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Abstract 

The fl decay of the neutron-deficient isotope l°3In was investigated by using total absorption 
y-ray spectrometry on mass-separated sources. The measurement reveals a high-lying resonance 
of the fl-decay strength in striking disagreement with high-resolution y-ray data. The result is 
discussed in comparison with shell-model predictions. @ 1998 Elsevier Science B.V. 
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1. Introduction 
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Within the last few years, the region of nuclei near the doubly magic nucleus l°°Sn has 
been subject of intense experimental and theoretical investigations, see e.g. Refs. [ 1-4] 

and references therein. Although l°°Sn was observed by using high-energy fragmentation 

reactions, its detailed spectroscopy appears to be still out of experimental range. For 

nuclei near  ~°°Sn, however, both in-beam and decay spectroscopy is already feasible 

today. 
One of the particularly interesting features of decay studies in the ~°°Sn region is the 

occurrence of fast/3 transitions related to the Gamow-Teller (GT) transformation of a 
7"rg9/2 proton into a Pg7/2 neutron. A measurable quantity suited for comparison with 
theoretical predictions is the/3 strength of this decay mode, defined as 

D.  I(E) 
BGT(E) = f (QEc - E)  "T1/2 " 100' (1) 

where D = 3860(18) s is a constant, corresponding to the value of the axial vector weak 

interaction coupling constant ga for the decay of the free neutron [5,6], I the/3 intensity 

normalized to 100% per decay, E the excitation energy in the daughter nucleus, f the 
statistical rate function, Qzc the total energy released in electron-capture (EC) decay, 
and T1/2 the/3-decay half-life. The Bm-(E) distributions, deduced from measurements 

of I ( E ) ,  QEC and T1/2, can be compared to the calculated square of the GT transition 
matrix element. The quenching of the experimental GT transition rates with reference 
to model predictions has been a puzzle for many years. A renormalization of gA (or  of 
the GT operator) has been applied (see e.g. Refs. [2,4]) in order to account tbr the 
missing GT strength in the l°°Sn region. This led to a consistent picture for the decays 

of even-even nuclei, with the GT strength from shell-model calculations being quenched 

by about a factor of 4 compared to experiment. However, the underlying/3-decay data 
were limited so far. Furthermore, the dramatic reduction of the shell-model GT strength 

remained to be explained also for the decays of non-even-even nuclei (see Ref. [7] for 

a recent example). 
On the basis of the extreme single-particle shell model, two main components are 

expected [4] in the GT decay of odd-even nuclei such as l°3In. There should be a 
single-particle transformation of an odd ~g9/2 proton into an excited ~g7/2 neutron state 
in the daughter nucleus l°3Cd. However, most of the GT strength should be carried by a 
transition corresponding to the decay of the even-even (Z  = 48, N = 54) core of l°3In. 

This dominant transition, the "GT resonance", results from breaking of a pair of g9/2 

protons and forming the GT pair -1 (7rg9/2, ~g7/2) coupled to the odd g9/2 proton in the 
daughter nucleus. Such three-quasiparticle states of three different final spins (AI = 0 
or +1 for GT decay) are located at relatively high excitation energies in the daughter 
nucleus, the residual interactions between the nucleons under consideration spreading 
the GT strength over many final states. This causes the intensity of individual/3-delayed 
y transitions in 1°3Cd to be quite low, and their energies to be close to each other. 
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Classical high-resolution y spectroscopy based on standard-size germanium detectors 

is generally unable, due to the relatively low efficiency of such detectors, to correctly 
record the intensity distribution of/3-delayed y rays emitted from nuclei far from the 
/3-stability line. This is particularly true for high y-ray energies (corresponding to high 
excitation energies in the daughter nucleus) and for low y-ray intensities. Therefore, 
such experiments usually overestimate the/3 intensity for low-lying states, the resulting 
GT distribution being thus shifted towards low excitation energy. This effect causes an 
underestimation of the apparent total GT strength. 

In order to improve the understanding of the origin of the GT quenching in general, 
and to avoid the inherent limitation of high-resolution y spectroscopy, a program of 
investigating the/3 decays of non-even-even nuclei near l°°Sn by total absorption spec- 
trometry has been initiated at the GSI on-line mass separator. This method, even with rel- 
atively low energy resolution, but with an efficiency as close to 100% as experimentally 
possible, is able in principle to resolve such complicated/3-feeding patterns. Following a 
pilot study of l°°Ag [8], a six-quasiparticle configuration with respect to the l°°Sn core 

(three neutron particles and three proton holes), an improved total-absorption spectrom- 
eter (TAS) has recently been completed [9] and used for performing measurements on a 
series of neutron-deficient indium isotopes. In this paper, we report on a re-investigation 
of the/3 decay of l°3In, a five-quasiparticle configuration with respect to the l°°Sn core. 
The main goal of the experiment was to determine BeT which, according to Eq. (1), can 
be deduced by measuring I ( E ) ,  QEc, and Tl/z. We performed a measurement of I ( E )  by 
means of TAS, and took the values of QEc (6.05(2) MeV [ 10] ) and TI/2 (60( 1 ) s [7] ) 
from the literature. The experimental techniques applied in our experiment are described 
in Section 2. In order to estimate the systematic uncertainties involved in the evalua- 
tion of TAS data, we performed two independent evaluations. They differ in the applied 
Monte Carlo simulation codes, and in the assumptions made for the de-excitation pattern 
of high-lying l°3Cd levels. Details are presented in Section 3. In Section 4 we confront 
the experimental data with shell model predictions. Section 5 contains our summary. 

2. Experimental techniques 

2.1. General remarks on TAS 

The TAS [9] consists of a large NaI crystal (diameter 356 mm, length 356 mm) 
surrounding the radioactive source, two small silicon (Si) detectors (thickness 450/~m, 
diameter 16 mm) above ("top") and below ("bottom") the source, and one germanium 
(Ge) detector (thickness 10mm, diameter 16 mm) placed close in the center of the 
NaI crystal just above the "top" detector. The NaI crystal is protected by a combined 
borax-lead shielding against room background including cosmic rays and accelerator- 
related background. By demanding coincidence with signals from the Si detectors, the 
/3 + decay component for the nucleus of interest is selected, whereas coincidences with 
characteristic K~.~ X-rays recorded by the Ge detector can be used to select the EC 
mode. In this way the complete distribution of the /3 strength can be determined for 
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Fig. 1. TAS efficiency for monoenergetic y rays, calculated by using the SIGMA code [ 11 ]. Displayed are 
the total efficiency (solid line) and the photopeak efficiency (broken line). 

neutron-deficient isotopes, including low-lying and high-lying levels of the daughter 
nucleus. The coincidence option is particularly important, if the source strength is low 
and the signal-to-background ratio in singles spectra correspondingly small. 

As can be seen from Fig. 1, the total y-ray efficiency of TAS for monoenergetic 
photons between 0.2 and 4.0 MeV is above 88%, and its photopeak efficiency is above 

56%. While the high efficiency values as well as their rather weak dependence on 

photon energy are promising, the problem of TAS measurements lies in the response 

function, the shape of which is complex already for single y-ray sources. This is even 
more so for the case of large QEc values which lead to further complexity of I (E )  

and of the related deexcitation in the daughter nucleus. Therefore, the determination of 

I (E )  from the experimental TAS spectra involves an intricate procedure. In the case 

of neutron-deficient isotopes, I represents the sum of EC and /3 + intensities, whereas 
the individual intensities are denoted by IEc and I~+, and the intensity ratios I z c / l  and 

IEc/I/3+ by EC/total and EC//3 +, respectively. 

2.2. Source preparation 

This work deals with the neutron-deficient isotope 1°3In which was produced by 
means of 5°Cr(58Ni,3p2n)l°3In fusion-evaporation reactions. The energy and intensity 

of the 58Ni beam on target amounted to 285 MeV and 40-50 particle nA, respectively. 
A 3.6 mg /cm 2 thick 5°Cr target, enriched to 96.2%, was used. The recoiling reaction 
products were stopped in a graphite catcher inside the gaseous discharge ion source 
of the GSI on-line separator [12] which provided a 55 keV mass-separated A=103 
beam. The contaminations of l°3Sn and l°3Cd were strongly suppressed by choosing a 
FEBIAD-B2-C ion source with an alternately heated and cooled "cold pocket" which 
provides bunched indium beams [ 13], temporally separated from the tin or cadmium 
isobars. The I°3In beam, thus purified, was implanted into a transport tape. The resulting 
source was moved periodically every 100 s through a differential pumping system from 
the collection position (in vacuum) to the center of TAS (in air), where it was measured 
for 100 s. This timing, optimized for l°3In (Tl/2 = 60(1) s [7] ), suppresses longer-lived 
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Fig. 2. TAS spectra obtained for the l°3In decay in singles (dash-dotted line) and in coincidence with 13 + 
and EC processes (broken and solid line, respectively). 

activity such as the isobaric contaminant l°3Ag which is hardly attenuated in the ion 

source operation mentioned above. After three consecutive collection periods, the A=103 

beam was directed for a 100 s interval to a separate tape collector which was equipped 

with a standard Ge detector for monitoring intensity and purity of the beam, while 
simultaneously a background measurement was performed at TAS. This mode of beam 

sharing between TAS and the monitoring station was continued for a total counting time 
of 22 hours. Fig. 2 shows the TAS spectrum obtained in this experiment for A = 103 
sources, together with the EC and/3 + components used for the data analysis. 

Although we used the bunched operation mode, the A = 103 beam used for the 
TAS measurements is not totally free of the isobaric contaminants l°3Cd and ]°3Ag, 

especially since these also grow-in as decay daughters during the counting periods. 
Contributions from the decay of 1°3Cd and l°3Ag as well as from room background are 

not harmful for the EC component of the 1°3In decay, since the energy resolution of the 

Ge detector is sufficient to resolve X rays of palladium, silver, and cadmium. This is, 

however, not the case for the/3+ spectrum gated by signals from the silicon detectors. 
This condition suppresses the contribution from room background but not those from 
isobaric contaminants. In order to obtain a pure 1°3In /3+ spectrum, we additionally 
measured the contributions from I°3Cd and l°3Ag in a separate experiment with 10 min 
collection and 180 min counting time. The resulting l°3Cd and l°3Ag /3+ spectra were 

then subtracted by using a normalization that was derived from the Ag and Pd X-ray 
intensities, respectively, measured by means of the Ge detector. Both the /3+ and EC 
spectra obtained in this way were corrected for pile-up effects. Details of this correction, 
which is based on a digitalized pulse shape, will be described elsewhere [ 14]. 

3. Data evaluation 

3.1. General  remarks on the unfolding procedures  

In order to deduce the/3-intensity I ( E )  as a function of the excitation energy E in 
the daughter nucleus from an experimental TAS spectrum S ( x ) ,  one has to solve the 
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equation 

S ( x )  = Z Ri (x )  • li, (2) 
i 

where li is the /3-feeding to level i. Any column Ri(x)  of the response matrix, trans- 
formed from energy into experimental spectrum channels (x),  represents the "level 

response function" of TAS to the cascade of y rays deexciting the level i. Ri(x ) c a n  be 
calculated recursively by using the response function for lower levels, as 

i-I / .  
Ri(x )  = Z bi-~k" [ Rk(X')  • G(Ei - E~, x - x t ) d x  ', (3) 

d k=0 

where G(E,  x)  is the TAS response function to the monoenergetic y transition of the 

energy E = Ei - Ek, bi--.k the branching ratio for this transition, and R~(x)  the level 
response function which is reduced to the ~ function ~(x ~) in the case of a 3' transition 

to the ground state (k = 0). Since EC and /3 + spectra were extracted under different 
conditions (see Sections 3.2.2 and 3.3.2), the response functions used in data evaluation 
are supposed to be different. 

In the case of TAS measurements of exotic nuclei one usually faces the problem that, 

even though some/3-delayed y rays are known from high-resolution measurements, many 
of them have escaped from observation in these experiments. Correspondingly, the decay 

schemes obtained from high-resolution data are incomplete, and hence assumptions have 

to be made in deducing li. Such assumptions may introduce unpredictable systematical 
uncertainties. Therefore, we decided to carry out two independent data analyses and to 

confront their results in order to estimate the systematical uncertainties. 
The following two approaches were taken for choosing Ri and calculating I: 
- First, we introduce, in addition to the l°3Cd states known from high-resolution 

work, "pseudo-levels" in ~°3Cd with an intra-level spacing of approximately 50 keV. 
Furthermore, we a s s u m e  Ri o f  a given pseudo-level to correspond to the average Ri 

of all unobserved levels. Such a procedure appears to be justified because of the poor 
energy resolution of NaI. The response function of a pseudo-level is constructed in 

the same way as for the known levels. Once the response functions are established for 

all levels, we sum them weighted with I ( E ) ,  and thus construct a simulated spectrum 
which is compared with the experimental one. In the following, this method is called 
recursive folding (RF). 

- Second, we bin the experimental TAS spectrum into intervals of approximately 
25 keV, assume a 6 function for the shape of the photopeaks, and unfold the spectrum 
on the basis of "spectrum channels". The latter expression implies that every channel is 
treated as an independent region with respect to I and Ri. As a result of this simplifica- 
tion, Eq. (2) becomes a set of linear equations with a triangular matrix, which allows 
for an unambiguous decision by using the simple and fast "peel-off" (PO) procedure. 

Insufficient assumptions on I and/or Ri result in deviations of the shape of simulated 
and experimental spectra, or in unphysical results emerging from the RF or PO methods, 
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respectively. The final solution is found by modifying the primary assumptions and 

checking the influence of such changes on the results. 

3.2. Data evaluation based on the Recursive Folding Method 

3.2.1. Response function determined by using the EGS code 

The Electron-Gamma Shower (EGS) code was developed for a Monte Carlo simu- 

lation of the coupled transport of electrons and photons [ 15]. In our simulation, the 
EGS4 version of this code was used. For the purpose of the present work, TAS and its 

shielding was described as 54 coaxial regions (cylinders and annuluses). The center of 
the NaI crystal, i.e. the area around the radioactive sample, was divided into 28 regions. 

In order to speed up the calculation, regions which have no significant influence on the 

simulated spectrum were not taken into account. This condition is in particular fulfilled 

for the shielding materials (borax, lead). By using the simplified geometrical descrip- 

tion based on coaxial regions like cylinders and annuluses, we neglected mechanical 

details such as the cold finger of the Ge detector, which is made of beryllium, as well 

as its aluminium housing. Furthermore, by approximating the TAS bore by a cylinder 
geometry, we neglected its actual key-hole shape. As a result of the approximation made 

in describing the TAS geometry, we had to modify the EGS calculation by including 
additional material in the center of TAS and by adjusting the density of the MgO mate- 
rial used as reflecting layer in the NaI crystal. These modifications were necessary for 

obtaining satisfactory agreement between simulated and experimental TAS spectra. The 
result obtained for the/3 decay of 24Na is shown in Fig. 3. 

To be able to evaluate the /3 + component of the spectrum, the knowledge of the 
response function for positrons is necessary. In view of the above-mentioned geometrical 

approximations we decided not to simulate a positron response function. Instead, we 
simulated the response function for the 511 keV annihilation quanta originating in the 

Ge detector. This procedure requires a special data treatment, to select only those events 
which fulfill the condition that positrons emitted from the center of TAS are stopped in 

the Ge detector. 
To obtain the correct response function for a y-ray cascade, a special calibration 

procedure, consisting of three steps, was used in the RF calculation. The first step took 
the production of light by monoenergetie y rays into account, whereas in the second 
step all y rays of the given cascade were included in a folding procedure to construct a 
"level response function" (see Eq. (3)) .  In a third step, the latter is recalibrated from 

"light equivalent units" to channels which can then be used to compare experimental 
and simulated spectra. Details of this procedure will be described elsewhere [ 14]. 

3.2.2. Treatment of EC and/3+ coincident data 

When deducing IEC and Ip, as a function of E from TAS data, the influence of 
conversion electrons emitted in the deexcitation of l°3Cd levels has to be taken into 
account. The EC intensity was determined from the TAS spectrum, that was measured in 
coincidence with Cd X-rays recorded in the Ge detector and in anticoincidence with both 
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Fig. 3. TAS spectrum measured with a 24Na source in comparison with results obtained by a simulation. The 
upper panel shows the experimental result, while the differences between experimental and simulated spectra, 
generated by using the recursive-folding (RF) method and the peel-off (PO) approximation, are displayed in 
the central and lower panel, respectively. 

Si detectors. The latter requirement suppresses conversion-electron events occurring after 

EC and/3+ decays. The/3+ spectrum was obtained by demanding coincidence between 

signals from the NaI detector, the top Si detector, and the Ge detector operated at low 

gain. The Si-Ge coincidence represents a AE-E device which assures that a positron 

induced an energy-loss signal in the Si waver and was stopped in the Ge detector. 

Furthermore, it suppresses events associated with/3+-delayed conversion electrons. 

3.2.3. Deconvolution procedure 
The RF deconvolution procedure consists of 5 steps, which were repeated until a 

satisfactory result was obtained: 

- the assumption concerning Ri for all pseudo-levels in the daughter nucleus l°3Cd; 

- calculation of the response function for the pseudo-levels and levels; 
- the assumption of  a EC or /3  + population of  those levels; 

- calculation of  the simulated spectrum, 
- adjustment of the EC or /3 + population in order to minimize the differences 

between simulated and experimental spectrum. 

As a first approach to construct a simulated spectrum, we used the decay scheme 
of 1°3In deduced from high-resolution y-ray data [7] .  A comparison between the ex- 
perimental EC spectrum from the present work and that simulated on the basis of  the 
high-resolution data is presented in Fig. 4. Although the known decay scheme comprises 

over 50 levels and 100 y-ray transitions [7] ,  it is in striking disagreement with the new 
results obtained in this work. 
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Fig. 4. Experimental TAS spectrum related to the EC component of the 1°3In decay (solid curve), in 
comparison with the simulated spectrum (broken curve) obtained by the recursive-folding method with input 
data based on high-resolution work [7]. 

As a second approach in finding suitable values for the excitation energies of the 

pseudo-levels and the related Ri values, we started from l°3Cd levels that were identified 
by Szerypo et al. [7], and used 7 rays which were observed by these authors but not 

placed in the decay scheme. Allowing variations of +2 keV we introduced more than 
40 pseudo-levels, with an average of 3.5 deexciting T rays per level and a spacing of 

approximately 50 keV between neighboring levels. In this approach, the 1/ rays from 

the high-resolution work, that were not placed in the decay scheme, served as a basis 
for constructing the pseudo-levels. Therefore, the total 7 intensity obtained by the RF 

method exceeds that found by Szerypo et al. [7]. Furthermore, the mean 7-cascade 
multiplicity (mr) ,  used for the simulation of the EC and fl+ spectra, was 3.2 and 
2.5, respectively, i.e. considerably higher than the value of 2.0 suggested by the high- 

resolution data [7]. Fig. 5 shows the RF simulation, obtained for the EC component of 
the 1°3In decay, in comparison with the corresponding experimental TAS spectrum. 

In connection with this procedure, we had to normalize the experimental EC and fl+ 

spectra. This task was achieved by confronting the EC/,8 + ratio for a given energy 
level, resulting from the comparison of simulated and experimental EC or/~+ spectra, 
to the theoretical EC//3 + ratio [ 16]. The energy interval can be chosen in two different 

ways. The first approach uses an interval, where both the EC and the fl+ spectrum 
have sufficient statistics, i.e. for 1°3Cd excitation energies between 2.1 and 3.5 MeV. 

The second approach is based on the full energy range from 0 up to QEC, and uses 
the divergence of the normalization factor as information on experimental uncertainties 
including those from the data evaluation. The latter procedure is justified, since in the 
case of an ideal (uncertainty free) experiment and data evaluation, the ratio between 
theoretical and experimental EC/f l  + values should be constant without any divergence. 
The normalization factors calculated by both methods agree with each other within the 
respective uncertainties. However, the divergence of the values obtained from the second 
approach is higher. For the following data evaluation, the normalization coefficient 
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Fig. 5. Experimental TAS spectrum related to the EC component of the 1°3In decay (upper panel) and 
difference between experimental data and results obtained by using the recursive-folding method (lower 
panel). 

derived from the full energy interval was used. 
After this normalization, the feeding to low-lying 1°3Cd states is taken from the 

"reconstructed" 13 + spectrum, while the EC feeding is used for highly excited states. As 
this normalization depends on the Qzc value, the uncertainty of the latter contributes to 
the uncertainty of the BOT distribution. The resulting EC/total ratio is 0.46(4). Using 
this value we obtained a ~ BGT value 2.54(25), the uncertainty including contributions 

from counting statistics (0.15) and from the uncertainty of the EC/13 + ratio (0.20). 

3.3. Data evaluation based on the peel-off approximation method 

3.3.1. Response function determined by using the SIGMA code 
The SIGMA code [11] has been developed to simulate the response function for 

the total absorption spectrometer which has been used at the IRIS facility of PNPI 
in St. Petersburg, Russia. In this code, the geometry of the detector is described as a 
set of coaxial and enclosed cylinders. For the simulation of the response function of 
the TAS, the geometry was approximated by 15 cylinders. In addition, changes were 
introduced into the code in order to take into account the key-hole shape of the well 
of the main NaI detector. For fine tuning, the thickness of the aluminium wall of the 
well was varied in order to obtain best agreement between simulation and experimental 
data for the calibration sources. Fig. 3 shows a comparison between those spectra for 
24Na. In the simulation of the response functions, the non-proportionality of the NaI 
light output was taken into account by using the corresponding energy calibration for 
the photopeak position of monoenergetic 3/ rays. The remaining distortions due to this 
non-proportionality were relatively small owing to the folding procedure applied during 
the calculation of the level response functions for the cascades of y rays (see Eq. (3) ) .  
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3.3.2. Treatment of EC and fl+ coincident data 

In order to correct the experimental EC and /3 + spectra with respect to, e.g., the 
influence of conversion electrons, the PO approach was performed in an iterative way. In 

every step of the data evaluation, the response matrix was used to simulate the respective 
TAS spectra. Following a first assumption needed for the calculation of the response 
matrix, we arrived at preliminary deconvolutions. The resulting spectra were then used 
for simulating the corrections of the experimental spectra, and the whole deconvolution 

procedure was repeated (see Section 3.3.3). The response matrices obtained after the 
first iterations provided simulations with sufficient accuracy. This approximation seems 

justified, as the deconvolution-simulation cycle leads to a "damping" of uncertainties in 
the response matrices, and as the corrections under consideration were estimated to be 

relatively small. 

The EC-decay data, selected by setting a coincidence condition on the Cd X-rays 

observed in the Ge detector, were corrected for contributions from conversion electrons. 

The latter were simulated and subtracted by using a normalization based on the intensity 

of the 1022 keV line observed in the Ge detector in coincidence with signals from the 
silicon detectors. The/3 + spectrum was obtained requiring coincidence between signals 
from the NaI detector and the top Si detector. The admixture of EC-decay events 

followed by electron conversion was calculated and subtracted. This calculation was 
based on the spectrum measured in the NaI detector in coincidence with the Ge and Si 

detectors, the threshold in the Si detectors being set high enough to reject conversion 

electrons. A contribution from EC-decay events was subtracted, which stemmed from 

registration of 3/quanta in the top Si detector and was simulated to be about 3%. 

3.3.3. Deconvolution procedure 

Similar as in the RF method, the PO deconvolution of TAS spectra is based on results 

obtained by high-resolution 3/ spectroscopy. In accordance with the dominant structures 
of the experimental spectra, the 55 levels deduced in Ref. [7] were reduced into 17 
"groups" of levels, a given group containing a single level or several close-lying ones. 
The experimental spectrum was binned into 25 keV intervals, and the response function 
was constructed for every bin. As the initial states are interrelated with the bins, the 
notation i of the initial levels in Eqs. (2) and (3) had to be replaced by a bin number. 

The values of 3, branchings from the nth bin to the kth level, bn~k, were supposed to 
obey the dependence 

bn~k = b~. (En - Ek) 3 (4) 

Within the framework of the PO method, the distributions of IEC and I~+ can be 
unambiguously calculated by using Eqs. (2),  (3) and (4),  provided the coefficients 
bk are defined. Together with I, the total intensities of y rays (17) is then calculated 
for all 17 groups. One may safely assume that the high-resolution study [7] correctly 
determined the 17 data for the low-lying 1°3In levels. Thus, the PO iteration procedure 
was applied to find the 17 coefficients bk from the condition that the 17 values obtained 
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Fig. 6. Intensities of fl-delayed y-rays from the l°31n decay as a function of the l°3Cd excitation energy. The 
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work [7], which were folded with the TAS resolution (solid curve). Note the multiplication factor of 4, 
applied for l°3Cd excitation energies above 0.25 MeV. 

from the PO method are equal to those given in [7]. This procedure was applied for 

both EC and fl+ spectra under the following two constraints: 
- The calculated feedings to the regions between the well-resolved low-lying levels 

should be close to zero within the statistical uncertainties. 
- The EC/f l  + values for low-lying levels should be in agreement with the ratio of 

the respective statistical rate functions [ 17]. 
The QEC value and normalization factors for the EC and/3 + spectra were determined in 
each iteration in the way described in Section 3.3.4. 

Fig. 6 shows the ly data derived from [7] and from the present work. As can be seen 
from this figure, good agreement is obtained for the low-lying l°3In levels. However, 
a striking difference occurs a higher 1°3In excitation energies. Most of the additional 

y intensity, deduced from the TAS data, occurs in an excitation-energy range between 

2.5 and 4.0 MeV. It is not surprising that such a distribution of I r over many levels 
remained unobserved in the high-resolution study. 

The mean multiplicities of y quanta for the EC and /3+ decay, derived from a 
deconvolution procedure of the IEC and I ~  distributions, amounts to 2.5 and 3.0, 
correspondingly. As can be deduced from the I v data displayed in Fig. 6, the mean 
multiplicity m r, following the EC//3 + decay of l°3In, is 2.7. 

3.3.4. Determination of the Qec value and fl-strength distribution 
The values of IEC and I/~+ for the l°3In decay can be deduced, as an alternative 

to the determination of these quantities by the RF method (see Section 3.2.3), by 
decomposing the single TAS spectrum STAs(X)  into two components K'(EC)(~'~ and ~TAS ~, ~ ) 
STA Si) s (x),  respectively, 

e(EC) (X .g'(Si) 
STAS(X) ---- CEC "JTAS " ) q- ¢/3+ " ~TAS ( g ) '  ( 5 )  
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ST EC) and ~,(si) AS ~TAS were obtained from the corresponding coincidence spectra, taking the 

difference in the response functions for singles and coincidence spectra into account. 

The parameters CEC and c~+ were calculated by using the X 2 method for E/>3 MeV. In 
this range of excitation energies, contributions from the isobaric contaminants (l°3Cd, 
l°3Ag) are negligible. 

Using this procedure, we calculated EC/total to be 0.44(2), in agreement with the 
value of 0.46(4) obtained by means of the RF method (see Section 3.2.3). The uncer- 

tainty of 0.02 was deduced from a X 2 procedure, and includes a contribution from an 
estimate of the isobaric contamination. 

In order to test the consistency of this procedure of EC/total determination, we used 
an alternative way to normalize the experimental EC and/3 + spectra. The latter approach, 

based on correlations between EC//3 + and the ratio of the statistical rate functions for 

EC and/3+ decay fEc/f~+ [ 17], is similar to that used in Section 3.2.3. We considered 

QEC and EC/total as variable parameters to secure that EC//3 + is equal to fEc/f#+ 
for any E within a sufficiently wide interval. From applying a X 2 procedure within an 

E interval from 2.5 to 4.0 MeV, we obtained a QEc value of 6.02(10) MeV and a 
EC/total ratio of 0.46(4). These results agree with the QEc value of 6.05(2) MeV from 
the literature [ 10], and with the EC/total ratio determined from the decomposition of 

the singles spectrum, respectively. 
As the uncertainties resulting from this two-parametric X 2 procedure are rather large, 

it is preferable to perform a X 2 fit for only one of the parameters, while fixing the other 

parameter. By using the EC/total value of 0.44(2), calculated above on the basis of 

Eq. (5),  we obtained a QEC value of 6.04(6)MeV. The uncertainty of the latter result 

includes the uncertainties of the TAS energy calibration and of EC/total. This QEC value 
is in good agreement with the literature value of QEC = 6.05(2) MeV [ 10], which we 

prefer in the following due to its higher accuracy. Keeping this QEc value fixed in the 
one-parameter fit, we obtained EC/total = 0.45 (2). Averaging this result with the value 

of 0.44 (2) mentioned above, we deduced a recommended EC / total value of 0.445 (20) 
for l°3In. We used this value for the normalization of IEC and I~+ in the PO method and 
for the corresponding determination of I(E). 

The BCT distribution, calculated from these data according to Eq. (1), is displayed 
in Fig. 7. The resulting ~ '  BGT value is 2.40(25). Using the X 2 analysis for the fixed 
value of QEC, we estimated the average uncertainty of IEC/I~+ to be 20%. This is valid 

for the 100 keV bins and the excitation energy interval of 2.5-4.0 MeV. By considering 

the uncertainties for IEC and IB+ to be independent, we obtained an uncertainty of about 
15% for the I values of any of the 100 keV bins within an energy range between 2.5 

and 4.0 MeV. This corresponds to an uncertainty of about 10% for ~ BeT. 

3.4. Uncertainties of the deconvolution of TAS spectra 

Besides the statistical uncertainties, systematical uncertainties have to be taken into 
account in the deconvolution procedure, which may stem from incorrect assumptions 
concerning 



16 M. Karny et al./Nuclear Physics A 640 (1998) 3-23 

0.10 

0.08 

L~ 0.08 
C',4 

0.04. 

m 
0.02 

5q8 
0.08 

LO 0.06 

0.04 

m 
0.02 

0.00 

I- ~" I 
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- the level scheme of the daughter nucleus; 
- the simulation of the response function, and 
- the penetration of positrons into the NaI detector. 

The uncertainty related to an incorrect assumption concerning the level scheme is difficult 
to evaluate analytically. By varying the 3' branches within the limits of the imposed 
constraints, we estimated that the relative variation of ~ BaT does not exceed the 
difference between the values derived from the RF and PO approaches. It is clear, 

however, that the most important contribution is due to the uncertainty of the average 

multiplicity of ~ quanta (Sine), which leads, via the level response function (Ri), to 

the uncertainties of the I value. As a rough approximation, we assume 

6e 
- -  = 6mrl ln(emax)l, (6) 

with e being the TAS efficiency for full-energy absorption associated with a level of 
the excitation energy E, 6e the related uncertainty, and Emax the maximum photopeak 
efficiency for monoenergetic photons. The latter was assumed to be ..~ 0.70 (see Fig. 1). 
As m r for high excitation energies is dominated by EC decay, we used the m r values of 
3.2 and 3.0, suggested by the RF and PO evaluations, respectively (see Sections 3.2.3 
and 3.3.3), to estimate ~m r as 0.2. The corresponding ~e/e  value amounts to about 7%, 
with the influence of Emax uncertainties being neglected. 
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The spread of m r in the deexcitation of the levels populated by /3 decay give rise 

to "statistical" fluctuations in the experimental TAS spectra. During the deconvolution 
procedure, these fluctuations influence the calculated I values. The corresponding relative 
fluctuations of I, ~I/1, can be approximated by 

-7-----Iln(Emax)l' 3 / 2 . D . ( m  r - 1 ) / ( v / - ~ o  " ) - exp[ - (AE)2 /8o-2 ] .  (7) 

D is the mean spacing of (unobserved) levels, which is averaged with the TAS energy 

resolution (FWHM) by using a common response function (o- = FWHM/2.35),  and AE 

is the energy interval of the fluctuations. The spread in BGT for the levels is supposed to 
obey the Porter-Thomas law. A value of D = 3.3 keV for the allowed spins in the region 

of the BGT maximum was derived from shell-model calculations. With the experimental 
FWHM value of 160 keV and the above-mentioned m:, value of 3.2-3.0, we obtained 

a statistical BeT uncertainty of approximately 8% for a AE value of 100-150 keV. 

Uncertainties related to the fluctuation of ~m z, contribute more to the shape of the BeT 
distribution than to the ~ BGT value. 

The value of ~mr also influences the accuracy of the energy calibration. Due to 

the non-proportionality of light collection in the NaI crystal, a given channel of the 
experimental TAS spectrum can not be unambiguously related to a single E value, as this 
channel contains contributions from different y-ray (or level) energies. Correspondingly, 
the uncertainty ~E of the energy calibration due to this non-proportionality can be 

estimated as ~E = 31 keV~m. A deviation in the I distributions obtained by the RF and 

PO approaches can also arise from the different assumptions made for the respective 
calibration procedures (see Sections 3.2.1 and 3.3. I) .  

In order to clarify a possible distortion of the experimental spectra due to positrons 
penetrating into the NaI detector, a separate measurement was performed with a poly- 

ethylen absorber below the bottom Si detector. Due to this absorber, positrons emitted 
from the source had to pass a polyethylen layer that was at least 20 mm thick. For 

energies above 0.5 MeV, no significant difference was found in the spectra gated by 
the top and bottom Si detectors. Thus we conclude that the results, obtained for I~+ 

by gating on the top Si detector, are free from positron penetration effects in good 
approximation. 

Additional uncertainties arise from the use of the QEC value of l°3In, especially in 
the case of the RF method. However, due to the high accuracy of the experimental QEC 

value (6.05(2) MeV [ 10] ), this source of uncertainties has been neglected. 

In comparison with the systematical uncertainties that were described above, those 
due to limited statistics are of importance only for excitation energies above 5.2 MeV. 
Being about 10% for a 100 keV bin at this energy, the uncertainty increases with E. 
Therefore, the region of reliable data is limited to the range E ~< 5.5 MeV. Nevertheless, 

the behavior of BGT below this limit does not show any evidence of significant BGT 
changes occuring around QEC. 

In summary, the resulting BGT uncertainties are somewhat smaller than those calcu- 
lated on the basis of the divergence of the EC//3 + renormalization factor (see Sec- 
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tions 3.2.3 and 3.3.4). This is due to the uncertainties associated with the simulation of 
the response function for monoenergetic T rays as well as with the simplification made 
for the analytical estimate of the uncertainty presented above. 

4. Results and discussion 

4.1. Compilation of experimental results 

The BGT distributions for l°3In, obtained from the RF and PO methods (see Fig. 7), 

agree in the gross features, i.e. the dominant resonance around E = 3.8 MeV with a full 
width at half maximum of the order of 0.7 MeV. A closer inspection shows, however, that 
the BGT resonance is split into two components, and that a long tail extends towards 
high excitation energies. Furthermore, distinct differences occur between the results 
obtained by the two unfolding procedures, concerning, e.g., the high-energy peak of 
the resonance. These differences, which are interpreted as representing the systematical 
uncertainties involved in these procedures, concern more the shape than the summed 
BGT values x--" B (exp) of 2.54(25) and 2.40(25) obtained from the RF and PO methods, Z~ GT 

B (exp) value of l°3In recommended from this work is 2.47(25) as respectively. The ~ GT 
an average of the two results. 

The mean multiplicities of 3/cascades for the EC and/3 + component, obtained from 
the RF method, amount to 3.2 and 2.5, whereas the corresponding values, deduced from 
the PO method, are 3.0 and 2.5, respectively. The EC/total ratios determined by both 
methods agree within the respective uncertainties, yielding a recommended value of 
0.445(20) (see Sections 3.2.3 and 3.3.4). 

4.2. Shell model calculations 

The model space and interaction we have used for the analysis of the l°3In GT /3- 
decay is that denoted by SNB in [2], where it was introduced to calculate fl-decay 
properties for nuclei near l°°Sn, in particular, for those with N = 50. The active orbits 

for protons are Pl/2 and g9/2, and the active orbits for neutrons are  g7/2, d5/2, d3/2, 
sl/2 and hlL/2. The SNB Hamiltonian is described in [2]. The fl+/EC GT strength 
within in the SNB model space arises only from the transition between a proton (¢r) 
in the g9/2 orbital to a neutron (v) in the g7/2 orbital. The strength for this transition is 
maximized in the closed-shell (7rg9/2)1° 0 + configuration for l°°Sn, with B~T = 17.78 
for the transition to ( ' / ' rg9/2)9;pg7/2 1 +. In the general case, if the gj orbit occupancies 
are Nj in the initial state, the total /3+/EC GT strength summed over all final states is 

BGT = (N9/2/10)  ( |  -- NT /2/  8 ) B~T. 
For t°3In it is possible to calculate the wave function for the initial 9/2 +, T = 5/2 state 

in the full SNB configuration space (7"rpl/2,g9/2)ll;(t, g7/2,d5/2,d3/2, Sl/2,hll/2) 4. For this 
state N9/2 = 9.0 and N7/2 = 1.66 giving ~ BGT = 12.7. An important question for the 
present experiment is how much of this strength lies at l°3Cd excitation energies which 
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Fig. 8. BGT distributions obtained from shell-model calculations by using the small model space for l°31n 
(upper panel) and 1°1In (central panel), and by using the SNB model space for l°]In (lower panel). 

are within the ]°3In QEC window and the TAS detection sensitivity. The dimensions for 
the final state configuration (7"rpl/2,gg/2)l°; (ug7/2,ds/2,d3/2, sl/2,hll/2) 5 are much too 
large to handle in a practical calculation (on the order of 100000 states). However, a 
1°3In --~ 1°3Cd calculation is possible in the smaller space of (~rpl/2,g9/2)11 ;( ug7/e,ds/2 )4 
--+ (yrpl/2,g9/2)]°;(~,g7/2,ds/2) 5, where there are 3527 final states. The Nj factors and 
total GT strength in the small space are similar to those in the full space, N9/2 = 9.0, 
N7/2 = 1.87 and ~BGT = 12.2. The reason for this is that there is a gap of about 

2 MeV between the closely spaced g7/2 and d5/2 orbitals and the higher d3/2, Sl/2 and 
h11/2 orbitals, and that the wave function is dominated by mixing between the g7/2 and 
d5/2 configurations. The BeT distribution obtained in the small space is shown in Fig. 7 
in comparison with experiment. The centroid and width of the theoretical distribution is 
very close to that of the experiment. The main difference in the shape of the distributions 
is that the experiment yields a high-energy tail which is not present in the small-space 
calculation. 

In order to check the importance of the full SNB model space for the details of the 
GT distribution, we consider the/3+/EC decay 101In ~ l°lCd, where the full-space cal- 

culation is possible. The results for the full space, (~'pl/2, g9/2)11; (~'g7/2, d5/2, d3/2, s 1/2, 
hi 1/2) 2 --+ (77"101/2, g9/2) 10; (/"g7/2, d5/2, d3/2, s1/2, h] 1/2) 3, and small space, (~'P]/2, g9/2) 11; 
(/"g7/2, d5/2) 2 ---* (yrpl/2, g9/2)10; (/-'g7/2, d5/2) 3, are compared in Fig. 8. Again, the total 
strength is similar in the full SNB and small space. The details of the distributions are 
different, but the centroids and widths are about the same. One of the differences is 
that the full-space calculation has more of a high-energy tail (about 10 percent of the 
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strength lies between 4.5 and 6.0 MeV). Thus we conclude that the tail observed for 
the l°3In experiment is probably related to the configuration mixing in the full model 

space, that there is very little GT strength predicted above the 6.0 MeV, and that the 
total strength obtained with the full SNB initial state of l°3In should be compared to the 

total experimental strength (including the high-energy tail) in order to extract a total 

GT hindrance factor hexp. 
The total experimental GT strength for 1°3In, obtained from the average of the two 

analysis methods is 2.474-0.25, and the total theoretical strength from the SNB calcu- 

lation is 12.7. Thus, hexp is 5.1i0.5.  This is the first time that one has been able to 
extract this factor close to ~°°Sn with the confidence that most of the expected strength 
has been detected experimentally. For the /3+/EC decay of the N = 50 isotones dis- 
cussed in [2], much of the theoretical strength lies at excitation energies above the 

experimental sensitivity limit. The decay of 98Cd is probably the best case, where only 
a fraction of about 9% of the total strength is predicted to lie below this limit. For 98Cd, 
hexp was determined to be a R+o.7 . . . .  0.6 [2], where the large uncertainty comes partly from 
the uncertainty in the experimental QEC value. We note also that this hexp result has an 

unknown systematical uncertainty as the amount of 9 percent of unobserved GT strength 
is itself model-dependent. 

The hex p values obtained for 1°3In and 98Cd are marginally consistent with each 

other. However, it is possible that the higher-order configuration mixing which is re- 
sponsible for these hindrance factors may have some N and Z dependence. As in [2] 
one can divide the origin of the hindrance factor into two main classes, namely one 

(ha) which involves more nucleons being excited from the Pl/2,g9/2 orbitals to the 

gT/2,ds/2,d3/2,sl/2,hll/2 orbitals, and one (hb) coming from even higher-order mixing 
with configurations outside the (Pl/2,g9/2,g7/2,ds/2,d3/2,sl/2, h11/2)n model space as well 
as from the mixing of A particles into the nucleon wave functions. 

Specifically, ha is defined as the ratio of the total strength obtained in the SNB model 

space divided by that obtained in the complete "0hw" model space (Pl/2,gg/2,gT/2,ds/2, 
d3/2,sl/2,hll/2)", hb is the ratio of the total strength obtained in the Ohm model space 
divided by that obtained in an exact model which includes all possible baryon and 

meson configurations (mainly nucleon and A particle). For practical reasons the total 
strength is defined as that associated with an excitation energy range expected for the 

SNB or 0hw GT final states which extends ( for /3+/EC decay in this mass region) up 
to about 8 MeV excitation energy in the daughter nucleus. By definition, ha and hb are 
multiplicative, and the total hindrance factor h is given by h = hahb. 

The highest-order effects associated with hh have been studied in lighter nuclei, where 
it is possible to explicitly include the Ohm mixing related to ha in the wave functions, and 
then to compare with experiment to obtain hb. The resulting average value of hb is 1.68 
for the sd shell [18] and 1.81 for the fp shell [ 19]. As hb appears to be approximately 
independent of state and nucleus, it is thus referred to as a global hindrance factor. For 
the discussion below we will take the average hb = 1.75. 

In the sd shell, the calculated value of ha is nucleus dependent. For example, a 
comparison [20] of the total (d5/2)" --~ (d5/2) n-I (d3/2,s1/2) ~G + GT strength to the 
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(ds/2,d3/2,Sl/2) n ~ (ds/2,d3/2,Sl/2)" ~+ GT strength gives ha(28Si) = 2.5, ha(26Mg) = 

3.6 and ha(CaNe) = 6.2 (n = 12, 10 and 8, respectively). The result for 3°Si /3 + decay 
is ha = 3.8 [21]. Thus one observes an increase in ha as one goes away from the 
nominally closed-shell configuration of 28Si. These four cases are structurally analogous 
to the/3+/EC decay of l°°Sn, 98pd, 96Cd and 1°2Sn, respectively. 

Recently the Monte Carlo shell-model method has been used to calculate ha values for 

the 0hw model space (g9/2,g7/2,ds/2,d3/2, s 1/2 ) n. Although the pl/2 and hi 1/2 orbitals are 
not included, they are probably not so important for the value of ha. The results are (see 
Table 3 of [22]) ha( l °°Sn ,  n = 20) = 1.7, ha(98Cd, n = 18) = 2.0, ha(96pd, n = 16) = 

2.5. (There is a theoretical uncertainty of about 0.1 associated with the Monte Carlo 

extrapolation method.) Thus again, one observes an increase in ha as one goes away 

from the nominally closed-shell configuration of l°°Sn. Previous estimates for ha (1°°Sn) 

were 1.25 in a 2p-2h shell-model calculation [2] and an interaction-dependent range of 
1.29 to 1.71 obtained in perturbation theory [23]. The exact Monte Carlo results include 

configurations which go beyond 2p-2h and perturbation theory. (The interpretation of 

the total GT strength in terms of the N i occupation numbers given above is only valid 

for the SNB model space. Once the protons are excited across the g9/2-g7/2 shell gap, 
the q'rg7/2 --+ vg9/2 transition is also allowed which destructively interferes with the 

dominant 7"rg9/2 ~ ~'g7/2 term.) 
Thus for 98Cd, taking hb = 1.75 and ha = 2.0, the total hindrance factor is h(98Cd) = 

3.5 in good agreement with the experimental value of 3.8±0.7. The Monte Carlo cal- 

culation for 1°3In is not possible. However, one can assume that its hindrance factor 
should be similar to that of l°4Sn. The hindrance factor for l°4Sn was not given in [22], 

but in analogy with the sd-shell results discussed above one could assume ha(l°4Sn) 
ha(96pd) = 2.5. This yields a total calculated hindrance factor of h = 4.4 for l°3In, which 

is in reasonable agreement with the experimental value of 5.1i0.4.  Thus, we appear 
to have a nearly quantitative understanding of the hindrance factors for those /3+/EC 
decays near l°°Sn for which the most complete experimental information is available. 

5. Summary 

We have used the new TAS facility to measure the/3-intensity distribution for l°3In, 
a five-quasiparticle configuration with respect to the core nucleus l°°Sn. Our experiment 

confirms the known QEC value of 6.05(2) MeV, and yields for the first time information 

on the EC/total ratio (0.445(20)) .  The resulting values of 3.0-3.2 and 2.5 for the mean 
y-ray multiplicity for EC and /3 + decay, respectively, are considerably higher than the 
result of 2.0 decuced from high-resolution data. The most important results of this work, 
however, concern the/3-intensity distribution: 

(i) The total experimental GT strength for l°3In was found to be considerably larger 

(factor 6-7) than that determined in previous high-resolution studies [7], but still 
reduced by a hindrance factor hexp of 5.1+0.5 compared to the prediction from a 
full-space shell-model calculation (SNB). 
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(ii) The experimental BG~r distribution for 1°3In is characterized by a dominant reso- 
nance occuring at 1°3Cd excitation energies of about 3.8 MeV with a full width 
at half maximum of about 0.7 MeV. Centroid and width of this GT resonance are 
fairly well reproduced by small-space shell-model calculations. However, the ex- 
periment yields a high-energy tail of the B6T distribution, which deviates from the 
latter calulation. This probably indicates the influence of configuration mixing, as 

suggested by a comparison of small-space and SNB-space shell-model caluations 
for l°lIn. 

These results represent an important step in the understanding of the hindrance factors 
for/3+/EC decays near l°°Sn. It is the first time that the complete GT strength has been 
measured so close to l°°Sn that a comparison with full-space shell-model calculations 
becomes possible. Thus, the quality of the data obtained in this work goes beyond 
that reached in previous experiments for 98Cd [24], l°°In [25], 1°3In [7], l°°Sn [26], 

and l°°Ag [8]. In the former four cases, the experimental data are considerably less 
complete, whereas the latter case is too far away from i°°Sn for full-space shell-model 
calculations. 

We emphasize again that it is very important to have the complete GT strength from 
experiment available. This requirement can apparently be fulfilled by the TAS technique. 

In the future, these experiments will have to be improved along two directions. One the 
one hand, an improvement of the unfolding procedure is needed in order to reduce the 
present systematical uncertainties in general and to yield a reliable fine-structure of the 
GT resonance. On the other hand, the experiments will be pushed closer to l°°Sn and 
eventually to l°°Sn itself. It would for example be very interesting to perform TAS 
measurements for 98Cd, 1°°In and l°lln. A measurement of l°°Sn is needed to prove 
the mass dependence associated with the hindrance factor ha which relates the SNB 
model space to the Ohw model space. In particular, on the basis of the Monte Carlo 
calculations, one would predict a total hindrance factor of h = 3.0 for l°°Sn. In addition 
to the TAS information, one needs improved measurements of QEc and T1/2 in order to 
extract the GT strength. 

The ha results obtained by Monte Carlo calculations depend on the Hamiltonian in 
general and on the effective spin-orbit splitting between the g9/2 and g7/2 orbitals in 
particular. It will be necessary to calculate this splitting as well as other excited-state 
properties of the even-even and odd-even nuclei with the next generation of Monte 
Carlo calculations in order to test and improve upon the Hamiltonian. 
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