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Identification of low-spin states in 111Sb: Test of spin-orbit coupling in light nuclei
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New low-spin levels in 111Sb have been identified following the β+/EC decay of proton-rich 111Te. 111Te
was produced in the 58Ni(56Fe, 2pn)111Te reaction and separated using the fragment mass analyzer at Argonne
National Laboratory. γ -ray singles and γ -γ coincidence spectra were collected as a function of time. Eleven
new levels in 111Sb were identified, including levels at 487 and 881 keV that have been tentatively assigned
spins and parities of 1/2+ and 3/2+, respectively. Shell-model calculations have been performed in which the
single-particle d3/2 and s1/2 basis levels were adjusted to fit the observed positions of the low-energy 1/2+ and
3/2+ levels in 109Sb and 111Sb. Good agreement for the known yrast 1/2+, 3/2+, 5/2+, 7/2+, and 9/2+ levels in
105,107,109,111Sb is obtained.
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I. INTRODUCTION

The systematic behavior of the low-energy levels of the
odd-mass Sb nuclides with 54 � N � 82 reflects both the
monopole shifts in single-proton energies and the interaction
of the single proton with the underlying levels in the even-even
core Sn nuclides [1–4]. The dominant feature of these levels
is the dramatic monopole shift of the d5/2 and g7/2 levels
in which the g7/2 level moves from a position 852 keV
above the d5/2 level in 111Sb to a position 963 keV below
the d5/2 level in 133Sb. The low-energy levels of the rather
well-studied odd-mass Sb nuclides with 64 � N � 80 are
shown in Fig. 1. In spite of that steady change, it can be
seen that the higher-spin 9/2+ and 11/2+ members of the
particle-phonon multiplet are relatively insensitive to neutron
number, especially near N = 82, and remain in close proximity
to the energy of the 2+ level in the adjacent even-even
Sn core. This behavior is in sharp contrast to the low-spin
3/2+ member of that multiplet that first falls to a low at
N = 70 and then rises again to a higher energy at N = 64.
The low-energy 1/2+ level that arises from coupling the d5/2

proton to the even-even Sn core also falls to a low at N =
70 and then rises toward N = 64. The behavior of both the
lowest 1/2+ and 3/2+ levels supports the notion of a rather
strong subshell effect for N = 64, at least for Z = 50 and
adjacent Sb and In nuclides, and demonstrates a sensitivity to
the microscopic structure of the excited states of the even-even
Sn core.

In contrast to the considerable data available for the
structures of those neutron-rich Sb nuclides, scant data are
known for the low-spin levels of the proton-rich Sb nuclides,
especially at lower spin. In the β+/EC decay of 109Te reported
by Ressler et al. [5], six new levels below 2.0 MeV were
identified in 109Sb. These levels were predicted with reasonable
agreement by two separate shell-model calculations [5,6],

including the positions of the surprisingly low 1/2+ and 3/2+
states at 402 and 752 keV, respectively. Although significant
data exist for the high-spin levels of 105,107,109,111Sb, no data
are available for the low-spin levels of 111Sb. Hence, in this
paper, we report new data for the low-spin levels of 111Sb that
are populated in the β+/EC decay of 111Te.

II. EXPERIMENTAL DETAILS

The experiment was performed using the Argonne tandem
linear accelerator system (ATLAS) coupled to the fragment
mass analyzer (FMA) at Argonne National Laboratory. 111Te
nuclei were produced using the 58Ni(56Fe, 2pn)111Te fusion-
evaporation reaction with a beam energy of 225 MeV and
a target thickness of 823 µg/cm2. Reaction products were
separated in the FMA on the basis of their mass-to-charge
(A/Q) ratio at charge state 24. Following mass separation, the
recoils were implanted in the tape of a moving tape collector
(MTC) that was moved periodically to a Pb-shielded counting
station. As the half-life of 111Te was previously reported to
be 19 s [7], count and collection times were varied from
40 s, to maximize coincidence events, to as long as 150 s,
to permit identification of γ rays belonging to the decay of
daughter and granddaughter nuclides and to the decay of
nuclides that were collected on the tape owing to similar A/Q

values.
Two large HPGe detectors (45% and 65%) and two small

Ge detectors (∼25%) were used to detect the γ rays coming
from the reaction products deposited on the tape. In addition to
the Ge detectors, two plastic scintillators were used to veto 0◦
γ -γ coincidences in the same detector and to obtain 180◦ γ -γ
coincidences. Analyses of γ singles, γ -γ coincidences, and
γ -time data were used to identify transitions in the corre-
sponding 111Sb daughter nucleus.
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FIG. 1. (Color online) Low-spin systematics
for levels below 1.5 MeV for the odd-A Sb
isotopes between A = 115 and A = 131. The
position of the 2+

1 level in the adjacent even-even
Sn core is marked by an “x”.

III. RESULTS

Known contributions to the γ -singles and γ -γ coincidence
spectra arose from the decay of 111Sb (T1/2 = 1.25 min),
111Sn (T1/2 = 35 min), 110Sb (T1/2 = 24 s), and 110In (T1/2 =
1.15 h) [8,9]. A γ spectrum resulting from the subtraction
of a γ spectrum taken between t = 75 and t = 150 s from
the first 30 s of the counting period is shown in Fig. 2. The
time-gated spectra used in the subtraction were chosen to
eliminate the contribution of transitions associated with the
decay of 1.25 min 111Sb. In Fig. 2, it can be observed that
the long-lived transitions from 111Sb decay were subtracted
roughly to background (i.e., a single-channel spike remains
at 154 keV, and no evidence remains of the presence of the
489-keV transition). Peaks associated with the growth of the

decay daughters appear as dips in the spectrum as the intensity
of these peaks increases as a function of time. The remaining
peaks in the difference spectrum are attributed to either 111Te
or 110Sb decay. As the decay lines of 110Sb are well established,
peaks in Fig. 2 not associated with 110Sb decay were assigned
to the decay of 111Te. There were two peaks whose energies
were ambiguous at 999 and 1031 keV. These are both shown
with an uncertainty of 1 keV because of the strong overlap of
the 997- and 1032-keV transitions, respectively, from the decay
of 111Sb into 111Sn. The energies, intensities, and placements
in the 111Sb level scheme of the 111Te decay lines from this
study are summarized in Table I .

Three peaks at 487, 851, and 881 keV stand out below
1.0 MeV in Fig. 2. The 851-keV transition was previously
identified as part of the 111Sb yrast cascade by LaFosse
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FIG. 2. (Color online) Time-subtracted spectrum showing 111Sb transitions from the decay of 111Te. The γ -energy spectrum shown is the
residual spectrum obtained by subtraction of the spectrum taken during the first 30 s of a 150 s acquisition from the spectrum taken during the
last 75 s of this counting period. Peaks present in the spectrum arise from the decay of nuclides with half-lives below ∼60 s, while dips arise
from the decay of nuclides that grow during the counting period.
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TABLE I. Gamma intensities in 111Sb following 111Te β+ decay.

Level (keV) To Level (keV) Eγ Iγ

487 0 487 45(7)
851 0 851 100(2)
881 0 881 92(3)

1147 851 296 2(1)
0 1147 30(2)

(1268) 0 (1268) (25(15))
1398 851 547 7.4(1)

0 1398 16(5)
1576 851 727 14(2)

0 1576 21(3)
1712 881 831 6(2)

0 1712 13(3)
1879 881 999(1) 22(5)

851 1031(1) 22(3)
487 1392 25(5)

0 1879 6.9(4)
2027 851 1176 19(4)

0 2027 8.5(9)
2120 851 1269 30(15)

0 2120 17(3)
2161 851 1310 4(1)

0 2161 15(2)
2357 881 1477 10(1)

851 1506 18.1(5)
0 2357 18(2)

2613 851 1762 19(3)
0 2613 6(1)

et al. [10] among the γ rays observed following a heavy-ion
reaction. As the 851-keV transition is the most intense peak in
Fig. 2, the remaining γ rays in the spectrum can be assigned
to 111Sb with confidence. The gated spectra for the 851- and
881-keV transitions are shown in Fig. 3. The 851-keV gate in
Fig. 3(a) shows the coincidence at 547 keV expected on the
basis of the data reported by LaFosse et al. [10]. Additional
peaks are observed at 727, 1031, 1176, 1269, 1310, 1506,
and 1762 keV. As placing gates on these peaks show only
coincidences with the 851-keV γ ray, these transitions are
likely to depopulate states that feed the 851-keV level directly.
Hence, these coincidences, along with ground-state crossover
transitions, provide support for the placement of new levels at
1576, 1879, 2027, 2120, 2161, 2397, and 2613 keV.

The coincidence spectrum obtained by gating on the
881-keV γ ray is shown in Fig. 3(b). Despite the overlap
of the 878-keV transition from the β+/EC decay of 111Sb in
the 881-keV gate, clean peaks not associated with transitions
in 111Sn are observed at 831, 999, and 1477 keV. The 999- and
1477-keV γ rays are placed as depopulating levels at 1879 and
2357 keV that have already been established by ground-state
transitions and transitions to the 7/2+ level at 851 keV. The
831-keV γ ray provides support for a new level at 1712 keV,
which also depopulates via a crossover transition to the 5/2+
ground state.

Peaks also appear in Fig. 2 at 487 and 1392 keV. These
γ rays appeared in coincidence with each other and support
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FIG. 3. (Color online) γ -γ coincidence spectra gated on the 851-
keV (a) and the 881-keV (b) transitions in 111Sb following β+/EC
decay of 111Te. The peak labeled with an ‘x’ corresponds to the sum
of the 154- and 511-keV γ -rays.

a cascade from the level at 1879 keV established by other
coincidence data through a level at 487 keV to the ground
state.

The time dependence of the combined decay rates of the
peaks at 851 and 881 keV is shown in Fig. 4. These data were
used to determine a half-life of 26.2(6) s for 111Te decay. This
value is somewhat longer than the previously reported value
of 19.3(4) s [7]. As those data came from the decay rate of
β-delayed protons that were not directly associated with any
single nuclide, the presence of any short-lived 111I in their
sources could give rise to a shorter half-life value.
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FIG. 4. Least-squares fit of the combined decays of the 851- and
881-keV transitions in 111Sb following β+/EC decay of 111Te.
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IV. 111Sb LEVEL SCHEME

The decay scheme for 111Te based on the interpretation of
γ -time and γ -γ coincidence spectra is shown in Fig. 5. The
levels at 851, 1147, and 1398 keV were identified by LaFosse
et al. [10] and assigned spins and parities of 7/2+, 9/2+, and
9/2+, respectively. The 9/2+ level at 1398 keV was interpreted
as a 1-proton-hole-2-proton particle prolate intruder state. No
coincidence relationships were observed in the gates on the
1147- and 1398-keV γ rays reported in this previous high-spin
study.

The ground-state spin and parity for 111Te have been
tentatively assigned as 5/2+ by Boston et al. [11] from
heavy-ion reaction studies. This assignment is consistent with
similar spin and parity assignments for 107,109Te as well as
113Te. Excited levels in 111Sb are populated as a result of a
β-decay phenomenon described by Kisslinger and Sorenson
as “even jumping” [12]. This occurs when the ground state of
a β+/EC-decaying proton-rich parent has one or more pairs of
valence protons [(d5/2)2 or (g7/2)2 for 111Te] and an unpaired
neutron (in this case, d5/2 for 111Te).

When EC/β+ decay occurs from 111Te to the ground state
of 111Sb, the valence pair of d5/2 protons must be broken
as one of the d5/2 protons decays to form a d5/2 neutron
to pair with the existing d5/2 neutron, leaving behind the
111Sb nucleus with the single d5/2 proton ground state. The
even jumping in the case of 111Te decay occurs when a
member of either a d5/2 or g7/2 proton pair undergoes a
Gamow-Teller transition to form a d3/2 or d5/2 neutron or
a g7/2 neutron, respectively, producing a three-quasiparticle
state with one of the following configurations: (πd5/2ν

d5/2νd5/2)3/2+,5/2+,7/2+ , (πd5/2νd5/2νd3/2)3/2+,5/2+,7/2+ , or
(πg7/2νd5/2νg7/2)3/2+,5/2+,7/2+ . As these final states populated
in β decay have configurations that involve the single re-
maining proton coupled to a broken neutron pair, these levels
will lie above the neutron pairing energy in regions of rather

high level density [12]. Consequently, these states will mix
with adjacent levels and give rise to the population of a
large number of levels, each fed rather weakly in direct β

decay that will, in turn, cascade to the ground state through
the levels below 2 MeV. For this reason, it is not surprising
that it is possible to observe significant population of the two
well-established 9/2+ levels at 1147 and 1398 keV in 111Sb,
even though direct 2nd forbidden β decay from a 5/2+ 111Te
parent should be negligible. A measure of the many weak
levels whose depopulation must contribute to the population
of these 9/2+ levels is the absence of any identifiable
peaks in the coincidence gates on the 1147- and 1398-keV
γ rays.

Hence, spin and parity assignments for low-energy levels,
including the two new levels identified at 487 and 881 keV
in 111Sb, cannot be based on implied direct β feeding by
comparing the difference between the intensity of the γ rays
that depopulate the level and the observed γ rays that populate
the level. We start by noting that these levels are not populated
in heavy-ion-induced reactions; hence, their spins and parities
are likely to be less than 7/2+, i.e., 1/2+, 3/2+, or 5/2+. For the
lowest excited level at 487 keV, we note that the lowest excited
state in the adjacent 113Sb nuclide at 645 keV is assigned as
1/2+ on the basis of an � = 0 angular distribution in the (3He,
d ) reaction [13], and is also populated indirectly in the decay
of 5/2+ 113Te [14]. About half of the observed intensity of
the 487-keV line can be accounted for by the feeding of the
1392-keV γ ray. Hence, we have tentatively assigned this
state as the low-energy 1/2+ level. On a strictly experimental
basis, neither 3/2+ nor 5/2+ can be completely ruled out.
Similarly, the level at 881 keV can be considered comparable
to the 3/2+ level at 1018 keV in 113Sb that is populated in an
� = 2 transition in the (3He, d ) reaction. We have provisionally
assigned the 881-keV level as 3/2+, but cannot entirely rule
out either 1/2+ or 5/2+.
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Ressler et al. [5] noted ambiguities in the literature for the
spin and parity assignments for the levels in 113Sb that lie at
1018 and 1181 keV. These ambiguities have been resolved on
the basis of new (α, t) transfer data upon which a recent Letter
by Schiffer et al. [15] was based and by new studies of the
decay of 113Te [16]. One result of interest is the observation that
the level at 1181 keV shown in Fig. 6 is populated by an � = 4
transition and is likely to be the second 7/2+ level [15,17].
Also, a level at 1331 keV in 109Sb shown in Fig. 6 appears to
be the second 7/2+ level. Both levels are populated in the decay
of their respective Te parents ∼30% of the most intense γ ray.
Hence, if the positions of the levels in the odd-A Sb nuclides
vary smoothly, expectations of a level in 111Sb between 1200
and 1300 keV would not be unfounded.

In the difference spectrum shown in Fig. 2, no peak of that
magnitude stands out. A small peak decays at 1244 keV, but
it is in the correct ratio to be from the decay of 110Sb to levels
of 110Sn. However, in the gate on the 851-keV γ ray shown in
Fig. 3, the intensity of the peak at 1269 keV is present at only
about half the expected intensity, based on the intensities of
the 1176- and 1506-keV peaks. Hence, we included a possible
level at 1268 keV in the level scheme shown in Fig. 5, in which

the level is dashed and parentheses are used to enclose both
the energy and the spin and parity.

V. DISCUSSION AND INTERPRETATION

In the paper by Ressler et al. [5], which identified new
low-spin levels for 109Sb in the β decay of 109Te, comparisons
were made with shell-model calculations that used literature
values [18] for the single-proton and single-neutron energies
that are tabulated in Table II. Schiffer et al. [15] recently
reported the evolution of the positions of the higher-spin h11/2

and g7/2 levels in odd-mass Sb nuclides and postulated that the
remarkable monopole shift observed for the g7/2 and d5/2 levels
in these nuclides, which can be clearly seen in Fig. 1, arises
as a consequence of a spin-orbit interaction that diminishes
as N/Z increases [15]. Although the focus of that paper
was the splitting of the proton g9/2 and g7/2 orbitals, consider-
ation of the splitting of the d5/2 and d3/2 proton orbitals is also
possible.

The monopole shift of the g7/2 neutron orbital by ∼3 MeV
as N and Z changed from 91Zr50 to 131Sn81 was pointed out by
Heyde [19] and attributed to the interaction of the g7/2 neutron
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TABLE II. Proton and neutron single-particle energies for these
calculations and 133Sb in MeV.

Orbital Neutron s.p Proton s.p. Reduced 133Sb
proton s.p

0h11/2 3.0 3.0 3.0 1.82
0g7/2 0.2 0.2 0.2 −0.963
1d5/2 0.0 0.0 0.0 0.0
1d3/2 2.55 3.55 2.9 1.48
2s1/2 2.45 3.45 2.6 ∼1.7

orbital with the filling of the spin-orbit partner g9/2 proton
orbital as suggested by Federman and Pittel [20]. Similar
effects were pointed out by Walters in other mass regions [21].
A shift in position as large as can be partially seen in Fig. 1,
however, means either that the spin-orbit splitting is narrowing
and drawing the g7/2 orbital deeper into the nucleus, or that the
g7/2, and g9/2 orbitals are both being more tightly bound with
respect to the d5/2, d3/2, and h11/2 orbitals. As these changes
surround shell gaps, direct measurement is often difficult. On
the other hand, study of spin-orbit splitting for lower-� orbitals
such as the d5/2 and d3/2 orbitals within a major shell can be
more quantitative.

The results are mixed as noted by Walters [21]. In his
Fig. 2, the f7/2 to f5/2 and p3/2 to p1/2 splittings change only
slightly (2004 to 1570 keV and 854 to 898 keV, respectively)
in going from 133Sn83 to 207Pb125, in a region where N/Z also
changes little. In contrast, in his Fig. 5, the p3/2 to p1/2 split
changes from 1112 keV in 57Ni29 to 2023 keV in 49Ca29 to, as
N/Z evolves from ∼1 to 1.45, an evolution opposite to that
suggested by Schiffer et al. [15].

Although the parameters of the calculations which repro-
duce the experimentally observed levels in 111Sb do not provide
a direct measurement of this splitting, they do at least reveal

values that are consistent with available experimental data. To
test this idea, we varied the positions of the single-proton basis
d3/2 and s1/2 levels in the shell-model calculation to provide
as good a fit as possible for the low-energy 1/2+ and 3/2+
levels in 109Sb and then tested the usefulness of these new
energies against the new 1/2+ and 3/2+ levels in 111Sb.

Calculations were also performed for the lowest five levels
of 109Sb using the single-proton energies for the d3/2 and
s1/2 levels shown in Table II for 133Sb, namely, 1.48 and
1.7 MeV, respectively. These results are shown in Fig. 6 under
the column marked (133). As can be seen, the calculated
positions of the yrast 1/2+ and 3/2+ levels are far below
the positions of the observed levels, with some lowering
for the yrast 7/2+ level. Hence, at least for this interaction,
reproduction of the positions of the yrast 1/2+ and 3/2+ levels
requires a much larger spin-orbit splitting than is found for
133Sb.

The levels for the odd-A Sb isotopes with A = 101 to
A = 111 calculated with both the old and new single-proton
energies are shown in Fig. 7. The new single-proton energies
required to fit the positions of the lowest 1/2+ and 3/2+ levels
in 109Sb are tabulated in Table II. Currently, one proton and
ten neutrons is as far from the 100Sn core as such calculations
are practical. Detailed comparisons of the level structure for
105,107,109,111Sb are shown in Fig. 6, along with the levels of
113Sb that were referred to earlier. The calculated levels are
shown in shaded rectangles, and the 9/2+ levels that have been
identified in heavy-ion reactions as g9/2 proton-hole intruder
states are identified with a shaded oval. These states are not in
the calculation. In Table II, we normalized the single-proton
basis levels for 133Sb to the d5/2 state for easy comparison
with the 101Sb energies. If the calculated values for the single-
particle energies in 101Sb are close to the actual values, then
the spin-orbit splitting for the d5/2 and d3/2 orbitals would have
narrowed from 2.9 MeV in 101Sb to 1.48 MeV in 133Sb [22],
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FIG. 7. (Color online) Comparisons of the
calculated positions of the lowest 1/2+, 3/2+,
7/2+, and 9/2+ levels in 101,103,105,107,109,111Sb
using the unshifted [5] (solid lines) and lowered
(dashed lines) d3/2 and s1/2 single-proton ener-
gies.
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a reduction of almost a factor of 2, which is similar to the
postulate set forth by Schiffer et al. [15]. However, such a
conclusion implies that the 3/2+ level at 2440 keV in 133Sb
carries the full spectroscopic strength for the d3/2 orbital. If, for
example, the rueposition of the d3/2 orbital lies much nearer
to the 4-MeV core in 132Sn, then the narrowing implied by the
energies in Table II may well be too large.

Other approaches to these monopole shifts have been
stimulated by the evolution of the N = 16 and N = 20 shell
closures and noted by Otsuka et al. [23] and Hamamoto [24].
The narrowing that we have deduced for the d5/2 and d3/2

orbitals as N/Z increases in this work (even if is it not a full
factor of 2 as implied by the energies in Table II) is almost
exactly opposite to the widening of the p3/2 to p1/2 gap in
the N = 29 isotones. Hence, it may be that nuclear size, the
N/Z ratio, and the underlying microscopic structure of the
respective neutrons or proton all play a role in the evolution
of the positions of nuclear energy levels and that no single
feature provides a simple description for the observed structure
changes.

Several features do stand out in Figs. 6 and 7. First, the
lowered single-particle d3/2 and s1/2 basis states for 101Sb
give rise to an excellent fit for the lowest observed 1/2+ and
3/2+ levels in both 109Sb and 111Sb. At the same time, the
energies for the higher-spin 7/2+ and 9/2+ levels are almost
unchanged. Second, the fits for the 9/2+ level in 105Sb and
the 7/2+ and 9/2+ levels in 107Sb are also quite good. The
prolate g9/2 intruder appears to have no effect on the position
of the particle-core 9/2+ levels in 105,107Sb; but as N increases,
some mixing appears to keep the lowest 9/2+ level below the
calculated position.

We have performed more extensive calculations for 109Sb
and show the calculated levels 109Sb in Fig. 6 up to ∼2.1 MeV
as well as the levels observed in β decay for both 109Sb and
111Sb. 109Sb was chosen for the additional calculations as it
is the heaviest for which the time involved in the calculations
is reasonable. Furthermore, it is also the lightest odd-mass
Sb nuclide for which some low-spin structure is known up to
that energy. It can be seen that below the ∼2-MeV pairing
energy, few levels are expected from this model, and the
level density in both nuclides is reasonably consistent with
the number of observed low-spin levels, inasmuch as the
even-jumping β-decay process limits the ability to determine
spins and parities. As the level structures are not expected

to undergo large changes with variations in neutron number,
these calculated levels for 109Sb should give some indication
of the positions of similar levels in 111Sb and 113Sb.

VI. SUMMARY AND OUTLOOK

The β+/EC and γ decay of 111Te to low-spin levels of
111Sb has been studied for the first time using sources produced
via recoil separation of the products of a heavy-ion reaction.
Eleven new levels have been identified, including proposed
levels at 487 and 881 keV that are tentatively assigned spins
and parities of 1/2+ and 3/2+, respectively. In addition, a
more precise half-life value of 26.2(6) s for 111Te has been
determined by following the decay of the strongest γ rays as
a function of time. New shell-model calculations have been
performed in which the positions of the single-proton basis
states were adjusted to fit the observed energies for the lowest
1/2+ and 3/2+ levels of 109Sb. With this adjustment, the fits
for the six lowest excited states in 111Sb and, where known,
for the lighter odd-mass Sb nuclides proved to be excellent.
Comparison of the relative energies of the d5/2-d3/2 orbitals in
101Sb used for these calculations with the known single-proton
energies in 133Sb could be evidence for a reduction in the
spin-orbit splitting of as much as ∼50%, which is consistent
with recent postulations by Schiffer et al. [15] for the g9/2 and
g7/2 orbitals.

In Figs. 6 and 7, these calculations show a minimum in
the energies for the lowest 1/2+ and 3/2+ levels in 107Sb and
then a rapid rise in energy as N approaches the closed neutron
shell at 50. As 107Te is known to undergo α decay with a 3-ms
half-life, the low-spin levels of 107Sb cannot be readily studied
by a β-decay experiment. However, the low-spin structure of
107Sb (and 105Sb) could be studied via the use of radioactive
104,106Sn beams with a 3He target in inverse kinematics, where
the strongest population should be to the low-� 1/2+ and 3/2+
levels.
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