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367(11) ns. The possible existence of further isomers is discussed in the framework of large-scale shell
model (LSSM) calculations including up to five particle-hole excitations of the '°°Sn core. From the
precise B(E2; 67 — 4%) strength and the recently remeasured value for B(E2; 8% — 6T) in the two-
proton hole neighbour 98Cd effective E2 polarization charges for protons and neutrons were inferred
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The doubly-magic 1%0Sn, the heaviest N=Z nucleus stable
against nucleon emission, and its neighbours were subject of nu-
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merous experimental and theoretical nuclear-structure studies. The
main research topics were single-particle (hole) energies, shell
gaps and stability with respect to core-excitation, super-allowed
Gamow-Teller and y-decay, proton emission and quadrupole re-
sponse investigated with state-of-the-art experimental techniques,
as summarised in a recent review [1]. Effective E2 charges have
been studied systematically in N, Z < 50 nuclei [2] and more
recently in the Sn isotopic chain [3]. Common, constant, orbit spe-
cific [4] and isospin dependent [5] polarization charges have been
employed in these studies. The isovector effects exhibited in po-
larisation charge values in the '°°Sn region can be discussed in
comparison with the region of the lighter N=Z doubly magic nu-
cleus *°Ni where also the single-particle spin-orbit partners are
placed on the opposite side of the shell gap (LS-open core). The
latter region was addressed in the literature [6,7]. The empirical
extraction of effective operators requires precise lifetime determi-
nation of states with high configurational purity to separate con-
figuration space dependent and higher-order (from 2fiw excitation)
contributions. Therefore, isomers in the two-neutron particle Z=50
isotope 192Sn and the two-proton hole N=50 isotone °3Cd provide
excellent probes to study the effective E2 operator around '°°Sn in
detail. The level schemes have been established in *¥Cd [8-10] and
1025 [11,12] and lifetimes with limited accuracy were extracted
for the respective isomers. Recently, a more accurate value was de-
termined for the I™ = (8%) isomer in %8Cd [13] leaving the 1°2Sn
I” = (6™) state to be re-investigated.

2. Experimental details

The “190Sn experiment” [14] was performed at the Fragment
Separator (FRS) of the GSI Helmholtzzentrum fiir Schwerionen-
forschung, Darmstadt. More details can be found in the PhD theses
[15,16]. A beam of '2#Xe was accelerated with the GSI accelerators
UNILAC and SIS18 to an energy of 1.0 A GeV and irradiated a beryl-
lium target with a thickness of 4.0 g/cm?. The synchrotron ejected
a spill every 3 s for a period of 1 s. The average beam intensity
was about 10 ions/s.

The fragments produced in the target were separated in the FRS
by a combination of four magnetic deflections and energy losses in
aluminium degraders of thickness 2.0 g/cm? in the first focal plane
F1 and a wedge-shaped degrader with an average thickness of
4.5 g/cm? in the second focal plane F2. The fragments were identi-
fied between F2 and the final focus F4 by measuring their time of
flight, their position at F2 and F4, their angle at F4 and their en-
ergy loss in multiple sampling ionization chambers at F4. Thus, a
mass resolution of §A ~ 0.30 (FWHM) and a nuclear charge resolu-
tion of §Z ~ 0.23 (FWHM) were achieved. After the degrader at F2
the fragments still had about 500 A MeV and 98% of the ions were
completely stripped off bound electrons. Assuming bare nuclei on
the proton rich side did not pose a problem, since one could only
mistake a Z=Q+1 for a Z=Q nucleus, and background could only
come from more exotic nuclides that have a much smaller produc-
tion rate.

After being identified the ions of interest passed another de-
grader to be stopped in the implantation detector, a stack of three
highly segmented Si detectors [14], that serve for B, proton, and
o spectrometry. However, only the implantation signal was used
in the present context. The total flight time of the ions through
the FRS amounts to 200(5) ns in their own rest frame. The im-
plantation detectors were mounted in the centre of the “stopped
beam” RISING array. This is an assembly of 15 Euroball cluster de-
tectors with seven Ge-crystals each, arranged in three rings around
the beam axis. A detailed description is given by Pietri et al. [17].
The y-ray efficiencies are modified due to absorption and scat-
tering in the implantation detector and its electronics. They have
been determined by GEANT4 simulations as well as experimen-
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Fig. 1. Delayed (0.25 ps to 6 ps) y -spectrum for identified 1025 nuclei. The lines at
1471.7 keV, 496.9 keV and 87.6 keV are labelled with the tentative assignments for
the transitions 2* — 0F, 4t — 2%, and 6% — 47, respectively.

tally with standard y-ray sources and with isomeric decays pro-
duced in-beam [15,16]. In addback-mode the photo-peak efficiency
amounts to 10% at 1.33 MeV. The last scintillation detector before
the implantation detector provided the trigger signal that started
the digital readout of the y-information.

3. Results and discussion
3.1. Isomer assignment and level scheme

Although the FRS was set for 1°°Sn fragments, about 50,000
1025 nuclei were identified and implanted in the 15-day long
experiment. The delayed (between 0.25 and 6 ps after implanta-
tion) y-spectrum from identified 1°2Sn nuclei is shown in Fig. 1.
We clearly see the known [11,12] lines at 1471.7(3) keV and at
496.9(3) keV, that were interpreted as the 2% — 0% and 4 — 27T
transitions, respectively, fed by the decay of a 6% isomer. In ad-
dition, a low-energy line is seen at 87.6(3) keV that had not been
observed before. Since the centroid of the 192Sn fragment distribu-
tion is displaced by about 50 mm from the centre, a major part of
them is stopped at an ill-defined position and thus the y -efficiency
is not well known. But using the calculated efficiencies for a source
in the centre of the implantation detector and E2-conversion for
the 87.6 keV line [18,19], the three lines 87.6 keV: 496.9 keV:
1471.7 keV have intensity ratios of 1.30(30): 1.05(3): 1.00(4). From
the absolute intensity we can deduce that even 250 ns after the
implantation 25% of the 192Sn fragments are in the isomeric state.
All three lines are mutually in coincidence, i.e. they form a cas-
cade. If we assumed M1 multipolarity for the 87.6 keV transition,
its intensity ratio to the 1472 keV transition would be 0.67(15),
making the assumption of an E2 character more probable. There-
fore, the natural assignment is the 6T — 4% transition for the 87.6
keV line and thus the transition depopulating the isomer. The time
distributions of the three transitions 87.6, 496.9, 1471.7 keV show
consistent half-lives with 392(29) ns, 366(10) ns and 362(13) ns,
resulting in a combined half-life of 367(11) ns, where a system-
atic uncertainty of 7 ns due to the choice of the starting time of
the fit has been added in quadrature. This is the value for the
isomer that we quote. The sum of the time distributions for the
496.9 keV and 1471.7 keV lines is shown in Fig. 2. It is fitted
with a half-life of 366(9) ns. For the fitting the maximum likeli-
hood method was used, that takes the Poisson distribution of the
events in the histogram properly into account. The fitted back-
ground is compatible with zero: 0.004(17). The newly obtained
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Fig. 2. Time distribution for the sum of the 496.9 keV and 1471.7 keV y -ray lines
observed after stopping '92Sn fragments. The time scale starts about 100 ns after
implantation. The line through the histogram represents the result of the maximum-
likelihood fit yielding T1/2 = 366(9) ns.

half-life value is within 1.3 o compatible with the previous val-
ues 1.0(5) ps [11] and (0.62f8"1‘3) us [12]. The weighted average
of our and the two previous values [11,12] is 368(11) ns with a
%% =3.4 and two degrees of freedom corresponding to a p-value
of 0.19. From our half-life value and the theoretical conversion co-
efficient = 2.55(4) [18,19], we deduce a transition strength of
B(E2) = 84.2(31) e2fm®* = 2.97(11) W.u. (Weisskopf or single-
particle units), where uncertainties from Ty, « and E, are in-
cluded.

Disturbing is the fact that, in an effort to search for the isomeric
6% — 47 transition, Lipoglav3ek et al. [12] had observed a 44 keV
conversion electron line in coincidence with the sum of the 497
keV and 1472 keV y-transitions and attributed this tentatively to
a highly L-converted 48 keV transition. In principle, two different
isomeric states, 40 keV apart, could be populated and observed in
fusion-evaporation reactions [11,12] and in the present fragmenta-
tion reaction. In addition, both from the balance of the delayed y -
intensities as from the perfect fit of the (4T — 2%) and 2t — 0T)
y-ray time spectra with a single half-life we can exclude a more
than 20% feeding of the (4%) state from an unobserved isomer.
Thus, we assume that the 87.6 keV transition is depopulating the
lowest 6% state in 192Sn and it is not sure whether this transi-
tion could have been observed in the two previous experiments
[11,12], because of the probability for y-emission of only 28% and
an estimated threshold of the y-detectors of about 80 keV [20].
The discrepancy will be further discussed in Sec. 3.3.

3.2. Shell-model calculations

To elucidate the isomer puzzle and to investigate structural
reasons for possible isomerism, three sets of shell-model calcula-
tions have been performed in different model spaces employing
nucleon-nucleon (NN) interactions based on free NN potentials
such as Paris [21] and CD-Bonn [22] with renormalisation of the
G-matrix [23]. Two-body matrix elements (TBME) were monopole
tuned to reproduce extrapolated single-particle (hole) energies in
1005 [1]. For the Sn chain in the simplest approach a pure neu-
tron valence space was used with TBME from a realistic interaction
derived for a 8Sr core in a 7 (p1/2, 89/2), v(g7/2,d, 5, h11/2) model
space (MHJM) [24] and recently applied in the Cd chain [25,26].
Including excitations of the 1°°Sn core requires an extended model
space, which was chosen to be the full proton-neutron wv(g,d,s)
space and employed the CD-Bonn based G-matrix renormalized
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SDGN interaction [9,27]. This interaction in a large-scale shell-
model (LSSM) approach with up to five particles and five holes
(5p5h; t=5) excited across the N=Z=50 double shell closure has
been proven to give an excellent description of isomer struc-
ture, electromagnetic and 87 /EC transition strength for even-parity
states in 19°Sn and its neighbours [14,28-32].

To investigate odd-parity isomerism in a third approach the
vhi1/2 orbit was implemented in the wv(g,d,s) model space to
create an active 7 (g,d,s),v(g,d,s, h11,2) space. The SNET inter-
action from the OXBASH package [33] was employed, which for
a 1925 calculation and the chosen truncation is identical with
H7B [21]. Core excitation was restricted to 1p1h in the subspace
TV (ga2 = &7/2.d5,2,d32) (ie. tz =t, =1) plus V(g2 — hi1/2)
for odd-parity states. The results of the three shell-model ap-
proaches are compared to the experimental level scheme in Fig. 3
and found to be in good agreement with the known level struc-
ture.

3.3. The isomer puzzle

The shell-model levels shown in Fig. 3 may be grouped ac-
cording to their leading configurations in well separated cate-
gories, namely two-neutron valence v(g,d,s)? even-parity and
v(g,d,s) ® hy1/2 odd-parity, core excited and v(hn/z)2 states. All
groups may exhibit isomerism either within the group or for tran-
sitions between different configurations. For estimates of possible
decay paths standard effective operators were used for E2 and M1
with polarization charge 0.5 e and effective g-factors g5 = 0.7g4"¢
for both protons and neutrons. E1 and M2 reduced transition prob-
abilities were assumed to have values typical for Sn and Cd neigh-
bours [34]. These are B(M2) = 0.21 W.u. and B(E1) = 1.8 x 107
W.u. within about a 5% variation.

From the valence v(g7,2,d,s) orbitals available in the major
neutron shell 50 < N < 82, one expects exactly two low-lying 6%
states, dominated by the coupling of v(ds/2, g7,2) and v(g7/2)2
neutron configurations. Earlier shell-model calculations, however,
predicted these to be 700-800 keV apart [35,36]. Both calcula-
tions have the ds,, single particle energy 200 keV below the g7,>.
But even inverting these two levels, as suggested from the 1%3Te
a-decay feeding levels in 1°Sn [37], would lower the spacing be-
tween the 6% states only to about 400 keV. The results from the
present work, shown in Fig. 3, yield 6; — B;L distances of 850 -
1000 keV. In all cases, calculated E2 and M1 strengths fail to sup-
port a second isomer due to the large y-decay energy, even though
a pure v(g7/2)2 — v(ds/2, g7/2) M1 transition would be ¢ - forbid-
den.

The option of a v(hn/z)z; I = 10" isomer may be discarded
as these states are above the yrast line by a large margin in energy.
The state which has this dominant configuration is the 10% state
calculated at 8.6 MeV (SNET in Fig. 3). Notably, it is the eighth 107
state.

Below the shell gap at particle number 50, core excited Al =
4 spin-gap isomers are known in the neighbouring %8Cd [9,10]
and %Ag [28] to feed the maximum-spin (ge;2) "I* = 8% and
15% isomers, respectively. In 192Sn I = 101 would be the corre-
sponding candidate decaying by a low-energy E2 to I" = 8%, which
is energetically clearly not supported by the shell-model calcula-
tion. Also, in the SDGN approach B(E2) strengths are calculated
to have several W.u. Moreover, the intermediate 97 would enable
even faster M1 transitions. Similarly, existence of an I =127 iso-
mer, analogue to the observed E6 isomers in 26-97Cd [29] [34] and
predicted to be yrast in %Cd as 7 = 14+ [9], can be excluded
due to the predicted E2 decay energy. In addition, y-rays possi-
bly bypassing the 6}“ state should be observed, at variance with
the spectrum shown in Fig. 1. The reason for the missing spin-
trap character in 192Sn is the different ph structure and overlap. In
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Fig. 3. 192Sn experimental and shell-model level schemes for pure valence space
v(g7/2.d,s,h112) (MHJM), inclusion of core excitation (“corex”) in mv(g.d,s)
(SDGN) at t=5, and m(g.d,s),v(g.d,s,h11/2) at ty=t,=1 (SNET). The eighth 10t
state at 8.6 MeV for SNET has the dominant v(h11/2)2 configuration. See text for
details.

%Cd the dominating 3h1p 7(go/2) 2 ® v(gg’/]zds/z) configuration
couples the I = 25/2% prolate E6 spin trap in °7Cd [34] non-
stretched to a vds, particle to maintain maximal spatial overlap.
In 1925, on the other hand, the analogue configuration would be
3pth v(ds)2, 87/2)2 ®71(g9_/12d5/2), ie. a hypothetical I =17/2%
oblate E2 isomer in '93Sb would couple to a non-aligned 7 go/2
hole for the same overlap reason giving rise to non-isomeric 8+
states due to the large decay energy to 6{2 (see Fig. 3). A sequen-
tial y — p — y decay via the shell-model predicted E2 isomer in
1035h: 17/2t — y — 13/2F — p — 1925n; 4+ is excluded by the
experimental conditions set in Refs. [11,12].
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Odd-parity states with leading configuration v(g7,2, s,d, h11,2)
may produce both I" =9~ E3 and I =7~ E2 isomers (see Fig. 3).
In both cases long-lived isomers are unlikely. E3 transitions of ~
2.5 MeV and enhanced E3 strength due to the stretched hy1,2 —
ds/, conversion are known in the neighbouring 1%4Sn with Ty,
~ 50 ps [38] and well reproduced in shell-model calculations. In
summary, the existence of a second isomer appears to be unlikely
at the present state of shell-model and experimental evidence.

However, there may be an experimental solution to the appar-
ent discrepancy on the isomeric 67 — 4% transition energy based
on an alternative interpretation of the LipoglavSek et al. [12] data.
The isomeric 87.6 keV y-transition, reported in the present work,
is in competition with 58.4 keV conversion electrons because of a
K-conversion coefficient of ag(E2) = 1.77 [19]. Each filled K-hole
would be accompanied by Sn x-rays (or Auger electrons). Indeed,
in the spectrum of Lipoglavsek et al. [12] a line close to 25.3 keV
is visible, the Sn K, energy. But the electron line is observed at
44 keV, 14 keV lower than expected for a K-converted 87.6 keV
transition. Unfortunately, in Ref. [12] nothing is mentioned if and
how energy loss of the electrons between source and detector has
been taken into account, and it seems that the original notes from
the experiment cannot be recovered anymore [20]. In that experi-
ment the recoil nuclei were stopped in a 4.2 mg/cm? Al foil from
which decay radiation had to emerge towards the detectors. Only
3 mg/cm? are needed to slow electrons down from 58 keV to
44 keV [39]. A range distribution of the recoil nuclei with an as-
sumed width of 1 mg/cm? would contribute about 5 keV to the
width of the electron energy distribution. Although the line ob-
served [12] seems narrower than the typical resolution of 6 keV,
a combined width of 8 keV might still be possible for the ob-
served 7 events. For 7 coincident electrons from K-conversion [12]
we would expect 2.5 electrons from L-conversion, emitted with
83 keV and detected after a 30% smaller energy loss with about
73 keV. Although no electron was observed in the energy range
between 70 keV and 85 keV, the Poisson distribution for 2.5 ex-
pected events leaves an 8% chance to observe not a single one. So,
there are explanations that both experiments have observed the
87.6 keV transition, and hence the same isomer.

3.4. Effective proton and neutron E2 charge extracted from 192Sn and
98
Cd

To determine effective proton and neutron E2 charges close to
1005 we have chosen the I = (6) and the I” = (8%) isomers
in 192sn and 28Cd, respectively. The former was established in the
present work while the latter has been remeasured more precisely
in a EURICA experiment at RIKEN [13]. In the analysis the shell-
model approach SDGN, as described in Sec. 3.2 and shown in Fig. 3,
was used as it includes core excitation across Z, N = 50 in the
full mv(g,d,s) model space. Truncation level t=5 was chosen for
both ?8Cd and '%2Sn. This approach accounts for the Ohw contri-
butions to the effective operator and allows to extract the 2hw
part which may be compared to theoretical predictions [4,5]. Thus,
besides the leading proton (°8Cd) and neutron ('°2Sn) minimum
valence space contribution the core excited part of the E2 matrix
element is considered explicitly. In the wave functions of the iso-
mers the t=0 content is ~ 76% for both nuclei. The B(E2) value
may be decomposed in its proton (77) and neutron (v) matrix el-
ements as B(E2;I; — Iy) = 2I; + 1)~ ez Mz +e,My|? with M
taken from shell-model calculations and the effective charges e,
and e, treated as variables. The input values are listed in Table 1.
For comparison the values for t = 0 for both 2Cd and °2Sn using
the MHJM interaction, are given too. The results are listed in Ta-
ble 2 and compared with theoretical predictions and empirical fits
in several adjacent model spaces.
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Table 1
Input data for the extraction of the effective E2 charges. For comparison B(E2) val-
ues were calculated using standard effective charges e; = 1.5e and e, = 0.5e; My
and M, are the corresponding proton and neutron matrix elements. See text for
details.

IF - IF B(E2) B(E2) t M, (E2) M, (E2)
nucleus [e? fm*] [e? fm*] lefm?] lefm?]
Exp Standard

6t — 4t 84.2(31) 55.24 5 8.51 28.06
1025y this work 10.72 0 - 23.61
8t 6t 38.6(44) 56.89 5 18.89 5.52
%cd [13] 38.87 0 17.14 -

Table 2

Empirical and predicted effective E2 charges in the '°°Sn region. For the t=5 cal-
culation the SDGN interaction has been used and for the t=0 calculation the MHJM
interaction. For comparison, the effective charges in the *®Ni region are shown too.

er/e ey/e Model space t Ref.
1.11(7) 0.84(2) nv(g,d,s) 5 this work
].49(8) 1.40(3) r[(p1/2,gg/z)v(g7/2,d,s,h11/2) 0 this work
118 0.82 N=Z (5]

135 - 7 (f5/2. b, 89/2), N=50 [4]

- 144 v(g7/2,d, s, h112), Z=50 [35]
~1.15 ~0.80 mv(f,p), N~Z~28 5 [6]

The extracted effective charges clearly exhibit the effect of an
incomplete versus a full Ohiw model space which amounts to a
correction of about 0.4e and 0.6e for protons and neutrons, re-
spectively. This compares well with empirically fitted values in
limited model spaces [2,25]. The results impressively demonstrate
the iso-vector dependence of the effective E2 polarization charge
introduced by Bohr and Mottelson [5] with almost quantitative
agreement. Even more impressive is the fact of perfect consistency
of those results with the values extracted in the region of >6Ni [6]
as shown in the last line of Table 2. These results are to be distin-
guished from LS-closed core 49Ca [40]. The drastic reduction of the
proton polarization charge, first invoked for 8Cd without knowl-
edge of core excited states [8] and inferred under improved exper-
imental conditions [9,13,41], is firmly established in the present
analysis. The neutron charge is unexpectedly large and the em-
pirical rule for effective E2 charges e, + e, ~ 2e [5,42] is con-
firmed. Coraggio et al. [4] have developed a method to calculate
orbit-specific electromagnetic operators including core polarization
effects. The average value for a 7 (fs/2,p, go/2) space is listed
in Table 2, intermediate between the still smaller model space
7 (p1/2, &9s2) and the full Ohw mv(g,d,s) space. For the Sn iso-
topes with 50 < N < 82 Togashi et al. [43] have performed Monte
Carlo Shell-Model calculations in an even larger model space and
obtained good agreement for B(E2; 2+ — 01) with constant small
and large polarization charges for protons and neutrons, respec-
tively. Nevertheless overpredictions towards 132Sn seem to indicate
an iso-vector dependence of the effective operator.

4. Summary

In summary, an 17 = (6%) isomer and its y-decay are identi-
fied in 192Sn. Although the energy of the isomeric transition seems
different from one suggested earlier [12] there might have been
a misinterpretation in that work. From its half-life and B(E2) and
corresponding data in ?8Cd [13] effective polarization charges are
determined including corrections in the full N=4 Ohw space. LSSM
calculations including up to 5p5h excitations across the Z=N=50
shell closure have been performed to investigate the truncation
dependence of empirical effective charges and the possible exis-
tence of further isomers in 192Sn. The universality of the isovector
dependence of the effective E2 polarization charge introduced by

Physics Letters B 820 (2021) 136591

Bohr and Mottelson [5] is underlined based on the comparison to
the results in the *°Ni region.
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