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C. Plettner,1,2 L. Batist,3 J. Döring,1 A. Blazhev,1,4 H. Grawe,1 V. Belleguic,5 C.R. Bingham,6 R. Borcea,1 M. Gierlik,7
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5Universitéde Paris Sud, F-91405 Orsay, France
6Department of Physics and Astronomy, University of Tennessee, Knoxville, Tennessee 37996

7Institute of Experimental Physics, University of Warsaw, PL-00681 Warsaw, Poland
8University of Edinburgh, Edinburgh EH9 3JZ, United Kingdom
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Theb decay of100In, the one proton hole and one neutron particle neighbor to100Sn, was investigated at the
GSI on-line mass separator by using germanium detectors and a NaI total-absorption spectrometer. On the
basis ofbgg coincidences, the100In decay scheme was established for the first time. The ground-state spin and
parity for 100In are discussed by investigatingb feeding of levels in100Cd andb-delayed proton emission to
99Ag. The half-life was remeasured and found to be 5.9~2! s. The QEC value was determined from the
measuredEC/b1 ratio for theb-delayed protons to be 10.08~23! MeV. The main fraction of theb feeding was
established to populate the region of 6 MeV excitation energy, which corresponds to a total Gamow-Teller
~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 in100In and 100Cd. The GTb-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 the100Sn GT decay.

DOI: 10.1103/PhysRevC.66.044319 PACS number~s!: 21.10.Tg, 23.20.Lv, 23.40.2s, 21.60.Cs
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I. INTRODUCTION

Beta decay and in-beam investigations following fusio
evaporation reactions provide the adequate tools for exp
ing the structure of nuclei near the double shell closure
N5Z550. The main topics of interest which characteri
this mass region are single-particle energies and shell gap
determined by the nuclear mean field, residual interactio
specifically in the proton-neutron (pn) channel—and the
Gamow-Teller~GT! strength of thepg9/2→ng7/2 transition.
100In, representing thepn particle-hole (ph) configuration
with respect to the doubly magic nucleus100Sn, is the
closest-lying neighbor to this core nucleus which is acc
sible to detailedbgg spectroscopy while still having a
simple ph shell-model structure. Due to the attractiv
~s•s! (t•t) part of the nucleon-nucleon interaction, which
strongest inpn pairs of spin-flip partners, e.g.,pg9/2 ng7/2
@1#, the nd5/22ng7/2 spacing decreases with filling of th
pg9/2 orbital towards100Sn @2#. Therefore theph multiplets
@pg9/2

21nd5/2#227 and @pg9/2
21ng7/2#128 provide the leading

configurations which determine the ground-state spin
100In. Values of 61 and 71, respectively, are expected t
become the lowest-lying members of these multiplets. Th
centroids are predicted to be very close in energy@3,4#.

Under the assumption that the ground state of100In has a
spin of 6 or 7, the GT decay of ag9/2 proton to ag7/2 neutron
in 100Cd will preferably populate either theJp5(5 –7)1
0556-2813/2002/66~4!/044319~12!/$20.00 66 0443
-
r-
t

as

-

f

ir

members of the two-quasiparticle (2qp) configurations
nd5/2g7/2 or ng7/2

2 at low excitation energy, or the 4qp con-
figurations in the GT resonance@5#. In the latter case, the
neutron orbitals are coupled to an unpairedpg9/2

22 state, with
GT transitions selecting spins between 5 and 8. The lo
lying members of the 2qp multiplet occur well below the GT
resonance in a region of low level density, and their G
feeding andg deexcitation may thus be used to assign co
figurations to parent and daughter states. These100Cd states
have simple configurations which are easily accessible
shell-model interpretation@6–8#. In theN551 isotones96Rh
and 98Ag, a ground state withJp561 has been found
@9,10#, and the same was adopted for the ground state
102,104In in recent in-beam and decay studies@11–13#. In
contrast to that, evidence for aJp571 assignment for the
102In ground state was inferred from the study of102Sn b
decay@14#. In 104In a low-lying isomer was found, with a
half-life of 15.7 s and a tentative spin and parity assignm
of (31) @15#.

On the basis of the aforementioned arguments, it is d
sive for the verification of thepn residual interaction to
experimentally determine the spin of the ground state
100In. The decay of100In has been previously investigated b
measuring positrons andb-delayed protons (bp) from mass-
separated sources, yielding a half-life of 6.1~9! s @12#. Re-
cently, in a study of100In following a fragmentation reaction
a half-life of 6.6~7! s was obtained@14#.
©2002 The American Physical Society19-1
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C. PLETTNERet al. PHYSICAL REVIEW C 66, 044319 ~2002!
In the present report, the following topics are address
~i! spin-parity and configuration assignments to the100In
ground state,~ii ! search for a possibleb-decaying isomer of
100In, ~iii ! experimental level scheme of the daugh
nucleus100Cd completing the nonyrastJp5(528)1 part of
the scheme,~iv! experimental GT distribution, and~v! com-
parison of the experimental data to large-scale shell-mo
calculations. These items have been addressed by emplo
a high-resolution~composite Ge detectors! setup and a total-
absorption spectrometer~TAS!. Preliminary results from this
work were communicated in several conference contri
tions @16,17#.

II. EXPERIMENTAL TECHNIQUES

A. Production and mass separation
100In was produced via the50Cr(58Ni,ap3n) reaction. A

58Ni beam of 6.20 MeV/nucleon was delivered by th
UNILAC accelerator of GSI Darmstadt. The beam imping
on a 96.9% enriched50Cr target of 3.5 mg/cm2 thickness,
backed by a molybdenum foil of 2 mg/cm2 thickness. The
reaction recoils were stopped inside a catcher of a ther
ion source@18#. The suppression of the isobaric silver a
cadmium contaminants was achieved by making use of
differences in their ionization potentials with respect to th
of the indium isotope. After ionization and extraction fro
the ion source, the beam delivered by the GSI mass sepa
was directed to the high-resolution or to the total-absorpt
setup.

B. High-resolution experiment

The A5100 beam was implanted into a tape during 16
with the tape being moved at the end of this interval. T
total number of tape cycles amounted to 18 600, which c
responds to a measuring time of 83 h. The implantation p
was surrounded by a plastic scintillator of 70% efficien
used to detect positrons. Gamma-ray detection was achi
by means of a hyperpure germanium detector~HPGe!, an
EUROBALL-type cluster @19#, a superclover from the
VEGA array @20# complemented by a low-energy photo
spectrometer~LEPS!. The high-resolutionbgg setup was
similar to that used in a previous experiment@21#. Energy
and time events from the individual Ge detectors and fr
the plastic scintillator were taken, digitized, and written
list mode on magnetic tape. Ag-energy range up to 4 MeV
was utilized. For the time events, time-to-digital convert
with time ranges of 1ms for the cluster and 400 ns for th
other Ge detectors were used. The accumulation of ev
was triggered by a logic ‘‘OR’’ condition of the timing sig-
nals originating from:g singles,bg, andgg events. In case
of an accepted event, a signal gate of 8ms length was gen-
erated and applied to all analog-to-digital converters.

Energy and efficiency calibrations for each of the 13
dividual Ge detectors together with the gain matching w
performed off-line. Standardg-ray sources of133Ba and
152Eu were used for this purpose, covering an energy ra
from 30 to 1408 keV. The photopeakg-detection efficiency
for the Ge array amounted to 2.7~1!% at 1.33 MeVg-ray
04431
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energy. By using the intensity of the 21→01 transition~see
Table I!, the intensity of the mass-separated100In beam was
determined to be approximately 2 atoms/s at an average
mary 58Ni beam intensity of 43 particle nA.

C. Total-absorption experiment

The total-absorption spectrometer, which is described
detail in Ref.@22#, consists of a large NaI crystal of 356 mm
diameter and 356 mm length and is equipped with ancill
detectors for registeringb particles, protons, and x rays, a
illustrated in Fig. 1. Two silicon~Si! detectors of 450mm
thickness were mounted above and below the source p
tion. They are in the following referred to as ‘‘top’’ and ‘‘bot
tom.’’ The bottom detector, viewing the tape from the si
where the ions were implanted, was used to detect posit
and protons. The top detector, placed at the opposite sid
the tape, served to record positrons and thus to identifybp

TABLE I. Level energies (Ex), spins and parities of the initia
states (Jp), energies of the deexciting transitions (Eg), and relative
intensities (I g) of the g rays normalized to the 21→01 transition.
The Jp assignments are based on theb-decay results from this
work and on in-beam data from Refs.@6,7#.

Ex Jp Eg I g

~keV! (\) ~keV! (%)

1004.1~1! 21 1004.1~1! 100~5!

1799.0~1! 41 794.9~1! 88~5!

2046.0~2! 41 1041.9~2! 8.1~6!

2095.8~1! 61 296.8~1! 60~3!

2457.7~4! 61 362.7~1! 8.9~10!

411.7~3! 2.8~4!

658.2~3! 4.2~4!

2548.6~1! 81 452.8~1! 9.4~8!

3164.3~1! ~52, 61) 1068.5~2! 2.9~4!

1365.3~5! 2.5~5!

3199.8~2! ~81) 1104.1~2! 6.1~5!

FIG. 1. Schematic drawing of the TAS equipped with ancilla
Si and Ge detectors. See text for details.
9-2
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b DECAY OF 100In PHYSICAL REVIEW C 66, 044319 ~2002!
events by a top-bottom coincidence. An energy depositio
the bottom detector above 1.5 MeV was assigned to the
tection of ab-delayed proton event, whereas energies low
than 1.5 MeV were considered to be due to a positron de
tion. A small contamination from registration of positrons
the ‘‘proton gate’’ was taken into account by extrapolati
the low-energy spectrum recorded in the bottom Si dete
to higher energies. A Ge detector of 10 mm thickness
x-ray spectroscopy was placed above the top Si detector@22#.
By requiring coincidences between the Ge detector and
TAS, we selected the electron capture~EC! component of the
b decay. The Ge detector allowed us to inspect contamin
of the implanted sources.

In contrast to the high-resolution measurement, a spe
technique for suppressing the isobar contamination of c
mium and silver isotopes is mandatory due to the low re
lution of the TAS. The release of100In from the ion source
was temporarily separated from that of100Cd and 100Ag by
an alternately heated and cooled pocket@23#.

The mass-separatedA5100 beam was implanted in
transport tape which, in stepwise operation, moved the ac
ity to the center of the TAS where it came to rest in t
position between the Si counters. A period of 16 s for
implantation-measurement cycle was chosen. After four c
secutive implantations of TAS sources, the beam was
rected for one collection interval to a separate tape collec
where a standard Ge detector was used to monitor the b
purity, while TAS registered background radiation. The to
measurement time amounted to 20 000 cycles, correspon
to 90 h. The intensity of the mass-separated100In beam was
estimated on the basis of the TAS data to be about
atoms/s.

III. RESULTS OF THE HIGH-RESOLUTION
MEASUREMENT

A. Energy spectra ofg rays measured in coincidence with
positrons

Figure 2 displays the sum spectrum obtained by sor
the individual signals from all Ge crystals registered in c
incidence with positrons. The strongest transitions assig
to the 100In decay are the peaks at 297, 795, and 1004 k
followed by the less intense 363-, 453-, 658-, and 1042-k
lines. Newg rays of 1068, 1104, 1365, and 1513 keV ha
been assigned to the100In decay. Apart from these trans
tions, a sizable amount of the isobaric contaminant100Ag,
and therefore transitions occuring in the daughter100Pd,
were identified in the spectrum. The 451/453-keV doub
containingg transitions in 100Pd and 100Cd, was partially
resolved. Random coincidences with gamma rays from
room background are also present in the spectrum. The
perimental energies and intensities ofb-delayedg rays of
100In observed in this work are presented in Table I.

B. Determination of the 100In half-life

In order to obtain information concerning the half-life
100In, the time distribution of the intensities ofb-delayedg
rays was sorted and analyzed. For each of the three stron
04431
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lines a fit of the grow-in curve with one exponential functio
was performed, as illustrated in Fig. 3. The results are lis
in the first three lines of Table II. The average half-life bas
on high-resolution data agrees with the values deduced f
TAS(b1), TAS~EC!, and bp data obtained in the presen
work ~see Secs. IV A and IV C and Table II!.

C. 100In\100Cd b-decay scheme

Events containingbgg coincidences were recorded o
tape and sorted off-line into two-dimensional matrices. T
gg coincidences were analyzed in the positron-gated ma

FIG. 2. Gamma-ray spectrum obtained at massA5100 in coin-
cidence with positrons. Excepting the 511-keV annihilation pe
the lines labeled with their energies in keV were identified
b-delayedg rays of 100In. The lines marked by symbols are tran
sitions from the isobaric-contaminant decay100Ag→100Pd or from
the room background.

FIG. 3. Time dependence of the 1004-, 795-, and 297-keV tr
sitions. To avoid overlap of the data points, the intensities of
795- and 297-keVg rays were shifted by 800 and 1600 coun
respectively.
9-3
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C. PLETTNERet al. PHYSICAL REVIEW C 66, 044319 ~2002!
by using theRADWARE program @24#. Examples of back-
ground correctedb-gatedg-ray spectra, obtained in coinc
dence with the 1004- and 795-keVg rays, are displayed in
Fig. 4. In the upper panel, strong coincident transitions
297 and 795 keV appear, thus defining the main deexci
sequence. The 453-keV transition deexciting the 81, 2549-
keV isomer@6#, is also seen in the spectrum. This obser
tion is due to the fact that the half-life of 60~3! ns of this
isomeric level is short compared to the coincidence ti
window of 8 ms ~see Sec. II B!. Peaks at 1042 and 412 ke
are also visible in the 1004-keV gate, but not in the 795-k
gate~see lower panel of Fig. 4!. In both spectra, weak coin
cidences at 1068 and 1365 keV can be seen, their intens
amounting approximately to 2% and 3% of that of the 100
keV g ray, respectively~see Table I!. Moreover, the 1068-
keV transition is in coincidence with the 297- and 795-keVg
rays, while the 1365-keV line is observed in coinciden
with the latter transition only. Thus a hitherto unobserv
100Cd level at 3164 keV excitation energy has been firm
established. In addition, in the 1004-, 795-, and 297-k
gates a new transition at 1104 keV was observed.

Based on thebgg coincidence data, the100In→100Cd de-
cay scheme is presented in Fig. 5. It comprises two n

TABLE II. Half-life of 100In determined in the high-resolutio
and the TAS measurements. The weighted half-life is built from
listed individual values.

Spectrum condition T1/2 ~s!

g rays 297 keV 5.4~7!

g rays 795 keV 4.8~4!

g rays 1004 keV 6.2~4!

TAS gTAS and b1, ETAS>7 MeV 6.1~2!

TAS gTAS and X~Cd!, ETAS>5 MeV 5.5~7!

Protons Ep>2 MeV 6.8~8!

T̄1/255.9(2)

FIG. 4. Coincidence spectra gated on the 1004- and 795-
transitions, respectively, obtained from thebgg matrix. Transitions
in 100Cd are marked by their energies in keV.
04431
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nonyrast100Cd levels and three newg rays compared to the
data obtained previously in in-beam experiments@6–8#. We
confirm the mainE2 sequence deexciting the 81 isomer to
the ground state, and also the yrare 61 and 41 levels at 2458
and 2046 keV, respectively, and their subsequent decay.
spin and parity assignments of the 3164-keV level will
discussed in the shell-model section, see Sec. V. The 11
keV transition was tentatively placed as deexciting the n
3200-keV level~see Fig. 5!. Due to weak and ambiguou
coincidence relations between the known transitions and
newly observed 1513-keVg ray, the latter could not be
placed in the level scheme. The spin and parity assignm
of the b-decaying 100In state and of100Cd levels will be
further discussed in Secs. IV C and V.

The ‘‘apparent feeding’’ (I bg), that one may determine b
performing theg-ray intensity balance on the level schem
shown in Fig. 5, is related to directb feeding (I b) and to
unobservedg feeding following theb decay to higher-lying
levels (I g

high). This is the reason why it is not straightforwar
to get an insight into theI b values by inspecting theI bg data
~see also Ref.@25#!. This topic will be further discussed in
Secs. IV B, IV C, and V C.

IV. RESULTS OF THE TAS MEASUREMENT

A. TAS spectra

Despite of the strong suppression of the100Ag activity, it
still dominated the implantedA5100 samples. For the EC
mode this is reflected in the x-ray spectrum which is p
sented in Fig. 6~a!. The strongest peaks are those correspo
ing to Pd x rays following the100Ag decay. The Ag x-ray
peak is due to the decay of100Cd, which was accumulated a
a 100In daughter, while Cd x rays originate from100In decay.

The absorbed energies in the TAS(b1) spectrum exceed
the level energies by 1022 keV, due to the summation og
cascades with positron annihilation quanta. It is expected

e

V

FIG. 5. 100In → 100Cd decay scheme obtained by analyzi
bgg coincidences.
9-4
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b DECAY OF 100In PHYSICAL REVIEW C 66, 044319 ~2002!
the TAS(b1) spectrum is free of contaminants for absorb
energies above 7 MeV, i.e., the upper limit corresponding
the largestQEC value amongst the isobaric contaminan
@7.05~8! MeV of 100Ag @26##. A half-life of 6.1~2! s was
found for the TAS(b1) spectrum at absorbed energies larg
than 7 MeV, in agreement with the value of 6.2~4! s obtained
from the most intenseg ray observed in the high-resolutio
measurement~see Table II!. However, at lower energies th
isobaric contamination is detrimental for the TAS(b1) spec-
trum shown in Fig. 7~a!, where the pronounced structures a
due to 100Ag, 100mAg, and 100Cd decays. In order to purify
the 100In TAS(b1) spectrum from isobaric contamination
sources abundant in100Ag, 100mAg, and 100Cd were pre-
pared and measured in separate experiments. Properly
malized, the corresponding reference spectra were subtra
from those enriched in100In. A normalization for this proce-
dure was found by demanding complete removal of the x
g rays from the decay of the isobaric contaminants, as
shown in Fig. 6~b!. Because of the contribution from tails o
the Pd and Ag x-ray peaks under the Cd peak, such a pr
dure was applied not only to the TAS(b1) spectra, but also
to the x-ray gated TAS~EC! spectrum. The TAS(b1) and
TAS~EC! spectra obtained after the subtraction are displa
in Figs. 7~b! and~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 tha
MeV, whereas the low-energy part, including the pronoun
excess of counts in the region below 4 MeV, is characteri
by a considerably longer half-life of 14~4! s. The long-lived
events in the TAS~EC! spectrum cannot be removed by
reasonable renormalization of the isobaric contaminants.
cluding the value of 14 s, the weighted average of the h
life of 100In obtained in this work is 5.9~2! s ~see Table II!.
This result is in agreement with, but more accurate than,

FIG. 6. X-ray spectra registered by the small Ge detector ins
TAS before ~a! and after~b! contaminant subtraction. Peaks a
signed to the decays of100Ag, 100Cd, and100In, i.e., Pd, Ag, and Cd
x rays, respectively, are accordingly labeled. Traces of Pd w
detected on tape and therefore Rh x rays are present in~a! and~b!.
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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 in100In or
100Cd. However, the lack of statistics does not allow us
clarify this issue. Therefore we refrain from interpreting t
low-energy structures of the TAS~EC! spectrum and restric
the following discussion to its short-lived high-energy par

B. Beta intensity

The 100Cd levels identified in the high-resolution me
surement should be observed as peaks in the net TAS(b1)
spectrum shown in Fig. 7~a!, provided that they are directly
populated by sizableb or g feeding. However, the spectrum
is rather unstructured, except for one peak that can be
ably distinguished from statistical fluctuations. It occurs at
absorbed energy of 3120 keV, as presented in Fig. 7~b!, and
is assigned to the feeding of the 61 level, observed in the
high-resolution experiment at 2096 keV~see Fig. 5!.

In the following, the area of such a peak in the TAS spe
trum and its composition from directb and g feeding fol-
lowing b decay will be discussed. The areaSof the resolved
peak can be written as

S5e f a@ I b1S~12e tot!I g
high#, ~1!

where e f a is the efficiency of the full absorption of theg
cascade deexciting the level,I b and I g

high are parameters de

e

re
FIG. 7. Experimental TAS spectra obtained in coincidence w

positrons registered in the Si detectors,~a! and ~b!, and Cd x rays
~c!. Panel~a! presents the TAS(b1) data with and without contami-
nant subtraction, panel~b! shows the corrected spectrum once ag
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
TAS(b1) spectrum, corresponding to the 2.096-MeV level, is d
to direct g feeding followingb decay~see text!. In panel~c!, the
simulated spectrum is presented as dashed line~see Sec. IV C!.
9-5
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C. PLETTNERet al. PHYSICAL REVIEW C 66, 044319 ~2002!
fined in Sec. III C, and the sum runs over all levels which
directly b populated and deexcite by emitting oneg ray, and
e tot is the efficiency for detecting thisg transition. The prob-
ability for a g ray to escape from detection is (12e tot), and
the value ranges from 0.05 to 0.2, depending on its ene
This factor is of crucial importance whenever strongb feed-
ing occurs in the high-energy region. Therefore to decide
pronounced peak is directly populated byb feeding or is
rather a result of an incompleteg detection, a calculation o
the I b is mandatory. In the following, we use the notationI b

for both b feeding to resolved levels and for the quasico
tinuum b-feeding distribution in the high-energy region
only levels relevant for the GT transition are regarded.

The procedure of derivingI b values from the experimen
tal TAS spectra was described in detail in Refs.@10,27#. The
observed TAS(b1) and TAS~EC! spectra represent convolu
tions of the respectiveb1 and EC intensity distributions with
the response function of the spectrometer. We used the d
scheme established from the high-resolution experiment
basis for constructing the TAS response matrix. For theg
cascades from the experimental low-lying levels, theg
branching ratios according to the decay scheme were u
Theg cascades from the high excitation energies were si
lated by using a statistical analysis. Expressions for theg-ray
strength functions were taken from literature forE1 @28#,
M1 @29#, andE2 @30#. In contrast to the usual practice, w
replaced the statistical level density by the levels obtai
from shell-model calculations by using the codeOXBASH ~for
details see Sec. V!. Theg-branching ratios to the experimen
tally established levels were adjusted to reproduce theg-ray
intensity presented in Table I and Fig. 5. The use of
shell-model level predictions as input for the iteration p
cess enables a consistent description of the statistical s
lation in the whole excitation-energy region, as only lev
relevant for the GT transition are regarded.

In order to extract theI b distribution, the experimenta
TAS(b1) and TAS~EC! spectra were fitted by simulate
spectra varying theI b distribution. The TAS(b1) spectrum
was fitted for absorbed energies up to 10 MeV. Since o
the high-energy part of the TAS~EC! spectrum can be reli
ably assigned to the100In decay, the fit of this spectrum wa
restricted to absorbed energies above 5 MeV. The simu
neous fit of the TAS(b1) and TAS~EC! spectra implies tha
the QEC value of 100In is adjusted during the least-squar
procedure. Due to the lack of statistics, only a rough estim
of 10.0~5! MeV was obtained for this quantity. A more pre
cise QEC evaluation will be discussed in Sec. IV C. Th
simulated TAS~EC! spectrum is shown in Fig. 7~c! as well.

Figure 8~a! presents theI b distribution and Table III
shows theI b values of individual100Cd levels in bins of 200
keV width. The main part of theI b distribution is character-
ized by a resonance occurring at excitation energies abo
MeV, peaking at 6.2 MeV and having a full width at ha
maximum~FWHM! value of about 1 MeV. The small scal
fluctuations of theI b distribution at low energies which ca
be seen from Fig. 8~a! are comparable to the statistic
uncertainties.
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FIG. 8. Beta-intensity distribution deduced from the TAS e
periment~a!, and from the shell-model predictions~model A!, under
hypotheses of a 61 ~b! and 71 ~c! assignment for the ground stat
of 100In. The experimental uncertainties are indicated as a sh
owed area in panel~a!. The calculations have been folded with
Gaussian function having a width equal to the experimental T
resolution.

TABLE III. Beta feeding (I b) andb-delayed proton intensities
(I bp) of the decay of100In to high-lying 100Cd states. The data ar
given for 0.2-MeV intervals of the100Cd excitation energy.

Interval ~MeV! I b(%) I bp(%) Interval ~MeV! I b(%) I bp(%)

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 4.48 8.2 0.06
5.8 10.90 8.4 0.05
6.0 12.70 Total 98.4 1.6
9-6
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TABLE IV. Experimental and theoretical data on excited100Cd levels. Level energies (Ex), spin and
parities (Jp), experimental apparent feeding (I bg), shell-modelg feeding following theb decay to higher-
lying levels (I g

high), and experimental and shell-modelb feeding (I b). The experimentalI bg values, obtained
by performing theg-ray intensity balance of the decay scheme, include bothb population of a given level
and theI g

high feeding. The model results stem from the latter process only. The theoretical intensitie
predicted by model A assuming spins of 61 (SM61) or 71 (SM71) for the b-decaying100In state.

Ex Jp I bg I g
high I b

~keV! (\) EX(%) SM61(%) SM71(%) EX(%) SM61(%) SM71(%)

1004 21 5~7! ,1.0
1799 41 21~8! 8.4 1.6 ,0.9
2046 41 5.3~7! 6.3 1.2 ,0.9
2096 61 33~3! 25.5 21.8 ,3.0 0.18 0.07
2458 61 16~1! 16.2 13.9 ,1.3 0.19 0.32
2549 81 9.4~8! 7.6 19.0 ,1.3 7.14
3164 (61) 5.4~6! 6.0 5.2 ,1.8 0.50 0.04

(52) 7.7 4.5
3200 (81) 6.1~5! 3.0 7.5 ,1.8 0.005
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For all levels established in the high-resolution expe
ment ~see Table I!, including the 2096-keV level which wa
the only pronounced peak in the TAS(b1) spectrum, as ob-
served in Fig. 7~b!, we only obtain upper limits forI b . These
values are presented in Table IV. The totalb1 feeding to all
these levels is less than 12%. The simulation has shown
the 2096-keV peak is mainly due tog feeding followingb
decay. It is worth noting that a similar conclusion has be
drawn from a TAS study of104In b decay where, despite
much better counting statistics, the TAS spectra did not sh
any pronounced peaks in the low-energy region@31#. The
interpretation of these results in connection with hig
resolution data and with shell-model calculations will
given in Secs. V B and V C.

C. Beta-delayed proton emission

The low-energy part of the proton spectrum registered
the bottom Si detector contains a sizable contribution of p
itron events, see Fig. 9~a!. In order to clarify this effect, we
used the two-dimensional TAS-Si matrix and inspected it
different thresholds of the bottom Si and TAS detectors
we require coincidences between the bottom Si detector
TAS energies,ETAS,1.1 MeV, the positron contaminatio
is suppressed and mainlybp events are selected. This
illustrated in Fig. 9~b!. Figure 9~c! shows the spectrum o
b-delayed protons that follow the EC decay of100In and
populate the99Ag ground state. In order to select the
events, an anticoincidence with TAS signals was required
half-life of T1/256.8(8) s was measured forbp events with
Ep>2 MeV ~see Table II!, in agreement with the value de
duced from the high-resolution data.

1. 99Ag levels fed byb-delayed protons

Figure 10 displays the TAS spectrum obtained in coin
dence with protons registered in the bottom Si detector,
lected under the condition thatEbottom>1.5 MeV. In order to
estimate the contribution from positrons, a normaliz
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TAS(b1) spectrum is shown in the same figure. It is se
that for the energy window discussed above, the contribu
of the high-energy positron tail is negligible. One can see
the figure that the TAS spectrum following the delayed p
tons is located within an energy window ofETAS
<1.1 MeV, which corresponds to the TAS gate used in
previous section.

FIG. 9. Proton spectrum obtained in the bottom Si detector w
out TAS selection ~a!, in coincidence 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
99Ag ground state.
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C. PLETTNERet al. PHYSICAL REVIEW C 66, 044319 ~2002!
In the spectrum, apart from the annihilation peak, wh
corresponds to thebp emission to the99Ag ground state,
there are two more peaks which can be unambiguously
signed to known levels in99Ag. These are the 7/21 state at
342 keV known fromb-decay studies@32#, and the 13/21

state at 916 keV assigned by in-beam work@33#. Since the
annihilation peak dominates the spectrum, it is evident t
the main fraction of thebp related intensity goes to the 9/21

ground state of99Ag. Table V lists the partial intensities o
the proton emission to states in99Ag. The intensity is nor-
malized to 100bp events. The uncertainties are mainly d
to the extrapolation of the background in the proton spec
The total branching ratio forbp emission following the100In
decay was found to be 1.6~3!%.

The relativebp emission feeding levels of different spin
in 99Ag is sensitive to the spin value of theb-decaying100In
state. Hence an analysis of experimentally measured fee
may provide information about the ground-state spin a
parity of 100In. On the basis of the statistical approach d
cussed in Ref.@34#, and of the total experimental energ
distribution of EC-delayed protons~ECp!, we calculated the
relative intensities of the ECp emission to99Ag states, as-
suming spin and parity values of 51, 61, 71, and 81, for
the 100In ground state. Table VI presents the comparison
tween the experimental and calculatedbp intensities. The
agreement between the experimental values and the cal
tion is definitely better under the assumptions that the gro
state of 100In has spin and parity of 61 or 71, while the
other assumptions of spins of 5 and 8 can be rejected. H
ever, the differences between the competing two spin-pa
hypotheses are not significant enough to allow one to dra
definite conclusion.

TABLE V. Experimental intensities of thebp and ECp emission
to the 99Ag states.

9/21 7/21 13/21

I bp(b1)(%) 60~6! 2.8~5! 6.2~12!

I bp(EC)(%) 31~5! < 1 <2

FIG. 10. TAS spectrum obtained in coincidence with proto
registered in the bottom Si detector. The contribution due to
estimated positron background in the proton gate is shown in
shadowed area. In the inset, the lowest excited states in99Ag which
are fed by delayed-proton emission are shown.
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2. Determination of the QEC value of 100In

By using the energy distribution@ I bp(EC)# of the ECp
events, and the total intensity(I b of bp emission fed to the
99Ag ground state, we estimated theQEC2Sp value of 100In
decay to be 5.25~13! MeV, whereSp is the proton-separation
energy of100Cd. TheQEC2Sp value was found by using the
condition

TABLE VI. Comparison of calculated and experimental EC
intensities for the lowest-lying 9/21, 7/21, and 13/21 99Ag states.

100In 99Ag states

Ground state 9/21 7/21 13/21

51 720 120 22
61 610 51 50
71 320 28 70
81 180 4.4 76

EXP 570~60! 27~5! 62~12!

FIG. 11. Total experimentalBGT distribution ~a! compared to
theoretical distributions calculated in shell model A for parent sp
parity assumptions of 61 ~b! and 71 ~c!. The experimentalQEC

value is indicated by a vertical line. The experimental uncertain
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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( I bp5( I ECf b1 / f EC , ~2!

wheref b1 and f EC are the statistical Fermi functions forb1

and EC transitions, whose ratio is a function of theb-decay
energy. Using anSp value of 4.83~19! MeV @26#, a QEC
value of 10.08~23! MeV is obtained. TheQEC uncertainty
takes into account the uncertainty related to the delayed
tons of 0.13 MeV and that of theSp value of 0.19 MeV. The
QEC value should be compared to the experimental value
9.5~4! MeV obtained in Ref.@35# by mass measurements,
the evaluated value of 10.18~30! MeV from Ref.@26#, and to
a shell-model prediction of 10.07 MeV@36#.

D. The experimentalBGT distribution

The GT distribution as calculated from theI b distribution
by standard procedures@27#, making use of theQEC value of
10.08~23! MeV adopted in Sec. IV C, and using the100In
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
excitation energy of 6.4 MeV and has a width of appro
mately 1 MeV. The partial strength detected by the TAS ing
rays is determined to beBGT,g53.0(9). TheBGT is given in
units of gA

2/4p. The uncertainty includes that of theI b dis-
tribution of 0.60, and that of theQEC value originating from
the Sp value of 0.70, the latter being the dominating cont
bution. This implies that the latter value ought to be me
sured with higher precision. Similarly, the delayed prot
branch results in a partial GT strength ofBGT,p50.86(15).
The BGT,p uncertainty originates from thebp counting sta-
tistics and the half-life determination, and contains a min
contribution from theQEC2Sp value. The total GT strength
is BGT,g1BGT,p53.9(9). Thecomparison of the experimen
tal BGT distribution to the theoretical predictions will b
made in Sec. V B.

V. SHELL-MODEL CALCULATIONS AND DISCUSSION

To gain insight into the microscopic structure of states
100Cd and 100In, and to study the GT resonance in100In
→100Cd b decay, shell-model calculations were perform
using the codeOXBASH @37#. The model space for the va
lence protons comprises the 0g9/2 and 1p1/2 orbitals, while
the neutron single-particle orbitals are 1d5/2, 0g7/2, 2s1/2,
1d3/2, and 0h11/2. The single-particle energies relative to
88Sr core were chosen to reproduce the extrapolated va
for a 100Sn core @38#, namely e0g9/2

p 522.92 MeV, e1p1/2

p

523.53 MeV, e1d5/2

n 5211.15 MeV, e0g7/2
5211.07 MeV,

e2s1/2

n 529.60 MeV, e1d3/2

n 529.50 MeV, and e0h11/2

n

528.60 MeV.
The effective interaction was derived by employing a p

turbative many-body scheme starting from the free nucle
nucleon interaction, according to the prescription outlined
Ref. @39#. For calculating the GT-strength distributions th
free GT operator was used. We refer to this approach
model A. The model results are presented in Figs. 8, 11,
and 13 in comparison with the experimental data.
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Alternatively, in Ref.@36# the role ofnp-nh excitations
(n5022) of the 100Sn core was studied in a model spa
consisting of 0g9/2, 1p1/2, 1d5/2, 0g7/2, 2s1/2, and 1d3/2
orbitals for both protons and neutrons. The theoretical lev
in 100In and 100Cd were calculated in the JS4 and JS6 a
proaches, respectively. The corresponding100In→100Cd
b-strength distribution was deduced. We will refer to this
model B. Finally, the total GT strength for the100In
→100Cd decay was calculated in the model space A@31#
using the approach of Ref.@5# and the modified interaction a
described in Ref.@27#.

A. 100Cd low-lying states

In this section the results obtained by using model A a
shown in Fig. 12 are discussed. For all the shell-model st

FIG. 12. Comparison of experimental100Cd level energies with
shell-model predictions from model A. In the first column the e
perimental energy levels are presented. The other columns com
yrast and yrare groups of theoretical states ordered accordin
their spin and energy.

FIG. 13. Calculated level energies of thepg9/2
21ng7/2 and

pg9/2
21nd5/2 multiplets of 100In by using model A. States belongin

to the same multiplet are connected to guide the eye.
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C. PLETTNERet al. PHYSICAL REVIEW C 66, 044319 ~2002!
presented in Fig. 12, the proton contribution to the wa
function is largely dominated by two holes in theg9/2 and
two particles in thep1/2 orbitals, the other configuration
with different occupancies playing no significant role. In t
following, the structure of the states with respect to the n
tron contributions will be discussed. The first excited st
with Jp521 is very close to the experimental value. It has
mixed configuration, where both valence neutrons occ
mainly the 1d5/2 orbital ~47%!, while about 20% of the am
plitude comes from the 0g7/2 orbital. The 41

1 state, correctly
predicted in energy, has the same dominant structure as
21

1 state, which remains valid for the 61
1 state as well. The

42
1 wave function is more fragmented since the domin

configuration is identical to that of 41
1 state, but significant

contributions originate from neutrons either ind5/2
1 d3/2

1 or in
g7/2

1 d5/2
1 multiplets. This is the lowest state where the pair

valence neutrons is distributed over two subshells; the n
state of this character is 62

1 . The different wave functions o
the 41

1 and 42
1 states result in a lower mixing between th

corresponding levels which leads to two close-lying 41

states, in agreement with the experiment. A more dram
effect is observed for the first two 61 states, since their wav
functions have no major overlap, and thus their energy sp
ing is calculated to be 78 keV only. In the experiment, t
spacing is much larger, which may indicate that the wa
functions have a slightly different structure than predict
The calculated 81

1 state, predominantly ofpg9/2
22 character,

lies somewhat lower than observed in the experiment.
configuration assignment agrees also with previous sh
model calculations for100Cd @6#, performed in the same
model space but using a different set of two-body ma
elements@2,40#.

The newly identified experimental level at 3164 keV, wi
a tentative spin and parity assignment of (61), is very close
to the calculated 63

1 state. The wave function is dominate
by a 62%nd5/2

2 configuration. This is well supported by th
experimentally observed decay mode of this level, wh
feeds the 61

1 and 41
1 levels, see Fig. 5. The spin and pari

assignment for the100Cd 82
1 state at 3200 keV was inferre

from a comparison with the shell-model calculations. T
structure of the 82

1 state is interpreted as having one neutr
pair broken and distributed in theg7/2,d5/2 orbitals.

B. I b and GT distributions

The experimentalI b distribution shown in Fig. 8~a! is
compared to predictions of model A assuming values ofJp

561 and of 71 for the 100In ground-state spin. The theore
ical results are displayed in Figs. 8~b! and ~c!. Under the
assumption that the ground-state spin of100In is 61, the
theoretical I b distribution shows almost no direct feedin
~less than 1%) for the 61 2096-keV level, which is close to
the experimental finding, as observed in Fig. 7. The centr
position of the resonance is reproduced in the calculatio
but not its width. If the ground-state spin is 71, a consider-
able feeding of the 81 level is predicted, which is in contra
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diction with the experimental TAS value~see Table IV!. The
tail of the resonance towards lower energies resembles
experimental one.

The experimental GT distribution is compared in Fig
11~b! and ~c! to shell-model predictions of model A. Th
distribution from the model A is normalized to a free nucle
GT operator. The position and width of the resonance
reproduced very well. The small upward shift in position c
be attributed to the neglect of excitations of the100Sn core. It
has been pointed out earlier@27# that a small renormalization
of the proton-neutron interaction strength can account
this shift.

Total GT strengths of 15.9 and 14.4 are calculated
spins of 61 and 71, respectively, by using the model A. I
the approach of Ref.@31# total GT strengths of 15.9 and 15.
were calculated for spins of 61 and 71, respectively,
whereas 3.9~9! was determined experimentally in the prese
work. This translates into hindrance factor values ofh
54.1(9) ~for 61) and of 3.7~9! ~for 71). These values
should be compared to the experimental values of 3.8~7! for
98Cd @5# and to that of 4.3~6! measured for97Ag @27#. The
theoretical hindrance factor of100Sn is 3.0@27#. Thus, within
the large experimental uncertainties, the100In b decay ex-
hausts the strength of the GT resonance predicted for100Sn.

In Sec. IV B the smooth TAS spectrum, the weak feed
of low-lying states~Table IV!, and the largeb feeding of the
GT resonance were discussed. In the light of the shell-mo
results from the model A the reasons for these results
threefold.

~i! The low-lying 100Cd states of 2qp characternd5/2g7/2

and ng7/2
2 , can be fed by the unpairedpg9/2 only, whereas

the remaining (pg9/2)01
8 decay to the GT resonance of 4qp

states at high excitation energy. As far asb intensities are
concerned, the high suppression of the reduced trans
rates is largely compensated by the decay-energy select
of the f b1 phase-space factor.

~ii ! The wave functions of theJp561 to 81 100Cd daugh-
ter states as discussed in Sec. V A have little overlap w
those of the 4qp states. As the two possible parent config
rations (pg9/2

21nd5/2)61 and (pg9/2
21ng7/2)71 are rather pure

~see Sec. V D!, the Jp561 and 81 100Cd levels cannot be
strongly fed in GT decay.

~iii ! The dominating 4qp GT-resonance configuration
(pg9/2)Jp

8 (nd5/2g7/2)Jn
and (pg9/2)Jp

8 (ng7/2)Jn

2 under the as-

sumption ofJp561 or 71, respectively, for the ground stat
of 100In, are connected to the 2qp states by strongM1 tran-
sitions. This can be concluded from the largely differe
magnetic moments of the 2qp and 4qp states@6#.

C. Beta-delayedg intensity and spin assignments

For the 100In decay, a strikingly large discrepancy occu
between theI bg values deduced from the high-resolution e
periment, and theI b limits inferred from the TAS data~see
Table IV!. To shed light on this problem, theI b distribution
was calculated by using the model A as a starting point for
estimate of theI g

high values. A one-stepg decay of theb-fed
levels to the experimentally known low-lying levels was a
9-10
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b DECAY OF 100In PHYSICAL REVIEW C 66, 044319 ~2002!
sumed. MultipolaritiesE1, M1, and E2 were considered
with strength functions taken from Refs.@28,29,30#, respec-
tively. The results are listed in Table IV and represent low
limits due to the restriction to a one-step process. It sho
be noted that due to the transition energy dependence o
phase-space factor forg decay,~which is ;Eg

n , where n
53 and 5 for dipole and quadrupole transitions, respectiv
in the low-energy limit@41#!, the one and two-step process
are greatly favored. Besides the experimentalI bg andI b , the
calculated values for the assumption ofJp561 or 71 for the
parent state are listed in Table IV. For comparison also
calculated shell-modelI b values are given. The calculation
can account for a considerable population of states diffe
by more than 1\ from the parent spin under both assum
tions, thus proving the aforementioned retention to the co
mon practice in interpretingb-decay data.

A closer inspection of the theoretical results forI bg , I b ,
and I g

high , and a comparison to the corresponding expe
mental data, reveal better agreement for the parent spin
sumption ofJp561. This is demonstrated best for the100Cd
states withJp541, 61, and 81. The g feeding of theJp

541 states, which for both parent spin options cannot be
directly in GT b decay, provides a benchmark test for t
model input and the validity of the one-stepE1/M1/E2 as-
sumption. As a consequence, the tentativeJp5(61) assign-
ment to the state at 3164 keV~see Sec. V A, Table I, and Fig
5! must be reconsidered. An alternativeJp5(52) assign-
ment is consistent with the missing intensity, itsg decay and
the shell-model prediction ofEx52881 keV as compared t
Ex53027 keV for theJp563

1 state.

D. 100In ph multiplets

Experimentally, the presented data do not permit us
draw any firm conclusion with respect to the ground-st
spin of 100In. The shell-model calculations described
model A were used to make predictions concerning
pg9/2

21nd5/2
1 and pg9/2

21ng7/2
1 multiplet energies in100In, as

displayed in Fig. 13. It is observed that the calculation fav
a ground-state spin of 6. The 71 state, originating from the
pg9/2

21ng7/2
1 multiplet, is located at an excitation energy

250 keV. Both states have rather pure wave functions w
94% and 70% in the leading configurations forJp561 and
71, respectively. The ground state of102In, being tentatively
assigned a spin of 6, originates from thepg9/2

21nd5/2
1 multiplet

@11#. Recently, evidence has been presented for a spin-p
assignment of 71 @14# to the ground state. At an excitatio
energy of 145 keV, a state of spin 7 occurs, having a mi
pg9/2

21nd5/2
1 and pg9/2

21ng7/2
1 configuration@11#. In 104In, the

lowest members of thepg9/2
21nd5/2

1 multiplet, 6 and 7, respec
tively, are energetically only 85 keV apart@13#. Based on the
aforementioned experimental observations, model A rep
,
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duces the correct ground-state spin value ofJp561 for the
heavier indium isotopes. In model B, the ground-state s
and parity for 100In are calculated asJp571, however, at
the expense of reversing thend5/22ng7/2 order, i.e., placing
theng7/2 state 230 keV below thend5/2 state in101Sn. This is
at variance with recent experimental results from103Sn @42#.

VI. SUMMARY

The decay scheme of100In, the closest neighbor of100Sn,
was studied in detailed high-resolution and total-absorpt
spectroscopy. In the high-resolution measurement,bgg co-
incidences allowed us to establish the decay scheme of100In
for the first time and thus to extend the level scheme
100Cd known from in-beam measurements. The tot
absorption results show that100Cd levels with excitation en-
ergies higher than 6 MeV are directly fed by theb1/EC
decay, and a GT resonance is identified at 6.4 MeV. Appa
evidence forb feeding to the identified low-lying states i
100Cd is shown to be mainly due tob-delayedg feeding.
The QEC value of 100In was determined to be 10.08~23!
MeV, in agreement with previous experimental and theor
cal estimates. From measurements of the decay curvesg
rays andb-delayed protons, an average100In half-life of
5.9~2! s was obtained. A purely statistical model analysis
the bp data yielded better agreement with a spin-parity
sumption of (61) or (71) for the 100In ground state, wherea
the comparison of thebg feeding with predictions based o
model A tends to support a (61) assignment. Large-scal
shell-model calculations using realistic effective interactio
and 88Sr as a core yield good agreement with the experim
tal level energies of100Cd, and predict a value of 61 for spin
and parity of the100In ground state~model A!. The GT-
distribution properties are well accounted for, implying
GT-hindrance factor as expected for the100Sn GT
decay.

ACKNOWLEDGMENTS

The authors would like to thank K. Burkard and W. Hu¨ller
for their valuable contributions to the development and o
eration of the GSI on-line mass separator. Assistance b
Kojouharov from the GSI VEGA group and by W. Schulz
from FZ Rossendorf is appreciated. Illuminating discussio
and communication of the88Sr realistic interaction by M.
Hjorth-Jensen are gratefully acknowledged. This work w
supported in part by the European Community under C
tract Nos. ERBFMGECT950083 and HPRI-CT-1999-0000
by the Polish Committee of Scientific Research, in particu
under Project No. 2P03B03523, by the Program for Sci
tific Technical Collaboration~WTZ! under Project Nos. POL
99/09 and RUS 98/672.
f.

@1# T. Otsuka, R. Fujimoto, Y. Utsuno, B.A. Brown, M. Honma

and T. Mizusaki, Phys. Rev. Lett.87, 082502~2001!.
@2# H. Graweet al., Phys. Scr.T56, 71 ~1995!.
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@7# M. Górskaet al., Z. Phys. A350, 181 ~1994!.
@8# R.M. Clark et al., Phys. Rev. C61, 044311~2000!.
@9# K. Rykaczewskiet al., Z. Phys. A322, 263 ~1982!.

@10# Z. Hu et al., Phys. Rev. C62, 064315~2000!.
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