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The present status of experimental approach to 1°°Sn and its shell
model structure is given. New developments in experimental techniques,
such as low background isomer spectroscopy and charged particle detec-
tion in 47 are surveyed. Based on recent experimental data shell model
calculations are used to predict the structure of the single- and two-
nucleon neighbours of 1°°Sn. The results are compared to the systematics
of Coulomb energies and spin-orbit splitting and discussed with respect
to future experiments.

PACS numbers: 21.10.5f, 21.60.Cs, 23.20.-g, 27.60.+j

1. Introduction

The doubly magic nucleus 19°Sn has attracted much attention in the
past both in A+ /EC decay studies and in-beam experiments. More nuclear
structure studies close to this last N = Z doubly magic nucleus will be
stimulated by the present detector developments following the recent first
observation of 1%°Sn [1, 2]. This paper presents the status of experimental
studies with main emphasis on in-beam work, and the knowledge of the shell
model structure around 1°°Sn. In Fig. 1 the present experimental status is
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Fig. 1. Status of experimental approach to 1°°Sn.

shown. It is landmarked by the key nuclei °3Pd [3, 4] at N = 49, °"Ag [5]
and %6Pd [6] at N = 50, the T, = 2 nuclei °®Ag [7], 19°Cd (8, 9], 19%In [10]
and '%48n [11], and the lightest Sb isotopes 1°6:107Sh [12].

The shell model analysis is based on earlier shell model studies [13, 14],
the in-beam work done at OSIRIS and NORDBALL by the HMI [5-9,11],
Goéttingen [15-18], Gothenburg {4] and Uppsala [10, 12, 19] groups, and on
Bt /EC studies by the GSI-Warsaw group [20, 21]. From the analysis the
single particle structure at 1°°Sn and information on the residual interac-
tion can be deduced. At N = Z the proton-neutron interaction is of specific
interest, as the cooperative proton and neutron deformed shell gaps are pre-
dicted to give rise to a number of dramatic shape phenomena [22, 23]. A
few examples from recent experiments are selected to demonstrate the pre-
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dictive power of shell model calculations. Finally some future experiments
will be discussed.

2. Experimental techniques

In-beam studies of neutron deficient nuclei following fusion evaporation
reactions are characterized by small cross sections for neutron evaporation
in the presence of predominant proton emission populating residues closer
to stability. Typically some 30 nuclei are produced at the 1% level of the
total residue cross section. This requires a highly selective setup includ-
ing a powerful y—array, implemented with efficient ancillary detectors for
neutrons and charged particles. The most powerful device has been real-
ized at NORDBALL [24] with efficiencies €,=1.5% (at 662 keV), €,=25%,
€p=65% and ¢,=45%. In Fig. 2 a recent development at OSIRIS is shown,
which combines evaporation particle detection at the target with delayed
4-detection at a recoil catcher foil in the center of the y-array [9, 32]. The
detection sensitivity for isomers could thus be increased by more than an
order of magnitude (see Sec. 3). Alternatively for prompt 7-emission the
use of recoil mass separation (RMS) in conjunction with a charged particle
ball, as realized at GASP [25], guarantees exit channel identification.

It has been shown by several authors that 47 detection efficiency for
charged particles is highly desirable with at the same time as little as possi-
ble distortion of y-ray detection [26, 27]. This restricts the possible detection

12 HPGe Detectors
in BGO ACS
OSIRIS

Fig. 2. Recoil catcher setup of OSIRIS
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Fig. 3. Charge collection time tq vs. AE spectra in silicon surface barrier detectors for
charged particles from the reactions of ®®Ni with *°Ca at 45° measured with front side
incidence () and with **Ti at 130° measured with rear side (low field) incidence (b).
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Fig. 4. Exit channel identification via ratios of yy intensities with and without
gating by neutrons (a), a—particles (b) and protons (c). The theoretical values for
various multiplicities as calculated from the detection efficiencies are shown too.

technique to silicon surface barrier (SSB) detectors. It has been shown, that
designs with virtually no y-ray absorption can be found [25, 27, 28]. Exploit-
ing pulse shape techniques and with rear side (low field) particle incidence
[29, 30], a single self supporting shell of SSB detectors is sufficient. In Figs 3
(a), (b) spectra of the charge collection time tg vs. AE are shown for con-
ventional (high field) and rear side incidence of particles for two different
detectors, reactions and detection angles. Discrimination of protons and o
particles is achieved over the full dynamic range in the latter case, whereas
only limited improvement of the presently used AF technique is reached
for conventional detection. The identification of unknown exit channels is
accomplished by determining the multiplicity M of evaporated neutrons,
protons and a particles. In Fig. 4 ratios of 4 coincidence intensities with
and without particle gating are shown for the reaction 38Ni+3°Cr at 250
MeV Ni beam energy. The values corresponding to different multiplicities
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are well separated even for weak channels e.g. ® Ag. The experimental ra-
tios are also well reproduced by the multiplicity formula [31] adopting the
measured efficiencies for neutrons, protons and a particles, which can be
read from the M=1 values in Fig. 4. This is mainly due to the symmetric
setup with identical detector positions (angles) and solid angles (see Fig. 2).

3. First results from a recoil catcher experiment at OSIRIS

We have used the setup shown in Fig. 2 to investigate isomeric decays
in the range 15 ns < ¢;/; < 1 ps following the reaction 58Ni446:487j at
230 MeV of the Ni beam from the “late” tandem-cyclotron combination of
VICKSI. Residues recoiling from the 1.5 mg/cm? target (89% 46Ti, 11%
48Ti) were stopped in a 32 mg/cm?® Nb catcher foil 40 cm downstream
from the target. The Nb foils had an inner hole of 10 mm diameter for the
scattered beam and were located in the center of OSIRIS. The 12 HPGe
detectors in BGO Anti— Compton shields were used without collimators to
suit the large source diameter of 50 mm. Filter detectors for neutrons (6
segments) and charged particles (4 segments) surrounded the target (Fig. 2).
Catcher foils were exchanged every two hours by an automatic device {32]
to avoid excessive background radiation from radioactivity.
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Fig. 5. Sum gate coincidence spectra for 1°°Cd (nvv) (a) and '°?Cd (py7) (b).
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In Figs 5 (a), (b) neutron resp. proton gated sum coincidence spectra
for the decay of the I™ = 8% isomers in 199:192Cd are shown, which are
populated in the #6:48Ti(58Ni,2p2n) reactions. The new transitions are
enlarged in the inserts, where the peaks of previously known transitions
are off-scale. The weakest observed v-rays correspond to less than 1% of
the strongest main cascade transitions, which indicates an improvement in
detection sensitivity of over an order of magnitude in comparison to previous
experiments [8]. The revised and improved decay schemes of the I"=8+
isomers in 199:102Cq are shown in Figs 6, 7 in comparison to shell model
predictions (see Sec. 4.2). The half lives have been measured, ¢, /; = 60(3)
ns and 57(2) ns, respectively, for the two nuclei, in agreement with, but
more accurate than, previous results [8, 33].

With the improved sensitivity and according to CASCADE predictions
it should be possible to identify 28 Cd, which is populated via the a2n exit
channel in the present experiment.

4. Shell model analysis

Numerous shell model calculations have been performed in the (p; /2,
89/2) proton (7) and neutron (v) hole space [5, 6, 15-18]. They are based on
the early work of Refs. [13, 14]. On the other hand, owing to its complexity,
few attempts have been made in the neutron v ds 5, 87/2 51/2» d3/2, hi1/2
space [34-36]. Therefore in the present shell model approach the main
emphasis was put on the V > 50 neutron particle space and its interaction
with the firmly established proton hole space and the hardly investigated
proton 7 ds /5, 872 particle orbitals [12]. It was the aim of the present work
to describe the N > 50 nuclei around 1°°Sn with one set of single particle
energies, effective interactions and electromagnetic operators in a common
model space. From the comparison with experimental data of key nuclei as
close as possible to 1°°Sn the shell model structure at the N = Z = 50 shell
closure is inferred. To test the reliability of the extrapolation to 1°°Sn in

a few cases a restricted model space and alternative interactions are used.
The shell model code RITSSCHIL was employed in this work [37].

4.-1. Model space and effective interaction

In the present calculations a model space including the proton 7 py 2,
go/2 and neutron v ds /3, 87/2, 51/2, d3/2, h11/2 orbitals was used. Occupa-
tion numbers of the vh,, /; level was restricted to < 2 or 3 for even and odd
parity states, and the sum of particles in vs;/, and d3;; was < 2. For the

remaining orbitals occupation was not restricted. A 38Sr core was assumed
for Z < 50 nuclei and a 1°°Sn core for Z > 50, i.e. core excitations of the
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N = 50 neutron and the Z = 50 proton cores were not allowed. The two
core nuclei were treated consistently, as for a given residual interaction the
respective single particle (hole) energies are related by a simple relation |7,
38]. Therefore the experimental single particle energies (SPE) known for
neutrons from transfer data on ®3Sr and %°Zr targets [39] and for protons
from previous shell model data [13, 14, 40] are used in the calculations. For
the neutron vs, /3, d3/2, hyy/; orbitals, which are not well determined by
experimental data in N = 51 nuclei, adjustments were made from the anal-
ysis of Sn isotopes. The resulting values for a °%Sn core are listed in Table
I. The errors are given to indicate the uncertainties of the extrapolation
from measured single particle energies to 19°Sn.

The =7 residual interaction is taken from Ref. [13] and the nv and
vv interaction from a realistic set of two-body matrix elements (TBME)
[34] except for 7gg/; vds/; and wpy/p ¥(ds/2,8; /2,43/2), where empirical
values are known from %Y. TBME involving vh;, /2 were deduced from

the Kuo-Herling set in 2°8Pb [41] making use of the prescriptions given
for (n,l,j) and A scaling [42] and the quenching of the T = 1 and T = 0
pairing TBME [43]. All unknown off-diagonal TBME were determined in
a MSDI [44] fit to the known diagonal matrix elements of the respective
multiplets, which guarantees phase consistency. For the Sn and Sb isotopes
the schematic MSDI has been used as an alternative residual interaction
with strength parameters 4; = 0.27 MeV, B; = 0.35 MeV, 4y = 0.35 MeV
and By = —0.40 MeV corresponding to 7 = 1 and T = 0 TBME. The
monopole terms B were fitted to ground state binding energies.

Effective E2 charges e, = 1.72 and e, = 1.44 were taken from the 38Sr
region [45] and single particle g-factors from representative single particle
states as compiled in Ref. [46].

{.2. Selected shell model results

To demonstrate the predictive power of the shell model analysis and to
show the influence of alternative residual interactions, a few key examples
are discussed below in comparison to recent experimental data.

100,102 cd

The nucleus igoCdsg with two proton holes and two neutron particles out-
side 19°Sn can be regarded to be a key nucleus in the open N > 50, Z < 50
shell for two reasons. Due to the particle-hole character the nv interaction
is weak in stretched configurations and, hence, proton hole and neutron par-
ticle states coexist with little mutual distortion. In Fig. 6 the level scheme
below the I™ = 8% isomer, which is known to be an almost pure 7(gg /2)"2
state [8], is compared to the shell model result normalized to the isomer
excitation energy. The agreement is excellent, and indeed the shell model



The Ezperimental and Shell Model Approach to 1°°Sn 349

B(E2)= 105(36) 0.5%(13) 86 008 cfm
8* 9o 2548 2548
62 + cee-— L9477
2

g 452 p 2458
i;_i !_.658 { 20% _-__.%Egg
2 I T20a7""
4t e 2%7 1800
1780
2t 1663
1042
795
2t i 1093 1018
1005

-184

EX SM
100,
«Cds,

Fig. 6. Experimental and shell model level scheme for 1°°Cd below the I* = 8+
isomer.

wave functions yield a 87%, 90% and 80% proton configuration for the 8%,
6, and 47 states, whereas the 67 and 47 states are 84% and 82% neutron
excitations. The 27 state is highly mixed as expected for non-aligned con-
figurations. The strengths of the B(E2;8% — 6;°) and the hindrance of the
8t - 61+ E2 transition (Fig. 6) are well reproduced, as are the branching
ratios [9].

In conclusion realistic estimates for the 8% — 6% and 67 — 41 transi-
tion energies in ®®Cd and the 67 — 4% y-ray in 192Sn can be obtained. The
inferred half lives of 0.5 us for °8Cd, I = 8% and 3 ns for 1928n, I™ = 6%
may help to identify these nuclei in the data taken recently at OSIRIS and
NORDBALL, respectively.

In Fig. 7 the corresponding experimental and theoretical level schemes
of 192Cd are shown. Again good agreement is found for level energies and
B(E2) values. The purity of the wave functions is reduced due to the in-
creased number of coupling possibilities for proton-neutron excitations.

B Aq

The lighter 7, = 2 neighbour of 1°°Cd, the N = 51 nucleus 4 Ag, has been
studied in the 8+ /EC decay of °8Cd [20]. Recently high spin states were
identified in-beam with the OSIRIS array in the 58Ni+5%Cr reaction. The
identification of the 2apn exit channel is verified in Fig. 4. In Fig. 8 the
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experimental low spin level scheme from the 98 Cd Gamow-Teller decay and
the high spin levels are shown with the shell model predictions. The N = 51
nuclei are specifically sensitive to the neutron SPE and the average 7v in-
teraction determining the SPE development from ! Zr to 1°1Sn [7, 47]. The
I™ = 1% states and the Gamow-Teller distribution give evidence on the rel-
ative positions of the »dy 3,87/ orbitals and the 7gg /2¢(ds5 /2,87/2) residual
interaction. The good agreement found for the low spin [7] and the tenta-
tively assigned high spin levels support the adequacy of the present shell
model approach in extrapolating single particle neutron energies towards
100Gy, Note that the theoretical odd parity levels shown in Fig. 8 are of
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104,106 g,

The vv interaction can be best studied in the Sn isotopes. In Fig. 9 the
T, = 2 nucleus 1°4Sn (a), and 1%8Sn (b), where odd parity states are known,
are compared to shell model predictions with two different residual inter-
actions. Both, the realistic interaction implemented by empirical TBME
and the MSDI reproduce the experimental levels equally well. Note the
good agreement for odd parity states, which fixes the vhy;/; single particle
energy in 1°1Sn. A major discrepancy is found for the B(E2;6T — 41)
in both interactions (Fig. 9 (c)), which for the MSDI could be improved
with an reasonably increased effective neutron charge e, ~ 2 instead of the
values given in Sec. 4.1. It should also be noticed, that in 1%6Sn close lying
yrare 61 and 47 states are calculated, that are connected by E2 strengths
comparable to the experiment.

5. The shell model structure at 19°Sn

From the examples discussed in the preceding section and further ev-
idence drawn from the study of 1°2In [10], !°3In and 1%3Sn [7] it can be
concluded, that the residual interaction and single particle energies used
in the present shell model approach give an adequate description of the
semimagic and open shell nuclei between N = 50 and Z = 50. The single
particle energies are summarized in Table I.

TABLE I
1005y, single particle energies

Neutrons Protons
P1/2 —18.38(20)* —3.53(20)
89/2 —17.93(30) -2.92(20)*
ds/2 —11.13(20)® +3.00(80)
87/2 —10.93(20)® +3.90(15)°
$1/2 -9.3(5)°
ds/2 —9.2(5)"
hiy/a —8.6(5)°

2 Ref. [14], P present work, € error relative to ds/; level.
/

For completeness the proton and neutron hole energies obtained from pre-
vious work [13, 14] and tested in many studies of N < 50 nuclei [5, 6,
15-18] are given, too. From a recent investigation of 196:197Sb [12] first
evidence on the unbound proton particle states in 1°°Sn has been included.
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The values are listed with error estimates to indicate the uncertainties in
the extrapolation of SPE measured in 88Sr and %0Zr [39,40] to 1%°Sn. In
Fig. 10 these values are compared to predictions from Woods—Saxon and
folded Yukawa potentials and a Skyrme III Hartree-Fock calculation [42].
Considerable deviations are observed for shell gaps, relative positions of
neighbouring orbitals and absolute positions. It is therefore appropriate
to check the extracted SPE with well known systematics of Coulomb ener-
gies (48] and spin-orbit splitting [49]. The Coulomb shift, as documented
in the different ordinates for protons and neutrons in Fig. 10, is predicted
to be 14.4 MeV [48] in good agreement with 14.1(6) and 14.9(4) MeV for
ds/, particles and gg /2 holes, respectively. The spin-orbit splitting for the
1=4 levels determine the shell gaps. The extracted values of 6.9(6) MeV
(protons) and 7.0(4) MeV (neutrons) agree well with the expected 7.1 MeV
from systematics {49]. These intrinsic tests suggest that the uncertainties
ar smaller than the conservative errors listed in Table I.
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Fig. 10. Shell model extrapolated single particle energies for 1%°Sn (EX)in compar-
ison to predictions from Woods-Saxon (WS), folded Yukawa (FY) single particle
model potentials and a Skyrme III (SIII) Hartree-Fock calculation [42].
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6. Conclusion and prospect

With the available experimental and theoretical knowledge of the shell
structure and residual interaction at the N = Z = 50 shell closure pre-
dictions can be made for so far non-identified or non-accessible nuclei even
closer to 199Sn. Their investigation will reduce the uncertainties of single
particle energies and ambiguities in the residual interaction at this fix point
of nuclear structure calculations.

As discussed in Section 4.2. the two—proton hole nucleus °8Cd and
its neutron particle T, = 1 partner 192Sn will provide a crucial test of
the 77 and vv interaction. Experiments have been performed at OSIRIS
and NORDBALL and are in the course of analysis. The data should also
provide information on *?Cd and '%3Sn, which would fix the vds /3, 87/3
and possibly s, /5, d3/; and hy;/, energies. So far little is known on the
low spin orbitals s, /; and d3 /2, which could be best studied in the Gamow-
Teller decay of the mds/; ground states of the neutron deficient odd-A Sb
isotopes.
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Fig. 11. Theoretical proton and vy decay scheme of the dripline nucleus %3Sb.

Further evidence for the proton particle states, which are unbound for
1008y, can be obtained from 195Sb, which recently has been reported to
be a proton emitter [50]. An in-beam study would open the possibility to
observe proton emission from excited states in competition with y-decay.
In Fig. 11 a theoretical decay scheme of 1°5Sb is shown, calculated with
the MSDI shell model approach discussed in Sect. 4.1. A simple WKB ap-
proach was used to estimate the decay widths A, [ps™!] for proton decay
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to 194Sn, which are listed in Fig. 11. The calculations were normalized to
reproduce the values assumed for 195Sb [50], 19°T and 113Cs [51]. There are
obviously cases, where competition with y-ray emission with Ay ~ 1073 -1
is possible. Experimentally an efficient y-array of the new generation in
combination with 4n charged particle detection would be necessary. The
recently proposed N = 42 Si-ball for EUROBALL [27] would provide an
appropriate detection device. For the reaction 5®Ni+5%Cr a cross section of
~ 1 mb is foreseen for the population of 1°5Sh. Regarding future radioac-
tive beam facilities the proton spectroscopy of dripline nuclei at rest might
become an important spectroscopic tool.

The authors gratefully acknowledge the initiative of G. Pausch to exploit
the pulse shape discrimination and appreciate the fruitful collaboration with
their colleagues from the OSIRIS, NORDBALL and GASP collaborations.
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