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Disclaimer

The talk is a selection of topics related to β-decay studies in the region 
around 135Sn, mainly via gamma spectroscopy and fast-timing.

It does not deal with other population methods (i.e. fission), nor β-decay 
measurents using for instance total absorption or direct neutron detection.
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Why beta-decay

High Qß values in the region

→ Access to a large decay windows

→ Energies above neutron separation energies above S2n in some cases

Beta-decay selection rules

→ population of states via Gamow-Teller (GT) and first-forbidden 

(ff) transitions 

→ High-spin ß-decaying isomers populate different states

Access to different states in same nucleus, via ß/ß-n branches

Both details about structure and gross properties such as  T½

of ß-decaying states and P1n, P2n values 

We can perform experiments addressing very exotic nuclei
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ISOLDE Experiments

The ISOLDE facility provides unique capabilities to study nuclei 
populated in the β-decay of Cd, In, Sn. 

Neutron converter to suppress contaminants

Fission induced on UCx targets

Molecular beams

Transfer line to ionizer

RILIS ionization and selectivity

Isomer selectivity
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200 mm Transfer Line Quartz location

Ion source

Target

Proton beam

[O. Arndt, E. Bouquerel, R. Catherall, C. Jost, K.-L. 
Kratz, U. Köster, J. Lettry, T. Stora, M. Turrión and 
the ISOLDE Collaboration]

Heat transfer simulations

Temperature controlled quartz transfer line

Cd: cooled transfer line

RILIS ionization
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In: RILIS Ionization at ISOLDE

Resonant ionization of atomic structure.
Highly selective ionization of desired isotope.
Hyperfine splitting gives the possibility to enhance
nuclear isomeric states.
Isomerically-purified beams

RILIS scan for 129In (131In), 
monitored by decay γ-rays

532 nm 532 nm 

304 nm 326 nm

V. Fedosseev et al., 
J. Phys. G44 (2017) 084006
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production

Solid State 
PhysicsCOLLAPS

CRIS
ISOLTRAP

IDS

VITO

TAS RILIS

WISARD

NICOLE

HIE-ISOLDE RIB accelerator
2014-2018

Gradual increase to 10 MeV/u

REX-ISOLDE
RIB accelerator

Since 2001 
3 MeV/u

Travelling 
setups

HRS 
Target 1

GPS
Target 2

Low energy experiments
(~60 keV)

MINIBALL

ISS

Scattering
Chamber

High energy experiments
(<10 MeV/u)

RIB production

proton beam

Experiments at ISOLDE
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The ISOLDE Decay station
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• 4 or 6 Clover HPGe ~ 3.7% to 5.3% 
eff. @600keV
• 2 LaBr3(Ce) ~ 4% (2% each) 

@600keV (or up to 6 detectors)
• 1 Plastic Scintillator ~ 20% eff.
• DAQ – Digital system
• Analog TACs

IDS: ß-decay setup at ISOLDE

IDS + fast-timing

b-N
E111A

LaBr3 (Ce)

LaBr3(Ce)
• Analog timing processing: ORTEC 

CFD and 3 TAC for fast-timing
• Digital DAQ Nutaq / XIA Pixie

• Movable tape system to remove activity



1. Single particle states
2. Core breaking states
3. Coupling of two neutrons
4. Competition of GT and ff transitions
5. Gamma emission from above Sn
6. Gross properties

The strengths of beta-decay:



Single particle states
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Single particle energies
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Rep. Prog. Phys. 70, 1525 (2007). 
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133Sn: single-particle states

P. Hoff et al.,

PRL 77, 1020 (1996)

A comparison of the experimental 

results (left) with a semiempirically
adjusted Woods-Saxon calculation

of the 133Sn sp states. 
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FIG. 3. A comparison of the experimental results ( left) with a
semiempirically adjusted Woods-Saxon calculation of the 133Sn
SP states. Estimated positions of other types of states are also
illustrated. See the text for a discussion. The inset shows
the pulse-height spectrum of the delayed neutrons following
the decay of 133In as obtained with 3He ionization chambers.
The main peak, near 1.26 MeV in this spectrum, is tentatively
related to the transition from the neutron hole 1h21

11y2 state to the
neutron threshold.

septuplet, corrected by expected interaction displace-
ments. Other two-particle–one-hole levels have energies
of about 4.5 MeV or higher, thus they are present far
above the region occupied by the SP states.
As mentioned earlier, the main part of the b strength

in the 133In decay leads to delayed neutron emission. The
inset of Fig. 3 shows the spectrum of these delayed neu-
trons, as obtained with 3He filled ionization chambers.
Distinct lines in the spectrum represent neutron transi-
tions, most probably to the ground state of 132Sn, from
resonances in 133Sn populated by strong b transitions. By
analogy with the decay of 132In to 132Sn [9], we expect the
pg21

9y2 ! nh21
11y2 transition to be the strongest one feed-

ing the levels below about 4 MeV. The main peak near
1.26 MeV in the delayed neutron spectrum is quite likely

due to the decay of the neutron hole 1h21
11y2 state populated

by this b transition.
On the basis of the present experiment, three out of

the five excited single-neutron states in 133Sn have been
determined, i.e., the 3p3y2 state at 853.7 keV, the 1h9y2 at
1560.9 keV, and the 2f5y2 at 2004.6 keV. Additionally,
we tentatively propose the 3p1y2 state at 1655.7 keV, and
identify the neutron hole 1h21

11y2 state at about 3700 keV,
as discussed above.
The results demonstrate that b-decay studies continue

to be the main source of important information in regions
far from stability, although the strong selectivity of the b-
decay process itself may need to be circumvented by using
appropriate experimental approaches. The further away
from stability, the smaller becomes both the energy win-
dow comprising the bound final states and the probability
to populate these by a direct b transition. The reason is
that a given level seldom is significantly populated from
a given parent state. Although kinematically favored, the
transitions to a small number of bound low lying states
are very likely to be hindered by the differences in spa-
tial symmetry between parent and daughter states. On the
other hand, the delayed particle emission process, where
the b-decay selectivity is modified by the dispersion of
neutron l values, becomes a more general and versatile
instrument for the population of bound final states as the
total decay energy increases. Indeed, spectroscopy based
on delayed particle coincidences may become the method
of choice in the progressively more demanding studies of
very exotic nuclei.

[1] H. L. Ravn et al. (to be published).
[2] B. Fogelberg and J. Blomqvist, Phys. Lett. 137B, 20

(1984).
[3] J. Blomqvist, A. Kerek, and B. Fogelberg, Z. Phys. A 314,

199 (1983).
[4] K. A. Mezilev, Yu.N. Novikov, A. V. Popov, B.

Fogelberg, and L. Spanier, Phys. Scr. T56, 272 (1995).
[5] G. Audi and A.H. Wapstra, Nucl. Phys. A595, 409 (1995).
[6] P. Hoff, B. Ekström, and B. Fogelberg, Z. Phys. A 332,

407 (1990).
[7] W.-T. Chou and E.K. Warburton, Phys. Rev. C 45, 1720

(1992).
[8] J. Blomqvist, in Proceedings of the 4th International

Conference on Nuclei Far From Stability, Helsingör, 1981
(European Organization for Nuclear Research, Geneva,
1981) (CERN Geneva Report No. 81-09, 1981), p. 536.

[9] T. Björnstad et al., Nucl. Phys. A453, 463 (1986).
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the selection rules of the b decay. The very high
decay energy of nuclides far from stability opens a
large number of possible final states. The 9y21 ground
state of 133In (Qb is estimated as 13.5 MeV [5]) will
thus preferentially decay by strong allowed transitions
to two-particle–one-hole states above about 3.5 MeV
in 133Sn, and to a much lesser extent by the possible
first forbidden transitions to the 2f7y2, 1h9y2, and 2f5y2
SP states. As the neutron separation energy of 133Sn
is only Sn ≠ 2.45s5d MeV [4], the strongly populated
states will decay by delayed neutron emission and not
by the noncompetitive g transitions that otherwise could
populate the lower lying SP states. The situation is similar
for the decay of the expected 1y22 isomer.
However, there is an alternative way of populating the

low lying single-neutron states in 133Sn. While a strong
delayed neutron branch for the 133In decay represents
a clear disadvantage, a similar high Pn value for 134In
could be advantageous, because the emission of a delayed
neutron following the b decay of 134In leads, with some
probability, to the population of the states of interest in
133Sn. The g rays deexciting them can thus be identified
by coincidence with neutrons.
The neutron-rich isotopes of In were obtained at

ISOLDE-PSB by fission reactions in a target of uranium
carbide, induced by a pulsed beam of 1 GeV protons. As
compared with the ISOLDE-SC (Ep ≠ 600 MeV) facil-
ity, where 134In was barely detectable, the yields of many
very short-lived nuclides have been drastically improved
at ISOLDE-PSB (Ep ≠ 1 GeV). This is mainly due to
the rapid release from the target caused by a thermal
shock from the intense proton pulses [1]. The beam of
mass 134 was collected on a tape-transport system used to
periodically remove the longer lived activities. The col-
lection point was surrounded by a cylindrical thin plas-
tic scintillator, with only a small hole for beam inlet
and close to 100% efficiency for b particles. A coin-
cident b-particle signal in this scintillator was required
for all accepted data events. Outside of the vacuum,
the source point was surrounded by two liquid scintil-
lation cells detecting neutrons by means of pulse shape
discrimination, as well as by two 70% Ge detectors for
the g-ray spectroscopy. This detector system allowed the
measurement of neutron-coincident g-ray spectra and of
gg-coincidence relations. Each data event included a
reading from a time-to-digital converter, started by the
beam pulse, for determination of the b-decay half-lives.
The neutron-coincident g-ray spectrum shown in Fig. 1

was obtained in about 22 h of beam time. Some distinct
transitions in 133Sn are clearly visible, in particular, those
at 854, 1561, and 2005 keV. An analysis of their time
dependence with respect to the beam pulses gave the half-
life of 134In as 138 6 8 ms. The 962 keV transition from
the daughter decay, 134Snsbnd133Sb, is also present with
the expected 1.0 s half-life. The g transitions assigned to
133Sn are listed in Table I, as observed with and without

FIG. 1. Spectra of g rays from the 134In decay recorded in
coincidence with signals from a pair of liquid scintillator neu-
tron detectors. The top and bottom panels show data obtained
by selecting windows, respectively, on neutron events and on
g-ray events, in the scintillator pulse-shape discrimination spec-
tra. Labels without parentheses give the energies in keV of
well visible transitions in 133Sn. The 962.2 keV line follows
the bn decay of the 134Sn daughter product, thereby also being
coincident with neutrons. The lines near channel 150 in the top
panel are due to random coincidences caused by the decay of a
contaminant, 134Pm.

the neutron coincidence requirement. In a separate experi-
ment, the b decay of 133In was studied using the same
equipment. With the correct g-ray energies already iden-
tified, it was possible to observe very weak transitions at
854, 1561, and 2005 keV with half-lives consistent with
the known value of 180 ms of 133In. Their intensities are
included in Table I. We could not positively identify any
g transitions in 134Sn, perhaps due to a too restricted bg
coincidence time window.
The gg-coincidence data excluded coincidences be-

tween any pair of the strongest transitions, at 854, 1561,
and 2005 keV. These g rays are therefore taken to rep-
resent transitions to the ground state from excited single-
neutron states in 133Sn.
Previous experimental results [3] are only compatible

with a 2f7y2 assignment for the ground state of 133Sn.
Guidance regarding the nature of the new excited states
at 853.7, 1560.9, and 2004.6 keV, shown in Fig. 2, is
given by the known level systematics of the N ≠ 83

1021

134In neutron coincidences

ν1h9/2

ν2f5/2

ν3p3/2
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TABLE I. Data for g transitions in 133Sn.
134In decay Relative intensity

Energy Neutron 134In decay 133In decay
(keV) gated b gated only b gated only

354.0(10) 2.3(7) , 2 , 10
802.0(10) a 2.1(10) 9(2) Obscured
853.7(3) 13(2) 23(2) 43(15)
1560.9(5)b 100(5) 100(4) 100(10)
2004.6(10) 5.1(10) 26(3) 19(6)
aSome contribution from the 803.1 g line from 206Pbsn, n0d
is possible in the data for the 134In decay. Note that thresh-
old effects in the neutron detectors may influence the inten-
sities of gated transitions.
bThe absolute intensity of this transition is (5–10)% per de-
cay of 134In, and about 0.5% per decay of 133In.

nuclides [6], and also by shell model calculations specific
for the neutron-rich Sn region. The work by Chou and
Warburton [7] predicts the order of the SP states partly
by using experimental data from the heavier isotones.
A different approach, presented below, is an update
of a previous calculation [8] including semiempirical
adjustments estimated from data in the Pb region. Both
sources suggest strongly that the three proposed excited
states should be assigned 3p3y2, 1h9y2, and 2f5y2 in order
of excitation energy.
Our experimental data support these assignments based

on systematics. The spin of the 134In parent is not known,
but the particle-hole interactions favor a high angular
momentum for the b-decaying state of this nucleus. In

FIG. 2. The low lying levels of 133Sn substantially populated
by delayed neutrons following the decay of 134In. The total
population of the individual final states is given in units of
percent per b decay of the parent nucleus.

132In, the 72 member of the pg21
9y2nf7y2 multiplet is the

lowest lying one. An analogous situation is expected also
in 134In, although a 42-62 ground state assignment is
not completely excluded. The b-delayed neutron decay
process, starting from a high J state should thus favor
population of the 7y22, 9y22, and 5y22 final states, in
agreement with the intensities given in Fig. 2.
Data from the 133In decay support these assignments

further. The 133In samples should mainly contain nuclei
in the 9y21 ground state, with only a minor proportion in
the 1y22 isomeric state. The stronger b feeding of the
1560.9 keV level as compared to the level at 2004.6 keV
thus favors the 1h9y2 assignment of the former. These
observations on the bn and b decays, combined with
the observation that the g-ray decays of the excited 133Sn
levels lead to the ground state, actually give little room for
other interpretations than the one proposed in Fig. 2. Note
that the 854 keV level is populated also in the 133In decay.
The assignment of this level as 3p3y2 has a firm basis in
the systematics [6]. The observed population is therefore
a strong indication that the 1y22 isomer of 133In indeed
was present in our samples. The observed intensity of the
854 keV g ray may correspond to several percent of the
total isomer b intensity.
Table I includes two additional, so far unplaced, g

transitions observed in coincidence with the delayed
neutrons following the decay of 134In. Our calculations,
discussed below and illustrated in Fig. 3, show that only
the single-neutron states can be expected to be bound in
133Sn. It is therefore suggested that the 802 keV g line
could be the p1y2 to p3y2 transition. The other unplaced
transition, at 354 keV, has a too low energy to correspond
to the expected p-state spin-orbit splitting unless rather
strong interactions with higher lying states are introduced.
Additional experimental work is needed to clarify the
nature of these transitions.
The new experimental SP energies are compared in

Fig. 3 to the results of a calculation using a Woods-Saxon
potential. The parameters of the potential were optimized
on the known SP and SH data at 208Pb, and the absolute
energy scale was normalized to the experimental mass
[4] of 133Sn. The calculation also included semiempirical
modifications of the positions of the p1y2 and i13y2 states.
The former has been placed relative to the p3y2 level
using an estimate of the spin-orbit splitting. The latter
has been shifted down by about 0.5 MeV, in accordance
with the expected interaction with higher lying core-
coupled states. The magnitude of the shift was estimated
by a comparison with the corresponding situation for the
j15y2 single-neutron state in 209Pb. One may remark that
the energies of SP states having low angular momenta
become substantially lowered with decreasing binding
energies. The 3p states thus occur much lower in 133Sn
than in 147Gd, the latter also having N ≠ 83.
Figure 3 also includes the estimated positions of

the lowest neutron hole states and of the f7y2 3 32

1022

Pn ≈ 65%

134In ß-n decay

* a.k.a 1f7/2



Nuclear Tapas April 2023

L.M. Fraile

New decay scheme of 134In

• β-decay and β2n-decay
branches observed for
the first :me!

• Popula:on of neutron-
unbound states decaying
via γ rays iden:fied in 
133Sn and 134Sn

• Apparent feeding in 134Sn 
suggests a high g.s. 134In 
spin value: 6–, 7–

• Revised P1n, P2n values

Consistent with β-decay of 133In, 
M. Piersa et al., PRC99 024304 (2019)

M. Piersa-Siłkowska et al., Phys. Rev. C 104, 044328 (2021) 
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Search for the νi13/2 state in 133In in β decay

FIRST β-DECAY SPECTROSCOPY … PHYSICAL REVIEW C 104, 044328 (2021)
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2167, and 2478 keV, respectively (see Fig. 8). Tentative as-
signment to 134Sn was made for the 595-keV transition, which
was found in coincidence with that at 726 keV but was not ob-
served in the γ -ray spectra sorted with two different β-gating
conditions (see Fig. 7).

Several new lines, which were not observed in the β decays
of the lighter indium isotopes, were seen in the 135In β decay.
They are listed in Table II. Based on the available experi-
mental information on daughter nuclei produced in the β1n-
and β2n-decay branches of 135In, at least two of them can
be considered as transitions in 135Sn. For 134Sn, identification
of new levels below the excitation energy of the 6+ state
(at 1247 keV) is unlikely [16,23,24]. For 133Sn, new levels
below 2004 keV are also not expected [15,17– 22]. Therefore,
the 950- and 1221-keV lines, being the most intense in the
considered energy range and for which no coincident γ rays
were observed, were attributed to deexcitations in 135Sn. Due
to the higher excitation energies of other transitions as well

044328-7
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2167, and 2478 keV, respectively (see Fig. 8). Tentative as-
signment to 134Sn was made for the 595-keV transition, which
was found in coincidence with that at 726 keV but was not ob-
served in the γ -ray spectra sorted with two different β-gating
conditions (see Fig. 7).

Several new lines, which were not observed in the β decays
of the lighter indium isotopes, were seen in the 135In β decay.
They are listed in Table II. Based on the available experi-
mental information on daughter nuclei produced in the β1n-
and β2n-decay branches of 135In, at least two of them can
be considered as transitions in 135Sn. For 134Sn, identification
of new levels below the excitation energy of the 6+ state
(at 1247 keV) is unlikely [16,23,24]. For 133Sn, new levels
below 2004 keV are also not expected [15,17– 22]. Therefore,
the 950- and 1221-keV lines, being the most intense in the
considered energy range and for which no coincident γ rays
were observed, were attributed to deexcitations in 135Sn. Due
to the higher excitation energies of other transitions as well

044328-7

Estimated at around 2.5 Me Based on systematics and scaling of interactions
E = 2700(200) keV [W. Urban et al., EPJA 5, 239 (1999)]
E = 2511(80) keV [A. Korgul et al., PRC 91, 027303 (2015)]
E = 2360−2600 keV [W. Reviol et al., PRC 94, 034309 (2016)]

2792-keV level suggested [J.M. Allmond et al., PRL112, 172701 (2014)]
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FIG. 1. The β-gated γ -ray spectrum obtained at A = 134 in the first 400 ms relative to the proton pulse from which long-lived background
has been subtracted. Transitions assigned to the daughter nuclei of 134In are labeled with filled symbols, while those attributed to activities of
daughter or contaminant nuclei are marked with open symbols. Transitions that can be assigned to the 134In β decay but not to a specific decay
branch are indicated by energy only. Lines marked with an ampersand indicate possible weak transitions whose identification is uncertain.
Energies of possible peaks, which might correspond to artifacts due to the background-subtraction procedure, are given in parentheses. The
presence of a negative peak at 962 keV is the consequence of subtracting the contribution from the daughter nucleus 133Sn [43]. Triangular-
shaped peaks arising from inelastic neutron scattering in the HPGe detectors [44– 48] are indicated with asterisks. The peak at 197 keV is also
considered as induced by neutrons [46]. The abbreviations SE and DE indicate single-escape and double-escape peaks, respectively. Broad
peaks marked with a hash symbol remain unidentified.

Fig. 1 at 3563 keV corresponds to the transition depopulating
the (11/2−) state in 133Sn. A 3570(50)-keV γ ray was first
identified in 133Sn via one-neutron knockout from 134Sn [20].
This was confirmed in a β-decay study of 133In that pro-
vided improved precision of its energy, 3563.9(5) keV [22].
The peak visible in Fig. 1 at 4110 keV can be associated with
the 4110.8(3)-keV γ ray, which was seen previously in the
β decay of 133In [40], but the absence of βγ γ coincidence
relations hindered its assignment to a particular daughter nu-
cleus. An observation of this line in the β decays of both
133In and 134In provides support for its assignment to the 133Sn
nucleus.

In the energy range corresponding to the predicted ex-
citation energy of the 13/2+ state in 133Sn, 2511(80) keV
[50] or between 2360 and 2600 keV [51], one relatively in-
tense transition was registered at 2434 keV (see Fig. 1). No
βγ γ and γ γ coincidence relationships were observed for this
line, making its assignment to either 134Sn or 132Sn unlikely
and thus providing an argument for its assignment to 133Sn.
The 2792-keV transition, discussed in Ref. [19] as a possible

candidate for γ rays depopulating the 13/2+ state in 133Sn,
was not observed in the β decay of 134In.

Among the known low-lying levels in 133Sn, only the
1/2− state [13,19,22] was not seen in the 134In β decay.
The 354-keV transition that was identified in the previous
β-decay study of 134In but remained unassigned despite being
registered in coincidence with β-delayed neutrons [15,17] was
observed in the present study. No βγ γ and γ γ coincidence re-
lations were found for this transition, making its attribution to
any of the daughter nuclei impossible. The 802-keV transition
for which a coincidence with neutrons emitted from 134In was
also reported in Refs. [15,17] was not present in our spectra.

We now turn to the βγ -decay branch of 134In, leading to
the population of states in 134Sn, which was observed for the
first time in this work. Figure 1 shows clearly the presence
of the 174-, 347- and 726-keV transitions that were assigned
to the yrast 6+ → 4+ → 2+ → 0+

g.s. cascade in 134Sn from the
248Cm fission data [16,23]. The 1262-keV γ ray deexciting the
(8+) state in 134Sn [23] was not observed in the 134In β decay.
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population of the 6+4716-keV state in the β2n-decay daugh-
ter nucleus 132Sn indicates that there is significant β-decay
feeding to neutron-unbound states in 134Sn at excitation en-
ergies exceeding 10 MeV. This β-decay strength most likely
originates from GT transitions involving proton particle-hole
excitations across the Z = 50 shell gap (see Fig. 11).

The obtained β1n- and β2n-decay branching ratios for
134In allow for verification of the predictions of the models
used for calculating β-delayed particle emission, which are
employed in r-process nucleosynthesis modeling. There are
presently only two known β2n emitters in the 132Sn region
for which P2n have been measured [6,65]: 136Sb with P2n =
0.14(3)% [66] and 140Sb with P2n = 7.6(25)% [67].

The P1n and P2n probabilities obtained in this work are
compared with theoretical predictions based on quasiparti-
cle random-phase approximation (QRPA) [68], relativistic
Hartree-Bogoliubov (RHB) model with the proton-neutron
relativistic QRPA (RQRPA) [7], as well as phenomenological
effective density model (EDM) [69] (see Table III). For the

QRPA, it is possible to compare three successively extended
models, some of which take into account not only GT transi-
tions but also first-forbidden (ff) transitions and competition
between all available decay branches of neutron-unbound
states. The inclusion of ff transitions in the QRPA-2 model
[70] leads to an increase in the β1n-decay branching ratio by a
factor of about ten with respect to the previous model, QRPA-
1, in which only GT transitions were considered [68]. A larger
contribution of the β1n emission from 134In is predicted by
RHB + RQRPA [7], which accounts for both GT and ff
transitions. However, in the RHB + RQRPA calculations, the
total probability of βn emission (Pn,tot) is lower (≈66%) than
in the two first variants of the QRPA calculations, where Pn,tot
exceeds 90%. Besides, the predicted branching ratio of the
β1n decay remains lower than the experimental result. The
dominant contribution of the β1n emission is predicted by
the most recent QRPA calculations in which the statistical
Hauser-Feshbach (HF) model [28] is incorporated to ad-
dress competition between γ -ray, one- and multiple-neutron
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population of the 6+4716-keV state in the β2n-decay daugh-
ter nucleus 132Sn indicates that there is significant β-decay
feeding to neutron-unbound states in 134Sn at excitation en-
ergies exceeding 10 MeV. This β-decay strength most likely
originates from GT transitions involving proton particle-hole
excitations across the Z = 50 shell gap (see Fig. 11).

The obtained β1n- and β2n-decay branching ratios for
134In allow for verification of the predictions of the models
used for calculating β-delayed particle emission, which are
employed in r-process nucleosynthesis modeling. There are
presently only two known β2n emitters in the 132Sn region
for which P2n have been measured [6,65]: 136Sb with P2n =
0.14(3)% [66] and 140Sb with P2n = 7.6(25)% [67].

The P1n and P2n probabilities obtained in this work are
compared with theoretical predictions based on quasiparti-
cle random-phase approximation (QRPA) [68], relativistic
Hartree-Bogoliubov (RHB) model with the proton-neutron
relativistic QRPA (RQRPA) [7], as well as phenomenological
effective density model (EDM) [69] (see Table III). For the

QRPA, it is possible to compare three successively extended
models, some of which take into account not only GT transi-
tions but also first-forbidden (ff) transitions and competition
between all available decay branches of neutron-unbound
states. The inclusion of ff transitions in the QRPA-2 model
[70] leads to an increase in the β1n-decay branching ratio by a
factor of about ten with respect to the previous model, QRPA-
1, in which only GT transitions were considered [68]. A larger
contribution of the β1n emission from 134In is predicted by
RHB + RQRPA [7], which accounts for both GT and ff
transitions. However, in the RHB + RQRPA calculations, the
total probability of βn emission (Pn,tot) is lower (≈66%) than
in the two first variants of the QRPA calculations, where Pn,tot
exceeds 90%. Besides, the predicted branching ratio of the
β1n decay remains lower than the experimental result. The
dominant contribution of the β1n emission is predicted by
the most recent QRPA calculations in which the statistical
Hauser-Feshbach (HF) model [28] is incorporated to ad-
dress competition between γ -ray, one- and multiple-neutron
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observation of a 2434-keV g-ray in the 
β-n decay of 134In and β-2n of 135In

M. Piersa-Siłkowska et al., 
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131Sn: search for the !ℎ##/%&# single-hole state
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The precise E of the !ℎ(11/2)
−1 single-hole state still unconfirmed

Measured via Qβ energy differences in 131Sn decay. Ex=69(14) keV  

B. Fogelberg et al.
A More precise 65.1 keV energy was suggested from the 2369 keV 

transition (not confirmed by γγ coincidences).

Confirmed the emission of the 2369-keV γ-ray in the 131gIn decay.

Tentative identification of a level decaying to both  !/0/%&# & !ℎ##/%&#
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Addressing l-forbidden gamma transitions

The half life of the 332-keV  !"#/%&# state
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[R. Liča, H. Mach et al., PRC 93, 044303 (2016)]
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131In: the pf5/2 state in the β decay of 131Cd

correlations displace a fraction of strength to much higher
energies [5,6], while coupling to collective vibrations drives
additional fragmentation and the removal of strength from
states close to the Fermi surface [7,8]. Due to the low
excitation energyof the octupole 3− state at 2.61MeVand the
absence of positive parity states below 4MeV, it ismainly the
strong octupole coupling between the high-spin intruder
orbital nlj and its nðl − 3Þj−3 partner in each of the four
quadrants around 208Pb which is responsible for the frag-
mentation. Later on, extended calculations including also the
coupling to the giant resonances were presented [9]. Finally,
very sophisticated calculations within (i) a relativistic par-
ticle-vibration coupling (PVC) model based on covariant
density functional theory [10,11] and (ii) a fully self-con-
sistent PVC approach within the framework of Skyrme
energy density functional theory [12] have been performed
which describe the experimental spectroscopic factors (SF)
of single-particle levels around 208Pb reasonably well.
For the neutron-rich doubly magic 132Sn, experimental

information is much more scarce. The excitation energies
of several single-particle states are still experimentally
unknown and SF have only been measured for some
neutron states in 131;133Sn employing transfer reactions
with a low-energy radioactive 132Sn beam [13–16]. Since
the collective octupole state in 132Sn has a much higher
excitation energy of 4.35 MeV, as compared to the 3− state
in 208Pb (2.61 MeV), and both this 3− and the first excited
2þ state show significantly smaller collectivity [17], one

may expect the single-particle strength around 132Sn to be
less fragmented as compared to 208Pb.
In this Letter, we report on the measurement of the

spectroscopic factors of the 1d5=2 and 0g7=2 neutron-hole
states in 131Sn and the 1p3=2 and 0f5=2 proton-hole states in
131In using one-nucleon removal reactions at relativistic
energies. For the first time, the γ decay of the 0f5=2 state in
131In has been observed thus completing the set of proton-
hole states in the Z ¼ 28–50 major shell. The experimental
results will be compared to both theoretical work and
experimental information in the 208Pb region.
The experiment was performed at the radioactive isotope

beam factory (RIBF), operated by the RIKEN Nishina
Center and the Center for Nuclear Study of the University
of Tokyo. A primary beam of 238U at 345 MeV=u with an
intensity of 12 pnA bombarded a 4-mm thick beryllium
target located at the entrance of the BigRIPS fragment
separator [18]. Fission fragments around 132Sn were
selected and purified employing the B ρ-ΔE -B ρ method.
Then, the atomic number (Z) and the mass-over-charge
ratio (A=q) of each ion were determined using the ΔE -B ρ-
TOF method [19] before impinging on a 335ð34Þ mg=cm2

liquid helium reaction target [20]. Reaction products were
identified in the ZeroDegree spectrometer [18] using again
the ΔE -B ρ-TOF method. Figure 1(a) shows the particle
identification plot of the ZeroDegree spectrometer for the
132Sn secondary beam impinging on the helium target with
an energy of 203 MeV=u.

(a)

(b) (d)

(c) (e)

(f)

FIG. 1. (a) ZeroDegree particle identification plot for the 132Sn beam impinging on the helium reaction target. (b) γ-ray energy vs time
matrix for 131Sn measured with the LaBr3 detectors. Doppler-corrected γ-ray spectra of 131Sn populated via one-neutron removal from
132Sn measured with (c) the NaI and (d) the LaBr3 detectors. (e), (f) Same as (c), (d) for 131In populated via one-proton removal. In (c)–(f)
the fit to the experimental spectrum (red solid line) is the sum of the background (blue dashed line) and the simulated response functions
for the observed transitions (filled curves). In (c), (e) only events with multiplicity Mγ ¼ 1 are considered in order to reduce the
background. The insets in (c) and (e) show the level schemes of 131Sn and 131In, respectively.

PHYSICAL REVIEW LETTERS 124, 022501 (2020)

022501-2

V. Vaquero, 
A. Jungclaus et al., 
PRL124, 022501 
(2020)

J. Taprogge, A. Jungclaus et al., 
EPJ A52, 347 (2016)

131In: single hole nucleus
populated from 131Cd (& 132Cd)

· 5/2− level populated in β decay via  
ν1f7/2 → π0f5/2 GT suppressed by 2hw
· populated directly (mixing) or indirectly
· main decay branch to the low-lying 1/2–

and weaker to g.s. and 3/2–

32755/2−

ISOLDE IS684



Nuclear Tapas April 2023

L.M. Fraile

135Sb: life,mes of s.p. states

M. Llanos et al., in preparation
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Available information on 132Sn
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β DECAY OF 133In: γ EMISSION FROM … PHYSICAL REVIEW C 99, 024304 (2019)
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FIG. 3. Decay of 133gIn, Iπ = (9/2+), and apparent β feeding (Iβ ) to levels in 133Sn. The β feeding to levels above Sn energy in 133Sn is
deduced only from γ transitions (see the text for more details). The spin-parity assignments of states in 132Sn were adopted from Ref. [30].
The Qβ and Sn energies were taken from Ref. [13].

βn-decay branches of the (9/2+) ground and (1/2−) isomeric
state of 133In are given in Table I. Transition de-populating
the (5/2−) state in 133Sn, 2004.6 keV [9,10], is not evident
neither in the spectra of 133gIn nor 133mIn. We can estimate
upper limits of its Irel, Irel < 1, and Irel < 0.7 for the β decay
of 133gIn and 133mIn, respectively.

A. β decay of the ground state of 133gIn, Iπ = (9/2 +)

The most intense transitions following the decay of
(9/2+) ground state of 133In belong to its βn-decay
channel (see Table I). Besides the known 1561.2-keV tran-
sition assigned to 133Sn, we identified new transitions fol-
lowing the decay of the (9/2+) ground state at ener-

gies 924.1(5), 1029.8(5), 1115.6(5), 1349.6(5), 1373.9(5),
1390.6(5), 3181.1(5), 3563.9(5), 3597(1), and 6088(2) keV
[see Figs. 1(a) and 2(a)]. Their assignment is justified by
the analysis of their time dependences relative to the proton
pulses. Their belonging to the neutron-induced background
was excluded. Analysis of the β-γ -γ data allowed us to
construct the decay scheme of 133gIn. Three new transitions,
3181 keV, 3564 keV, and 6088 keV, could be placed in
the level scheme of 133Sn, see Figs. 2(a) and 3. Note that
they deexcite levels above the neutron-separation energy. A
half-life of T1/2 = 167(7)ms was obtained for the 3564 keV
transition (Fig. 4). In order to determine 133gIn half-life value,
three γ transitions were considered: the new γ transition at
3563.9 keV and known β-n-γ transitions at 375.1 keV and
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TABLE IV. Half-lives and reduced transition probabilities of the transitions in 132Sn. The B(Xλ) values have been derived from the lifetimes
and branching ratios obtained from 132In decay in this work I, as well as the theoretical internal conversion coefficients, calculated using Bricc
[37]. Transition rates have been calculated assuming a pure multipolarity character of the transitions, using the assignments from Ref. [18]. For
those levels where no previous assignment had been made, the B(Xλ) values corresponding to the most likely multipolarities are presented.

Ei Configi J"
i T1/2 T1/2 Ef Config f J"

f Eγ Xλ B(Xλ)
(keV) (literature) (keV) (keV) (W.u.)

4351.6 Octupole 3− < 5 ps < 5 ps [18] 0 g.s. 0+ 4351.5 E3c > 7.1
vibration 3.4(+20

−9 ) ps [45]b 4041.6 ν f7/2h −1
11/2 2+ 310.5 E1c > 1.2 × 10−4

4416.6 ν f7/2h −1
11/2 4+ 3.99(2) ns 3.95(13) ns [18] 0 g.s. 0+ 4416.7 E4 7.7(4)

4041.6 ν f7/2h −1
11/2 2+ 374.9 E2c 0.40(2)

4351.6 Octupole vibration 3− 64.4 E1 2.57(13) × 10−6

4715.9 ν f7/2h −1
11/2 6+ 21.3(4) ns 20.1(5) ns [18] 4416.6 ν f7/2h −1

11/2 4+ 299.3 E2c 0.268(6)

4830.5 ν f7/2d−1
3/2 4− 27(2) ps 26(5) ps [18]a 4351.6 Octupole vibration 3− 478.9 M1c 7.3(5) × 10−3

4416.6 ν f7/2h −1
11/2 4+ 414.5 E1 2.3(3) × 10−6

4848.3 ν f7/2h −1
11/2 8+ 2.108(14) µs 2.080(17) µs [3] 4715.9 ν f7/2h −1

11/2 6+ 132.4 E2c 0.1039(14)

4885.7 ν f7/2h −1
11/2 5+ < 30 ps < 40 ps [18] 4416.6 ν f7/2h −1

11/2 4+ 469.1 M1 > 6.5 × 10−3

E2 > 19
4715.9 ν f7/2h −1

11/2 6+ 169.5 M1 > 4.6 × 10−3

E2 > 94

4918.8 ν f7/2h −1
11/2 7+ 104(4) ps 62(7) ps [18]a 4715.9 ν f7/2h −1

11/2 6+ 202.9 M1 1.74(9) × 10−2

4848.3 ν f7/2h −1
11/2 8+ 70.9 M1 6.0(7) × 10−2

4942.4 ν f7/2d−1
3/2 5− 23(2) ps 17(5) ps [18]a 4351.6 Octupole vibration 3− 590.4 E2 0.24(3)

4416.6 ν f7/2h −1
11/2 4+ 525.9 E1c 6.7(7) × 10−5

4715.9 ν f7/2h −1
11/2 6+ 226.5 E1 1.7(2) × 10−5

4830.5 ν p 3/2h −1
11/2 4− 111.3 M1 5.2(7) × 10−2

5387.3 (ν f7/2s−1
1/2) (4−) < 17 ps 4351.6 Octupole vibration 3− 1036.0 M1 > 0.8 × 10−3

E2 > 0.5
4830.5 ν f7/2d−1

3/2 4− 557.1 M1 > 4.5 × 10−4

E2 > 0.9
4942.4 ν f7/2d−1

3/2 5− 444.6 M1 > 1.5 × 10−3

E2 > 5.1
4949.0 ν f7/2d−1

3/2 (3−) 437.2 M1 > 1.7 × 10−3

E2 > 5.6

5398.9 (π g 7/2g −1
9/2) (6+) < 17 ps 4715.9 ν f7/2h −1

11/2 6+ 683.0 M1 > 4.0 × 10−3

E2 > 5.6

5478.4 (π g 7/2g −1
9/2) (8+) < 14 ps 4848.3 ν f7/2h −1

11/2 8+ 630.2 M1 > 6.4 × 10−3

E2 > 10

5628.9 (π g 7/2g −1
9/2) (7+) 9(3) ps 13(4) ps [18]a 4715.9 ν f7/2h −1

11/2 6+ 913.1 M1 2.0(+9
−5) × 10−3

E2 1.5(+7
−4)

4848.3 ν f7/2h −1
11/2 8+ 780.6 M1 1.3(+6

−3) × 10−3

E2 1.4(+6
−3)

4918.8 ν f7/2h −1
11/2 7+ 710.1 M1 7(+3

−2) × 10−4

E2 0.9(+4
−2)

5398.9 (π g 7/2g −1
9/2) (6+) 229.8 M1 6(+3

−2) × 10−3

E2 76(+34
−19)

5478.4 (π g 7/2g −1
9/2) (8+) 150.3 M1 9(+4

−2) × 10−3

E2 215(+95
−54)

5753.9 (ν p 3/2h −1
11/2) (6+) < 20 ps 4715.9 ν f7/2h −1

11/2 6+ 1038.2 M1 > 7.1 × 10−4

E2 > 0.4
5398.9 (π g 7/2g −1

9/2) (6+) 354.3 M1 > 5.5 × 10−3

E2 > 28

6235.5 (7+) < 10 ps 4715.9 ν f7/2h −1
11/2 6+ 1519.6 M1 > 1.6 × 10−4

E2 > 0.04

014328-13
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0.012 µN
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FIG. 11. Calculated energies for the different particle-hole multiplet states in 132Sn, adopted from the work of J. Blomqvist [46,47]. The
energies and energy splitting within a given multiplet are estimated by scaling the analogous particle-hole states in 208Pb and taking into account
single-particle energies from neighboring nuclei. Previously identified levels are plotted with continuous lines. The experimental energies from
our work are shown for the newly identified states. The levels whose energies appear between brackets correspond to tentative assignments.

At similar excitation, we expect two 4+ states belonging
to the two positive-parity multiplets mentioned above. In our
analysis, two levels have been found within this energy range
with a tentative angular momenta J = 4. There is a level
at 5446 keV (4+), populated indirectly by γ transitions in
132In and directly in the β-n decay of 133g ,mIn. This level is
a good candidate to be a member of the proton π g 7/2g −1

9/2
multiplet, but it can also be interpreted as the 4+ level from
the neutron νp3/2h −1

11/2 configuration. At 5790 keV, another
level was identified; this one can be only observed in the 133In
β-ndecay, and its de-exciting transitions point toward a spin
of (3,4). Therefore, this level can be identified either as the
4+ from the νp3/2h −1

11/2 particle-hole coupling expected in this
region, or the 3+ from π g 7/2g −1

9/2.
The (5+) levels at 5698 and 5766 keV, which are observed

in this work in both the 132In and 133In decays, can be
related to the 5+ states from the π g 7/2g −1

9/2 and the νp3/2h −1
11/2

multiplets. The two remaining levels in this region are the
5754-keV (6+) and the 6008-keV (7+) ones, which we
tentatively suggest as members of the νp3/2h −1

11/2 particle-hole
configuration.

These tentative assignments are reflected in Fig. 11.

C. States from 6 to 7 MeV

Moving up to the next energy interval, the identification
becomes even more complicated, due to all the possible p-

h multiplets that are expected in this region, and the likely
admixture of configurations. Nevertheless, since most of these
levels are populated only in the direct β decay of 132In, they
are constrained by the selective nature of β decay that favors,
in this case, states with a large spin (6–8). Because there are
not so many p-h multiplets at this energy that could give rise
to levels with such a large spin (Fig. 11), we can draw some
conclusions about them.

Regarding the negative-parity states, there are two high-
lying levels with most likely (6−) assignments observed only
in the 132In decay, at 6598 and 6709 keV. Only two neutron
multiplets, the νh 9/2d −1

3/2 and ν f7/2d −1
5/2, have a negative-parity

member with J = 6, and therefore these two levels can only
be related to those. The remaining two negative-parity levels
appearing at 6297 and 6476 keV are present in both the 132In
and 133In β decays. The systematics of the transitions that
de-excite and populate them suggest a (5−) spin parity and
therefore they are likely to be members of the νh 9/2d −1

3/2 and
ν f7/2d −1

5/2 multiplets as well.
On the positive-parity side, the situation is more involved

due to the larger amount of multiplets predicted at these high
energies. There are eight different states with an assumed
positive parity. These were only observed in the direct β decay
of 132In, out of which five have been identified in this work
for the first time. Relying on the systematics of the transitions
between these levels, along with the selectivity of the β-decay
population from the (7−) g.s. in 132In, they can have angular

014328-15
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Similarity to the structure of 131Sn

Analogy to 132In --> 132Sn
core excitations (shell gap)

GT transition involves νg7/2 → πg9/2
First-forbidden transitions relevant: νf7/2 → πg9/2 and νh11/2 → πg9/2
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Fig. 4. (Color online) (a) Particle-hole multiplets in the doubly-magic core nucleus 132Sn populated in the β decay of 132In
(adopted from ref. [12]) and (b) schematic excitation scheme of 131In and main decay branches as derived in the present work.
The dashed lines show the results obtained for yrast states in shell-model calculations in an extended configuration space (see the
text for details), while the dotted lines indicate the neutron separation energies of Sn = 7343(7) keV and Sn = 6210(40) keV for
132Sn and 131In, respectively [26]. The horizontal arrows refer to both columns depending on the configurations. The uppermost
arrows (thick lines) in both parts of the figure refer to GT transitions to negative-parity states in the right column, whereas all
other arrows (thin lines) refer to ff transitions to positive-parity states in the left column.

consist of a single proton hole in one of the single-particle
orbitals below Z = 50, namely 0g9/2, 1p1/2, 1p3/2, and
0f5/2, coupled to the lowest-lying particle-hole multiplets
in the 132Sn core nucleus. The structure of excited states
in the doubly-magic nucleus 132Sn, populated in the β
decay of 132In, has been studied in detail in the past by
Björnstad et al. [27] and Fogelberg et al. [12]. In accor-
dance with the magic character of this nucleus, besides the
lowest-lying state with negative parity, which was shown
to have collective octupole character [12], excited states
are found only at energies above 4MeV. On the basis of
extensive experimental information, several particle-hole
(ph) multiplets were identified. In fig. 4(a) the position
of several states belonging to three different neutron- and
one proton-ph multiplets in 132Sn is illustrated together
with the single-particle transition leading to their pop-
ulation in the β decay of 132In. The 7− ground state
of 132In83 is formed by a proton hole in the 0g9/2 orbit
below Z = 50 coupled to a neutron in the 1f7/2 orbit
above N = 82. In about 48% of all decays of 132In two
states with spin 6− and 7− at excitation energies of 7211
and 7244 keV are populated in 132Sn. These states be-
long to the ν(f7/2g

−1
7/2) multiplet which is populated via

the allowed ν0g7/2→ π0g9/2Gamow-Teller single-particle
transition. These 6−, 7− states decay mainly to the 4−,
5− members of the ν(f7/2d

−1
3/2) multiplet with excitation

energies close to 4.9MeV. Note that the latter are not
directly populated in the β decay of 132In. At positive
parity, members of two different multiplets are populated
via ff transitions. The 6+, 8+ states at around 4.8MeV
belong to the neutron excitation ν(f7/2h

−1
11/2) populated

via the ν0h11/2 → π0g9/2 single-particle transition while
the (6+, 7+, 8+) states around 5.5MeV have been as-
signed in ref. [12] as belonging to the proton-ph multiplet
π(g7/2g

−1
9/2) populated via the ν1f7/2→ π0g7/2 decay.

Turning now to the decay of the ν1f7/2 ground state
of 131Cd we can expect that some of the single-particle
transitions observed following the decay of 132In will pop-
ulate three-quasiparticle states at relatively high excita-
tion energies in 131In. The strong GT decay ν0g7/2 →
π0g9/2 would populate members of the ν(f7/2g

−1
7/2)πg−1

9/2

multiplet, which most naturally would decay to the
(9/2+) ground state. Due to their high intensity we iden-
tify the γ rays in the 5.5–6.1MeV range (compare ta-
ble 1) with these ground state transitions and assign the
ν(f7/2g

−1
7/2)πg−1

9/2 configuration to the initial states (see
fig. 4(b)). However, we cannot exclude that one of these
states is the π0g7/2 single-particle state populated via the
ν1f7/2 → π0g7/2 ff decay branch. This state is expected
to lie roughly 6.1MeV above the π0g9/2ground state [28].
The second ff transition observed in the 132In → 132Sn

Proposal to measure core-excited states arising from many of the allowed 
multiplets, similar to other nuclei such as 132Sn

Neutron proton-hole configurations coupled to the πg9/2 (or pf) hole 
Lifetimes of the high-lying core excited states in 131In: electromagnetic 
transition rates help identify the configurations

Complementary 
study from 132Cd 0+

g.s., large Pn value 

J. Taprogge et al.,
Eur. Phys. J. A 52, 347 (2016)

Investigation of the structure of 131In
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• Three delayed γ rays each from 
136;138Sn have been observed.
• 6+ isomer, (f7/2)2, seniority-2
coupling scheme.
• Realistic interactions do not 
reproduce the experimentally 
determined B(E2; 6+ → 4+) 
value of 136Sn, even when core 
excitations are included.

• An empirical modification of ν(f7/2)2 matrix 
elements, equivalent to reduced pairing, 
improves the description
• Neutron-neutron part of realistic interactions 
used in shell-model calculations off stability
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Lifetime measurements for 134Sn

132Sn

248Cm spontaneous fission [A. Korgul et al., EPJ A7, 167 
(2000)] Gammasphere

Coulomb Excitation [J. Beene et al.,  Nuclear Physics A746, 
471 (2004)]         Deduced T1/2 = 49(7) ps

134In β decay

135In β-n decay
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Lifetime measurements for 134Sn

JI  →JF E (keV) T1/2 B(E2) 
W.u.

6+  → 4+ 174 81.7(12) ns 0.97(7)
4+  → 2+ 348 1.18(4) ns 2.19(7)
2+  → 0+ 726 53(30) ps 1.3(7)

J. Benito et al.
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Complete set of lifetimes for the states of 
the v(f7/2)2 configuration
First measurements for the lifetime of 
the1073-keV (4+) state

M. PIERSA-SIŁKOWSKA et al. PHYSICAL REVIEW C 104, 044328 (2021)
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FIG. 13. Comparison of predicted (SM) and experimental (Expt.)
reduced transition probabilities B(E2) (in W.u.) for E2 transitions in
134Sn. Presented data are taken from Refs. [16,24,60,77,78,86,88,89].
Uncertainties of the previously reported experimental results and the
one obtained in this work are shown by the gray and orange areas,
respectively.

V. SUMMARY AND CONCLUSIONS

We report on new γ -ray spectroscopy results from the
ISOLDE facility at CERN on the β decay of the neutron-
rich 134In and 135In nuclei, populating excited states in tin
isotopes with N ! 82. Due to the relatively simple structure
of daughter nuclei, these β decays provide unique conditions

for the simultaneous investigation of one- and two-neutron
excitations as well as states formed by couplings of valence
neutrons to excitations of the 132Sn core.

The βγ - and β2n -decay branches of 134In have been ob-
served for the first time. The β-decay scheme of 134In was
supplemented by thirteen transitions, of which three depop-
ulate new levels in 134Sn and two depopulate new levels in
133Sn. Although the prevalent ν1g7/2 → π1g9/2 GT transition
feeds neutron-unbound states at excitation energies exceeding
S2n of 134Sn, the 134In β decay is dominated by β1n emission,
with a probability of P1n = 89(3)%. Among the available
global calculations of βn branching ratios, only the QRPA +
HF [71] and EDM [8,69] models predict the predominance
of this β-decay branch for 134In. These two theoretical ap-
proaches take into account the competition between one- and
multiple-neutron emission as well as γ -ray deexcitation in the
decay of neutron-unbound states, which is not included in the
other models considered.

A significant contribution of γ -ray emission from neutron-
unbound states populated in the two daughter nuclei, 133Sn
and 134Sn, at excitation energies exceeding S1n by 1 MeV was
observed in this work. The competition of γ -ray deexcitation
with neutron emission well above S1n can be explained by
the weak overlap of the wave functions of states involved
in βn emission. Neutron-unbound states emitting γ rays in
134Sn are formed by couplings of valence neutrons to core
excitations, while the low-lying levels in 133Sn arise from one-
particle excitations of valence neutron. In the energy range
consistent with the predicted excitation energy of the 13/2+

state in 133Sn, a 2434-keV transition was observed, which is
proposed as a candidate for a γ ray depopulating the missing
ν1i13/2 s. p. state in 133Sn.

Transitions following the β decay of 135In were identified
for the first time and the partial β-decay scheme of this nu-
cleus was established. Three new transitions were assigned
to 134Sn based on βγ γ coincidences. Two transitions were
tentatively attributed to 135Sn. Their placement in the level
scheme of 135Sn is supported by shell-model calculations.
Several other γ rays were observed in the 135In β decay
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FIG. 14. Excited states in 135Sn tentatively proposed in this work (Expt.). Calculated excitation energies (SM) for the 7/2−, 9/2−, and
11/2− states in 135Sn reported in (a) Sar2004 [88], (b) Kart2007 [77], (c) Yuan2016 [86], and (d) Cor2002 [78] are also presented.
Excitation energies relative to the 135Sn ground state are given in keV. The ground-state spin-parity assignment for 135Sn, based on systematic
trends in neighboring nuclei, was taken from Ref. [59].

044328-16

M. Piersa-Siłkowska, A. Korgul, J. Benito, 
LMF et al., PRC104, 044328 (2021) 

Unexpectedly large B(E2; 4+ → 2+) ?

Lifetime measurement of the 4+ state in 134Sn

Coraggio: SM CD-Bonn, 132Sn core + valence neutrons (6)
Sarkar: SM modified empirical CW5082 from 208Pb – drastic change of proton effective charge
Kartamyshev + Hjorth-Jensen: SM effective 2-body int., 6 orbitals, assess pairing
Yuan: SM jj46 Hamiltonian, 4 p and 6 n valence orbits in the Z = 28 − 50 and N = 82–126 major shells
Jain: SM renormalized CD-Bonn, ad-hoc TBME modified (4 versions)
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Analogy to N=82

A. Korgul et al.,
Eur. Phys. J. A 32, 25–29 (2007) 

Realistic interactions used in shell-
model calculations far from stability
Effect of pairing
NN interaction for large number of particles

Other nuclei around 132Sn
Odd nuclei are also relevant
Coupling of few particles / holes 
Single particle configurations

1.2 ns

Jan Blomqvist (1932-2022) 
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FIRST β-DECAY SPECTROSCOPY … PHYSICAL REVIEW C 104, 044328 (2021)
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FIG. 12. Experimental (Expt.) level scheme of 134Sn along with the results of the shell-model calculations (SM) (a) including neutron-core
excitations, Jin2011 from Ref. [75], as well as employing 132Sn as a closed core: (b) Kart2007 from Ref. [77], (c) Yuan2016 from Ref. [86],
and (d) Cov2011 from Ref. [87]. The newly identified states are indicated in red. The level shown by the dashed line is proposed tentatively.
The (8+) state at 2509 keV [23] was not observed in this work. The experimental spin-parity assignments for previously known states in 134Sn
were taken from Refs. [16,23]. The Sn value for 134Sn was taken from Ref. [27].

2. 135Sn

Shell-model calculations for 135Sn [77,78,86,88,92] pro-
vide guidance in the interpretation of the first experimental
results on excited states for this nucleus. They predict a 7/2−

spin-parity for the ground state of 135Sn, being a member of
the ν2 f 3

7/2 multiplet. This prediction is also supported by the
systematics of excitation energies in the N = 85 isotones [93]
as well as by the expected analogy to the 133Sn nucleus, with
a 7/2− ground state [13].

The 5/2− and 3/2− levels are predicted to be the lowest-
lying excited states in 135Sn [77,78,86,88,92]. Given the
expected 9/2+ ground-state spin-parity for 135In, their pop-

ulation in the 135In β decay is unlikely. States populated in
135Sn via ff transitions most likely have spins and parities
7/2−, 9/2−, or 11/2−. Figure 14 displays the calculated exci-
tation energies for low-lying 7/2−, 9/2−, and 11/2− levels
in 135Sn. Shell-model calculations support the tentative as-
signment of the 950- and 1221-keV transitions to 135Sn as
ground-state transitions, since states with such spin values
are expected in a comparable energy range [77,78,86,88,92].
Theoretical predictions tend to disagree when we consider
levels at higher excitation energies in 135Sn, arising from
the ν2 f 3

7/2, 2 f 2
7/2 3p3/2 and ν2 f 2

7/2 1h9/2 configurations (see
Fig. 14) [77,78,86,88,92].
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Gamow-Teller and 1st forbidden transitions

FIRST β-DECAY SPECTROSCOPY … PHYSICAL REVIEW C 104 , 044328 (2021)

FIG. 11. (a) Schematic β-decay scheme of 134In showing Gamow-Teller (GT) and first-forbidden (ff) transitions that populate neutron-
unbound (gray striped areas) and bound states in the daughter nuclei. The expected excitation energies of unobserved states having core-excited
configurations are indicated by black striped areas. Neutron-unbound states for which decay via γ -ray emission was observed are indicated.
(b) Schematic representation of proton (π ) and neutron (ν) orbitals relevant for the β decay of 134In [61]. The ground-state configuration of the
parent nucleus is schematically represented by circles indicating the location of valence neutrons (full circles) and proton hole (open circle)
relative to the 132Sn core.

is not possible. A state decaying directly to the ground state
cannot be placed at such a low excitation energy in the level
scheme of the 132–134Sn isotopes. In view of the enhanced
contribution of electromagnetic transitions above Sn in 133Sn
and 134Sn, one might consider the possibility that the 354-keV
γ rays are emitted from a neutron-unbound state for which
the centrifugal barrier hinders neutron emission. Once a γ
ray has been emitted with the associated angular-momentum

transfer, the level that has been fed could subsequently decay
via neutron emission.

B. β decay of 135 In

The β-decay feeding pattern of the N = 86 135In is ex-
pected to be similar to that observed in the β decay of the N =
84 133In [22]. The ground state of 133In has a π1g−1

9/2ν2 f
2

7/2

044328-13

M. Piersa-Siłkowska, PRC104, 044328 (2021) 

134In β decay
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131In isomer selectivity

Isomer selective study makes it possible 
to revise Iβ and logft values. 
Previous studies show a discrepancy 
between the logft values for the three
ff transitions in the 131In β-decay
The previous discrepancy disappears

B. Fogelberg et al.
Transitions E level Iβ(%) Log (ft)

!"#/%&' → )"*/%&' G.T. 2434 90 4.4

!"#/%&' → )ℎ''/%&' f.f X <20 >5.6

!,'/%&' → )-./%&' f.f g.s. ~95 5.1

!,'/%&' → )/'/%&' f.f. 332 3.5 6.5

R. Dunlop et al.
Iβ(%) Log (ft)
84.2(22) 4.4

5(&12'1) 6.2

68.1(22) 5.2

27.8(7) 5.5

This work
Iβ(%) Log (ft)
66(11) 4.5(2)

25(6) 5.5(2)

54(7) 5.34(13)

42(7) 5.40(4)

f.f. transition
G.T. transition 

J. Benito et al., to be submitted
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Population of neutron-unbound states in 133Sn

Isomer selective decay from 133In
Population of states via ff transitions
Competition of gamma and neutron
decay --> gamma-ray emission above Sn

M. PIERSA et al. PHYSICAL REVIEW C 99, 024304 (2019)

and two LaBr3(Ce) detectors, which were employed to mea-
sure lifetimes by applying the fast timing technique [20,21].
The Nutaq [22] digital data acquisition system (DAQ) was
employed to read out the signals from the detectors and
timing signals to correlate the activity with the proton impact
on target. The fast plastic and LaBr3(Ce) detector signals
were preprocessed before being input into the digital DAQ
[21]. Data were collected in triggerless mode. In the off-line
analysis events were reconstructed, correlated with the time of
arrival of the proton and coincidence gates as well as Clover
add-back corrections were imposed.

Neutron-induced activity is a source of background that
needs to be well understood for a consistent data analysis.
Neutrons contributing to background activity can have two
origins in this experiment: they may be produced by proton
impact and emitted from the target area, or they may arise
from the β decay of neutron-rich nuclei as delayed particles.
The neutrons induce both (n, γ ) and (n, n′γ ) reactions on
the surrounding materials [23– 25]. Particular attention was
paid to the identification of γ transitions arising from these
reactions. The neutron-induced peaks originating from inter-
actions of neutrons from the target area are observed within
the first 30 ms after the proton arrival. They were used to
cross check the energy calibration at high energies. Their
contribution can be removed by imposing a coincidence with
the β detector and/or a time condition from the proton impact
on target. The identification of γ rays following interactions
of β-delayed neutrons is more complicated, since their time
correlation is consistent with the half-life of 133In, and they
are also in coincidence with β particles.

III. EXPERIMENTAL RESULTS

In order to identify transitions following the β decay of
133In, we studied β-gated γ -ray spectra within a time window
from the proton impact on target, ranging from two to three
half-lives of 133gIn and 133mIn. With such conditions, the con-
tribution from daughters’ activities, whose half-lives amount
to 1.46(3) s for 133Sn [26] and 39.7(8) s for 132Sn [27], is
significantly reduced.

In these spectra, we identified transitions corresponding
to 133In → 132Sn βn decay and subsequent 132Sn → 132Sb β
decay as the most intense ones. The quality of isomer selective
laser ionization achieved in our experiment was demonstrated
in Ref. [18], where we discussed the population of previ-
ously reported low-lying states in 133Sn. An indication of
the presence of the (1/2−) isomeric state of 133In in the
implanted beam is the detection of the 854 keV γ ray emitted
from (3/2−) state in 133Sn, whereas the line at 1561 keV,
corresponding to depopulation of the (9/2−) state in 133Sn,
is the signature of the (9/2+) ground-state content. In Fig. 1
we present portions of β-gated γ -ray spectra showing rele-
vant known transitions uniquely decaying from the (9/2+) or
(1/2−) state of 133In.

Although the 133mIn beam contained impurity originating
from 133gIn of the order of ∼30%, it is always possible to
determine whether a new line is present in the spectrum due
to the one or the other states of 133In. It can be clarified by
comparing relative γ -ray intensities, significantly influenced
when the RILIS was set to provide 133gIn versus 133mIn beam.
The relative intensities (Irel) of the γ rays assigned to β or
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513-keV line, reported by K. L. 
Jones et al., Nature 465, 454 (2010)

M. Piersa, A. Korgul, LMF, J. Benito et al., 
Phys Rev C99, 024304 (2019).
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deduced only from γ transitions (see the text for more details). The spin-parity assignments of states in 132Sn were adopted from Ref. [30].
The Qβ and Sn energies were taken from Ref. [13].

βn-decay branches of the (9/2+) ground and (1/2−) isomeric
state of 133In are given in Table I. Transition de-populating
the (5/2−) state in 133Sn, 2004.6 keV [9,10], is not evident
neither in the spectra of 133gIn nor 133mIn. We can estimate
upper limits of its Irel, Irel < 1, and Irel < 0.7 for the β decay
of 133gIn and 133mIn, respectively.

A. β decay of the ground state of 133gIn, Iπ = (9/2 +)

The most intense transitions following the decay of
(9/2+) ground state of 133In belong to its βn-decay
channel (see Table I). Besides the known 1561.2-keV tran-
sition assigned to 133Sn, we identified new transitions fol-
lowing the decay of the (9/2+) ground state at ener-

gies 924.1(5), 1029.8(5), 1115.6(5), 1349.6(5), 1373.9(5),
1390.6(5), 3181.1(5), 3563.9(5), 3597(1), and 6088(2) keV
[see Figs. 1(a) and 2(a)]. Their assignment is justified by
the analysis of their time dependences relative to the proton
pulses. Their belonging to the neutron-induced background
was excluded. Analysis of the β-γ -γ data allowed us to
construct the decay scheme of 133gIn. Three new transitions,
3181 keV, 3564 keV, and 6088 keV, could be placed in
the level scheme of 133Sn, see Figs. 2(a) and 3. Note that
they deexcite levels above the neutron-separation energy. A
half-life of T1/2 = 167(7)ms was obtained for the 3564 keV
transition (Fig. 4). In order to determine 133gIn half-life value,
three γ transitions were considered: the new γ transition at
3563.9 keV and known β-n-γ transitions at 375.1 keV and
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feeding to the levels in 133Sn was not possible due to unresolved contribution of the 511-keV annihilation γ -ray in the 513-keV photopeak.

known transitions depopulating excited states with Iπ = 1/2−

(νp1/2), 3/2− (νp3/2), and Iπ = 9/2− (νh9/2) assignments in
133Sn were confirmed in this work. On the other hand, β
feeding to the (5/2−) (νf5/2) level was not evident neither in
the decay of (9/2+) nor (1/2−) state of 133In.

A. Neutron single-hole excited states in 133Sn

The relevant s. p. levels in the 132Sn region are depicted
in Fig. 7. Strong population of the 11/2− (νh−1

11/2) and 7/2+

(νg−1
7/2) neutron single-hole (2p1h) states in 133Sn is expected

in the β decay of the (9/2+) ground state of 133In. The β decay
of its (1/2−) isomeric state would instead proceed by feeding
the 1/2+ (νs−1

1/2) and 3/2+ (νd−1
3/2) states, which also have a

neutron-hole nature. The spin-parity selection rules favor pop-
ulation of 7/2+ level via the νg7/2 → πg9/2 Gamow-Teller
transition resulting in the νf 2

7/2 g−1
7/2 daughter configuration

(see Fig. 7). The corresponding νg−1
7/2 hole state in 131Sn was

found at an excitation energy of 2434 keV with receiving
the overwhelming majority of the β feeding, as demonstrated
by the very low logf t = 4.4 [34]. Only one level in 131Sn
located at lower excitation energy [Elevel = 65.1(3) keV] than

024304-7

(9/2+) g.s.

(1/2–) g.s.

p3/2

p1/2

f7/2
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Summary 

Beta-decay spectroscopy is a powerful tool to study the 
exotic region around 132Sn including
→ Beta-decay via GT and ff transitions
→ Gross properties such as decay lifetimes and (indirectly) 

neutron emission probabilities
→ Competition of gamma emission for neutron unbound states
→ Single particle features
→ Nucleon (neutron) pairs
→ Core-breaking states

ISOLDE/CERN offers excellent options for this kind of 
measurements
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16 Institut für Kernphysik, Technische Universität Darmstadt, Germany
17 Saha Institute Of Nuclear Physics, Kolkata, India

Spokespersons: L.M. Fraile (lmfraile@ucm.es)
A. Korgul (Agnieszka.Korgul@fuw.edu.pl)

Contact person: Razvan Lică (Razvan.Lica@cern.ch)
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