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The B decay of*®n, the one proton hole and one neutron particle neighbd?%n, was investigated at the
GSI on-line mass separator by using germanium detectors and a Nal total-absorption spectrometer. On the
basis ofByy coincidences, thé®n decay scheme was established for the first time. The ground-state spin and
parity for 1%4n are discussed by investigatifgyfeeding of levels in'°Cd andB-delayed proton emission to
%Ag. The half-life was remeasured and found to be(®.%. The Qgc value was determined from the
measuredEC/B" ratio for the-delayed protons to be 10.@8) MeV. The main fraction of thg8 feeding was
established to populate the region of 6 MeV excitation energy, which corresponds to a total Gamow-Teller
(GT) strength of 3.909) and a centroid at 6.4 MeV. Large-scale shell-model calculations employing a realistic
interaction are used to assign configurations to staté®iin and 1°)Cd. 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 fol°t8e GT decay.
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[. INTRODUCTION members of the two-quasiparticle @) configurations
vdg;g7, OF vg%z at low excitation energy, or thegp con-
Beta decay and in-beam investigations following fusion-figurations in the GT resonandé]. In the latter case, the
evaporation reactions provide the adequate tools for explofeutron orbitals are coupled to an unpaine@g,ﬁ state, with
ing the structure of nuclei near the double shell closure aGT transitions selecting spins between 5 and 8. The low-
N=Z=50. The main topics of interest which characterizelying members of the @p multiplet occur well below the GT
this mass region are single-particle energies and shell gaps @ssonance in a region of low level density, and their GT
determined by the nuclear mean fleld, residual interaction—feeding andzy deexcitation may thus be used to assign con-
specifically in the proton-neutronm(y) channel—and the figurations to parent and daughter states. TH8%d states
Gamow-Teller(GT) strength of thergg,— vgy; transition.  have simple configurations which are easily accessible to
1%, representing therv particle-hole ph) configuration  shell-model interpretatiof6—8]. In theN=51 isotones®Rh
with respect to the dOUb'y magic nucIeL}§°Sn, is the and 98Ag, a ground state with1”=6" has been found
closest-lying neighbor to this core nucleus which is accesfg 10], and the same was adopted for the ground states of
sible to detalledﬁyy SpeCtrOSCOpy while still haVing a 102v10‘]n in recent in-beam and decay stud|m_la In
simple ph shell-model structure. Due to the attractive contrast to that, evidence for ¥ =7" assignment for the
(o-0) (7- 7) part of the nucleon-nucleon interaction, which is 193n ground state was inferred from the study ¥fsn g
strongest inv pairs of spin-flip partners, e.gngg, v972  decay[14]. In %4n a low-lying isomer was found, with a
[1], the vds;,— vgy, Spacing decreases with filling of the half-life of 15.7 s and a tentative spin and parity assignment
Qo Orbital towards'®°Sn[2]. Therefore theph multiplets  of (3%) [15].
[rrgg,zlvdg,,ﬂz,7 and [wgg,gvgwﬂl,g provide the leading On the basis of the aforementioned arguments, it is deci-
configurations which determine the ground-state spin osive for the verification of therv residual interaction to
109, Values of 6" and 7', respectively, are expected to experimentally determine the spin of the ground state of
become the lowest-lying members of these multiplets. Theit%n. The decay of%In has been previously investigated by
centroids are predicted to be very close in end@jy. measuring positrons angtdelayed protonsgp) from mass-
Under the assumption that the ground stat¢®ih has a  separated sources, yielding a half-life of @)Ls [12]. Re-
spin of 6 or 7, the GT decay ofgy, proton to ag;, neutron  cently, in a study of%In following a fragmentation reaction,
in 1%%Cd will preferably populate either thd™=(5-7)"  a half-life of 6.67) s was obtained14].
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In the present report, the following topics are addressed: TABLE I. Level energies E,), spins and parities of the initial
(i) spin-parity and configuration assignments to tH8n  states §7), energies of the deexciting transitiors,), and relative
ground state(ii) search for a possiblg-decaying isomer of intensities (,) of the y rays normalized to the2-0" transition.
100|n, (iii) experimental level scheme of the daughterThe J7 assignments are based on tBedecay results from this
nucleus'®%Cd completing the nonyrasf=(5—8)* part of ~ Work and on in-beam data from Ref§, 7).
the scheme(iv) experimental GT distribution, an@) com-

parison of the experimental data to large-scale shell-model Ex T Ey y
calculations. These items have been addressed by employing (keV) (h) (keV) (%)
a high-resolutior{icomposite Ge detectgrsetup and a total- 1004.12) 2+ 1004.11) 100(5)
absorption spectromet€fAS). Preliminary results from this 1799.a1) 4+ 794.91) 88(5)
v_vork were communicated in several conference contribu- 2046.G2) 4+ 1041.92) 8.1(6)
tions [16,17. 2095.81) 6" 296.81) 60(3)
2457.74) 6" 362.711) 8.9(10)
Il. EXPERIMENTAL TECHNIQUES 411.13) 2.8(4)
A. Production and mass separation 2548.61) g+ 2223{% gj((g;
1091 was produced via th&°Cr(*®Ni, ap3n) reaction. A 3164.31) (57, 6" 1068.52) 2.94)
%8Ni beam of 6.20 MeV/nucleon was delivered by the 1365.35) 2.5(5)
UNILAC accelerator of GSI Darmstadt. The beam impinged 3199 .82) 8") 1104.12) 6.1(5)

on a 96.9% enriched®Cr target of 3.5 mg/cthickness,
backed by a molybdenum foil of 2 mg/énthickness. The
reaction recoils were stopped inside a catcher of a thermadnergy. By using the intensity of the"2-0™" transition(see

ion source[18]. The suppression of the isobaric silver and Table ), the intensity of the mass-separat®dn beam was
cadmium contaminants was achieved by making use of thdetermined to be approximately 2 atoms/s at an average pri-
differences in their ionization potentials with respect to thatmary *®Ni beam intensity of 43 particle nA.

of the indium isotope. After ionization and extraction from

the ion source, the beam delivered by the GSI mass separator C. Total-absorption experiment
was directed to the high-resolution or to the total-absorption . N : .
setup 9 P The total-absorption spectrometer, which is described in

detail in Ref.[22], consists of a large Nal crystal of 356 mm
diameter and 356 mm length and is equipped with ancillary
detectors for registeringg particles, protons, and x rays, as
The A=100 beam was implanted into a tape during 16 s,llustrated in Fig. 1. Two siliconSi) detectors of 45Q:m
with the tape being moved at the end of this interval. Thethickness were mounted above and below the source posi-
total number of tape cycles amounted to 18 600, which cortion. They are in the following referred to as “top” and “bot-
responds to a measuring time of 83 h. The implantation pointom.” The bottom detector, viewing the tape from the side
was surrounded by a plastic scintillator of 70% efficiencywhere the ions were implanted, was used to detect positrons
used to detect positrons. Gamma-ray detection was achievethd protons. The top detector, placed at the opposite side of
by means of a hyperpure germanium dete¢tdPGe, an  the tape, served to record positrons and thus to idetfy
EUROBALL-type cluster[19], a superclover from the
VEGA array [20] complemented by a low-energy photon 0
spectromete(LEPS. The high-resolution3yy setup was E
similar to that used in a previous experim¢@t]. Energy
and time events from the individual Ge detectors and from
the plastic scintillator were taken, digitized, and written in
list mode on magnetic tape. #-energy range up to 4 MeV Nal
was utilized. For the time events, time-to-digital converters
with time ranges of 1us for the cluster and 400 ns for the
other Ge detectors were used. The accumulation of events 3‘;‘;‘2‘Sf;g’;’rator Ge
was triggered by a logic OR” condition of the timing sig- o:">8i
nals originating from:y singles,Bvy, andyy events. In case n
of an accepted event, a signal gate of.8 length was gen-
erated and applied to all analog-to-digital converters. Nal
Energy and efficiency calibrations for each of the 13 in-
dividual Ge detectors together with the gain matching were
performed off-line. Standardy-ray sources of'**Ba and
152Eu were used for this purpose, covering an energy range
from 30 to 1408 keV. The photopeakdetection efficiency FIG. 1. Schematic drawing of the TAS equipped with ancillary
for the Ge array amounted to 217% at 1.33 MeVy-ray  Siand Ge detectors. See text for details.

B. High-resolution experiment
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events by a top-bottom coincidence. An energy deposition in 800
the bottom detector above 1.5 MeV was assigned to the de
tection of aB-delayed proton event, whereas energies lower 400 |
than 1.5 MeV were considered to be due to a positron detec
tion. A small contamination from registration of positrons in
the “proton gate” was taken into account by extrapolating .,
the low-energy spectrum recorded in the bottom Si detector
to higher energies. A Ge detector of 10 mm thickness for’;i 0
X-ray spectroscopy was placed above the top Si detE2#hr 5
By requiring coincidences between the Ge detector and the”
TAS, we selected the electron capt(Es) component of the
B decay. The Ge detector allowed us to inspect contaminant:
of the implanted sources.

In contrast to the high-resolution measurement, a specia
technique for suppressing the isobar contamination of cad-

600 -

400 |

mium and silver isotopes is mandatory due to the low reso- 0 2000
lution of the TAS. The release df%n from the ion source Energy (keV)
was temporarily separated from that 8fCd and **Ag by FIG. 2. Gamma-ray spectrum obtained at mass100 in coin-

an alternately heated and cooled podiag]. _ cidence with positrons. Excepting the 511-keV annihilation peak,
The mass-separatedl=100 beam was implanted in a the lines labeled with their energies in keV were identified as

transport tape which, in stepwise operation, moved the activg-delayedy rays of 1°In. The lines marked by symbols are tran-

ity to the center of the TAS where it came to rest in thesitions from the isobaric-contaminant dec¥Ag— 1°Pd or from

position between the Si counters. A period of 16 s for thethe room background.

implantation-measurement cycle was chosen. After four con-

secutive implantations of TAS sources, the beam was dijnes a fit of the grow-in curve with one exponential function

rected for one collection interval to a separate tape collectog, 45 performed, as illustrated in Fig. 3. The results are listed
where a standard Ge detector was used to monitor the beafihe first three lines of Table II. The average half-life based
purity, while TAS registered background radiation. The totalon high-resolution data agrees with the values deduced from

measurement time amounted to 20 000 cycles, correspondngAS(IB+) TAS(EC), and Bp data obtained in the present
to 90 h. The intensity of the mass-separat&lin beam was work (seé Secs. IV,A and IV C and Table.ll

estimated on the basis of the TAS data to be about 1.6

atoms/s. C. 9 -19%Cd B-decay scheme

I1l. RESULTS OF THE HIGH-RESOLUTION Events containing@yy coincidences were recorded on
MEASUREMENT tape and sorted off-line into two-dimensional matrices. The

o . vy coincidences were analyzed in the positron-gated matrix
A. Energy spectra of ¥ rays measured in coincidence with

positrons

. . . . I W 1004 keV
Figure 2 displays the sum spectrum obtained by sorting 390 |- @795 ke\e/

the individual signals from all Ge crystals registered in co- A 297 keV
incidence with positrons. The strongest transitions assignet i

to the 1%n decay are the peaks at 297, 795, and 1004 keV,
followed by the less intense 363-, 453-, 658-, and 1042-keV
lines. Newy rays of 1068, 1104, 1365, and 1513 keV have
been assigned to th&In decay. Apart from these transi-
tions, a sizable amount of the isobaric contamin&iiag,

and therefore transitions occuring in the daught&Pd,
were identified in the spectrum. The 451/453-keV doublet,
containing y transitions in1°Pd and'°%Cd, was partially
resolved. Random coincidences with gamma rays from the
room background are also present in the spectrum. The ex
perimental energies and intensities @fdelayedy rays of
109 observed in this work are presented in Table I. 0 : : :

0 5 10 15
Time (s)

s

2000 [

Counts per 0.32

1000 -

B. Determination of the *®In half-life )
FIG. 3. Time dependence of the 1004-, 795-, and 297-keV tran-

In order to obtain information concerning the half-life of sitions. To avoid overlap of the data points, the intensities of the
109, the time distribution of the intensities @#-delayedy  795- and 297-keVy rays were shifted by 800 and 1600 counts,
rays was sorted and analyzed. For each of the three strongestpectively.
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TABLE II. Half-life of 1%In determined in the high-resolution 6,7
and the TAS measurements. The weighted half-life is built from the B7EC 7)100|n

listed individual values.

Spectrum condition Ty (9 (5-6%) 3164 (8)* 3200
1
v rays 297 keV 5.47) /'
v rays 795 keV 4.89) 08 o0 usg 8t 2548 (11,54)
y rays 1004 keV 6.&) v \ ST \'""3\63 _4!,3_ /I
TAS  yqas and 81, E;as=7 MeV 6.12) A% 4. 2046..658..3.... .6 209 ¥
TAS yms and XCd), Eras=5 MeV 5.57) R T
Protons E,=2 MeV 6.88) o
T1/2=5.9(2) 785
........................... 2+ 1004
by using theRADWARE program[24]. Examples of back-
ground correctegd-gatedy-ray spectra, obtained in coinci- 1004
dence with the 1004- and 795-key/rays, are displayed in o o
Fig. 4. In the upper panel, strong coincident transitions at 100
297 and 795 keV appear, thus defining the main deexciting Cd
sequence. The 453-keV transition deexciting the 8549- FIG. 5. 19 —, 19%Cq decay scheme obtained by analyzing

keV isomer[6], is also seen in the spectrum. This observa-g. . coincidences.
tion is due to the fact that the half-life of &) ns of this

isomeric level is short compared to the coincidence tim%onyrastloocd levels and three new rays compared to the
window of 8 us (see Sec. Il B Peaks at 1042 and 412 keV 53 optained previously in in-beam experimdiets 8. We

are also visible in the 1004_1-keV gate, but not in the 795_'kevconfirm the mainE2 sequence deexciting the" 8somer to
gate(see lower panel of Fig.)4In both spectra, weak coin-

. o _the ground state, and also the yrare#&nd 4" levels at 2458
cidences at 1068 and 1365 keV can be seen, their intensitieg, 1 ">046 keV respectivelv. and their subsequent decav. The
amounting approximately to 2% and 3% of that of the 1004 ; Fesp y. d 4

. spin and parity assignments of the 3164-keV level will be
keV y ray, respectivelysee Table)l Moreover, the 1068-  ji.ssed in the shell-model section, see Sec. V. The 1104-

keV trangition is in coincider!ce V_Vith the 297- qnd 795'}@\/ keV transition was tentatively placed as deexciting the new
rays, while the 1365-keV line is observed in coincidencezsng_key level(see Fig. 5 Due to weak and ambiguous

"l‘gth the latter transition only. Thus a hitherto unobserved;incidence relations between the known transitions and the
%Cd level at 3164 keV excitation energy has been f'rmlynewly observed 1513-ke\y ray, the latter could not be

established. In addition, in the 1004-, 795-, and 297-kKeVjaced in the level scheme. The spin and parity assignments
gates a new transition at 1104 keV was observed.

of the B-decaying 1%In state and of'°%Cd levels will be
Based on thg8yy coincidence data, th&#4n—1°Cd de- furtherleiscusgedgin Secs. IV C and V.

cay scheme is presented in Fig. 5. It comprises two new The “apparent feeding” (), that one may determine by
150 : : : , , : : performing they-ray intensity balance on the level scheme

shown in Fig. 5, is related to direg feeding () and to

1004 keV gate unobservedy feeding following theg decay to higher-lying

| levels (9" This is the reason why it is not straightforward

to get an insight into thé, values by inspecting thig;, data

297
™ 511
795

100

50 8 . e o 1 (see also Ref[25]). This topic will be further discussed in
3 o g 8 38 3 8 Secs. IVB, IVC, and V C.
TP B O T
g 150 0 20 40 60 B0 1000 1200 1400 IV. RESULTS OF THE TAS MEASUREMENT
y R 5 g "%HkeVoare A. TAS spectra
/ 7

Despite of the strong suppression of tH8Ag activity, it
still dominated the implanteé=100 samples. For the EC
mode this is reflected in the x-ray spectrum which is pre-
sented in Fig. @). The strongest peaks are those correspond-
ing to Pd x rays following the'®Ag decay. The Ag x-ray
0 200 400 600 800 1000 1200 1400 peak is due to the decay 6f%Cd, which was accumulated as
Eneray (keY) a 1% daughter, while Cd x rays originate frof%n decay.
FIG. 4. Coincidence spectra gated on the 1004- and 795-kev The absorbed energies in the TAS() spectrum exceed
transitions, respectively, obtained from tBgy matrix. Transitions  the level energies by 1022 keV, due to the summatiory of
in °%Cd are marked by their energies in keV. cascades with positron annihilation quanta. It is expected that

044319-4



B DECAY OF 109 PHYSICAL REVIEW C 66, 044319 (2002

600

500 4000 |-

400 2000 -

300
0 + } t t

200
800

100 600

0 400

200
200

Counts per 0.02 keV

Counts per 23 keV

100
15}

10+

Energy (keV)

FIG. 6. X-ray spectra registered by the small Ge detector inside RS . ,
TAS before (a) and after(b) contaminant subtraction. Peaks as- 0 2 4 6

H-lm 1
8

10
signed to the decays df°Ag, 1°%Cd, and'®n, i.e., Pd, Ag, and Cd Energy (MeV)

X rays, respectively, are accordingly labeled. Traces of Pd were ] ) ] o )
detected on tape and therefore Rh x rays are preseaj and (b). FIG. 7. Experimental TAS spectra obtained in coincidence with

positrons registered in the Si detecto@, and (b), and Cd x rays
(c). Panel(a) presents the TA¥") data with and without contami-
the TAS(3") spectrum is free of contaminants for absorbednant subtraction, panéb) shows the corrected spectrum once again
energies above 7 MeV, i.e., the upper limit corresponding t@mn an expanded scale. The strong line at 1 MeV\binis due to a
the largestQgc value amongst the isobaric contaminantscontaminant present on the tape. The peak at about 3 MeV in the
[7.058) MeV of %Ag [26]]. A half-life of 6.1(2) s was TAS(B") spectrum, corresponding to the 2.096-MeV level, is due
found for the TASB™) spectrum at absorbed energies largerto direct y feeding following 8 decay(see text In panel(c), the
than 7 MeV, in agreement with the value of GPs obtained simulated spectrum is presented as dashed(tise Sec. IV ¢
from the most intense ray observed in the high-resolution )
measurementsee Table ). However, at lower energies the Previous values of 6(9) s[12] and of 6.67) s[14].
isobaric contamination is detrimental for the TAGS() spec- The observation of two time components in the TES)
trum shown in Fig. 7), where the pronounced structures areSPectrum might be due to a long-lived isomer ##in or
due to 19%g, 1°9Ag  and 1°°Cd decays. In order to purify ! 'd. However, the lack of statistics does not alloyv us to
the 1%9n TAS(B") spectrum from isobaric contamination, clarify this issue. Therefore we refrain from interpreting the
sources abundant if%Ag, °%Ag, and %%Cd were pre- low-energy structures of the TABC) spectrum and restrict
pared and measured in separate experiments. Properly ndhe following discussion to its short-lived high-energy part.
malized, the corresponding reference spectra were subtracted
from those enriched if®In. A normalization for this proce- B. Beta intensity
dure was found by demanding complete removal of the x and The 100cq |evels identified in the high-resolution mea-

y rays from the decay of the isobaric c_ontgminants, as it iSyrement should be observed as peaks in the net BAS(
shown in Fig. §b). Because of the contribution from tails of spectrum shown in Fig.(@, provided that they are directly

the Pd and Ag x-ray peaks under the Cd peak, such a procgynyated by sizabl@ or y feeding. However, the spectrum
dure was applied not only to the TAB() spectra, but also  ig rather unstructured, except for one peak that can be reli-

to the x-ray gated TAGC) spectrum. The TASE") and  apy distinguished from statistical fluctuations. It occurs at an
TAS(EC) spectra obtained after the subtraction are displayedsorped energy of 3120 keV, as presented in Rig), and

in Figs. 4b) and(c). In the TASEC) spectrum two different s assigned to the feeding of the” @evel, observed in the
structures are visible. A half-life of 5.8) s (see Table flwas  high-resolution experiment at 2096 ké¥ee Fig. 5.

obtained for events with absorbed energies higher than 5, the following, the area of such a peak in the TAS spec-
MeV, whereas the low-energy part, including the pronounceq,,m and its composition from diregg and y feeding fol-

excess of counts in the region below 4 MeV, is characterizeqjowing 3 decay will be discussed. The arBaf the resolved
by a considerably longer half-life of 14) s. The long-lived peak can be written as

events in the TASEC) spectrum cannot be removed by a

reasonable renormalization of the isobaric contaminants. Ex- S= 6fa[|ﬁ+§(1— €ror)! *;igh], (1)
cluding the value of 14 s, the weighted average of the half-

life of 1°An obtained in this work is 5(@) s (see Table ll. ~ Where e, is the efficiency of the full absorption of the
This result is in agreement with, but more accurate than, theascade deexciting the level, andl';'g’h are parameters de-
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fined in Sec. lll C, and the sum runs over all levels which are 80 L — 7T © . T * T "™ T ]
directly B8 populated and deexcite by emitting opeay, and i (a) i
€01 IS the efficiency for detecting thig transition. The prob- 60 - _
ability for a y ray to escape from detection is {Je;), and L ]
the value ranges from 0.05 to 0.2, depending on its energy 40 + —
This factor is of crucial importance whenever strghideed- - .
ing occurs in the high-energy region. Therefore to decide if a 20 + I
pronounced peak is directly populated Byfeeding or is i T
rather a result of an incompletedetection, a calculation of 80 L ' ]

thel 5 is mandatory. In the following, we use the notatign ~ —~
for both B feeding to resolved levels and for the quasicon- = 60 |-
tinuum B-feeding distribution in the high-energy region as -
only levels relevant for the GT transition are regarded. = 40 -

The procedure of deriving values from the experimen- CT) 20 B
tal TAS spectra was described in detail in R¢fD,27. The o
observed TASE") and TASEC) spectra represent convolu- N .
tions of the respectivé* and EC intensity distributions with e 80
the response function of the spectrometer. We used the dece—= L
scheme established from the high-resolution experiment as . 60 -
basis for constructing the TAS response matrix. For the - .
cascades from the experimental low-lying levels, the 40 |- I
branching ratios according to the decay scheme were usec 20
The vy cascades from the high excitation energies were simu-
lated by using a statistical analysis. Expressions fonthnay A -
strength functions were taken from literature fét [28], ' ! '
M1 [29], andE2 [30]. In contrast to the usual practice, we 0 2 4 6 8 10
replaced the statistical level density by the levels obtained
from shell-model calculations by using the canksAsH (for Energy (MeV)
details see Sec.)VThe y-branching ratios to the experimen-
tally established levels were adjusted to reproduceythay FIG. 8. Beta-intensity distribution deduced from the TAS ex-
intensity presented in Table | and Fig. 5. The use of thgPeriment(a), and from the shell-modgl predictiofimodel A), under
shell-model level predictions as input for the iteration pro-hypl‘gtheses of a6 (b) and 7" (c) assignment for the ground state
cess enables a consistent description of the statistical simlfflc an. Th_e experimental uncertainties are indicated as a shad-
lation in the whole excitation-energy region, as only IeveIsOGWeOI area in p_ane(la). .The calt_:ulatlons have been fo'.ded with a

" aussian function having a width equal to the experimental TAS

relevant for the GT transition are regarded. resolution.

In order to extract thd ; distribution, the experimental
TAS(B8') and TASEC) spectra were fitted by simulated
spectra varying thé, distribution. The TASB™) spectrum , ) »
was fitted for absor%ed energies up to 10 MeV. Since only TABfLE lll. Beta ff?%d'ng thf)h"’flnqﬁ -?(?Ogyed prOtonh'ntens't'es
the high-energy part of the TAEC) spectrum can be reli- (I.Bp) of the decay.o n to hig %mg (.jSt.ates' The data are

. - . given for 0.2-MeV intervals of thé®Cd excitation energy.

ably assigned to thé®n decay, the fit of this spectrum was
restricted to absorbed energies above 5 MeV. The simultanteryval (Mev) 15(%) 155(%) Interval(MeV) 14(%) 14,(%)
neous fit of the TASE™) and TASEC) spectra implies that

the Q¢ value of *®n is adjusted during the least-squares 3.6 0.93 6.2 13.50  0.04
procedure. Due to the lack of statistics, only a rough estimate 3-8 211 6.4 9.01  0.05
of 10.055) MeV was obtained for this quantity. A more pre- 4.0 3.00 6.6 7.09  0.03
cise Qg evaluation will be discussed in Sec. IV C. The 4.2 2.89 6.8 341 016
simulated TASEC) spectrum is shown in Fig.(@ as well. 44 177 7.0 150 022

Figure 8a) presents thel ; distribution and Table IlI 4.6 3.86 7.2 053 0.20
shows thd 4 values of individual'®®Cd levels in bins of 200 4.8 4.21 7.4 0.46 0.28
keV width. The main part of thé, distribution is character- 5.0 4.06 7.6 0.13 0.18
ized by a resonance occurring at excitation energies above 4 5.2 3.68 7.8 0.13
MeV, peaking at 6.2 MeV and having a full width at half 5.4 5.05 8.0 0.09
maximum(FWHM) value of about 1 MeV. The small scale 5.6 4.48 8.2 0.06
fluctuations of thd ; distribution at low energies which can 5.8 10.90 8.4 0.05
be seen from Fig. @ are comparable to the statistical 6.0 12.70 Total 984 1.6

uncertainties.
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TABLE V. Experimental and theoretical data on excit¥fCd levels. Level energiesE(), spin and
parities J7), experimental apparent feedinfj(), shell-modely feeding following theg decay to higher-
lying levels (I';'gh), and experimental and shell-mogfeeding ( 5). The experimentdl,, values, obtained
by performing they-ray intensity balance of the decay scheme, include Isbopulation of a given level
and thelr;igh feeding. The model results stem from the latter process only. The theoretical intensities are
predicted by model A assuming spins of §SMg+) or 7" (SM;+) for the B-decaying'®n state.

Ex Jm g, hion |

(keV) (%) EX(%)  SMg+(%)  SMp(%)  EX(%)  SMg+(%)  SMy+(%)
1004 2 5(7) <1.0

1799 4 21(8) 8.4 1.6 <0.9

2046 4 5.37) 6.3 1.2 <0.9

2096 6" 333) 255 21.8 <3.0 0.18 0.07
2458 6" 16(1) 16.2 13.9 <13 0.19 0.32
2549 8" 9.48) 7.6 19.0 <13 7.14
3164 (6" 5.4(6) 6.0 5.2 <1.8 0.50 0.04

(57) 7.7 4.5
3200 (8" 6.1(5) 3.0 7.5 <1.8 0.005

For all levels established in the high-resolution experi-TAS(B") spectrum is shown in the same figure. It is seen
ment(see Table)l including the 2096-keV level which was that for the energy window discussed above, the contribution
the only pronounced peak in the TAS() spectrum, as ob-  of the high-energy positron tail is negligible. One can see in
served in Fig. {b), we only obtain upper limits foks. These  he figure that the TAS spectrum following the delayed pro-
values are presented in Table IV. The togdl feeding to all  tons is located within  an energy window OEag

these levels is less than 12%. The simulation has shown that1 1 MmeV, which corresponds to the TAS gate used in the
the 2096-keV peak is mainly due tp feeding following8  previous section.

decay. It is worth noting that a similar conclusion has been
drawn from a TAS study oft%in 8 decay where, despite

much better counting statistics, the TAS spectra did not show 60 [
any pronounced peaks in the low-energy regj8]. The L
interpretation of these results in connection with high- 40 - .
resolution data and with shell-model calculations will be [
given in Secs. VB and V C. 20| |
C. Beta-delayed proton emission 0 I ,
The low-energy part of the proton spectrum registered by E’ 40 L i
the bottom Si detector contains a sizable contribution of pos- S |
itron events, see Fig.(8. In order to clarify this effect, we ?g L
used the two-dimensional TAS-Si matrix and inspected it for @ 20 .
different thresholds of the bottom Si and TAS detectors. If 5
we require coincidences between the bottom Si detector and 3 |
TAS energiesEtas<1.1 MeV, the positron contamination Ot
is suppressed and main|gp events are selected. This is 40 [ .
illustrated in Fig. 9b). Figure 9c) shows the spectrum of 3
B-delayed protons that follow the EC decay #%n and
populate the®Ag ground state. In order to select these 20 - 7
events, an anticoincidence with TAS signals was required. A i
half-life of T,,=6.8(8) s was measured f@p events with 0 I

E,=2 MeV (see Table ll, in agreement with the value de- 0
duced from the high-resolution data.

E, (MeV)

1. %°Ag levels fed byB-delayed protons o , )
FIG. 9. Proton spectrum obtained in the bottom Si detector with-

Figure 10 displays the TAS spectrum obtained in coinCi-out TAS selection (@), in coincidence with TAS energies
dence with protons registered in the bottom Si detector, se<1.1 MeV (b), and in anticoincidence with TA%c). The latter
lected under the condition thBt,,,,7=1.5 MeV. In order to  condition selects the EC-delayed protons which are emitted to the
estimate the contribution from positrons, a normalized®®Ag ground state.
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Jr———T———— e TABLE VI. Comparison of calculated and experimental ECp
ol N 132" 916 | intensities for the lowest-lying 972 7/2", and 13/2 %°Ag states.
o
E 25+ . 100 %Ag states
N 7/2" | 342 |
e = 1 Ground state /2 712* 13/2*
S 45| g 9/2" 0 -
2 °f S - ] 5+ 720 120 22
g 10r Ao 1 6" 610 51 50
50 1 7+ 320 28 70
0 r I'IF'IJ].HH i Wﬂﬂmﬂﬂﬂﬂﬂﬂmﬂmﬁﬁ 8" 180 4.4 76
0.0 0.5 14 s EXP 5760) 27(5) 62(12)
Energy (MeV)

FIG. 10. TAS spectrum obtained in coincidence with protons
registered in the bottom Si detector. The contribution due to the
estimated positron background in the proton gate is shown in the . o
shadowed area. In the inset, the lowest excited stat&imwhich By using the energy distributiofl 4,(EC)] of the ECp
are fed by delayed-proton emission are shown. events, and the total intensi¥l ; of Bp emission fed to the

%9Ag ground state, we estimated tRgc—S, value of **In

In the spectrum, apart from the annihilation peak, whichdecay to be 5.283) MeV, whereS,; is the proton-separation
corresponds to thgp emission to the®®Ag ground state, energy of'°°Cd. TheQgc— S, value was found by using the
there are two more peaks which can be unambiguously agondition
signed to known levels if°Ag. These are the 7/2state at
342 keV known fromg-decay studie$32], and the 13/2
state at 916 keV assigned by in-beam wgBi8]. Since the
annihilation peak dominates the spectrum, it is evident that

2. Determination of the Q¢ value of 1®n

the main fraction of thegp related intensity goes to the 972 2+
ground state of°Ag. Table V lists the partial intensities of I
the proton emission to states ffiAg. The intensity is nor- 1

malized to 1008p events. The uncertainties are mainly due

to the extrapolation of the background in the proton spectrass,

The total branching ratio fg8p emission following the'®In ® 0

decay was found to be 1%%. e S
The relativeBp emission feeding levels of different spins i

in *°Ag is sensitive to the spin value of tigdecaying*®n D 10t

state. Hence an analysis of experimentally measured feedin Q

may provide information about the ground-state spin and

parity of 1%In. On the basis of the statistical approach dis- 5t .
cussed in Ref[34], and of the total experimental energy |

distribution of EC-delayed protori&Cp), we calculated the

relative intensities of the ECp emission f8Ag states, as- 0 —+— 5 I +
suming spin and parity values of'5 6", 7%, and 8", for 10 i

the 1%4n ground state. Table VI presents the comparison be-

tween the experimental and calculatgg intensities. The

agreement between the experimental values and the calculz 5
tion is definitely better under the assumptions that the grounc

state of %In has spin and parity of 6 or 7%, while the

other assumptions of spins of 5 and 8 can be rejected. How

ever, the differences between the competing two spin-parity 0 PR SN 2 B S E—r
hypotheses are not significant enough to allow one to draw ¢ 0 2 4 6 8 10
definite conclusion.

TABLE V. Experimental intensities of th8p and ECp emission Energy (MeV)

to the %°Ag states. _ o
FIG. 11. Total experimentaBgt distribution (a) compared to

9/2* 712+ 13/2 theoretical distributions calculated in shell model A for parent spin-
parity assumptions of 6 (b) and 7" (c). The experimentaQgc

I gp(B7) (%) 60(6) 2.805) 6.2(12) value is indicated by a vertical line. The experimental uncertainties
I 5o(EC)(%) 31(5) <1 <2 are indicated as a shadowed area in pdagl Above 6.3-MeV

energy proton contributions can be seen in paagl
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E | sz 2 | ch g+ /f EC> (2) 4000 - Exp. Shell-model calculations for positive—parity states

—7 —8
.. . . —6 - 8

wheref 5+ andfgc are the statistical Fermi functions f@r" ® 4

and EC transitions, whose ratio is a function of fBielecay 2000 L ® —4 =5 __
energy. Using arS, value of 4.8819) MeV [26], a Qgc
value of 10.083) MeV is obtained. TheQg uncertainty
takes into account the uncertainty related to the delayed pro
tons of 0.13 MeV and that of th§, value of 0.19 MeV. The
Qg value should be compared to the experimental value of
9.5(4) MeV obtained in Ref[35] by mass measurements, to
the evaluated value of 10.@@0) MeV from Ref.[26], and to too0 | 2 —
a shell-model prediction of 10.07 Me)36].

—8

(2]

Energy (keV)
]
(=]
o

of 0— —o

D. The experimental Bgt distribution

The GT distribution as calculated from thg distribution FIG. 12. Comparison of experimentHl’Cd level energies with
by standard procedur¢®7], making use of th€g¢ value of shell-model predictions from model A. In the first column the ex-
10.0823) MeV adopted in Sec. IV C, and using tH&%n perimental energy levels are presented. The other columns comprise
half-life of 5.92) s discussed in Sec. IV A, is shown in Fig. Yrast and yrare groups of theoretical states ordered according to
11(a). The centroid of the GT resonance is located at arfheir spin and energy.

excitation energy of 6.4 MeV and has a width of approxi-  ajternatively, in Ref.[36] the role ofnp-nh excitations
mate_ly 1 MeV._The partial strength detected by th(_a TA§/|n (h=0—2) of the 1%%n core was studied in a model space
rays is deztermlned to UBGT,Y.=3..O(9). TheBgris givenin  consisting of @g;, 1Py, 1dsp, 0972, 2510, and g,
units of ga/4m. The uncertainty includes that of thg dis-  orbitals for both protons and neutrons. The theoretical levels
tribution of 0.60, and that of thQg value originating from  in 1%9n and °%Cd were calculated in the JS4 and JS6 ap-
the S, value of 0.70, the latter being the dominating contri- proaches, respectively. The correspondingin—1°cd
bution. This implies that the latter value ought to be mea-g-strength distribution was deduced. We will refer to this as
sured with higher precision. Similarly, the delayed protonmodel B. Finally, the total GT strength for thé®n
branch results in a partial GT strength B ,=0.86(15).  10%Cd decay was calculated in the model spacé3A]

The Bgr,, uncertainty originates from thgp counting sta-  ysing the approach of Ré6] and the modified interaction as
tistics and the half-life determination, and contains a minordescribed in Ref[27].

contribution from theQgc— S, value. The total GT strength
is BgT,,+Bgt,p=3.9(9). Thecomparison of the experimen- A. 1%%Cd low-lying states
tal Bgt distribution to the theoretical predictions will be

] In this section the results obtained by using model A and
made in Sec. V B. y g

shown in Fig. 12 are discussed. For all the shell-model states

V. SHELL-MODEL CALCULATIONS AND DISCUSSION 3 ' ' ' '

To gain insight into the microscopic structure of states in
10%cd and *%9n, and to study the GT resonance #9n
—1%0Cd B decay, shell-model calculations were performed \
using the codeoxBAsH [37]. The model space for the va- 2| ! 7
lence protons comprises the, and Ip,,, orbitals, while | —
the neutron single-particle orbitals arelslh, 097, 251,
1dj,, and (hyy». The single-particle energies relative to a
8sr core were chosen to reproduce the extrapolated values 4 |

for a 1%%n core[38], namely €0gy,= —2:92 MeV, €7, w \ ‘

=—3.53 MeV, efd5/2=—11.15 MeV, eong:—ll.O? MeV, — \__;____,_\ / ','

€5s,,= —9.60 MeV, ejy =—-9.50MeV, and g, . P

=—8.60 MeV. or . S 1
The effective interaction was derived by employing a per- mgyvds,

turbative many-body scheme starting from the free nucleon- . . . .

nucleon interaction, according to the prescription outlined in ! 3 spin () 5 7 °

Ref. [39]. For calculating the GT-strength distributions the

free GT operator was used. We refer to this approach as FIG. 13. Calculated level energies of theggsrgs, and

model A. The model results are presented in Figs. 8, 11, 12;g,3vds, multiplets of *®An by using model A. States belonging
and 13 in comparison with the experimental data. to the same multiplet are connected to guide the eye.

gy (MeV)
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presented in Fig. 12, the proton contribution to the wavediction with the experimental TAS valusee Table IV. The
function is largely dominated by two holes in tigg, and tail of the resonance towards lower energies resembles the
two particles in thep,, orbitals, the other configurations experimental one.

with different occupancies playing no significant role. In the  The experimental GT distribution is compared in Figs.
following, the structure of the states with respect to the neudl(b) and (c) to shell-model predictions of model A. The
tron contributions will be discussed. The first excited statedistribution from the model A is normalized to a free nucleon
with J7=2" is very close to the experimental value. It has aGT operator. The position and width of the resonance are
mixed configuration, where both valence neutrons occupyeproduced very well. The small upward shift in position can
mainly the s, orbital (47%), while about 20% of the am- be attributed to the neglect of excitations of tH&sSn core. It
plitude comes from the @,, orbital. The q* state, correctly has been pointed out earlig7] that a small renormalization
predicted in energy, has the same dominant structure as ti§é the proton-neutron interaction strength can account for
27 state, which remains valid for the;6state as well. The this shift.

45 wave function is more fragmented since the dominant Total GT strengths of 15.9 and 14.4 are calculated for
configuration is identical to that of4 state, but significant SPINS ©f 6" and 7', respectively, by using the model A. In
contributions originate from neutrons eitherdg,d, or in e approach of Ref31] total GT strengths of 15.9 and 15.8

g,,d%, multiplets. This is the lowest state where the pair of - < calculated for spins of '6 and 7', respectively,
S whereas 3.®) was determined experimentally in the present
valence neutrons is distributed over two subshells; the ne

, oy i ; Xhork. This translates into hindrance factor values tof
state of this character is,6 The different wave functions of =4.1(9) (for 6*) and of 3.79) (for 7*). These values
the 4 and 4 states result in a lower mixing between the should be compared to the experimental values of73 ®r
corresponding levels which leads to two close-lying 4 9cd [5] and to that of 4.85) measured fo’’Ag [27]. The
states, in agreement with the experiment. A more dramati¢heoretical hindrance factor 3f°Sn is 3.0[27]. Thus, within
effect is observed for the first two'6states, since their wave the large experimental uncertainties, tH8n g decay ex-
functions have no major overlap, and thus their energy spadiausts the strength of the GT resonance predicted®fgn.
ing is calculated to be 78 keV only. In the experiment, this In Sec. IV B the smooth TAS spectrum, the weak feeding
spacing is much larger, which may indicate that the waveof low-lying stategTable 1V), and the larges feeding of the
functions have a slightly different structure than predicted GT resonance were discussed. In the light of the shell-model
The calculated § state, predominantly ofrgy2 character, results from the model A the reasons for these results are
lies somewhat lower than observed in the experiment. Théreefold. o
configuration assignment agrees also with previous shell- () T2he low-lying *°°Cd states of 8p characterds; g7/,
model calculations for'®%Cd [6], performed in the same andrg7,, can be fed by the unpairedlgy,, only, whereas
model space but using a different set of two-body matrixthe remaining #ge)y+ decay to the GT resonance ofjg
elementq2,4Q]. states at high excitation energy. As far @sintensities are
The newly identified experimental level at 3164 keV, with concerned, the high suppression of the reduced transition
a tentative spin and parity assignment of §6is very close rates is largely compensated by the decay-energy selectivity
to the calculated % state. The wave function is dominated Of the f 5+ phase-space factor. e 10
by a 62%wd?,, configuration. This is well supported by the __ (i) The wave functions of tha™=6" to 8 "Cd daugh-

experimentally observed decay mode of this level, WhiChter states as discussed in Sec. V A have little overlap with

feeds the & and 4" levels, see Fig. 5. The spin and parity those of the 4 p states. As the two possible parent configu-

rations (mgg;svdsy)e+ and (mgq are rather pure
assignment for thé®Cd 8] state at 3200 keV was inferred (see Se(z:Tg\s;/sz tﬁ/é) 377:6+ g]?jg/év%gc):glevels cann(ft be

from a comparison With 'Fhe shell-model cglculations. Thestrongly fed in GT decay.
structure of the § state is interpreted as having one neutron (i) The dominating 4p GT-resonance configurations

pair broken and distributed in thgg»,ds, orbitals. (7998 (vds97,2)5, and (7992)8 (vg7)% under the as-
o sumption ofJ”"=6" or 7", respectively, for the ground state
B. 15 and GT distributions of 1%n, are connected to thegd states by stroni11 tran-

The experimental 4 distribution shown in Fig. &) is sitions. This can be concluded from the largely different
compared to predictions of model A assuming valuesdf magnetic moments of thegd and 4yp states6].
=6" and of 7" for the 1®n ground-state spin. The theoret-
ical results are displayed in Figs(t§ and (c). Under the C. Beta-delayedy intensity and spin assignments
assumption that the ground-state spin dfin is 6, the For the °An decay, a strikingly large discrepancy occurs
theoreticall ; distribution shows almost no direct feeding petween thé 5, values deduced from the high-resolution ex-
(less than 1%) for the 6 2096-keV level, which is close to periment, and thé limits inferred from the TAS datésee
the experimental finding, as observed in Fig. 7. The centroidrable IV). To shed light on this problem, tHe, distribution
position of the resonance is reproduced in the calculationsyas calculated by using the model A as a starting point for an
but not its width. If the ground-state spin iS 7a consider- estimate of the*;igh values. A one-stepy decay of theg-fed
able feeding of the 8 level is predicted, which is in contra- levels to the experimentally known low-lying levels was as-
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sumed. MultipolaritiesE1, M1, andE2 were considered duces the correct ground-state spin valugd®t6" for the
with strength functions taken from Ref28,29,3Q, respec- heavier indium isotopes. In model B, the ground-state spin
tively. The results are listed in Table IV and represent lowerand parity for 1%In are calculated a§”=7", however, at
limits due to the restriction to a one-step process. It shouldhe expense of reversing thels,— vg;, order, i.e., placing

be noted that due to the transition energy dependence of the vg,,, state 230 keV below theds, state in'%'Sn. This is
phase-space factor foy decay,(which is ~E’;, wheren at variance with recent experimental results fr&%¥sn[42].

=3 and 5 for dipole and quadrupole transitions, respectively,

in the low-energy limif41]), the one and two-step processes VI. SUMMARY
are greatly favored. Besides the experimehgglandl 5, the 99 i P
calculated values for the assumption)ét=6" or 7* for the The decay scheme of'In, the closest neighbor n,

parent state are listed in Table IV. For comparison also th&/@s studied in detailed high-resolution and total-absorption
calculated shell-model, values are given. The calculations SPECLroscopy. In the high-resolution measurempiyty co-

can account for a considerable population of states differin%f'c'denc‘_as allowed us to establish the decay schent&of

by more than % from the parent spin under both assump-10" the first time and thus to extend the level scheme of
. . . . 10 H

tions, thus proving the aforementioned retention to the com-_ Cd known from in-beam measurements. The total-
mon practice in interpreting-decay data. absorption results show tha?°Cd levels with excitation en-

A closer inspection of the theoretical results far,, 1, grgies higdherGt$an 6 MeV ?reddirt‘?fqlé’ fteg f{ﬂtlﬁfAEC .
high ; ; . decay, and a GT resonance is identified at 6.4 MeV. Apparen
and !’ . and a comparison to the corresponding expert vidence forg feeding to the identified low-lying states in
mental data, reveal better agreement for the parent spin a%oc ) . .
sumption ofJ"=6". This is demonstrated best for tA&¥Cd d is shown to Poe mainly due tg-delayedy feeding.
states with)"=4", 6%, and 8. The vy feeding of theJ™ The Qgc value of 1%n was determined to be 10.(B)

=47 states, which for both parent spin options cannot be fed1eV; ir_' agreement with previous experimental and theoreti-
directly in GT 8 decay, provides a benchmark test for thecal estimates. From measurements of the decay curves of

model input and the validity of the one-st&i/M 1/E2 as- 'yS andp-delayed protons, an averagéin half-life of
sumption. As a consequence, the tentafife= (6 ") assign- 5.92) s was qbtamed. A purely statlstlcgl model.analy.s|s of
ment to the state at 3164 keSee Sec. V A, Table |, and Fig. the 5p data yielded b+etter agrelgmem with & spin-parity as-
5) must be reconsidered. An alternatiyé=(5") assign- sumption Of.(g) or (7 )forthe O'T‘ grounq ;tate, whereas
ment is consistent with the missing intensity, jtslecay and the comparison of th@y feeding with predictions based on

the shell-model prediction d&,=2881 keV as compared to model| A tends to support a (% a;si_gnment: Lgrge—sce_lle
E,=3027 keV for the)™=6. state. shell-model calculations using realistic effective interactions

and ®Sr as a core yield good agreement with the experimen-
tal level energies ot%Cd, and predict a value of'6for spin
and parity of the®n ground state(model A. The GT-
Experimentally, the presented data do not permit us talistribution properties are well accounted for, implying a
draw any firm conclusion with respect to the ground-stateGT-hindrance factor as expected for th&°Sn GT
spin of %n. The shell-model calculations described asdecay.
model A were used to make predictions concerning the
mQosvdy;, and wggsrgl, multiplet energies in*®n, as
displayed in Fig. 13. It is observed that the calculation favors ACKNOWLEDGMENTS
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