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B-delayed y-ray spectroscopy of non-yrast states in **Te near the neutron drip line
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We report on the first S-decay data of '*¥Sb to '**Te isotopes beyond the doubly magic '**Sn. The parent
nucleus was produced by the in-flight fission of a U beam on a ?Be target at 345 MeV per nucleon and
measured at the BigRIPS separator of the Radioactive Isotope Beam Factory at RIKEN. By using advanced 8-y
spectroscopy techniques, the half-life and the tentative spin-parity of '**Sb were measured to be 346(19) ms and
(37), respectively. In addition, we observed several low-lying non-yrast states in '**Te for the first time. Our data
allowed us to rearrange the positions of the first 2* and 4™ states in this nucleus and to construct the level scheme
of '¥Te in accordance with shell-model calculations. Additionally, we extend energy systematics of Te isotopes

within neutron numbers 54 and 86.
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I. INTRODUCTION

With two valence protons above the magic Z = 50, the Te
isotopes are known to exhibit vibrational properties both below
and beyond N = 82. For example, the majority of studies
to investigate their nuclear structure (below N = 82) report
on the coexistence of single-particle and collective structures
[1-3].

In 136Te, which has two neutrons above the N = 82 shell
closure, an enhanced collectivity has been observed with the
character of a spherical harmonic vibrator [4], which is in
contrast to the two-neutron-hole '*?Te that has single particle
behavior [5,6]. In alater study of the 136 nucleus, an anomaly
in the transition strength between the ground state and the
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first 2% state has been found [7]. By using the quasiparticle
random-phase approximation, this anomalous trend (for the
neutron-rich Te beyond N = 82) was explained by a reduced
pairing interaction [8].

Systematics of the excitation energy for the first 2% state
E(2") for the even-mass Te isotopes shows that E(2T)
drastically decreases with increasing number of neutrons
beyond N = 82. According to a recent large-scale shell-model
calculation on the chain of Te and Xe nuclei, the neutron
dominance in the wave function of excited states in neutron-
rich Te isotopes is stronger, further suggesting that the Te
nuclei beyond N = 82 undergo a drastic structural change [9].

138Te with two valence protons and four valence neutrons
above the doubly magic '*>Sn has been studied only in prompt
28Cm fission [10]. In comparison to BCS calculations, 138Te
was located in the transitional region where nuclear shape
is expected to change from spherical in '**Te to prolate in
140Te [10]; however, experimental data on 38Te and beyond
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are severely limited. It is thus of a great interest to study
138Te experimentally to elucidate its nuclear structure as well
as to provide ingredients for the effective nucleon-nucleon
interaction in the vicinity of the neutron drip line.

In the present study, we report the first spectroscopic
results for *®Te populated by the g decay of '*8Sb [T} p =
350(15) ms [11] ]. Moreover, because 138Gh has a very large
B-delayed neutron-emission probability of 72(8)%, '¥'Te is
likely also to be populated [11]. On the other hand, because the
nucleus '3?Sb has an even larger -delayed neutron-emission
probability of 90(10)% [11], the delayed y rays observed in
the decay of '*Sb also provide spectroscopic data on '**Te,
complementary to data obtained by the B decay of '*3Sb.
In such a case, the initial spin when populating *Sb —
1383Te and '38Sb — !38Te is different, thus we can obtain
unique access to certain spin states. Furthermore, B-decay
spectroscopy of the respective odd-mass, '**Sb and '*7Sb,
channels will be reported elsewhere [12].

II. EXPERIMENT, ANALYSIS, AND RESULTS

The nuclei of interest were produced by in-flight fission
of 2¥U on a °Be target at 345 MeV/nucleon, separated
by the BigRIPS separator at the Radioactive Isotope Beam
Factory (RIBF) at the RIKEN Nishina Center [13]. The mean
intensity of the primary beam was about 5 pnA over the
course of the five days of beam time. Fission fragments,
transported through a zero-degree spectrometer (ZDS), were
unambiguously identified on the basis of the Bp-A E-time-
of-flight method [14]. And they were finally implanted into a
wide-range active-silicon-strip stopper array for beta and ion
detection (WAS3ABi), comprised of five layers of 1-mm-thick
double-sided silicon-strip detectors (DSSSDs) [15]. It was
surrounded by two 2-mm-thick plastic scintillators for the
rejection of charge-exchange reactions. During the beam time,
a total of 1.4 x 10> and 1.2 x 10° ions were collected for
138Sb and '¥Sb, respectively. Emitted y rays, following the
B decay of Sb were then detected by the EUROBALL-RIKEN
high-purity germanium (HPGe) cluster array (EURICA) [16]
surrounding WAS3ABI.

To obtain the absolute photopeak efficiency for the EU-
RICA array including WAS3ABI and the plastic scintillation
counters, Monte Carlo simulations built by using the GEANT4
toolkit [17] were performed. Details about the detector
configuration were considered and implemented as described
in Refs. [15,16,18]. The simulation results were compared
with the measured efficiencies at several points by using
standard y-ray sources. The add-back algorithm in Ref. [16]
for reconstruction of Compton-scattered y-ray was employed
in calculating the absolute efficiency. It was found that the
simulation reproduces within 5% uncertainty the experimental
results, as shown in Fig. 1(a). Distributing the y-ray emitters
over the layers of the DSSSD detector, according to the
experimental implantation pattern in Fig. 1(b), allowed us
to compute the corrected efficiency curve [Simulation II in
Fig. 1(a)]. It was further used to obtain the absolute y-ray
intensity in the analysis.
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FIG. 1. (Color online) (a) Experimental and simulated absolute
photopeak efficiency of the EURICA including ancillary detectors.
Simulation I (open circles) and II (solid line) are for point sources
at a fixed position and y emitters distributed over the one of the
DSSSD layers, respectively. (b) Implanted position distribution of
138Sb accumulated in WAS3ABI.

Because the ions are slowed down before implantation, we
detected a typical charge-exchange rejection rate of the order
of 8%. This rejection was further used in the analysis.

In order to correlate the implanted heavy ions of interest
with B particles recorded at one of the pixels in the DSSSD
layers, we imposed constraints on both position and timing.
For events in a singles mode, a 8-decay event was considered
in the implantation pixel. Up to 25 neighboring pixels were
considered in a coincidence mode considering the position
resolution of DSSSD stoppers. All 8 particles detected within
certain time window (a multiple of half-life) after implantation
were considered to be included in sorting. The resulting §-y
data is sorted into a S-correlated yy matrix based on the their
respective timing information.

Figure 2 illustrates the B-delayed y-ray singles spectrum
and coincidence spectra with energy gates on the transitions
in '3Te. The coincidence timing window was 200 ns
considering that the average timing resolution of the EURICA
is 200 ns. The two strong transitions seen in the singles
spectrum are already known from Ref. [10] to belong to '**Te.
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FIG. 2. (Color online) (a) B-delayed y-ray singles spectrum of
1388b and (b), (¢) its y-ray coincidence spectra. The B-decay curve
with a lifetime fit is shown in the inset.

However, in the singles spectrum, the 460.8 keV transition,
which was suggested to be a transition of 4T — 2% inRef. [10],
is approximately twice as intense as the 442.8 keV transition
(2t — 0%), implying that the positions of the 460.8 and
442 .8 keV transitions should be exchanged in the level scheme,
thus corresponding to the 27 — 0" and 4 — 27 transitions,
respectively. The unique selection rule (of the initial spin
of 138Sb) in our case gives the possibility to enhance the
population of these two states. Itis possible that, in the previous
work [10], these y rays were found with the same intensity as
they were identified in triple coincidence mode with a partner
nucleus, and all y rays in the cascade would be of similar
intensity. The doubled intensity in our case indicates that about
half of the decay strength proceeds through the 4%, while the
other half proceeds through the 27 state.

The half-life of '*¥Sb was deduced by using the identifica-
tion with the 442.8 and 460.8 keV transitions. Half-lives with
different energy gates were consistent with each other, and the
weighted average of them amounts to 346(19) ms, in a good
agreement with the previous measurement [11].

To search for new excited states in **Te, yy coincidence
data after the 8 decay of not only '3¥Sb but also '*’Sb is
complementarily analyzed. The y-ray spectra associated with
the B-delayed neutron decay of '*Sb are also shown in Fig. 3.
The B decays of '*8Sb and '3°Sb have a similar decay pattern
due to the high neutron-emission probability of '*Sb [11].
From the 271.0 keV transition, which is known to be the
(9/27) — (7/27) transition in '**Te [19], we deduced the
ratio of I7; to Is6; to be 9(2), consistent with the §-delayed
neutron-emission probability of '*?Sb. We found different
timing curves of the 460.8 keV line between the decay of '**Sb
with a half-life of 93 ms [11] and '*®Sb, again confirming
that those originated from different parent nuclei. Moreover,
the 535.5 keV transition, which is proposed as a 67 — 4T
transition in *®Te [10], is seen only in the coincidence
spectrum after the S-delayed neutron emission of '3°Sb. This
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FIG. 3. (Color online) y-ray coincidence spectra on transitions
in 'Te detected in the '*Sb-Bn decay. The gates are associated
with (a) 460.8 keV, (b) 442.8 keV, and (c) 535.5 keV.

could be explained by the difference in the distribution of
nuclear spins of '3?Sb with respect to those of '*¥Sb, so that
the 67 state in '*Te could be accessible.

Energies and relative intensities for all of the observed y
transitions are summarized in Table I. In addition, 8 branches,
which are computed by using y -ray-intensity imbalances, and
the corresponding log ft values are given in Table II. In the
computation of B branches, internal conversion is ignored
because no conversion electron is observed in an electron
spectrum recorded by the WAS3ABi. As experimental-mass
data for '*¥Sb is not available, Q(87) = 11.2(3) MeV [20] is
used in the computation of log f¢ values, with LOGFT [21]. In
order to prove the overall procedure, we compared log ft for
the B decay of '*°Cs, deduced from the present experimental
data and method, with the literature value [22]. However, it
is worth mentioning that these log ft values should be taken
as lower limits for transitions in this particular neutron-rich
nucleus with a high Q(87) value because of the pandemonium
effect [23].

III. DISCUSSION

In the present study, several new excited states are observed
for the first time. The present experimental data allows us to
change the excitation energy of the first 2" state and rearrange
the level scheme. The constructed level scheme is shown in
Fig. 4 and is summarized as follows:

The 460.8 and 903.6 keV levels. In the previous study of
138Te, the 442.8 ke V transition was assignedas E(2%)in 138Te.
Based on the observed y-ray intensity as well as coincidence
relations, we assign the 460.8 and 442.8 keV transitions as
the deexcitation energies of the 2 and 47 states, respectively.
With these corrections, the ratio E(47)/E(2%) indicating the
vibrational-like character of the low-lying collective states
becomes 1.96, which is slightly lower than the previous value
of 2.04 [10].
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TABLE I. Characteristics of the observed y -ray transitions in the present work.
E, (keV) 120 Jr E; (keV) JF E; (keV) Coincidences (keV)
460.8(5) 100 2" 460.8(5) 0* 0.0 442.8, 627.6, 778.5, 862.6, 1120.3, 1136.1, 1154.5
442.8(5) 40(3) @) 903.6(14) 2") 460.8(5) 460.8, 627.6, 778.5
862.6(5) 7(1) 2" 1323.4(16) 2" 460.8(5) 460.8
1120.3(5) 5(1) (2*,3%,4%) 1581.1(19) 2" 460.8(5) 460.8
1154.5(5) 6(1) (27,3%,4%) 1615.3(19) 2%) 460.8(5) 460.8
535.5 (5)° 6™) 1439.1(26) ") 903.6(14) 442.8, 460.8
627.6(5) 6(1) (2*,3%,4%) 1531.2(27) ) 903.6(14) 442.8,460.8
778.5(5) 3(1) (2%,37,4%) 1682.1(28) 4%) 903.6(14) 442.8, 460.8
1136.1(5) 3(1) (2,%3%,4%) 2039.7(32) ") 903.6(14) 442.8, 460.8

“Relative intensities observed in the 8 decay of 1385h (except for the 535.5 keV transition) normalized to l4605. Quoted error includes statistical
and 5% systematical error estimated from the y-ray efficiency of the EURICA.
“Intensities above the first 4™ excited state are deduced from the coincidence spectra with 442.8 and 460.8-keV-energy gates.

“Observed only in the S-delayed neutron decay.

The 1323.4, 1581.1, and 1615.3 keV levels. Three y rays at
862.6, 1120.3, and 1154.5 keV were observed in coincidence
with the 2t — 07 transition. According to the observed y-ray
intensity, we tentatively concluded that these y rays feed the
first 2% state. The 1323.3 keV level is assigned as the second
27" state based on the systematics of the second 27" states
observed in the neighboring isotopes and isotones, and the 25
state predicted by the shell model [9].

The 1531.2, 1682.1, and 2039.7 keV levels. Three y rays of
627.6,778.5,and 1136.1 keV depopulating these excited states
are observed in coincidence with the 4t — 2% and 2+ — 07
transitions in '>®Te. Based on their relative intensities, the three
new excited states are placed with possible spins of (2,3,4)
with a positive parity based on the intensity ratios with the
already-known low-lying 27 states.

The 1439.1 keV level. This excited state is depopulated
by 535.5 keV transition and is interpreted in Ref. [10] as a
J™ = (61) member of the ground-state band. Assuming that
this spin is correct, this state can possibly be populated only in
the Bn decay of '*’Sb. This experimental observation would
be consistent with the 6 assignment.

Prior to our measurement, the spin-parity of the ground state
in *8Sb was not known. According to the feeding pattern
observed in the present study, we may restrict the possible
spin-parity values. The vf7,, orbital is the lowest in energy

TABLE II. Calculated B-branching ratios and corresponding
log ft values for excited states populated in the 8 decay of '*¥Sb.
See text for details.

Energy (keV) Is- log ft
0

460.8(5) 10.4(43) 6.3(2)
903.6(14) 7.0(29) 6.4(2)
1323.4(16) 1.9(5) 7.0(2)
1531.1(27) 1.3(5) 7.0(2)
1581.1(19) 1.1(5) 7.0(2)
1615.3(19) 1.3(5) 7.0(2)
1682.1(28) 0.6(3) 7.3(2)
2039.7(32) 0.6(3) 7.2(2)

along the N = 83 isotonic chain for Z = 50 to 64 (Fig. 39
in Ref. [24]) and originates in a larger part the ground states
also in the Te nuclei. It has been suggested that the lowest
orbital in '¥"Te and '*Te is vfy/» [12,19,25] and can be
considered in '*Sb. The proton single-particle orbital also
needs to be discussed because the relevant proton orbitals
evolve dynamically with respect to the neutron number (Fig. 36
in Ref. [24]) in the doubly magic '**Sn region. According to
the available nuclear data for odd-mass ''>*>Sb isotopes,
g7/ remains the lowest proton orbital in the N = 72 to 84
isotopes. The experimental excitation energy of J™ = 5/2%
decreases with the neutron number; thus, assuming that these
originate from the wds;, and g7/, orbitals one may expect
that both influence the energy spectrum of *¥Sb. One may
therefore expect that the ground state of *®Sb contains mostly
7g1/2vf7/2 and mwds,pvf7,, configurations [9]. Therefore, the
B decay of '*¥Sb to low-lying states in '**Te is likely to be the
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FIG. 4. New B-decay scheme for '**Sb obtained in this work. All
transitions shown are new except the 442.8 and the 460.8 keV lines,
which are reordered with respect to the previous work [10].
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Vf7/0 —> mg7/2 Or Vf7,2, — mds), transition, both categorized
as the first forbidden type. The parity of these configurations
and the strong and equally distributed intensities of the §-decay
branches to the respective (4™) and (27) states in '*¥Te support
the (37) assignment of the ground state in '3®Sb. This is further
reinforced with the calculated log ft values.

There are two facts that support low-spin nature of excited
states observed in the present work and can support their as-
signment as non-yrast states. We emphasize that no transition,
even the one between the first-excited state Jg = 11/27 and
the ground state J;', =7/27 of 137Te [25], is observed in

the B-delayed y-ray decay of '*®Sb, despite the large S-
delayed neutron-emission probability. This observation could
be attributed to the fact that the nuclear spins of low-lying
states in 1*"Te are relatively high so that the excited states
in ¥Te can hardly be populated in the B-delayed neutron
decay of *®Te. Second, the computed log f7 values lie in the
range of the first forbidden transition. The g transitions to the
excited states in '*®Te imply that these excited states are most
likely with spins between 2 and 4. The positive parity can be
supported by the fact that no strong Gamow—Fermi transition
is observed in the 8 decay. The newly assigned levels with the
suggested spin and parities are shown in Table I and Fig. 4.

We have examined nuclear structural change systematically
in the Te isotopes. In the limit of a harmonic vibrator, the
ratio of the first 4% to 2% energy, E(41)/E(2"), is 2, and
E(61)/E(2") corresponds to 3. The systematics of such
values is shown in Fig. 5. The ratios for Te isotopes except
near the N = 82 shell closure remain constant, indicating
a spherical harmonic vibrator. It is worthwhile to note that
a small minimum in the systematics of E(6%)/E(2") and
E@4T)/EQ2")at N = 64 indicates an effect of the subshell gap
at neutron number of 64 [27]. On the contrary, the values of
E(67)/E(2") are gradually increasing toward 3 below N = 82
but steeply increase above N = 82. According to Ref. [2],
the 67 level could be interpreted in terms of the n(g7/2)2
aligned configuration in Te isotopes with N < 82. One can
thus compare this with enhancement of E(67)/E(2") in Te
with N > 82 which is likely due to a large contribution by a
pair of neutrons in the vf7/, orbital coupled with a pair of two
protons in the 7 g7/, orbital [4].

In order to understand the structure of neutron-rich Te
isotopes with N > 82 several theoretical works based on
the shell model have been done [8,9,28,29]. The present
level scheme, with a shell-model theory by Bianco et al. [9]
are shown in Fig. 6. This large-scale shell-model approach
was based on an iterative matrix diagonalization algorithm
endowed with an important sampling which selects the basis
states relevant to the eigenstates to be generated [9]. Focussing
on the predictions of Ref. [9], we note that the neutron
weight in the 2| states gets more enhanced in Te isotopes
as they depart from the N = 82 shell closure toward the drip
line. This result is understood as a neutron dominance in
the neutron-proton exchange symmetry, generally preserved
in most Te isotopes with neutron numbers below N = 82,
and broken for the Te isotopes with N > 84. As can be
seen in Fig. 6, the associated 2% states predicted by the
theory well agree with our experimental results. Moreover,
no negative-parity (e.g., 37) states are predicted by the theory,
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FIG. 5. Systematics for (a) the excitation-energy ratio
E61)/EQ2") and E(47)/E(2"), and (b) excitation energies E(2")
and E(4%)in Teisotopes from N = 54to N = 86 [26] and the present
work for 13¥Te.

which supports the positive-parity assignments of the other
observed states. It is interesting to find whether the non-yrast
states observed above the 6% level correspond to the 27
states, associated with the mixed proton-neutron exchange
nonsymmetry. According to the Monte Carlo shell-model

(2+,3+,4%) 2040 2+ 2080
2t 1860
22'.3' ,,47} 1682 2*. 1790
24,3+ 4%)" 1615
§2',3' /1581
2+,3+ 4+ 1531
(6*) 1439 6+ 1410
(2 1323 2* 1340
4+ 904
) 4 830
0+ 0 o 1]

Present Work Shell Model

FIG. 6. Comparison between the experimental excitation ener-
gies from (a) the present work and (b) the theoretical values calculated
by using the shell model [9].
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study for Te with N > 82 [28], the structure of the 2; state
can be explained as a mixed-symmetry state characterized by
an antisymmetric wave function with respect to interchanges
between proton pairs and neutron pairs. The existence of
1+, 22+ ,and 37 as the full set of the mixed-symmetry states
were also predicted by the model. In this respect, the present
non-yrast states offer experimental candidates for such 17,
27, and 3" mixed-symmetry states as well. In order to further
support that, extensive future experimental measurements on
the half-lives and transition multipolarities are required.

IV. CONCLUSION

In this work we investigated for the first time the B-decay
scheme of '¥3Sb to '*Te. The half-life of the parent *®Sb
nucleus was measured to be 346(19) ms. We assigned for the
first time the ground-state spin parity of *®Sbtobe J* = (37)
based on the intensity balance and log f¢ values. In the newly
constructed level scheme of the neutron-rich '*®Te nucleus,
where we rearranged the position of the first 2 and 47 states,
we also identified several non-yrast states. We discussed the

PHYSICAL REVIEW C 92, 044320 (2015)

new data in terms of shell-model calculations and outlined
the evolution of nuclear-shell structure based on the energy
systematics of Te isotopes along N = 54 and 86. The newly
observed non-yrast states provide now a testing ground for the
development of nuclear models.
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