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Abstract. The 121,123,125,127Sb nuclei have been produced as fission fragments in three reactions induced
by heavy ions: 12C + 238U at 90 MeV bombarding energy, 18O + 208Pb at 85 MeV, and 31P + 176Yb at
152 MeV. Their level schemes have been built from gamma rays detected using the EUROBALL III and
IV arrays. High-spin states of 123,125,127Sb nuclei have been identified for the first time. Moreover isomeric
states lying around 2.3 MeV have been established in 123,125,127Sb from the delayed coincidences between
the fission fragment detector SAPhIR and the gamma array. All the observed states can be described by
coupling a d5/2 or g7/2 proton to an excited Sn core involving either vibrational states or broken neutron
pairs.

PACS. 21.60.Ev Collective models – 23.20.Lv γ transitions and level energies – 25.85.Ge Charged-particle-
induced fission – 27.60.+j 90 ≤ A ≤ 149

1 Introduction

The light-mass 51Sb isotopes have been largely studied at
high angular momenta from fusion-evaporation reactions,
many years ago. Their level schemes have first revealed
the rotational structures built on the π9/2+[404] orbit,
originating from a one-hole two-particle excitation across
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the Z = 50 gap, coexisting with the normal states, one
proton coupled to the spherical Sn core [1,2]. In the Sn
isotopes, the excitations across the Z = 50 gap have been
also identified. Quasi-rotational bands, which are yrast at
spin values around 6~ in 112–118Sn isotopes, are built on
two-hole two-particle states [3]. Later on, a lot of rota-
tional bands corresponding to this 2h-2p core excitation
have been identified at very high spin in the 109−119Sb iso-
topes, the supplementary odd proton being for instance
located in the πh11/2 orbital, well lowered in energy be-
cause of the deformation [4–8].

Whereas these 2h-3p excitations dominate the very
high-spin structures of the 109–119Sb isotopes, they are no
longer expected to be observed in the heavy masses since
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the excitation energies of all these deformed structures
evolve with the neutron number showing a minimum at
the middle of the N = 50–82 shell (N ∼ 66). Therefore the
yrast decays of the unknown high-spin states of 123–127Sb
would only show the spherical states corresponding to the
coupling of one proton to the Sn core excitation, partic-
ularly the broken neutron pairs. Such states are very in-
teresting as they give access to the values of the residual
interaction between proton and neutron located in differ-
ent sub-shells, which are needed for the shell model cal-
culations. Unfortunately, the high-spin level schemes of
the heavy Sb isotopes cannot be populated via the usual
fusion-evaporation reactions because of the lack of suitable
stable projectile-target combinations.

Such a work has been recently undertaken thanks to
the fission of actinides induced by neutrons and the spon-
taneous fission of 248Cm. Several high-spin states have
been measured in 129,131Sb [9,10] and in 133Sb [11], re-
spectively.

For the study presented in this paper, the 119–127Sb
isotopes have been produced as fragments of binary fis-
sion induced by heavy ions. We have selected three fusion
reactions in order to get a large number of Sb isotopes,
from the stability line to the most neutron-rich nuclei as
possible. High-spin states of 123,125,127Sb nuclei have been
identified for the first time. Moreover, new isomeric states
lying around 2.3 MeV have been established in these three
Sb isotopes from the delayed coincidences between fission
fragment detectors and the gamma array. All the observed
states can be described by coupling a d5/2 or g7/2 proton
to an excited 50Sn core involving either vibrational states
(2+, 4+, and 3−) or broken neutron pairs from νh11/2 and
several N = 4 neutron sub-shells.

2 Experimental procedures and data analysis

2.1 Reactions and γ-ray detection

The 12C + 238U reaction was studied at 90 MeV incident
energy. The beam was provided by the Legnaro XTU tan-
dem accelerator. A 47 mg/cm2 target of 238U was used to
stop the recoiling nuclei. The gamma rays were detected
with the EUROBALL III array [12]. The spectrometer
contained 15 Cluster germanium detectors placed in the
backward hemisphere with respect to the beam, 26 Clover
germanium detectors located around 90◦, and 30 tapered
single-crystal germanium detectors located at forward an-
gles. Each Cluster detector consists of seven closely packed
large-volume Ge crystals [13] and each Clover detector
consists of four smaller Ge crystals [14]. The data were
recorded in an event-by-event mode with the requirement
that a minimum of five unsuppressed Ge detectors fired
in prompt coincidence. About 1.9×109 coincidence events
with a γ multiplicity greater than or equal to three were
registered. Events were sorted by the EURO14 software
[15] and analysed with the Radware package [16].

The second and third reactions were studied at the
Vivitron accelerator of IReS (Strasbourg), using the EU-
ROBALL IV spectrometer which consists of the same ar-
ray of Ge crystals as EUROBALL III and an inner ball of

210 BGO crystals. For the fusion reaction, 18O + 208Pb
at 85 MeV beam energy, the thickness of the target was
100 mg/cm2. The third fusion reaction was 31P + 176Yb
at 145 MeV beam energy. The 1.5 mg/cm2 target was de-
posited in a 15 mg/cm2 Au backing in order to stop the
recoiling nuclei. With the requirement of a minimum of
three unsuppressed Ge detectors firing in prompt coinci-
dence, a total of 4× 109 and 2.2× 109 coincidence events
were collected in the 18O and 31P induced reactions, re-
spectively. The offline analysis consisted of both usual γ-γ
sorting and multi-gated spectra using the FANTASTIC
software [17] and several three-dimensional “cubes” built
and analysed with the Radware package [16].

2.2 Isomer selection

To identify new isomeric states in fission fragments, we
have performed another experiment using a fission frag-
ment detector to trigger the EUROBALL III array and
isolate the delayed γ-ray cascades. The heavy-ion detec-
tor, SAPhIR, is made of many photovoltaic cells which can
be arranged in several geometries [18]. In the present work,
it consisted of 32 photovoltaic modules laying in four rings
around the target. We have used the 12C + 238U reaction
at 90 MeV with a thin target, 0.14 mg/cm2. Fragments
escaping from the target are stopped in the photovoltaic
cells of SAPhIR. The detection of the two fragments in
coincidence provides a clean signature of fission events.
The EUROBALL III time window was 1µs, allowing de-
tection of delayed γ-rays emitted during the de-excitation
of isomeric states.

Time spectra between fragments and γ-rays have been
analyzed in order to measure the half-life of isomeric lev-
els. The FWHM of the time distribution for prompt γ-rays
was around 15 ns. In this experiment, new isomeric states
have been found in 123,125,127Sb nuclei, which will be de-
tailed below.

2.3 Identification of new γ-ray cascades

More than one hundred nuclei are produced at high spin
in such experiments, and this gives several thousands of γ
transitions which have to be sorted out. Single-gated spec-
tra are useless in the majority of cases. The selection of one
particular nucleus needs at least two energy conditions,
implying that at least two transitions have to be known.

The identification of transitions depopulating high-
spin levels which are completely unknown is based on the
fact that prompt γ-rays emitted by complementary frag-
ments are detected in coincidence [19,20]. For each re-
action used in this work, we have studied many pairs of
complementary fragments with known γ-ray cascades to
establish the relationship between their number of protons
and neutrons. The sum of the proton numbers of comple-
mentary fragments has been found to be always the atomic
number of the compound nucleus. The total number of
evaporated neutrons (sum of the pre- and post-fission
emitted neutrons) is mainly 10 in the 12C + 238U reaction
[21,22], and 6 in the two other reactions [23,24]. These
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Fig. 1. Level scheme of 119Sb obtained as a fission fragment
in the fusion reaction 31P + 176Yb at 152 MeV beam energy.

numbers have been used to identify the γ-ray cascades of
123,125,127Sb nuclei, as explained in the next section.

Finally, the use of different reactions to produce the
various Sb isotopes has turned out to be very efficient to
disentangle the coincidence relationships which are often
complicated by the existence of many doublets or triplets
of transitions very close in energy.

In fission experiments, spin values can be assigned on
the basis of γ1-γ2 angular-correlation results [25]. The
statistics of our data were unfortunately too poor to per-
form such a measurement in the Sb isotopes, as we need to
select the nucleus by gating on the energy of a third transi-
tion (detected at any angle). Therefore, in this work, the
spin assignments are based upon i) the already known
spins of some states, ii) the assumption that in yrast
decays, spin values increase with the excitation energy,
iii) the analogy with the level structures of the lighter iso-
topes, iv) the possible existence of crossover transitions.

3 Experimental results

The 119−123Sb isotopes are produced as fission frag-
ments of 85At isotopes obtained in the fusion reaction
31P + 176Yb at 152 MeV beam energy. The mass inter-
val is shifted towards the heavy-mass side when using the
two other reactions. Therefore, the high-spin states of the
125,127Sb isotopes have been obtained from the analysis of
the 18O and 12C induced reactions.

3.1 Study of 119,121Sb

The high-spin states of 119Sb observed in this work extend
up to the 2842 keV level and are in complete agreement
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Fig. 2. Level scheme of 121Sb obtained as a fission fragment
in the fusion reaction 31P + 176Yb at 152 MeV beam energy.
The transitions marked with a star were already known [27].
The level at 2721 keV excitation energy can be the expected
long-lived isomeric state with spin 25/2+ (see text).

with those already known from fusion-evaporation reac-
tions [26,8]. The level scheme of 119Sb is shown in fig. 1 as
it will be useful to discuss the new structures observed in
121Sb. A very long-lived isomeric state, T1/2 = 0.85 s, had

been measured in 119Sb [1]. The large value of the total
conversion coefficient of the 288 keV transition determined
from intensity balance indicates a M2 or E3 character.
Therefore, it has been assumed that the 2842 keV state
with Iπ = 25/2+ is the isomeric level [26]. In ref. [8], the
configuration of the 2842 keV state which is assigned to
be 21/2− is not discussed. Moreover, in this experiment, a
lot of cascades are seen up to spin 31/2, whereas no level
decaying into this 21/2− state has been observed, even
though it is yrast. This can be due to the long-lived iso-
meric state. Therefore, we have adopted the conclusion of
ref. [26] for the assignment of the long-lived isomeric state
of 119Sb (see fig. 1).

The high-spin states of 121Sb had been previously stud-
ied by means of a fusion-evaporation reaction [2]. A more
complete level scheme has been deduced from the present
experiment using the spectra gated by all the combina-
tions of already known transitions and new ones identified
in those spectra (see fig. 2). All the transitions assigned to
121Sb are given in table 1. The strongly coupled rotational
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Table 1. Properties of the transitions assigned to 121Sb ob-
served in this experiment.

E
(a)
γ I

(a)
γ Ji → Jf Ei Ef

282.0(4)* 13(4) (11/2−) → 9/2+ 1427.2 1144.8
286.5(4) 23(6) → (19/2−) 2721.3 2434.8
288.0(5) 2.5(10) (11/2−) → 11/2+ 1427.2 1139.5
292.2(4) 30(6) (19/2−) → (15/2−) 2434.8 2142.6
323.0(4) 27(7) (19/2+) → 17/2+ 2680.4 2357.4
327.9(3)* 60(6) 13/2+ → 11/2+ 1650.3 1322.4
348.1(3)* 50(7) 15/2+ → 13/2+ 1998.4 1650.3
359.0(3)* 34(7) 17/2+ → 15/2+ 2357.4 1998.4
374.9(3)* 100(10) 11/2+ → 9/2+ 1322.4 947.5
391.4(3)* 34(6) (11/2−) → 9/2+ 1427.2 1035.8
676.1(4) 15(5) 15/2+ → 11/2+ 1998.4 1322.4
682.3(4) 12(4) (19/2+) → 15/2+ 2680.4 1998.4
702.5(4) 10(3) 13/2+ → 9/2+ 1650.3 947.5
707.0(4) 13(4) 17/2+ → 13/2+ 2357.4 1650.3
715.4(3) 50(7) (15/2−) → (11/2−) 2142.6 1427.2
910.0(5)* 93(10) 9/2+ → 7/2+ 947.5 37.5
948.3(5)* 17(4) 9/2+ → 5/2+ 947.5 0.0
998.3(3)* 34(6) 9/2+ → 7/2+ 1035.8 37.5
1102.0(5)* 2.5(10) 11/2+ → 7/2+ 1139.5 37.5
1107.5(4)* 3.5(10) 9/2+ → 7/2+ 1144.8 37.5
1144.7(3)* 10(2) 9/2+ → 5/2+ 1144.8 0.0

(a) The number in parenthesis is the error in the last digit, the transi-

tions marked with a star were already known [27].

band built on the 9/2+[404] level has been extended by
one transition and all the crossover transitions have been
observed for the first time in this experiment. Moreover, a
new sequence of three transitions (287, 292 and 715 keV)
has been measured in coincidence with the five transitions
depopulating the 1427 keV level which was known from
β-decay measurement [27]. An 11/2− spin value can be
assigned to this state as it is also populated with L = 3 in
the (p, t) reaction [27]. Such a value is consistent with its
population in this experiment and with its decays towards
the two 9/2+ states at 1036 keV and 1145 keV. We have
observed a new decay branch towards the 1140 keV state,
which can be assigned as a 11/2+ state. The 287-292-715
cascade that we have placed above the (11/2−) state, is
very similar to the 288-240-948 cascade located between
the long-lived 25/2+ isomeric state and the 11/2− state in
119Sb (see fig. 1). Moreover, another indication of the de-
cay of a long-lived isomeric state is the fact that we could
not observe any transition located above the 2721 keV
level, although the available number of counts would have
allowed us to observe a higher-spin part of the cascade.
Therefore, we propose that the 2721 keV level in 121Sb is
the 25/2+ state expected in this energy range, similar to
the one already measured in 117,119Sb [26].

3.2 Study of 123Sb

Very few high-spin levels were known in the stable 123Sb
isotope prior to this work. From the β-decay of the 11/2−

ground state of 123Sn and Coulomb excitation experi-

Table 2. Properties of the transitions assigned to 123Sb ob-
served in this experiment.

E
(a)
γ I

(a)
γ Ji → Jf Ei Ef

127.0(5) 5(2) (21/2+) → (19/2+) 2612.7 2485.7
160.1(2)* 15(4) 5/2+ → 7/2+ 160.1 0.0
200.4(2) 73(15) (19/2−) → (15/2−) 2237.2 2036.8
238.5(3) 12(4) (27/2−) → (25/2−) 4024.4 3785.9
367.4(4) 11(4) → (27/2−) 4391.8 4024.4
380.3(4) 11(4) 4772.1 4391.8
381.0(2) 100(15) (15/2−) → (11/2−) 2036.8 1655.8
395.2(2) 22(5) (11/2−) → 9/2+ 1655.8 1260.4
438.1(3) 12(4) (25/2−) → (23/2−) 3785.9 3347.8
441.7(4) 12(4) (19/2+) → (15/2+) 2485.7 2044.0
482.0(5) 3(1) (23/2+) → (19/2+) 2967.7 2485.7
497.2(3) 19(5) (21/2−) → (19/2−) 2734.4 2237.2
567.3(3) 12(3) (11/2−) → 11/2+ 1655.8 1088.6
613.4(3) 12(3) (23/2−) → (21/2−) 3347.8 2734.4
625.7(3) 63(12) (11/2−) → 11/2+ 1655.8 1030.1
676.8(5) 6(3) (27/2−) → (23/2−) 4024.4 3347.8
955.4(3) 25(6) (15/2+) → 11/2+ 2044.0 1088.6

1030.1(3)* 63(9) 9/2+ → 7/2+ 1030.1 0.0
1088.6(3)* 37(5) 11/2+ → 7/2+ 1088.6 0.0
1100.2(3)* 15(4) 9/2+ → 5/2+ 1260.4 160.1
1110.8(4) 13(4) (23/2−)→ (19/2−) 3347.8 2237.2

1260.5(4)* 7(2) 9/2+ → 7/2+ 1260.4 0.0

(a) The number in parenthesis is the error in the last digit, the transi-

tions marked with a star were already known [28].

ment [28], the 1030 keV and 1089 keV levels had been
assigned as 9/2+ and (9/2+, 11/2+), respectively. Using
the data of the fusion-fission reaction 12C + 238U, we
have looked for the 123Sb transitions using spectra gated
by the first transitions of its main complementary frag-
ments, 115,116Ag [23,29]. Besides the other γ-lines belong-
ing to the Ag isotopes, these spectra also exhibit the 1030
and 1089 keV transitions which are assigned to 123Sb.
Then two new transitions (626 and 381 keV) have been
clearly seen in the spectra in double coincidence with the
1030 keV transition and the 125 keV transition (belonging
to both Ag isotopes). All the double-gated γ-ray spectra
with gates on the 1030, 626 and 381 keV transitions have
been used to identify other new transitions. Finally, their
mutual coincidences, cross-checked in the data sets from
the three fusion-fission reactions, have allowed us to estab-
lish the level scheme shown in fig. 3. All the transitions
assigned to 123Sb are given in table 2.

The decay of the 1656 keV level populates the three
medium-spin levels located around 1 MeV excitation en-
ergy, known from the β-decay of the 11/2− ground state
of 123Sn and from Coulomb excitation [28]. A 11/2− spin
value is assigned to this state because of its decay, which
is similar to the one of the 11/2− state of the lighter iso-
topes (see figs. 1 and 2). Moreover, we assume that the
1656 keV level measured in the present work is the same
as the one located at 1644 ± 10 keV which had been pop-
ulated with L = 5 in stripping reaction [28]. The states at
3786 and 4392 keV are drawn with dashed lines because
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Fig. 3. Level scheme of 123Sb deduced in the present work.
The spin and parity values given without parenthesis have been
determined from β-decay measurements [28]. The (19/2−) level
at 2237 keV excitation energy is isomeric, T1/2 = 110± 10 ns.
Two levels are drawn with dashed lines because the order of
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the order of the gamma transitions (438 and 238 keV, 367
and 380 keV) cannot be precisely determined, their rela-
tive intensities being very close.

The analysis of delayed γ-rays in the experiment trig-
gered by the SAPhIR fission-fragment detector has re-
vealed the existence of an isomeric state in 123Sb. One
example of the delayed spectra is given in fig. 4. All the
transitions involved in the decay of the 2237 keV level are
observed in these data. Its half-life was measured to be
110 ± 10 ns: an E2 multipolarity for the 200 keV transi-
tion can account for such a value (the calculated reduced
transition probability being 0.4 W.u.). This transition has
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sition, showing all the delayed transitions emitted by 123Sb.

been assigned as (19/2−) → (15/2−), from the analogy
with 119,121Sb.

It is worth pointing out that the high-spin level scheme
of 123Sb displays large changes as compared to the lighter
isotopes. The collective band built on the 9/2+[404] in-
truder state (located at 1337 keV excitation energy) is
no longer observed. Even the first member of the band
already known from the (7Li, α2n) reaction [2] has not
been populated. This is mainly due to the fact that the
band-head state is too high in energy in this isotope as
compared to 119,121Sb, where the excitation energy of the
intruder state is minimum [2] (middle of the N = 50–82
neutron shell).

3.3 Study of 125Sb

The high-spin states of 125Sb have been studied from the
data of the two reactions 12C + 238U and 18O + 208Pb.
Starting from the first 11/2+ state known at 1089 keV
[30], we have used the same method as described in the
previous subsection in order to identify the main transi-
tions populating the 11/2+ state. In the data from the
12C + 238U reaction, the 1089 keV transition is observed
in the spectrum gated by the two first transitions (125 and
636 keV) of 115Ag [23,31], the main complementary frag-
ment of 125Sb. Then four new transitions (132, 331, 904
and 1103 keV) are identified in the spectra in double coin-
cidence with the 1089 keV transition and the 125 keV or
the 636 keV transition. These new transitions are also con-
firmed in the data from the 18O + 208Pb reaction, being in
coincidence with those of 95Y [32], the main complemen-
tary fragment of 125Sb. The analysis of all the coincidence
relationships has led to the level scheme drawn in fig. 5.
All the transitions assigned to 125Sb are given in table 3.

Using the data from the SAPhIR experiment, the six
transitions involved in the de-excitation of the 2470 keV
level have been found to be delayed, corresponding to the
decay of an isomeric state with T1/2 = 155 ± 20 ns (fig. 6).
An E2 multipolarity for the 146 keV transition can ac-
count for such a value and the isomeric state has been
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assigned to be (19/2−), as in 123Sb. One can remark that
the decay of the (15/2−) state is not the same as the one
measured in the lighter isotopes, the (11/2−) state located
at 1889.9 keV being not populated, while it is very similar
to the 1656 keV state of 123Sb (they are both populated
with L = 5 in stripping reactions [28,30]).

3.4 Study of 127Sb

The study of the β-decay of 127Sng (Iπ = 11/2−) has led
to the identification of two (11/2+, 9/2+) levels at 1096
and 1114 keV excitation energies in 127Sb [33,34]. They
directly decay to the 7/2+ ground state. We have looked

Table 3. Properties of the transitions assigned to 125Sb ob-
served in this experiment.

E
(a)
γ I

(a)
γ Ji → Jf Ei Ef

131.5(2) 32(6) (15/2−)→(13/2) 2324.2 2192.6
145.9(2) 65(10) (19/2−) → (15/2−) 2470.1 2324.2
152.7(3) 9(3) (21/2+) → (19/2+) 2636.1 2483.4
295.1(4) 5(1) → (13/2) 2487.7 2192.6
331.1(4) 32(7) (15/2−) → (15/2+) 2324.2 1993.2
331.6(4) 4(2) (23/2+) → (19/2+) 2815.0 2483.4
432.0(5) 2.6(8) (31/2−) → (29/2−) 5363.7 4931.7
446.3(3) 20(4) (21/2−) → (19/2−) 2916.4 2470.1
452.9(5) 4(1) (29/2−) → (27/2−) 4931.7 4478.8
481.8(3) 12(2) (23/2−) → (21/2−) 3398.2 2916.4
490.2(3) 16(3) (19/2+) → (15/2+) 2483.4 1993.2
538.1(4) 5.0(15) (27/2−) → (25/2−) 4478.8 3940.7
542.5(3) 9(3) (25/2−) → (23/2−) 3940.7 3398.2
903.8(3) 100(10) (15/2+) → 11/2+ 1993.2 1089.4
991.5(5) 1.5(6) (29/2−) → (25/2−) 4931.7 3940.7

1024.7(5) 2.0(7) (25/2−) → (21/2−) 3940.7 2916.4
1080.5(5) 3(1) (27/2−) → (23/2−) 4478.8 3398.2

1089.4(3)* – 11/2+ → 7/2+ 1089.4 0.0
1103.2(3) 70(8) (13/2) → (11/2+) 2192.6 1089.4

(a) The number in parenthesis is the error in the last digit, the transition

marked with a star was already known [30].
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Fig. 6. Decay curve of the 331 keV transition of 125Sb pro-
duced as a fission fragment from the 12C + 238U reaction. The
straight line corresponds to a half-life of 155 ns.

for the 1096 and 1114 keV gamma rays in the spectra
gated by the two first transitions of its two main com-
plementary fragments, which are, respectively, 94Y in the
O + Pb reaction and 113Ag in the C + U reaction. Only
the 1096 keV is observed in these two spectra. Then new
transitions have been identified in the spectra in double
coincidence with the 1096 keV gamma line and a transi-
tion of 94Y [32] or 113Ag [31], they are assigned to 127Sb.
These new transitions have been used for further investi-
gations of the coincidence data in order to establish the
level scheme shown in fig. 7. All the transitions assigned to
127Sb are given in table 4 and an example of double-gated
spectra is given in fig. 8.
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Fig. 7. Level scheme of 127Sb deduced in the present work. The
spin and parity values given without parenthesis have been es-
tablished from previous measurements [33]. The exact number
of the levels located between 2378 and 2379 keV is uncertain
(see text): their energy is written with a star. The (19/2−)
level is isomeric, T1/2 = 165± 20 ns.

It has to be noticed that three levels are proposed at
2378.1 keV, 2378.7 keV keV, and 2379.1 keV, depopulated
by three transitions, 183.7 keV, 431.1 keV, and 328.0 keV,
respectively. As no other transition has been observed in
coincidence with them, we cannot unambiguously estab-
lish the number of these levels (three, two or only one)
because of the uncertainty on the transition energies. For
the level scheme shown in fig. 7, we have chosen to draw
three separate levels. This shows evidence of some similar-
ity with 125Sb (the cascades 431-852 and 328-956 of 127Sb
can be compared to the cascades 490-904 and 295-1103 of
125Sb, depopulating two different levels 5 keV apart).

In addition, we have measured that the state located
at 2325 keV is isomeric with T1/2 = 165 ± 20 ns. An E2
multipolarity for the 130 keV transition can account for

Table 4. Properties of the transitions assigned to 127Sb ob-
served in this experiment.

E
(a)
γ I

(a)
γ Ji → Jf Ei Ef

130.4(2) 31(7) (19/2−) → (15/2−) 2324.8 2194.4
143.2(2) 20(5) (15/2−) → (13/2) 2194.4 2051.1
160.8(3) 8(2) → (19/2−) 2485.6 2324.8
183.7(4) 8(2) → (15/2−) 2378.1 2194.4
192.6(4) 3.8(11) 2678.2 2485.6
246.9(2) 61(9) (15/2−) → (15/2+) 2194.4 1947.6
252.8(4) 3.1(12) (33/2) → (31/2) 5354.2 5101.4
328.0(3) 9(2) → (13/2) 2379.1 2051.1
336.4(5) 1.3(5) 4007.1 3670.7
365.4(4) 4.6(12) (31/2) → (29/2) 5101.4 4736.0
386.6(4) 5.4(15) (27/2−) → (25/2−) 4254.7 3868.1
391.8(4) 11(3) (23/2−) → (21/2−) 3255.5 2863.7
431.1(5) 1.5(5) (19/2+) → (15/2+) 2378.7 1947.6
476.3(5) 1.5(5) 3670.7 3194.4
481.3(4) 4.6(13) (29/2) → (27/2−) 4736.0 4254.7
516.2(5) 3.1(9) 3194.4 2678.2
538.9(3) 15(4) (21/2−) → (19/2−) 2863.7 2324.8
612.6(4) 8(2) (25/2−) → (23/2−) 3868.1 3255.5
852.0(2) 100(10) (15/2+) → 11/2+ 1947.6 1095.6
931.0(5) 4.6(12) (23/2−) → (19/2−) 3255.5 2324.8
955.5(4) 54(6) (13/2) → 11/2+ 2051.1 1095.6
999.3(5) 6.2(16) (27/2−) → (23/2−) 4254.7 3255.5

1095.6(3)* – 11/2+ → 7/2+ 1095.6 0.0

(a) The number in parenthesis is the error in the last digit, the transition

marked with a star was already known [33].
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Fig. 8. Spectrum of γ-rays detected in coincidence with two
transitions (247 and 1096 keV) of 127Sb, built from the data
obtained in the C + U reaction.

such a value and the isomeric state has been assigned to
be (19/2−), as in 123,125Sb. The properties of the new
isomeric states measured in 123,125,127Sb are gathered in
table 5.

It is worth pointing out that the (15/2−) level at
1920 keV, a very long-lived isomeric state with T1/2 =
11 µs established from β-decay measurements [34], has
not been populated in this experiment. Further measure-
ments would be necessary to explain such an unusual fea-
ture. Indeed this (15/2−) level, being yrast, should have
been populated in the decay of the higher-spin states.
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Table 5. Properties of the isomeric states measured in the
present work.

Nucleus Isomeric state Isomeric transition

Energy Half-life Energy Assigned
(keV) (ns) (keV) multipolarity

123Sb 2237.2 110±10 200.4 E2
125Sb 2470.1 155±20 145.9 E2
127Sb 2324.8 165±20 130.4 E2

4 Discussion

To explain the level schemes and the electromagnetic
properties of the odd-A 115–125Sb, a unified-model calcula-
tion had been used [35], where single-particle motion and
collective degrees of freedom were coupled. The core was
described in terms of quadrupole and octupole vibrations,
the phonon energies being taken from the neighbouring Sn
isotones. A good agreement between theoretical and ex-
perimental level schemes up to 3 MeV excitation energy
and 11/2 angular momentum had been obtained. In par-
ticular, the addition of octupole vibrations was necessary
to explain the structure of the lowest 11/2− level which
has a rather small single-particle h11/2 character. In the
following we will discuss to what extent the description of
the higher-spin states of the Sb isotopes by the coupling
of a single proton to an excited Sn core remains valid.

4.1 First yrast positive-parity states

It has been known for a long time that the value of the
angular momentum of the ground state of the odd-A Sb
isotopes changes from Iπ = 5/2+ to Iπ = 7/2+, between
A = 121 and A = 123. This has been interpreted from
the crossing of the πd5/2 and πg7/2 sub-shells located just
above the Z = 50 magic number. This inversion will be
discussed in a forthcoming paper [36].

The first-excited state of 107–121Sb has Iπ = 7/2+.
Whereas this level undoubtedly originates from the πg7/2

sub-shell for 117 < A < 121, the nature of the 7/2+
1 state

measured in 107−115Sb isotopes has to be discussed. The
excitation energies of the 7/2+

1 , 7/2
+
2 , and 9/2+

1 states in
odd-A 107−121Sb isotopes are compared to the ones of the
2+ states of the corresponding A−1Sn cores in fig. 9.

The coupling of πd5/2 to the 2+ excitation of the core
gives rise to a multiplet of states with spin values ranging
from 1/2+ to 9/2+. One can remark that the 9/2+

1 states
observed in 107–121Sb follow very closely the 2+ core exci-
tation, while the 7/2+

2 states in 117–121Sb are located just
below. So in these three isotopes, the 7/2+

2 states can be
interpreted in terms of the configuration πd5/2 ⊗ 2+.

The behaviour of 113Sb is very peculiar, the energy
of its 7/2+

1 state is lower than expected from the evo-
lution of the energies measured in 117–121Sb, while the
energy of its 7/2+

2 state is higher. This can be easily ex-
plained by a strong mixing of the two 7/2+ states, which
would be degenerated in energy as shown by the crossing
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(E ∼ 1 MeV) of the dashed and dotted lines (see fig. 9).
It is worth pointing out that the two shifts in energy are
found to be the same (∆E = ± 0.18 MeV) in agreement
with a two-state mixing process.

In conclusion, in 107,109Sb, the 7/2+
1 state is a member

of the multiplet from the πd5/2 ⊗ 2+ configuration, while

in 111,113,115Sb, it has a mixed wave function (πg7/2 and
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state relative to the 5/2+ state in the 109–125Sb isotopes, and
of the 3− octupole state of the corresponding A−1Sn cores.

πd5/2 ⊗ 2+). Therefore, we have not to look for a strange
evolution of the energy of the πg7/2 sub-shell when the
number of neutrons is decreasing in order to explain the
behaviour of the energy of the 7/2+

1 state in the lighter
Sb isotopes.

The systematics of the energies of the first yrast
positive-parity states observed in the odd-A 109–131Sb iso-
topes is drawn in fig. 10 showing also the evolution of the
2+
1 , 4

+
1 states of the corresponding Sn core. The change

of the ground-state configuration between A = 121 and
A = 123 leads to a change of the spin values of the first
yrast states. Whereas in A ≤ 121 the 13/2+ state cor-
responding to the πd5/2 ⊗ 4+ configuration could not be
identified in this work, the levels observed at 2044 keV,
1993 keV, and 1948 keV in A = 123, 125, and 127, respec-
tively, can be assigned as 15/2+ state (πg7/2 ⊗ 4+, see
fig. 10).

4.2 Structure of the first 11/2− state

The existence of a 11/2− state in the Sb isotopic series
has been proved from the results of one-nucleon trans-
fer (3He, d) reactions on the even Sn isotopes [37]. For
113 ≤ A ≤ 125, a state located around 1.4 MeV has
been populated with L = 5. The low value of the spectro-
scopic factor indicates that this state has not a pure single-
particle configuration, πh11/2. The addition of octupole
vibrations has been necessary to explain its structure [35].

Thanks to the present work, the precise energy of the
11/2−1 state in 121,123Sb isotopes has been measured as
well as its decay to the lower states. The evolution of the
excitation energy of the first 11/2− state relative to the
5/2+ state in the 109–125Sb isotopes is drawn in fig. 11
showing also the evolution of the 3− octupole state of the
corresponding A−1Sn cores. One can notice that the 11/2−1
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odd-A 115–131Sb isotopes, and of the 10+ states of the corre-
sponding A−1Sn cores.

state is more strongly correlated in energy to the 5/2+
1

state than to the 7/2+
1 state, even though the latter be-

comes the ground state (123,125Sb). Therefore in the whole
chain, 109–125Sb, the configuration of the 11/2− state is a
strong mixing of the πd5/2 ⊗ 3− configuration and of the
πh11/2 single-particle excitation. This means that the en-

ergy of the 11/2− state of the odd-A Sb isotopes is not a
measure of the excitation energy of the πh11/2 sub-shell,
contrary to what is often assumed (see, for instance, the
notation given in fig. 12 of ref. [38]).

4.3 Structure of high-spin positive-parity states

Isomeric states with Iπ = 25/2+ in 115,117,119Sb have been
interpreted as a three-particle state with the configura-
tion, πd5/2 ⊗ νh2

11/2 [39,26]. The systematics of the en-

ergies of these 25/2+ states is drawn in fig. 12 showing
also the evolution of the 10+ states of the corresponding
Sn core. One can notice that the new 2721 keV level of
121Sb we have measured in the present work (see fig. 2
and sect. 3.1) and proposed to be the expected long-lived
isomeric 25/2+ state from its decay properties, is in good
agreement with the evolution in excitation energy.

In the heavier odd-A Sb isotopes, a completely dif-
ferent situation is foreseen. First of all the odd proton
occupies another sub-shell, πg7/2, but the main difference
comes from the nature of the nucleons. In the lighter iso-
topes, both the single proton and the two neutrons are
particles, so the state having I = Imax is located at the
bottom of the multiplet. In the heaviest isotope, 131Sb, the
configuration becomes πg7/2 ⊗νh

−2
11/2. As it contains both

particle and holes, the spin of the lowest member of the
multiplet corresponds to the perpendicular coupling of the



48 The European Physical Journal A

117 119 121 123 125 127 129 131

Mass number

0

1000

2000

3000

E
n

e
rg

y
 (

k
e

V
)

5/2
+ 7/2

+

7
−

(15/2
−

)

(19/2
−

)

15/2
−

19/2
−

5
−

Fig. 13. Evolution of the excitation energy of the 15/2− and
19/2− states in the 117–131Sb isotopes, and of the 5−1 and 7−1
states of the corresponding A−1Sn cores.

proton angular momentum and of the two-neutron angular
momentum, that is ∼ 19/2+, as experimentally observed
[10]. For 123 ≤ A ≤ 129, the gradual filling of the neutron
sub-shell leads to evolutions of the relative energies of the
3qp states. This has been recently discussed in the case of
the πg9/2 ⊗ νh2

11/2 configuration identified in the several

odd-A In isotopes [40]. One can notice that the excita-
tion energies of the (19/2+), (21/2+), and (23/2+) states,
which are reported in fig. 12, follow the expected trend
[40], i) the compression of some energies (for instance,
the gap between the (23/2+) and the (19/2+) states)
and ii) the disappearance of some levels (for instance, the
(21/2+) state is no longer populated in 129,131Sb [9,10]).

4.4 Structure of high-spin negative-parity states

The systematics of the energies of the 15/2− and 19/2−

states observed in the odd-A 117–131Sb isotopes is drawn in
fig. 13 showing also the evolution of the 5−1 and 7−1 states
of the corresponding Sn core. The configuration of these
first negative-parity states of Sn isotopes involves one state
from the negative-parity intruder sub-shell νh11/2 and an-
other from one of the positive-parity sub-shells of the
N = 4 shell, which changes when the number of neutrons
increases, as the neutron Fermi level is going up into the
N = 4 shell. This explains the crossing of the 5−1 and 7−1
states between 126Sn and 128Sn. The main configuration of
the 5−1 state of the low-A isotopes is νh11/2νs1/2, while the

7−1 state of the heaviest Sn isotopes come from the con-
figuration νh11/2νd3/2. In the same way, the 15/2− and

19/2− states of 117−131Sb isotopes can be interpreted as a
break of a neutron pair. This leads to the 3qp configura-
tion, evolving from πd5/2νh11/2νs1/2 for the lowest masses
to πg7/2νh11/2νd3/2 for the heaviest masses. As shown in

fig. 13, the energies of the 15/2− and 19/2− states of 125Sb
do not follow the gentle trend of the lighter isotopes. This
is probably due to the weight of the πd5/2 orbital in its
3qp configuration. When the neutron number is still in-
creasing, one can expect that the πd5/2 orbital is no longer
involved as its excitation energy becomes too high.

The high-spin part of the level schemes of 123–127Sb
isotopes is dominated by the structure built on the
(19/2−) state (see figs. 3, 5, and 7). From this state up
to (27/2−, 29/2−) states, cascades of 300–500 keV transi-
tions and several crossover transitions are observed. The
energies of the latter being around 1 MeV, the coupling
of the 3qp configuration to the quadrupole vibrational ex-
citation of the remaining core can explain the states with
spin values between (19/2−) and (27/2−, 29/2−).

At higher spin values, the energies of the transitions
are lower and no crossover transitions are measured.
These more compressed levels can be interpreted as the
break of a second neutron pair which can be expected
above 4 MeV excitation energy, the first one being
around 2.2 MeV. This leads to the 5qp configuration,
evolving from πd5/2νh

3
11/2νs1/2 for the low-A Sb isotopes

to πg7/2νh
3
11/2νd3/2 for the heaviest masses. It is worth

pointing out that the ν4 configurations have not yet been
measured in the Sn nuclei with A ≥ 118, therefore these
high-spin structures in Sb isotopes would be the first
manifestation of the breaking of two neutron pairs in the
Sn cores.

5 Conclusion

Thanks to the high efficiency of the EUROBALL III and
IV arrays, new band structures have been identified in
the 121,123,125,127Sb nuclei. These isotopes have been pro-
duced as fission fragments in three reactions induced by
heavy ions: 12C + 238U at 90 MeV bombarding energy,
18O + 208Pb at 85 MeV, and 31P + 176Yb at 152 MeV.
The use of the fission-fragment detector, SAPhIR, has al-
lowed us to identify new isomeric states in 123,125,127Sb.
All the excited states observed in these Sb nuclei have been
interpreted in terms of a single proton coupled to Sn core
excitations, either quadrupole and octupole vibrations for
the levels with excitation energy below 2 MeV or neutron
pair breakings involving both the νh11/2 sub-shell and the
N = 4 orbitals. The occupancy of the different proton
orbitals lying above Z = 50 has been examined. The re-
sults of this work confirm the important role played by the
πd5/2 and πg7/2 orbitals in the structure of the Sb isotopes

with A ≥ 113. As for the lighter isotopes, the first 7/2+

state is not due to a single proton in the πg7/2 orbital

but it is a member of the multiplet from the πd5/2 ⊗ 2+

configuration. The πh11/2 sub-shell does not give rise to a
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pure single-proton state at excitation energy below 2 MeV,
the main configuration of the first 11/2− state has been
assigned to be the πd5/2 ⊗ 3− coupling, as its excitation
energy remains strongly correlated to the πd5/2 orbital
up to A = 125. This has to be taken into account when
analyzing the energy of the single-proton states predicted
by various theoretical calculations. Lastly, many excited
states have been discussed in terms of one proton located
in the πd5/2 or πg7/2 sub-shell coupled to broken neutron
pairs. They could be used to test effective neutron-proton
interactions in shell model calculations.
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22. M. Houry, Thèse de Doctorat de l’Université Paris XI, Or-
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