs withing the even-even core
leading to three-quasi-particle states which correspond to
the 7(gg/2) "' v(d5 /2, g7/2)* shell-model configuration. The
model predicts the total GT strength 4.3 times higher
than the experimental > B(GT) value. Our experiment
has yielded for the first time information on the proton-
branching ratio (1.2 +0.1%), Qgrc value (7.64 +0.7 MeV)
and the EC/total ratio (0.2040.02) of the 1°3Sn decay. All
in all, these data indicate the dominant role of the even-
even core decay, in particular for the large Qgc windows
of light tin isotopes. They also represent a considerable
improvement of the experimental know-how required for
further progress in decay studies near '°°Sn.
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