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Nuclear structure of 130Te from inelastic neutron scattering and shell model analysis
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Excited levels of 130Te were studied with the (n, n′γ ) reaction. Excitation functions, γ γ coincidences, angular
distributions, and Doppler shifts were measured for γ rays from levels up to an excitation energy of 3.3 MeV.
Detailed information that includes level lifetimes, multipole-mixing ratios, branching ratios, and electromagnetic
transition rates deduced from these measurements is presented. Large-scale shell model calculations performed
with all proton and neutron orbitals in the 50–82 shell are compared to these data, with generally good agreement,
particularly for the positive-parity states. To investigate emerging collectivity in 130Te, the Kumar-Cline sum
rules were used to evaluate rotational invariants from the shell model calculations. Whereas the ground state
and first-excited state show the greatest average deformation, as expected, all of the low-lying states are weakly
deformed and triaxial.
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I. INTRODUCTION

Historically, 130Te was the first nucleus in which nor-
mal double-β decay (ννββ) was observed [1]. Its isotopic
abundance of over 34%, the high Qββ value of 2527.518 ±
0.013 keV [2], and the ability to make very pure high-quality
detectors from Te make it a leading candidate for observation
of neutrinoless double-β decay (0νββ) as well [3]; CUORE
and SNO+ are examples of large-scale 0νββ experimental
collaborations using 130Te as bolometric (TeO2) [4] and scin-
tillation (nat Te) detectors [5], respectively.

Extracting useful information regarding neutrino prop-
erties from a successful 0νββ half-life measurement will
require detailed knowledge of the nuclear matrix element
(NME) linking the ground states of the parent and daughter
nuclei, which in this case are 130Te and 130Xe, respectively;
this matrix element must be calculated by nuclear structure
theory, and current models predict values differing by nearly
a factor of three for A = 130 [6].

In addition to its importance to 0νββ investigations, 130Te
is the heaviest stable isotope of an isotopic chain that offers
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six stable even-mass nuclei with Z = 52 for studying the
evolution of structure from near the N = 82 neutron shell
closure to 120Te, near midshell at N = 66. The monotonic
increase of B(E2; 2+

1 → 0+
1 ) values from N = 82 to midshell

reflect a growth of collectivity across the isotopic chain, and
the ratio of the 4+

1 to 2+
1 level energy (R4/2) has a range of

1.95 � R4/2 � 2.09, as expected for vibrational nuclei [7].
The systematic behavior of level energies across the iso-

topic chain shown in Fig. 1 indicates a simple vibrational
picture is woefully incomplete for the Te nuclei. The near
constancy of the 6+

1 level energy across the stable isotopes
is not typical of a three-quadrupole-phonon vibrational state,
and the “V”-shaped behavior of the energies of the 0+

2 and 0+
3

states may be evidence of shape coexistence [8–10]. While
the particlelike nature of the former for 130Te has long-been
established [11,12] and recently confirmed in shell model cal-
culations [13–17], the lack of experimental level information,
especially the characteristics of excited 0+ states, in 130Te has
limited investigations of shape coexistence in this nucleus;
only the 0+

2 state has previously been identified [18].
Sharma, Devi and Khosa [19] studied shape changes

across the tellurium isotopic chain based on relativistic
Hartree-Bogoliubov calculations with two alternative effec-
tive interactions. Their work suggests that 130Te is spherical
or very near spherical, which supports the application of the
shell model.

Recently, considerable effort has been invested in large-
scale shell-model calculations to investigate various aspects
of the structure of nuclei in this mass region. A comprehen-
sive study of A = 130 nuclei was completed by Teruga et al.
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FIG. 1. Energies of low-lying positive-parity states across the Te isotopic chain from Ref. [7] and the present (n, n′γ ) results for 130Te.
Included are states that have long been considered members of the 1-, 2-, and 3-quadrupole phonon multiplets in a vibrational picture. Clear
deviations of expected systematic behavior for collective vibrations are shown for the lowest two 0+ levels, highlighted in red, and for the 6+

1

levels, highlighted in green.

[14], of neutron-core excitations and low-lying state proper-
ties of 130−134Te by Wang et al. [16], emerging collectivity
in the stable Te isotopes by Coombes et al. [17], magnetic
moments by Jakob et al. [20], Stuchbery et al. [21] and
Brown et al. [22], and NMEs for 0νββ studies by Neacsu and
Horoi [13]. Qi [23] calculated the yrast states up to 12+ and
B(E2; 2+

1 → 0+
1 ) values for the Te isotopes from N = 52 to

N = 82. Bianco et al. [24] performed shell model calculations
of the electromagnetic transitions from the low-lying 2+ states
to investigate proton-neutron correlations and the concept of
mixed-symmetry states. Lei, Zhao, and Arima used 130Te,
along with neighboring 131Te and 132I, to study the validity
of the nucleon pair approximation as a means to truncate shell
model calculations [25].

The model space used in these works invariably included
the 0g7/2, 1d5/2, 1d3/2, 2s1/2, and 0h11/2 single-particle or-
bitals for neutrons and protons separately, while Wang et al.
[16] included the 1 f7/2 and 2p3/2 orbitals above N = 82
to study neutron core excitations and evaluate E1 transi-
tions. These previous studies differed by the interactions
used in the calculations; however, all were limited by a
lack of empirical evidence for testing the validity of their
results.

Existing information on the adopted levels of 130Te [18] is
derived from reactor (n, n′γ ) [26], (n, n′γ ) with accelerator-
produced neutrons [27], β− decay [28,29], βγ coincidence

[30], (γ , γ ′) [31,32], 130Te(64Ni, Xγ ) [33], Coulomb excita-
tion [17,21,34,35], g-factor [17,36,37], and scattering [38–45]
measurements. Absent from these measurements is extensive
transition-rate data and detailed level information required for
model validation, which is necessary for deducing neutrino
properties from 0νββ measurements and for our understand-
ing of nuclear structure in the Z = 52 isotopes.

To provide this needed experimental information, the re-
sults from a series of (n, n′γ ) measurements on 130Te are
reported. New large-basis shell model calculations are also
presented, along with a comparison of these model calcula-
tions with new experimental results to investigate the role of
collective and few-particle excitations in 130Te.

II. EXPERIMENTAL METHODS

Measurements were performed using the 7 MV CN Van
de Graaff accelerator and the neutron production and γ -ray
detection facilities at the University of Kentucky Accelerator
Laboratory (UKAL). The proton beam was terminally pulsed
and then bunched resulting in a time spread of �t ≈ 1 ns.
The 3H(p,n)3He reaction was used as a neutron source with
3H gas pressures of ≈0.9 atm used for all measurements. For
the 130Te measurements with a singles γ -ray detector config-
uration, a 48.6641 g metallic five-piece sample, isotopically
enriched to 99.47(1)%, was tightly wrapped with plastic to

024329-2



NUCLEAR STRUCTURE OF 130Te FROM … PHYSICAL REVIEW C 105, 024329 (2022)

FIG. 2. Singles γ -ray spectrum from the 130Te (n, n′γ ) reaction at En = 3.34 MeV shown in panels (a) through (c). Newly placed γ rays
from levels below 2.8 MeV excitation and new ground-state transitions are denoted by energy (blue).

approximately cylindrical shape with a diameter of 2.05 cm
and height of 3.80 cm. The sample used for the γ γ coinci-
dence measurements was ≈100 g of natural tellurium chips
placed in a thin-walled polyethylene container.

γ -ray excitation functions, angular distributions, and
Doppler shifts were measured with a singles γ -ray detector
configuration. For this arrangement, a Compton-suppressed
n-type HPGe detector with 53% relative efficiency and an
energy resolution of ≈2.1 keV FWHM at 1.33 MeV was used.
A bismuth germanate (BGO) annular detector surrounding
the main detector was used for Compton suppression and as
an active shield. The gain stability of the system was moni-
tored using a radioactive 226Ra source, which was also used
for energy and efficiency calibrations of the main detector.
All radioactive source measurements were performed without
beam on target for short durations between detector angle
changes to monitor possible shifts and for long durations
both before and after experimental runs for calibrations. The
neutron scattering facilities, TOF neutron background sup-
pression, neutron monitoring and data reduction techniques
have been described elsewhere [46]. A spectrum from the
γ -ray excitation function measurements at an incident neutron
energy of En = 3.34 MeV is shown in Fig. 2.

γ -ray excitation functions measured at incident neutron
energies between 1.86 and 3.34 MeV in 90 keV steps were
used to place γ rays in the level scheme, to assist in spin
assignments, and to determine branching ratios. Theoretical
neutron scattering cross sections and γ -ray production yields
were calculated using the statistical model code CINDY [47]
with optical model parameters appropriate for this mass and
energy region [48]. Experimental γ -ray production cross sec-
tions were then compared to theoretical values for each level
to assess level spins and γ -ray branching ratios. The center-
of-gas-cell to center-of-sample distance was 6.3(1) cm, and
the flight path from the sample center to the detector face was
112(1) cm for the excitation function measurements. Sample
experimental and model excitation functions are shown in
Fig. 3 and discussed below in more detail.

For γ γ coincidence measurements, 3.5 MeV neutrons
emerging from the source reaction were formed into a 1 cm
beam by the use of a lithium-loaded collimator approximately
75 cm long. The natural tellurium sample was hung coaxially
with this beam, and four high-efficiency HPGe detectors were
placed in a transverse arrangement between 4.1 cm and 5.5 cm
from the sample. The singles rates were about 3K on each
detector, while the coincidence rate was approximately 400/s.
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FIG. 3. Relative γ -ray production cross sections observed in 130Te compared to statistical model calculations (SMC) for the 1460, 920,
and 1636 keV γ rays in panels (a), (c), and (d), respectively, while the legend is shown in panel (b). The good agreement between calculations
and data support both the γ -ray branching ratios and spin assignments of the levels shown. The effect of feeding from higher-lying levels can
be seen in both panels (a) and (d) at about 2.9 MeV.

Data were stored in event mode, and a two-dimensional matrix
was constructed off line by considering pairwise coincidences.

Examples of the use of γ -ray excitation functions in com-
bination with γ γ coincidence data are shown in Fig. 4.
A portion of Gate(1046) [where Gate(1046) denotes a co-
incidence gate on the 1046.2 keV γ ray produced in the
natTe(n, n′γ γ ) reaction] from the 2+

3 → 2+
1 transition in 130Te

is shown in the top panel of Fig. 4, along with the excitation
functions of the 881 and 903 keV (doublet) γ rays, and the
bottom panel shows a section of Gate(468) from the 5−

1 → 6+
1

transition, along with the excitation function of the 1086 keV
γ ray. Combining excitation function singles and coincidence
data offers a powerful method for building the level scheme
of a nucleus.

Angular distributions of γ rays were measured at neutron
energies of 2.2 and 3.3 MeV. For the angular distributions
the sample center was located 8.5(1) cm from the center of
the gas cell, while the detector face was 115(1) cm from the
center of pivot, which was also the sample center. These angu-
lar distributions were fit to even-order Legendre polynomial
expansions and compared to calculations from the statistical
model code CINDY [47] to extract level spins and multipole-
mixing ratios. The angular distribution of the 1103 keV γ ray
and its corresponding χ2 versus tan−1(δ) plot are shown in
Figs. 5(a) and 5(b), while the angular distributions of the 1145
and 1894 keV γ rays are shown in Figs. 5(c) and 5(d).

Level lifetimes were extracted using the Doppler-shift at-
tenuation method following inelastic neutron scattering (INS).

Angular distributions measured at the En closer to the level
threshold were used to find Doppler shifts from γ -ray cen-
troids to avoid complications from feeding. For the recoil
energies present in this experiment, the γ -ray centroids have
the following angular dependence:

Eγ (θ ) = E0 [1 + Fexpβ cos(θ )], (1)

where E0 is the unshifted γ -ray energy, Fexp is the Doppler-
shift attenuation factor which carries the dependence on
lifetime, β = vcm/c, θ is the γ -ray emission angle with re-
spect to the incident neutron beam, and Eγ (θ ) is the γ -ray
energy measured at the angle θ . Lifetimes were determined
by comparing Fexp with calculated values using the stopping
theory of Winterbon [49]. This method has been shown to
yield reliable lifetimes with a variety of targets with mean
lifetimes in the range of ∼2 fs to ∼2 ps as deduced in these
measurements [50,51]. Doppler shifts for the 2282-, 1765-,
and 2689-keV γ rays, as well as the theoretical curve used to
extract the mean lifetime τ , are shown in Fig. 6.

III. EXPERIMENTAL RESULTS

The techniques outlined above were used to place γ rays
in a level scheme extending to 3.3 MeV excitation energy.
Level energies, spin and parity assignments, γ -ray decays,
γ -ray branching ratios, multipole-mixing ratios, Doppler-shift
attenuation factors, mean lifetimes, and transition rates for all
observed levels are given in Table I. The legend description
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FIG. 4. A portion of the γ -ray coincidence spectrum from a gate on the 2+
3 → 2+

1 transition, Gate(1046), in panel (a), along with excitation
functions of the 881 and 903 keV (doublet) γ rays; a portion of the spectrum from a gate on the 5−

1 → 6+
1 transition, Gate(468), along with the

excitation function of the 1086 keV γ ray in panel (b). The γ rays labeled in the figures belong to newly identified levels or indicate possible
spurious assignments in 130Te [18].

for the Notes column is at the end of Table I. Only states
with observed differences from the adopted level scheme for
130Te [18] are examined in detail in Sec. II A. Comparisons
with previous experimental results are provided in Sec. II B.
Legendre polynomial coefficients for γ rays placed in this
work can be found in Table VIII in the Appendix.

A. Level discussion

States with angular momentum above J = 6 are typically
not observed in (n, n′γ ) measurements at UKAL unless they
are fed significantly from higher-lying excited levels. Missing
adopted states with known J � 7 are not discussed below.

1. Possible spurious adopted levels

(2719 keV 5+ level). This level is adopted [18] with 738.1,
904.0, and 1086.5 keV γ rays from reactor (n, n′γ ) experi-
ments [26]. In this new INS study, the 903.4 keV γ ray is
assigned to the 2789.1 keV level from its excitation func-
tion and presence in Gate(1046), as shown in the top panel
of Fig. 4, while the unresolved 905.1 keV γ is assigned
to the 3006.4 keV level based on its presence in Gate(468)
(although not shown in Fig. 4), Gate(793) and Gate(839),
as well as the second threshold observed in its excitation
function. The 1086-keV γ ray is observed in the same gates
and has a threshold >3.0 MeV, as shown in the bottom panel
of Fig. 4, and is assigned to a new level at 3187.7 keV.

The 738-keV γ ray has a strong background component
in this work and cannot be eliminated completely, but it
is not observed in Gate(348). This level appears to be
spurious.

(2729.5 keV 3− level). This level is adopted [18] with a
single tentatively placed 1890 keV γ ray [26]. The level has
also been reported from multiple inelastic scattering experi-
ments [18], some with large energy uncertainties. No evidence
of an 1890 keV or other γ ray belonging to this level was
observed in this work, which may mean its intensity is below
our detection threshold; however, states with Jπ = 3− are
typically populated in (n, n′γ ) experiments and usually γ rays
are observed from E1 decays to lower-lying positive-parity
levels.

2. Adopted levels with new information

2146.0 keV 7− level. The adopted 330.7 keV γ ray from
this level to the 6+

1 state [18] is observed and supported in the
coincidence gates. Its angular distribution supports J = 7 or
J = 5, with no multipole mixing for the former, i.e., it repre-
sents a pure dipole transition. Further analysis is complicated
by the unresolved 331.1 keV γ ray assigned to the 2432.3
keV level. The tentatively adopted 46 keV γ ray from the
2146.0 keV state is below the detection threshold in this work,
but the immediate departure of the 5−

1 excitation function
away from SMC described above supports the assignment in-
directly, as it indicates the rapid onset of feeding. Comparison
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FIG. 5. Angular distributions for the 1103, 1145, and 1894 keV γ rays in panels (a), (c), and (d), respectively. The χ2 versus tan−1(δ) plots
used to deduce the E2/M1 multipole-mixing ratio for the 1103 keV γ ray is shown in panel (b) with each curve labeled by the spin of the final
state: J = 2 (black), J = 3 (green), J = 4 (blue), and J = 6 (aqua). The spin of the 2736 keV level is deduced from panels (a) and (b) as J = 5,
and the spin of the 2733 keV level is determined to be J = 4 from panels (c) and (d), while Jπ = 3− is eliminated as a possible spin for either
level. All shown angular distributions were measured at En = 3.3 MeV.

FIG. 6. Doppler shifts for the (a) 2282, (b) 1765, and (c) 2689 keV γ rays in 130Te. The stopping theory calculation used to deduce the
mean lifetime, τ , from the Doppler shift of the 2689 keV γ ray is shown in panel (d).
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of the excitation function of the 330.7 keV γ ray with SMC
further supports J = 7 for this level.

2300.1 keV (1+, 2+) level. The angular distributions of the
weak ground-state decay and strong decay into the 2+

1 state
are not of sufficient quality to distinguish between J = 1
and J = 2 for this level. Comparisons of excitation functions
with SMC prefer J = 1, as shown in Fig. 3(a). The level
was given a tentative (2+) assignment in Ref. [26] from a
positive a2 value, and it was also considered as a possible
lowest 2+ mixed-symmetry state in 130Te [27]. This level
was previously reported from INS studies [52] as a candidate
for the lowest-lying 1+ state in 130Te based on a negative
a2 and systematic trends of lifetimes and B(M1; 1+

1 → 0+
1 )

values across the stable Te isotopic chain. Neither spin can
be dismissed definitely because of the large uncertainty in
the negative a2 observed in this work, although J = 1 is
preferred.

2330.7 keV 4+ level. This level has previously been as-
signed 697.7 and 1491.2 keV de-exciting γ rays and has an
adopted Jπ = (4+). New angular distributions for these γ rays
support the J = 4 spin assignment. A third γ ray of 349.3 keV
is newly assigned to this level through its strong presence in
Gate(348). Branching ratios listed in Table I were deduced
by using the SMC iteratively until a consistent description
of the angular distributions and excitation functions for this
Jπ = 4+ level was obtained, since the 349.3 keV γ ray cannot
be resolved from the much stronger 348.5 keV γ ray from the
1981.4 keV level [18].

2405.0 keV 6− level. This level has an adopted Jπ = (6)−
[18]. The angular distribution of the decay to the 5−

1 state
observed in these measurements allows J = 3, 4, 6, (5),
while that of the decay to the 7−

1 level strongly supports
J = 6 with a nonzero multiple-mixing ratio. Comparisons of
SMC with γ -ray excitation functions for this level supports
J = 5 or 6, leaving J = 6 as the most consistent level spin
assignment.

2432.3 keV (6+, 7−) level. The adopted spin and parity
of this level are J = (7)−. The angular distribution of the
286.2 keV γ ray supports J = 5, 6 and that of the 331.1
keV γ ray prefers J = 3, 4, 6; however, the doublet nature
of the latter γ ray limits the analysis. For J = 6, the minima
in the χ2 versus tan−1(δ) curves indicate no multipole mixing
is required to describe either decay. Previous (n, n′γ ) reactor-
based measurements reported this level as Jπ = (7−) [26] with
an a2 = −0.16(6) and a4 = 0.00(8), which agrees well with
our a2 = −0.12(3) and a4 = −0.01(4). This level was seen
in the β decay of the (8−) state in 130Sb which populated 7−,
8−, 9− states directly [28], but it is fed in the level scheme
developed in that report. It is also labeled as a 7− level without
discussion in deep inelastic 130Te + 64Ni reaction measure-
ments [33]. Results from our new INS measurements prefer
Jπ = 6+, which seems consistent with 6+

2 energies across the
Te isotopic chain [18], but Jπ = (7)− cannot be ruled out.

2449.4 keV 4+ level. A 861.6 keV γ ray [18] has been
reported only in results from a β-decay experiment [29]; it
is weakly observed in this work but with a threshold greater
than 2.6 MeV. The angular distribution of the 816.4-keV γ

ray is consistent with the adopted J = 4. A new 467.9-keV γ

ray is assigned to this level from coincidence data; this γ ray

is unresolved from the much stronger 468.3 γ ray from the
5−

1 → 6+
1 decay. The excitation function of the 816.4-keV

γ ray is consistent with the 4+ SMC for an 80% branch;
therefore, branches of 80(4)% and 20(4)% are estimated for
the 816.4-keV and 467.9-keV γ rays, respectively. In the β

decay study of Ref. [29], a 468.0 keV γ ray is observed that
is assigned to the 2101-keV 5− level; this would be a rather
strongly forbidden transition since the level scheme reported
does not indicate feeding of the 5−

1 state from higher levels. If
the intensity of the 816.3- and 468.0-keV γ rays of Ref. [29]
are used, then the branching ratios would be 79(2)% and
21(2)%, respectively, in excellent agreement with our INS
measurements.

2466.9 keV 2+ level. γ rays from this level are observed
with energies of 581.1 (new), 878.7 (new), 1627.4, and
2466.9 keV. The adopted Jπ = 2+ is supported by all angular
distributions and all transitions are seen in the appropriate
coincidence gates; however, SMC indicate that strength is
missing from this level, where missing strength is defined by
footnote m in Table I.

2527.1 keV 3− level. Three new γ rays are observed for this
adopted Jπ = 3− state [18]. The excitation functions of all γ

rays belonging to this state are significantly greater than SMC
for all possible spins, but in a consistent way; this typically
indicates a state is not well described by a statistical model
calculation. This state was not seen in early proton scattering
measurements that reported the lowest collective octupole-
vibrational strength at 2.73 MeV [39,40,42,45]; however, it
was observed in reactor-based (n,n′γ ) measurements [26].

2575.0 keV 3+ level. Three γ rays are observed from this
level, which was previously observed in βγ coincidence [30]:
942.0, 986.7 (new), and 1735.7 (new) keV, and all support
J = 3 for the level spin and have nonzero E2/M1 multipole-
mixing ratios. Unassigned 942.2 and 985.4 keV γ rays are
reported in the β decay study of Ref. [29] that observed mostly
states with Jπ = 4+, 5+, 6+ directly. All γ rays observed in
these new results have negative a2 coefficients, which do not
support E2 transitions into the 2+

1 and 2+
2 states, so J = 4 is

eliminated as a possible level spin, and the large angular mo-
mentum transfer required for J = 5 or J = 6 is not supported
in this work. [Note: The 986.7 keV γ ray is just negative with
an a2 = −0.001(0.038).]

2581.0 keV 2+ level. This level has a tentative adopted [18]
spin and parity of Jπ = (2+). The angular distribution of the
992.8 keV γ ray supports J = 2, 3, 4 with similar χ2, while
the angular distribution of the 1741.5 keV γ ray prefers J = 4,
but does not exclude J = 2 or 3. The excitation function data
are above the SMC, but closest to J = 2 making this the most
likely spin.

2607.2 keV 1(+) level. Along with the known γ rays, a new
decay to the 2+

3 state is observed for this adopted J = 1 level
[18]. Positive parity is preferred from the comparison of ex-
perimental excitation functions to SMC and trends across the
stable Te isotopic chain, as the first 1− state is expected much
higher in energy and is a two-phonon quadrupole-octupole
coupled state [32].

2688.9 keV 1+ level. Two new γ rays are observed for this
adopted level [18]. The ground-state transition confirms J =
1, and the nonzero E2/M1 multipole-mixing ratios for decays
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into 2+ states support positive parity. This J = 1 level was
observed previously in 130Te(γ , γ ′) [32] and reactor (n, n′γ )
measurements [26]. The strength of the 1101.1 keV γ -ray
doublet was apportioned using γ γ coincidence yields.

2714.9 keV 4− level. This level is adopted [18] with a ten-
tative Jπ = (4−) from reactor (n,n′γ ) measurements [26]. The
angular distribution of the 613.7 keV γ ray strongly favors
J = 4 or 6, either with nonzero multipole-mixing ratios. The
newly observed 576.2 keV γ ray supports J = 2 - 5 (J = 4
with no mixing.) SMC do not describe well this level, as the
experimental γ -ray production cross sections are significantly
above the J = 4 calculations.

2733.4 4+ level and 2736.3 5+ levels. Four γ rays with en-
ergies of 405.2, 921.01, 1103.29, and 1896.9 keV are adopted
from a Jπ = (4+) level at 2736.1 keV [18]. New excitation
functions and γ γ coincidence gates indicate there are two
separate levels: a Jπ = 4+ level at 2733.4 keV with 403.1,
1100.4, 1145.2, and 1894.0 keV γ rays and a Jπ = 5+ level
at 2736.3 keV with 920.9 and 1103.3 keVγ rays. The angular
distribution and χ2 versus tan−1(δ) curve for the 1103.3 keV
γ ray is shown in Figs. 5(a) and 5(b), respectively; these were
used to deduce J = 5 for the 2736.3 keV level, along with
the excitation function compared to SMC for the 920.9 keV γ

ray shown in Fig. 3(c). The angular distributions of the 1145.2
and 1894.0 keV γ rays shown in Figs. 5(c) and 5(d) suggest
J = 4 for the 2733.4 keV level. Positive parity is supported
by the observation of the stronger γ rays of both levels in
β-decay measurements that populated mostly Jπ = 4+, 5+,
and 6+ levels [29].

2743.5 keV 1+ level. This J = 1 level is adopted based
on a ground-state decay [18], which was seen in 130Te(γ , γ ′)
[32] and reactor (n, n′γ ) measurements [26]. A new
1155.8 keV γ ray is observed strongly in G(748) and is
assigned to this level that has an angular distribution that
limits the spin to J = 1, 2, or 3; however, the observed
ground-state decay confirms unambiguously the adopted spin-
1 assignment. The SMC show slightly better agreement with
excitation functions for positive parity, and the transition to
the 2+

2 level has a nonzero multipole-mixing ratio.
2744.8 keV 3− level. This level is adopted [18] with Jπ =

(2+, 3) and decays to the 2+
3 , 4+

1 and 2+
1 states were seen in

reactor (n, n′γ ) measurements [26]. The angular distributions
of all γ rays seen in this work strongly support J = 3 with
no E2/M1 mixing. Negative parity is assigned based on this
observation, as well as the reports of a 3− level near this
energy from scattering experiments [39,40,42,45].

2766.3 keV 3+ level. Four γ rays are observed from this
adopted level [18]: 880.7, 1133.4, 1178.1, and 1926.8 keV.
The 880.7-keV γ ray is newly assigned to this level; an
adopted 949.8-keV γ ray is not observed in this work, except
possibly with a threshold above En = 3.3 MeV. The adopted
Jπ is (4+), possibly because the 949.8-keV transition would
be to a 6+ level [29] making spins lower than four unlikely
for the level. Angular distributions indicate there are no pure
decays from this level and strongly support Jπ = 3+. Because
of the doublet nature of the 1133-keV γ ray, branching ratios
are from the excitation functions, and the multipole-mixing
ratio of this transition is tentative.

2770.8 keV (5, 6, 7)− level. The observed 669.7-keV γ

ray has an excitation function that clearly supports a level at
2770.8 keV. This placement is further supported by peaks in
Gate(468) and Gate(793). The adopted [18] 1137 keV γ ray
tentatively assigned to this level from Ref. [28] is not sup-
ported in these measurements, although small contributions
cannot be excluded. An 1135.6 keV γ ray is observed in
this work with a threshold above En = 3.1 MeV. The angular
distribution of the 669.7 keV γ ray suggests J = 3–7, with J
= 7 then J = 5 slightly preferred; negative parity is supported
in each case. This level was observed in the β decay of the
(8−) state in 130Sb [28] with no spin indicated and in reactor
(n, n′γ ) measurements [26] with reported J = (6). SMC in
comparison to excitation functions align well with J = 5, but
combined information limits Jπ = (5, 6, 7)−.

2781.9 keV (7−) level. This level is adopted with Jπ =
(7−) and 680.85(13) and 635.7(3) keV γ rays. The angular
distribution of the 680.6 keV γ ray observed in these mea-
surements supports J = 3–7, while the SMC support J =
7. An observed low-intensity 635.6 keV γ ray has neither
the excitation function nor the appearance in the appropri-
ate coincidence gates to support assignment to this level,
although a very small contribution cannot be excluded. This
level was observed previously in the β decay of the (8−) state
in 130Sb, which supports Jπ = 7− [28], and reactor (n, n′γ )
measurements [26].

2789.2 keV (2+) level. This tentatively adopted [18] level
has 1156.2 and 1949.8 keV γ rays placed from reactor (n,
n′γ ) measurements [26]. In our new measurements, an 1155.8
keV γ ray is observed in Gate(748) and is assigned to the
2743.5 keV level; however, a 1949.7 keV γ ray is observed
that clearly belongs to this level, as well as new 903.4 and
1201.2 keV γ rays. The angular distribution of the 1949.7
keV γ ray supports J = 2, 3, (1), while the angular distri-
butions of the other two γ rays support J = 0–4. Evaluation
of branching ratios is complicated because the 1201.2 keV
γ ray is the weaker member of a doublet with the second
member belonging to the nearby 2833.4 keV level, and the
903.4 is not well resolved from the 905.2 keV γ ray above
3.0 MeV. Excitation functions and coincidence yields were
used to evaluate branching ratios. The SMC align well with
the excitation functions of the 903.4 and 1949.7 keV γ

rays for J = 2 for the branching ratios listed. The Doppler
shifts of the 903.4 and 1201.2 keV γ rays are much smaller
than that of the 1949.7 keV γ ray, which is probably due
to their doublet nature. If not, then there are possibly two
levels at this energy: one with J = 0 - 4 and the second
with J = 3. The Doppler shift value in Table I is due only
to the 1949.7 keV γ ray, which is well resolved in the
data.

2833.4 keV (5+) level. This adopted [18]
level decays by 502.6, 1018.01, and 1200.0 keV
γ rays and was assigned Jπ = (4, 5, 6)+ in Ref. [29].
The 501.7 keV γ ray observed in this work is tentatively
assigned to this level through coincidence gates, and
its energy is almost a keV different from the adopted
value. The observed 1018.0 and 1200.8 keV γ rays are
verified in coincidence and, while doublets, they have
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TABLE II. Comparison of previous experimental reduced tran-
sition probabilities in 130Te with values from the current (n,n′γ )
measurements. Matrix elements with no uncertainties were given in
Ref. [34].

ELevel(keV) Jπ
i Jπ

f B(XL) B(XL)(n,n′γ ) B(XL)other

1588 2+
2 2+

1 B(E2) <19 W.u. 12(2) W.u. [17]

2+
2 2+

1 3.8 W.u. [34]

2+
2 0+

1 B(E2) <0.030 W.u. 0.16 W.u [34]

1964 0+
2 2+

1 B(E2) 4.4(22) W.u. 0.7(2) W.u. [17]

2688 1+ 0+
1 B(M1) 0.039(3)μ2

N 0.022+28
−3 μ2

N [32]

2743 1+ 0+
1 B(M1) 0.015(1)μ2

N 0.015+13
−2 μ2

N [32]

clear thresholds at the appropriate energy. Comparisons
of SMC with γ -ray excitation functions support the
J = 5 assignment if adopted branching ratios are used in the
comparison.

2956.7 keV (4+) level. This Jπ = (4+) level may corre-
spond to the 2950(20) keV level seen previously only in
scattering experiments [18]. This INS study reveals 1323.3,
1368.6, and 2117.2 keV γ rays from the level, with angular
distributions that together support J = 4. Statistical model
calculations indicate that strength is probably missing from
this level.

3154.5 keV 4+ level. This tentatively adopted [18] level
based on 1173 and 1522 keV γ rays was first reported in
Ref. [26]. The latter γ ray is confirmed in this work, but the
former, while observed, cannot be assigned unambiguously
to this level. Its excitation function and lifetime differ from
those of the three γ rays with energies of 1521.6, 1566.0,
and 2314.8 keV assigned to this level in our work, although
it cannot be excluded absolutely. The angular distribution of
the 2314.8 keV γ ray supports J = 4, (2,3); the 1566.0 keV
γ ray prefers J = 1,2,3,(4); and the 1521.6 keV γ ray permits
J = 2–5. SMC support J = 4, which means the parity is pos-
itive due to the E2 transition to the 2+

1 state. The intensity of
the 1521.6 keV doublet member of this level was apportioned
using coincidence data yields.

3176.9 keV 3− level. The angular distribution of the
1291.2 keV γ ray into the 2+

3 state strongly prefers J =
3 for this level; the other angular distributions support this
assignment, as does the comparison of excitation functions
with SMC. Negative parity is assigned based on the observed
E2 decay to the 5−

1 state. This level may be the 3180(20) level
observed previously in scattering experiments [18].

B. Comparison of experimental results

Very few electromagnetic transition rates have previously
been determined for low-lying positive-parity states in 130Te.
Comparisons of new values with the previous measurements
[17,32,34] are shown in Table II. Positive parity is assumed in
Table II for the J = 1 levels. The agreement with previously
measured transition rates is fair overall. The experimental
results will now be compared to shell model calculations.

TABLE III. E2 transition strengths below 6+
1 in 130,132,134Te.

B(E2; Ji → Jf ) (W.u.)

Nuclide Ji → Jf Ref. [14] SM1 SM2 Experiment Ref.

130Te 2 → 0 13.9 14.0 14.0 15.1 (3) [18]
4 → 2 14.9 16.9 17.7 14(3) [17]
6 → 4 9.0 5.8 7.3 6.1(3) [18]

132Te 2 → 0 7.7 9.1 9.0 10.8 (11) [58]
6 → 4 5.5 3.8 3.8 3.3 (2) [59]

134Te 2 → 0 4.25 5.1 5.1 5.1 (2) [21]
4 → 2 5.0 5.3 5.8 4.3(4) [60]
6 → 4 2.8 2.5 2.1 2.05 (4) [60]

IV. SHELL MODEL CALCULATIONS

Shell model calculations were performed for 130Te
with the NuShellX@MSU code [53]. All proton and
neutron single-particle orbitals in the 50–82 shell
(π0g7/2, 1d5/2, 1d3/2, 2s1/2, 0h11/2) were included; this model
space is designated j j55. The two valence protons relative to
132Sn tend to occupy the π0g7/2 and π1d5/2 orbitals, while
the four neutron holes tend to occupy the ν1d3/2, ν2s1/2, and
ν0h11/2 orbitals.

Two sets of interactions were employed. For the first case,
referred to as SM1, the interactions (designated sn100) are
based on the CD Bonn potential with the renormalization of
the G matrix carried to third order, and a Coulomb term is
added to the proton-proton interaction. Single-particle ener-
gies were set by reference to the low-excitation spectra of
133Sb and 131Sn for protons and neutron holes, respectively.
This interaction has been used in previous works focused on
the region around 132Sn [22,54–56], including the recent study
of Peters et al. [56] on 132Xe, which is an isotone of 130Te.

The second set of calculations, referred to as SM2, used the
GCN50 : 82 interaction [57]. Similar to the sn100 interaction,
it is obtained from a realistic G matrix, in this case based upon
the Bonn-C potential. Various combinations of two-body ma-
trix elements were then optimized by fitting to low-lying states
in semimagic nuclei, odd-A Sb isotopes, N = 81 isotones, and
some odd-odd nuclei around 132Sn (i.e., about 400 data in 80
nuclei).

For both SM1 and SM2 the effective charges were set
to ep = 1.7e and en = 0.8e [56]. This choice was checked
against the low-lying E2 transitions in 130Te, 132Te and 134Te,
as shown in Table III, which compares the present shell-
model B(E2) values below the 6+

1 state in these three isotopes
with experiment. The calculations of Teruya et al. [14] are
also included for comparison. The present calculations are in
very good agreement with each other and with experiment;
they also agree quite well with the calculations of
Teruya et al. [14].

One point of difference between the two interactions oc-
curs for the quadrupole moment of the first excited state:
SM1 predicts Q(2+

1 ) = +16.4 e fm2, whereas SM2 predicts
Q(2+

1 ) = −4.4 e fm2. The experimental value from the reori-
entation effect in Coulomb excitation for the expected case of
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FIG. 7. Comparison of experimental level energies with shell model calculations for 130Te. Positive-parity levels below 2.7 MeV are shown
in panel (a) and negative-parity levels below 3.0 MeV in panel (b); note that the energy scales differ. SM1 denotes shell model calculations
with the sn100 [22,54–56] interaction and SM2 with the GCN50:82 [57] interaction. The jj55 model space is used in both SM1 and SM2
calculations.

a positive interference term is Q(2+
1 ) = −12(5) e fm2 [61], in

better agreement with SM2.
The effective M1 operator for both SM1 and SM2 applied

a correction δgl (p) = 0.13 to the proton orbital g factor and
quenched the spin g factors for both protons and neutrons to
70% of their bare values. (The tensor term was ignored.) The
effective M1 operator is similar to that of Jakob et al. [20]
and in reasonable agreement with that of Brown et al. [22].
Previous work [21,56,62,63] has demonstrated that the chosen
M1 operator describes well the magnetic moments of states in
nuclei near A = 130.

V. DISCUSSION

Discussion of the shell model results and comparisons
with experiment begin with the spectrum of positive-parity
states below about 2 MeV in excitation energy (Sec. V A).
The negative-parity states are then considered (Sec. V B). The
structure of the wave functions of the low-excitation states as
exposed by the calculated g factors is discussed in Sec. V C.
Considerable new experimental data on E2 and M1 transition
rates for nonyrast states have been obtained in the present
set of experiments. These data are compared with theory,
beginning with a discussion of the 2+ states in the framework
of a search for a candidate for the so-called mixed-symmetry
state (Sec. V D). Detailed examinations of the electromagnetic
properties of the 4+ states (Sec. V E), and the 1+ and 3+ states

(Sec. V F) follow. The comparison of levels and transition
rates concludes with a discussion of the excited 0+ states
(Sec. V G).

Finally, an evaluation of shape invariants based on the shell
model calculations and the Kumar-Cline sum rules [64,65] is
presented (Sec. V H). The behavior of the deformation and
triaxiality parameters for the positive-parity states gives a
measure of emerging collectivity in 130Te as a function of spin
and excitation energy.

A. Level scheme—Positive-parity states

The experimental and theoretical level energies of 130Te are
compared in Fig. 7 with the positive-parity states in panel (a)
and negative-parity states in panel (b). In general SM1 gives a
better description of the excitation energies and level ordering
than SM2. For SM1 there is good correspondence between
theory and experiment for the positive-parity states from the
ground state up to the first 3+ state observed at 2139 keV. SM1
then predicts two 6+ states and a 0+ state. Only one possible
6+ state at 2432 keV is observed; there is 0+ state at 2476
keV, about 200 keV higher in energy than predicted. In both
SM1 and SM2, the 6+

1 state is predominantly associated with
the π (g7/2)2

6+ configuration, the 6+
2 state with π (g7/2d5/2)6+ ,

and the 6+
3 state with ν(d3/2s1/2h11/2)2

6+ . Both SM1 and SM2
predict four 6+ states below 3 MeV, of which two have been
observed with only one of those with a firm spin assignment.
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FIG. 8. The experimental decay properties of the five lowest 2+ states in 130Te compared to shell model calculations. For decays, numbers
in black are γ -ray energies in keV; numbers in blue are B(E2) values in W.u.; and numbers in red are B(M1) values in μ2

N . When two solutions
for multipole-mixing ratios are listed in Table I, the one with the lowest χ 2 is plotted. Uncertainties are in the last digits. SM1 denotes shell
model calculations with the sn100 [22,54–56] interaction and SM2 with the GCN50:82 [57] interaction; both sets of calculations use the jj55
model space. Weak branches from the shell model calculations are not shown.

Above 2 MeV in excitation energy it is more challenging
to identify the experimental levels with those predicted. How-
ever, in the positive-parity spectrum up to about 3 MeV there
is generally a one-to-one correspondence between the number
of states of each spin predicted and observed. These nonyrast
positive-parity states are examined in greater detail below.

B. Level scheme—Negative-parity states

The lowest few negative-parity states are well described by
the SM1 calculation, which correctly predicts that the lowest
negative-parity state is a 5− state at an excitation energy near
2.1 MeV. The structure of this state in SM1 is quite mixed
but the ν(s1/2h11/2)5− neutron configuration is strongest. The
negative-parity states are not as well described by SM2, which
incorrectly predicts that the 7− state is the lowest negative-
parity state.

Above 2.5 MeV in excitation energy, it becomes difficult
to associate the predicted negative-parity states with particular
experimental levels.

Most of the negative-parity states decay by E1 transitions
to the positive-parity states. The calculation of E1 transitions

requires configurations beyond those in the j j55 configura-
tion space. As expected, all of the observed E1 transition
strengths are a minute fraction of a single-particle unit.

One E2 transition was observed between negative-parity
states, namely B(E2; 3−

1 → 5−
1 ) = 10.4+61

−48 W.u. Provided we
identify the SM1 shell model 3− state at 2685 keV with the
experimental 3−

1 level at 2537 keV, the predicted B(E2) =
11.45 W.u. in SM1 agrees well with experiment, albeit
with a significant uncertainty. The structure of the yrast 3−
level in SM1 is associated with ν(d5/2h11/2)3− , albeit with
considerable configuration mixing. The B(E2; 3−

1 → 5−
1 ) is

comparable to the 2+
1 → 0+

1 transition strength. For both
of these transitions the strength is carried about equally by
protons and neutrons. This B(E2; 3−

1 → 5−
1 ) value is not re-

produced by SM2. Inspection of the wave functions shows
that in SM1 these negative-parity states are primarily neutron
excitations with a single hole in the νh11/2 orbital and the other
three holes in the νs1/2 and νd3/2 orbitals. In contrast, SM2
prefers to put three holes in the νh11/2 orbital with the other
hole in ether νs1/2 or νd3/2.

There is, therefore, a much more pronounced difference
between SM1 and SM2 for negative-parity states than for
positive-parity states.
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TABLE IV. g factors in 130Te.

State Jakob et al Teruya Brown SM1 SM2 Experiment [37]

2+
1 0.445 0.146 0.341 0.343 0.310 +0.351(18)

2+
2 0.229 0.172 0.371

4+
1 0.766a 0.515 0.594 0.643

6+
1 0.786a 0.712 0.834 0.882

aAdopts a restricted basis with shell closures at N, Z = 64.

C. g factors and structure of the low-lying states

The theoretical g factors of the low-lying states in 130Te
from the present and previous shell model calculations are
shown in Table IV. As well as being sensitive to the effective
M1 operator, g factors probe the proton versus neutron con-
tributions to the angular momentum of the state. Some of the
differences in the alternative theoretical g factors for a given
state in Table IV stem from the choice of the spin and orbital g
factors adopted in the M1 operator. For example, the smaller
g(2+) value of Teruya et al. [14] is in part due to their use
of δgl (p) = 0 in the M1 operator. But their calculation never-
theless implies a stronger neutron component in the 2+

1 state
than the other calculations. For example, if the operator of
Teruya et al. is used in SM1, then it gives g(2+

1 ) = 0.277, still
almost twice that of Teruya et al. [14]. Jakob et al. [20] and
SM1 predict a predominantly neutron character for the second
2+ state, however there is a significant difference between the
predicted g(2+

2 ) values for SM1 and SM2. This difference will
be discussed further below.

Whereas the predictions differ for the g factors of the 2+
1

and 2+
2 states, the calculations all suggest increasing proton

contributions in the 4+
1 and 6+

1 states. These features are due
to persisting single-particle structure in the low-lying spec-
trum of 130Te. Similar behavior was observed in the 132,134Xe
isotopes. The picture emerging from the comparison of shell
model theory and experiment, for the sequence of Xe isotopes
from the closed shell at 136Xe to 132Xe, is that collectivity
begins to emerge first in the low-lying low-spin states [56].
Specifically, the 4+

1 and 6+
1 states become collective only with

an increase in the number of valence neutron holes. It was not
clear, however, if the key factor is low spin or low excitation
energy, or perhaps both. This question will be considered in
the following discussion.

D. Excited 2+ states, emerging collectivity,
mixed-symmetry states

The above comparisons of the level scheme and electro-
magnetic observables for the lower-lying states show overall
general agreement between the shell model calculations and
the experimental data at low excitation energies. The present
experiments have led to a wealth of new information on
the electromagnetic decays of higher-lying states to which
attention will now be turned. It is convenient to begin with
the 2+ states. The recent work of Peters et al. [56] on the
Xe isotopes suggested that quadrupole collectivity in 132Xe
was emerging beginning with the 2+

1 state and building up
to higher excitation energies and spins. This conclusion was

TABLE V. B(E2) decay strengths from 2+ states to the ground
and first-excited states of 130Te. Small deviations from Ref. [27]
are from a reanalysis of the data and supersede previous results. If
multipole-mixing ratios have not been uniquely determined, then two
results are given for the respective transition strengths (see text).

B(E2; Ii → If ) (W.u.)

Ei (keV) Ii → If Bianco SM1 SM2 Experiment

2+
i → 0+

1 transitions

839 2+
1 → 0+

1 13.6 14.0 14.0 15.1(3) [18]

1588 2+
2 → 0+

1 0.02 0.05 0 <0.030

1886 2+
3 → 0+

1 0.002 0.14 0.35 0.031+5
−4

2190 2+
4 → 0+

1 0.37 0.67 0.20 0.42(4)

2283 2+
5 → 0+

1 0.002 0.25 0.62 0.46+5
−4

2467 2+
6 → 0+

1 0.05 0.048 0.0007 0.031(5)

2+
i → 2+

1 transitions

1588 2+
2 → 2+

1 3.4 10.7 10.4 <19, 12(2) [17]

1886 2+
3 → 2+

1 0.003 5.2 9.15 36+17
−9

1.3(2)

2190 2+
4 → 2+

1 10.3 0.51 1.7×10−4 2.5+28
−25

2283 2+
5 → 2+

1 5.2 0.82 0.22 23+13
−12

0.60(4)

2467 2+
6 → 2+

1 0.34 0.09 0.27 1.8+50
−18

0.37(8)

based on comparisons of shell model calculations with experi-
mental data including E2 transition strengths and excited-state
g factors as the number of neutron holes increased away from
the closed shell at 136Xe. The shell model calculations showed
fragmentation of the wave functions into many components
and evidence that these many components were, on average,
adding coherently to enhance E2 transition strengths. For the
Te isotopes, extensive data similar to that for the Xe isotopes
is not yet available. However, the present experiments have
produced considerable data on transition rates for higher-
lying states, particularly 2+ states. One possible way to view
emerging collectivity is to search for evidence of interacting
boson model type mixed-symmetry structures developing in
the low-lying 2+ states. Mixed-symmetry states have been
investigated previously in 130Te with these data [27]; we ex-
amine them again guided by the new shell model calculations.

The present shell model calculations of the 2+ states up
to the 2+

5 state are compared with experiment in Fig. 8.
Excitation energies, B(E2), and B(M1) values are indicated.
Bianco et al. [24], in their shell-model-based study of mixed-
symmetry states in 130Te, also calculated the decay properties
of the low-lying 2+ states. Their results for E2 decays are
compared with the present calculations and experiment in
Table V. The present calculations for the M1 decay strengths
in the 2+

i → 2+
1 transitions (1 < i � 6) are compared with

experiment in Table VI. To assess the sensitivity of the M1
transition strengths to the parameters of the M1 operator, the
M1 transitions in Table VI were evaluated with both the bare
M1 operator and the effective operator that describes well the
magnetic moments of states in nuclei near 132Sn. Use of the
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TABLE VI. B(M1) decay strengths from 2+ states to the first-
excited state of 130Te. Small deviations from Ref. [27] are from a
reanalysis of the data and supersede previous results. If multipole-
mixing ratios have not been uniquely determined, then two results
are given for the respective transition strengths (see text).

B(M1; Ji → 2+
1 ) (μ2

N )

SM1 SM2

Ei (keV) Ji bare eff bare eff Experiment

1588 2+
2 0.079 0.147 0.045 0.101 <0.040

1886 2+
3 0.086 0.193 0.110 0.203 7.0+20

−28 × 10−3

0.11(2)

2190 2+
4 0.014 0.011 0.003 0.005 3.2+58

−31 × 10−3

2283 2+
5 0.091 0.051 0.199 0.134 8.4+45

−43 × 10−3

0.13(7)

2467 2+
6 0.0026 9.6 × 10−4 0.047 0.032 4.7+120

−47 × 10−5

0.010(3)

effective operator can change the M1 transition rate by a factor
of two—sometimes increasing it and sometimes decreasing it.
The M1 transition rates for SM1 and SM2 are generally within
a factor of two of each other.

Before discussing the comparison of theory and exper-
iment in more detail, it is worth noting that for most of
the 2+ → 2+ transitions in Tables V and VI, the multipole-
mixing ratios have not been uniquely determined. B(E2) and
B(M1) values determined using multipole-mixing ratios with
the lowest χ2 are used in Fig. 8, while both values are listed
in Tables V and VI with the lowest χ2 value first. The level
of agreement between theory and experiment is not such that
firm statements can be made; however, considering both the
M1 and E2 strengths, the present calculations with the ef-
fective M1 operator tend to favor the second listed mixing
ratio, which in each case is the smaller δ in Table I, for the
2+

3 → 2+
1 , 2+

5 → 2+
1 , and 2+

6 → 2+
1 transitions.

The concept of mixed symmetry states (MSS) arose from
the proton-neutron interacting boson model (IBM-2) [66] and
has been investigated through experiment and shell model cal-
culations in several nuclei near N = 82 [27,58,67], including
132Te where the 2+

2 state has been identified as the mixed-
symmetry state [58]. Mixed symmetry states have also been
investigated in the stable Te isotopes [27], where evidence
weakly indicated a possible fragmentation of the strength
between the 2+

3 and 2+
5 states in 130Te.

In brief, the lowest-lying states in the IBM-2 are pre-
dominantly of maximum proton-neutron or F -spin symmetry
(F = Fmax), while states with F = Fmax − 1, occur at some-
what higher excitation energies [66]. In this scenario the
lowest 2+ state has a proton-neutron symmetric structure that
can be represented in the shell model as

|2+
1 〉 = a|0+

1 〉ν |2+
1 〉π + b|2+

1 〉ν |0+
1 〉π + · · · , (2)

where the kets with subscripts π and ν represent the excita-
tions in the proton and neutron subsystems, respectively. If
the F -spin symmetry is applicable, then a2 ≈ b2 → 0.5 and
the components represented by “· · · ” are small. The mixed
symmetry state has the form

|2+
ms〉 = a|0+

1 〉ν |2+
1 〉π − b|2+

1 〉ν |0+
1 〉π + · · · . (3)

Following the IBM-2 predictions, candidates for the mixed-
symmetry states are typically identified by a strong (weak)
M1 (E2) transition to the 2+

1 state. It is also worth noting
that the g factors of both the 2+

1 state and the mixed sym-
metry 2+

ms state should have the same value, namely g =
(g(2+

1 )π + g(2+
1 )ν )/2, where g(2+

1 )π (g(2+
1 )ν)is the g factor of

the first-excited state of the proton (neutron) “parent.” For the
case of 130Te the proton and neutron parents can be associ-
ated with the semimagic nuclei 134Te and 128Sn, respectively.
Taking g(2+

1 )π = +0.83 and g(2+
1 )ν = −0.12, see Table VII

of Brown et al. [22], gives g(2+
1 ) = g(2+

ms) ≈ +0.36, which
is in agreement with the experimental g factor of the 2+

1 state
in 130Te.

TABLE VII. Wave function composition and calculated g factors of 2+ states in 130Te.

State Wave functiona g factor

SM1:
2+

1 0.46π (0+)ν(2+) + 0.38π (2+)ν(0+) + 0.07π (2+)ν(2+) + · · · 0.343
2+

2 0.45π (0+)ν(2+) + 0.16π (2+)ν(0+) + 0.21π (2+)ν(2+) + · · · 0.172
2+

3 0.44π (0+)ν(2+) + 0.23π (2+)ν(0+) + 0.08π (2+)ν(2+) + 0.12π (4+)ν(2+) + · · · 0.353
2+

4 0.23π (0+)ν(2+) + 0.49π (2+)ν(0+) + 0.04π (2+)ν(2+) + 0.07π (4+)ν(2+) + · · · 0.819
2+

5 0.59π (0+)ν(2+) + 0.15π (2+)ν(0+) + 0.07π (2+)ν(2+) + 0.07π (4+)ν(2+) + · · · 0.307
2+

6 0.73π (0+)ν(2+) + 0.05π (2+)ν(0+) + 0.05π (2+)ν(2+) + 0.07π (4+)ν(2+) + · · · 0.103

SM2:
2+

1 0.50π (0+)ν(2+) + 0.34π (2+)ν(0+) + 0.05π (2+)ν(2+) + · · · 0.310
2+

2 0.34π (0+)ν(2+) + 0.24π (2+)ν(0+) + 0.18π (2+)ν(2+) + · · · 0.370
2+

3 0.41π (0+)ν(2+) + 0.25π (2+)ν(0+) + 0.15π (2+)ν(2+) + 0.09π (4+)ν(2+) + 0.04π (2+)ν(4+) + · · · 0.400
2+

4 0.64π (0+)ν(2+) + 0.14π (2+)ν(0+) + 0.04π (2+)ν(2+) + 0.02π (4+)ν(2+) + 0.04π (2+)ν(4+) + · · · 0.237
2+

5 0.29π (0+)ν(2+) + 0.43π (2+)ν(0+) + 0.03π (2+)ν(2+) + 0.08π (4+)ν(2+) + 0.06π (2+)ν(4+) + · · · 0.660
2+

6 0.61π (0+)ν(2+) + 0.08π (2+)ν(0+) + 0.08π (2+)ν(2+) + 0.03π (4+)ν(2+) + 0.10π (2+)ν(4+) + · · · 0.128

aThe amplitude-squared is given. Relative phases are not available.
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FIG. 9. The experimental decay properties of the four lowest 4+ states in 130Te compared to shell model calculations. For decays, numbers
in black are γ -ray energies in keV; numbers in blue are B(E2) values in W.u.; and numbers in red are B(M1) values in μ2

N . When two solutions
for multipole-mixing ratios are listed in Table I, the one with the lowest χ 2 is plotted. Uncertainties are in the last digits. SM1, shown on the
right, denotes shell model calculations with the sn100 [22,54–56] interaction and SM2, shown on the left, with the GCN50:82 [57] interaction;
both sets of calculations use the jj55 model space. Weak branches from the shell model calculations are not shown.

Table VII lists the theoretical g factors and main wave
function components of the 2+ states. It can be seen in
Table VII that the structures of the 2+

4 and 2+
5 states are

interchanged between SM1 and SM2. Such an interchange in
the theory is not unreasonable as in SM1 the states are nearly
degenerate and, experimentally, these states are separated by
only 93 keV. Apart from this interchanged character, the main
difference between the two calculations is seen in the structure
and g factor of the 2+

2 state. The proton contribution to this
state is increased relative to the neutron contribution in SM2.

Overall, the comparison of theory and experiment
in Tables V and VI shows that the E2 and M1 decays of the
2+ states up to the 2+

6 state to the ground and first-excited state
generally lie near or between the predictions of SM1 and SM2
for at least one of the multipole-mixing ratio solutions. There
are significant differences between the present B(E2) values
and those of Bianco et al. [24], particularly for the 2+ → 2+

1
transitions (Table V); the present shell model calculations are
in better agreement with experiment.

Bianco et al. [24] suggested the 2+
3 state of 130Te as a

possible candidate MSS because it collects a large share of the
shell model M1 strength in their calculations, although they

noted its weak E2 decay to the ground state is problematic.
The present theory also gives a strong M1 to the 2+

1 , with
the predicted B(M1) ≈ 0.2 μ2

N about twice the experimental
value. For SM1 the 2+

3 wave function shown in Table VII
resembles the required form and, alone among the low excita-
tion 2+ states in SM1, its g factor is near that of the 2+

1 state.
A cautious identification of the 2+

3 state as a candidate MSS
state seems reasonable on the basis of SM1; the properties of
the 2+

3 state are similar in SM2. This conclusion agrees with
the previous report by Hicks et al. for the 2+

3 state, but there
is no clear fragmentation of the mixed-symmetry strength
in the 2+

5 level in the shell model calculations, although the
M1 strength is shared in SM2. It should also be noted that
experimentally the 2+

3 state plays a very active role in the
decay of higher-lying positive-parity states, which highlights
its structural significance.

Although the 2+
2 state has a wave function and g factor

in SM2 that could be consistent with its being consid-
ered as a candidate for a MSS state, its small experimental
B(M1; 2+

2 → 2+
1 ) and B(E2; 2+

2 → 0+
1 ) values exclude its

identification as a MSS.
Thus, there are some hints of the characteristics of the MSS

in the observed excited 2+ states of 130Te but no clear evidence
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FIG. 10. The experimental decay properties of the four lowest 1+ states in 130Te compared to shell model calculations. For decays, numbers
in black are γ -ray energies in keV; numbers in blue are B(E2) values in W.u.; and numbers in red are B(M1) values in μ2

N . When two solutions
for multipole-mixing ratios are listed in Table I, the one with the lowest χ 2 is plotted. Uncertainties are in the last digits. SM1, shown on the
right, denotes shell model calculations with the sn100 [22,54–56] interaction and SM2, shown on the left, with the GCN50:82 [57] interaction;
both sets of calculations use the jj55 model space. Weak branches from the shell model calculations are not shown. The experimental state at
2300 keV is proposed as the 1+

1 state, although the possibility that it is a 2+ state cannot be excluded; see text. Shell model calculations predict
the first 1− state well above 3 MeV; however, the positive parity assigned to the 2607 keV level remains tentative.

that quadrupole collectivity in 130Te is sufficiently developed
to make the MSS concept based on proton and neutron bosons
meaningful at a quantitative level. Addressing the question of
whether collectivity builds up beginning at low spin or low
energy (or both), for the larger multipole-mixing ratios for
2+

3 and 2+
5 states, the E2 strength is approximately twice the

15 W.u. 2+
1 → 0+

1 transition among the decays of the 2+
2 to 2+

6
states, but neither SM1 or SM2 predicts such large transition
rates.

As an alternative way to assess the emergence of E2
collectivity in 130Te, the rotational shape invariants for
the low-excitation states of 130Te can be calculated using
the Kumar-Cline sum rules. This approach is discussed in
Sec. V H below.

E. Excited 4+ states

The present shell model calculations of the 4+ states up
to the 4+

4 state are compared in Fig. 9. The E2 decay of
the 4+

2 state to the 2+
1 is well described by both SM1 and

SM2, as is the predominantly M1 decay to the 4+
1 state. Both

theories predict an E2 decay to the 2+
2 state with a strength of

3–5 W.u. which is not observed, perhaps because the transition
energy makes this branch less favorable. SM2 describes the
observed decays of the 4+

3 and 4+
4 states quite well; SM1

appears to swap their character, which suggests that the 4+
3

state predicted by SM1 should be identified with the observed
4+

4 state and vice-versa. Such an interchange is reasonable as
the predicted states are within 50 keV of each other. Overall,
the agreement between the shell model calculations and ex-
periment for decays of the 4+ states is quite good.

F. Excited 1+ and 3+ states

The experimental and theoretical decays of the lowest four
1+ states are compared in Fig. 10. For the following discus-
sion, and in Fig. 10, the experimental state at 2300 keV is
tentatively identified as the 1+

1 state, although the possibility
that it is a 2+ state cannot be excluded. The justification is
that this is the only experimental candidate 1+ level near the
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FIG. 11. The experimental decay properties of the three lowest 3+ states in 130Te compared to shell model calculations SM1 completed with
the sn100 interaction [22,54–56] and the jj55 model space. Weak branches from the shell model calculations that are not seen experimentally
are not shown. For decays, numbers in black are γ -ray energies in keV; numbers in blue are B(E2) values in W.u.; and numbers in red are
B(M1) values in μ2

N . When two solutions for multipole-mixing ratios are listed in Table I, the one with the lowest χ 2 is plotted. Uncertainties
are in the last digits.

predictions of the shell model calculations. The 2607 keV
level is tentatively identified with positive parity; the first
theoretical 1− state is near 3.4 and above 3.7 MeV for SM1
and SM2, respectively. The four lowest 1+ states fall within
450 keV of each other. Their observed M1 decays are typically
rather weak and in fair accord with theory for both SM1 and
SM2. Where measured, the E2 decay strengths are also gen-
erally in fair agreement with experiment. Possible exceptions
are the measured 36+5

−36 W.u. decay of the 1+
3 level to the 2+

3

state, and 6.0+100
−60 W.u. decay of the 1+

4 level to the 2+
2 state,

neither of which is accounted for by theory except at their
lower limits. However, 5 and 6 W.u. transitions from the 1+

1
and 1+

2 states to the 2+
3 state are predicted by SM1, which

suggests that appropriate configuration mixing might explain
an E2 decay of some tens of W.u. The M1 decay of the 1+

3
state to the ground state has a strength of 0.039(4) μ2

N and that
of the 1+

4 state to the ground state has a strength of 0.015(1)
μ2

N ; both calculations predict this M1 strength to be orders
of magnitude weaker. At the same time, both overpredict the
strength of the 1+

2 → 0+
1 decay. Apparently some remixing

of the 1+
2 , 1+

3 , and 1+
4 states could account for the observed

decays of these states to the ground state. Again, the states are
close in energy (82 keV and 136 keV apart experimentally,
respectively), so it is difficult for even state-of-the-art shell
model calculations to predict the configuration mixing with
sufficient accuracy to explain these electromagnetic decays in
detail. It can also be noted that both shell model calculations
predict the 1+

5 state near 3.1 MeV, with the latter in good
agreement with the observed J = 1 state at 3110 keV.

There are five 3+ states observed up to 3 MeV in excitation
energy. Both shell model calculations predict 3+ states within
200 keV of those observed; in both calculations the 3+

5 state
is slightly above 3 MeV whereas the experimental 3+

5 state
is slightly below. The observed 3+

2 through 3+
5 states are

within 400 keV of each other. Figures 11 and 12 compare
the experimental and theoretical decays of the 3+ states up
to the 3+

3 state at 2766 keV. The calculations of M1 and E2
decays of the 3+

1 state are, on the whole, consistent with each
other and with experiment. Similar behavior to that observed
for the 1+ states appears in that both calculations are in quite
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FIG. 12. The experimental decay properties of the three lowest 3+ states in 130Te compared to shell model calculations SM2 completed
using the GCN50:82 [57] interaction and the jj55 model space. Weak branches from the shell model calculations that are not seen
experimentally are not shown. For decays, numbers in black are γ -ray energies in keV; numbers in blue are B(E2) values in W.u.; and
numbers in red are B(M1) values in μ2

N . When two solutions for multipole-mixing ratios are listed in Table I, the one with the lowest χ 2 is
plotted. Uncertainties are in the last digits.

good agreement with each other and with experiment for the
decays of the 3+

1 state, but some remixing between the higher-
excited close-lying states appears necessary to improve the
description of their decay.

G. Excited 0+ states

Figure 13 shows the experimental and shell model 0+
states in 130Te along with their E2 decay strengths. There
are four calculated 0+ excited states below 3 MeV excitation
energy for both interactions, and three candidate experimental
0+ states, with two firmly assigned as 0+. The 0+

6 state is
predicted to be just above 3 MeV. There is, therefore, possibly
a 0+ state in the region between about 2.5 and 3 MeV exci-
tation energy that has not been identified in the experiment.
The calculated excitation energies are not in particularly good
agreement with experiment, nor are the E2 decay patterns, so
making an association between the experimental and theoret-
ical 0+ levels above the 0+

2 level is challenging.
The two shell model calculations are in agreement with

experiment for the 0+
2 state at 1965 keV, predicting that it

decays almost exclusively to the 2+
1 state, with the B(E2) from

SM2 perhaps in better agreement with experiment.
The branching ratios and B(E2) values for the decay of the

observed 0+
3 state at 2476 keV are in very good agreement

with those of the theoretical 0+
5 state at 2693 keV in SM1.

For SM2 the best agreement for the experimental 0+
3 state

is with the theoretical 0+
4 state predicted at 2651 keV. The

theoretical 0+
3 state has very nearly 100% decay to the 2+

1 state
in both calculations, and is predicted at 2293 keV in SM1 and
2207 keV in SM2.

The decay of the experimental (0+
4 ) state at 2605 keV

agrees very well with the E2 transition strengths predicted by
SM2 for the theoretical 0+

5 state at 2887 keV; the E2 strengths
for the 0+

4 state at 2402 keV also agree with experiment within
the uncertainties.

Thus, if a 0+ state in the vicinity of 2.2 to 2.3 MeV excita-
tion energy has been missed in the measurements, then there
is a fair degree of agreement between theory and experiment
for 0+ states below 3 MeV in 130Te.
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FIG. 13. The experimental decay properties of the three lowest excited 0+ states (or candidates) in 130Te compared to shell model
calculations. For decays, numbers in black are γ -ray energies in keV; numbers in blue are B(E2) values in W.u.; and numbers in red are
B(M1) values in μ2

N . When two solutions for multipole-mixing ratios are listed in Table I, the one with the lowest χ 2 is plotted. Uncertainties
are in the last digits. SM1, shown on the right, denotes shell model calculations with the sn100 [22,54–56] interaction and SM2, shown on the
left, with the GCN50:82 [57] interaction; both sets of calculations use the jj55 model space. Weak branches from the shell model calculations
are not shown. When experimental transition rates have asymmetric uncertainties in Table I, the larger value is used in this figure.

From the pattern of excited 0+ state systematics in the Te
isotopes shown in Fig. 1, it is clear that there is a parabolic
pattern of 0+

2 excitation energies around 120Te (N = 68),
which is strongly suggestive of shape coexistence with these
states built on multiparticle-multihole excitations. Nearer to
N = 82, the above discussion and experimental data show
no evidence of a shape-coexisting 0+ state below 3 MeV in
excitation energy. However, a multiparticle-multihole 0+ state
would be expected somewhat above 3 MeV, which could per-
turb the structures of the lower excitation 0+ states and might,
in part, account for the rather modest agreement between
theory and experiment found for the low-lying 0+ states.

H. Shape invariants as a measure of emerging collectivity

The above comparison of theory and experiment shows
that the E2 decays of the positive-parity states up to about
3 MeV in excitation energy are generally well described by
the shell model calculations using either of the interactions.

In cases where a discrepancy occurs there is usually a pair
of states close in energy where some remixing of the con-
figurations or interchange of the ordering of the theoretical
states would bring the theory into better agreement with ex-
periment. In these circumstances, it seems to be well justified
to use the shell model calculations of the E2 matrix elements
to evaluate rotational invariant shape parameters based on
the Kumar-Cline sum rules [64,65]. These shape invariants
give a measure of the shape and shape fluctuations of the
nucleus. The procedure itself is model independent. For some
decades it has been applied to experimental data [65,68,69];
however, recently, there has been interest in evaluating the
shape invariants from shell model calculations [70–72]. While
large-basis shell model calculations may describe data well,
the complexity of the wave functions can defy insight, partic-
ularly in terms of seeking signals of emerging collectivity. The
advantage of the Kumar-Cline sum rules is that they provide
a means to determine the nuclear shape parameters from the
shell model wave functions, and thereby connect microscopic
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FIG. 14. Shape invariants for the low-lying 0+, 2+, 4+, and 6+ states in 130Te. (a) Shape invariants (Q2, δ) for SM1 (sn100 interaction),
(b) the equivalent average shapes in the (β, γ ) plane for SM1, (c) shape invariants (Q2, δ) for SM2 (GCN50 : 82 interaction), (d) the equivalent
average shapes in the (β, γ ) plane for SM2.

and collective models of the nucleus. In the case of 130Te
this approach may provide a means to map the emergence of
collectivity as a function of spin and excitation energy for the
low-lying states.

The Kumar-Cline sum rules make use of the fact that the
E2 operator is a spherical tensor that can be coupled to itself
to form operator products with angular momentum zero. Such
operators are rotationally invariant and can be evaluated in the
principal-axis frame of the nucleus where they depend on two
parameters, Q and δ, which are analogous to the Bohr model
parameters β and γ . Examples are [E2 ⊗ E2]0 = (1/

√
5)Q2

and [E2 ⊗ E2]2 ⊗ E2]0 = (−√
2/35Q3 cos 3δ. The expecta-

tion values of these invariant operators can be evaluated
for each nuclear state as sums of E2 matrix elements by
forming intermediate state expansions [65,68,69]. Q and
δ can be related to β and γ in a straightforward way
[68,69].

The average deformation and shape parameters Q and
δ together with a measure of their fluctuations (a standard

deviation, σ ) were evaluated for the low-lying 0+, 2+,
4+, and 6+ states in 130Te, and for both interactions. To
achieve convergence, the lowest 30 states of each spin up
to 12+ were included in the relevant sums. The results,
presented in the (Q2, δ) and (β, γ ) planes, are shown in
Fig. 14. For clarity, the fluctuations were not plotted. They
are similar in magnitude for all cases, namely σ (Q2) ∼ 0.09
and σ (δ) ∼ 10◦. By happenstance, therefore, the “softness”
or fluctuation associated with each point is comparable to the
scatter in the plotted points.

This analysis indicates that the nucleus is weakly de-
formed, on average, in its low-lying excited states, having
0.1 � β � 0.12. A striking feature in Fig. 14 is that all of the
low-lying states are triaxial. For SM1 the triaxiality param-
eters cluster around δ, γ = 30◦, whereas for SM2 20◦ � δ,

γ � 30◦.
Both interactions show the maximum deformation for the

2+
1 state, followed by the ground state (0+

1 ). The general trend
is that the average deformation decreases with increases in
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both excitation energy and spin. But this trend is weak. Thus,
the present analysis is consistent with the inference in the
work of Peters et al. [56] on 132Xe that collectivity builds
up, beginning from low-lying, low-spin states. The fact that
the 2+

1 state is slightly more deformed on average than the
ground state is probably because pairing correlations are more
prominent in the ground state while quadrupole interactions
can become more pronounced in the first 2+ state. It would
be of interest to perform a similar analysis on neighboring
nuclei with added pairs of protons and/or neutron holes to
investigate whether a stronger trend appears in, say, 128Te or
132Xe.

Do these features suggest that 130Te could be modeled as a
weakly deformed triaxial rotor, at least for the low-lying states
up to spin 6+? Scrutiny of the wave functions and predicted g
factors in Table VII, for example, indicates that the structures
of the lowest few states are very different, despite their appar-
ently similar intrinsic shape parameters. The excitations are
not rotations of a single intrinsic structure as is supposed in the
triaxial rotor model. However, the fact that the excited-state
shapes are all triaxial with γ ≈ 30◦ may suggest that the path-
way of emerging collectivity in this region progresses from
near-spherical nuclei near 132Sn, to weakly deformed triaxial
rotors as an intermediate step, before finally reaching strongly
deformed prolate rotors near midshell. Further data and cal-
culations across an extended range of Te isotopes would be
needed to assess this conjecture.

VI. SUMMARY AND CONCLUSIONS

The low-lying nuclear structure of 130Te was investi-
gated using γ -ray spectroscopy following inelastic neutron
scattering. Many new levels and decays were identified
from γ -ray angular distributions, excitation functions, and
γ -γ coincidence measurements. Transition probabilities, level
spins, parities, and multipole-mixing ratios were deduced for
many levels. These results were investigated through new
shell model calculations performed with NuShellX@MSU
in the j j55 model space with two interactions based on
the free nucleon-nucleon potential and a realistic G matrix
evaluation. The positive-parity excitation energies and elec-
tromagnetic observables are well described by both the sn100
and GCN50 : 82 interactions. The energies of the lowest
negative-parity states are also well described by the sn100
interactions, whereas GCN50 : 82 gives a rather poor descrip-
tion. The E1 decays of many of the negative-parity states,
typically a small fraction of a single-particle unit, require the
inclusion of single-particle orbitals beyond the j j55 space.

There is little evidence for emerging collectivity in 130Te
beyond the correlations included in the large-basis shell model
calculations, subject to the caveat that rather large effective
charges of ep = 1.7 and en = 0.8 are required. Given the
overall good description of the positive-parity states, the emer-
gence of quadrupole collectivity in 130Te was investigated by
evaluating the rotationally invariant shape parameters of the
low-lying states using the Kumar-Cline sum rules and the
shell model E2 matrix elements. Consistent with expectations,
the ground states and first-excited states showed the greatest
collectivity in that they have the largest average deformations.

However, all states are weakly deformed (β ≈ 0.1) and triax-
ial. While 130Te itself clearly cannot be described by a weakly
deformed particle rotor model, it seems possible that triaxial
structures might constitute a step in the evolution of nuclear
structure from near-spherical nuclei near 132Sn toward prolate
rotor structures near mid shell.

The present new experimental and theoretical investiga-
tions of 130Te offer nuclear structure information which may
be of value for 0νββ studies. In particular, the shell model
description appears on the whole to be very good. It is clear,
however, that complementary measurements are needed to de-
velop a more complete understanding of this complex nucleus
and the evolution of the nuclear structure of the Te isotopes. A
comprehensive Coulomb excitation measurement, for exam-
ple, would be challenging but could test the prediction that the
low-lying states of 130Te are all weakly deformed and triaxial.
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APPENDIX: LEGENDRE POLYNOMIAL COEFFICIENTS

Legendre polynomial coefficients for γ rays placed in
130Te are listed in Table VIII. γ -ray branching ratios were
determined from the A0s, which provide the relative strengths,
listed for either 2.2 or 3.3 incident neutron energy. For dou-
blets or triplets the strength was divided using either γ -ray
excitation functions or γ γ coincidence data, as noted in
Table I.

TABLE VIII. Legendre polynomial coefficients for γ rays placed
in 130Te. The A0s give the relative strengths at the incident neutron
energies (either 2.2 or 3.3 MeV) of the measurements.

Eγ (keV) A0 σA0 a2 σa2 a4 σa4

En = 2.2 MeV
182.39(20) 1.99 × 10+02 18.7 0.37 0.25 0.34 0.39
348.5(2) 1.29 × 10+03 12.8 0.38 0.03 0.04 0.04
468.3(2) 9.65 × 10+02 12.1 −0.23 0.04 0.09 0.05
505.62(6) 1.95 × 10+02 8.2 −0.60 0.12 0.19 0.17
550.30(6) 4.38 × 10+02 6.5 0.80 0.04 0.36 0.09
748.73(6) 1.51 × 10+04 33.8 0.33 0.01 −0.06 0.01
793.48(6) 1.02 × 10+04 12.5 0.34 0.00 −0.05 0.01
839.49(5) 9.28 × 10+04 58.1 0.15 0.00 −0.13 0.00
1046.15(5) 7.10 × 10+03 16.2 0.06 0.01 −0.05 0.01
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TABLE VIII. (Continued.)

Eγ (keV) A0 σA0 a2 σa2 a4 σa4

1125.20(5) 1.73 × 10+03 13.1 −0.01 0.02 −0.02 0.03
1141.93(5 1.13 × 10+03 10.9 0.50 0.03 −0.11 0.04
1299.07(5) 4.42 × 10+02 8.0 0.22 0.05 −0.14 0.08
1351.01(5) 9.23 × 10+01 5.5 −0.21 0.17 −0.12 0.25
1588.19(5) 2.91 × 10+02 7.1 0.22 0.07 −0.15 0.10
1885.70(9) 1.17 × 10+02 6.1 0.19 0.15 −0.19 0.22
2190.45(10) 1.39 × 10+02 7.4 0.70 0.15 0.10 0.22

En = 3.3 MeV
258.83(20) 8.89 × 10+02 11.1 −0.47 0.04 0.10 0.05
286.23(20) 8.04 × 10+02 9.4 −0.12 0.03 −0.01 0.04
289.1(2) 1.48 × 10+02 7.9 −0.18 0.15 0.14 0.19
303.87(20) 9.09 × 10+02 8.3 −0.16 0.02 0.04 0.04
330.67(21) 9.60 × 10+02 7.6 −0.34 0.03 0.04 0.04
331.1(5) 9.60 × 10+02 7.6 −0.34 0.03 0.04 0.04
334.69(20) 3.77 × 10+03 11.4 −0.06 0.01 −0.01 0.02
343.5(2) 1.61 × 10+02 8.7 0.27 0.14 0.30 0.20
349.35(22) 4.44 × 10+03 12.1 0.24 0.01 −0.04 0.01
369.95(22) 6.50 × 10+01 6.3 0.26 0.28 0.56 0.38
400.21(21) 1.58 × 10+02 6.3 −0.04 0.12 0.06 0.16
403.1(6) 1.19 × 10+02 6.2 0.48 0.15 0.14 0.21
425.86(22) 6.73 × 10+01 6.1 0.56 0.27 0.45 0.38
436.48(21) 1.31 × 10+02 6.2 0.15 0.14 0.07 0.19
467.90(23) 1.32 × 10+04 19.0 −0.24 0.00 −0.03 0.01
490.8(3) 1.00 × 10+02 6.5 −0.68 0.20 −0.21 0.27
521.54(6) 6.68 × 10+02 8.7 −0.23 0.04 −0.02 0.05
535.45(5) 1.23 × 10+03 8.7 0.36 0.02 −0.04 0.03
576.23(12) 1.11 × 10+02 7.2 −0.54 0.21 −0.64 0.30
581.10(7) 1.23 × 10+02 7.2 0.10 0.18 0.20 0.25
587.85(10) 7.04 × 10+01 7.6 −0.30 0.33 −0.07 0.46
590.36(6) 1.92 × 10+02 9.4 0.16 0.15 0.03 0.21
613.71(10) 1.79 × 10+03 11.4 −0.58 0.02 0.03 0.03
641.44(6) 4.39 × 10+02 8.8 −0.18 0.06 −0.03 0.08
647.31(7) 5.68 × 10+02 8.8 0.27 0.05 0.04 0.06
658.2(1) 4.37 × 10+02 7.5 0.29 0.05 −0.07 0.07
669.66(2) 5.93 × 10+02 7.8 0.07 0.04 −0.27 0.06
680.61(1) 7.12 × 10+01 6.4 0.34 0.26 0.09 0.37
697.68(5) 2.31 × 10+03 10.4 0.28 0.01 0.01 0.02
802.84(8) 8.31 × 10+01 7.2 −0.33 0.26 −0.45 0.35
807.18(7) 1.57 × 10+02 7.4 −0.07 0.13 0.13 0.18
816.42(5) 1.95 × 10+03 10 0.18 0.02 −0.01 0.02
853.51(6) 4.07 × 10+02 6.9 0.18 0.05 −0.10 0.07
859.26(5) 9.08 × 10+02 7.4 −0.24 0.02 0.01 0.03
878.73(8) 1.12 × 10+02 5.5 −0.10 0.15 −0.28 0.22
880.72(6) 3.00 × 10+02 6.2 −0.68 0.07 −0.11 0.09
887.81(6) 2.74 × 10+02 5.4 0.09 0.06 0.09 0.08
894.10(6) 1.74 × 10+02 19.3 0.60 0.34 0.38 0.30
903.42(6) 6.92 × 10+02 6.9 0.43 0.03 0.19 0.04
905.2(3) 8.36 × 10+01 4.5 0.44 0.15 0.00 0.22
920.89(6) 3.36 × 10+02 5.3 −0.30 0.05 −0.06 0.07
932.39(7) 9.03 × 10+01 4.6 −0.10 0.15 0.06 0.21
935.46(6) 1.48 × 10+02 5.0 −0.43 0.10 0.07 0.14
939.1(5) 1.53 × 10+02 5.0 −0.24 0.10 −0.05 0.14
938.28(6) 1.53 × 10+02 5.0 −0.24 0.10 −0.05 0.14
942.01(5) 1.26 × 10+03 8.1 −0.14 0.02 −0.08 0.03

TABLE VIII. (Continued.)

Eγ (keV) A0 σA0 a2 σa2 a4 σa4

956.34(7) 1.11 × 10+02 4.5 −0.09 0.12 0.10 0.17
986.74(6) 4.45 × 10+02 5.7 0.00 0.04 0.07 0.05
990.49(10) 6.39 × 10+01 4.6 −0.21 0.21 −0.29 0.30
992.77(6) 2.29 × 10+02 5.3 0.18 0.07 −0.03 0.10
998.71(12) 5.27 × 10+01 4.1 0.38 0.23 −0.06 0.35
1002.40(6) 1.72 × 10+02 4.6 −0.87 0.08 0.05 0.11
1016.3(8) 4.19 × 10+02 4.3 −0.21 0.04 −0.08 0.05
1018.04(6) 4.19 × 10+02 4.3 −0.21 0.04 −0.08 0.05
1019.2(5) 4.19 × 10+02 4.3 −0.21 0.04 −0.08 0.05
1030.88(6) 1.80 × 10+02 5.5 0.58 0.09 0.17 0.12
1039.78(6) 2.21 × 10+02 6.4 0.19 0.09 −0.23 0.12
1059.87(7) 1.20 × 10+02 4.9 0.19 0.12 −0.12 0.17
1066.04(6) 1.47 × 10+02 4.7 0.24 0.09 0.05 0.13
1075.76(6) 1.37 × 10+02 4.6 0.11 0.10 −0.03 0.14
1079.90(7) 1.04 × 10+02 4.7 0.60 0.13 −0.27 0.19
1086.44(6) 2.80 × 10+02 5.1 −0.64 0.05 0.09 0.07
1101.07(25) 9.78 × 10+02 7.2 0.25 0.02 −0.11 0.03
1103.35(7) 1.49 × 10+02 4.4 −0.64 0.09 0.44 0.10
1111.67(6) 3.04 × 10+02 5.2 −0.14 0.05 0.02 0.06
1114.99(6) 4.71 × 10+02 5.8 −0.23 0.03 −0.06 0.05
1133.36(7) 1.60 × 10+02 5.0 −0.67 0.09 −0.27 0.12
1135.55(6) 2.82 × 10+02 5.5 −0.65 0.06 0.22 0.07
1142.2(3) 3.43 × 10+03 12.0 0.28 0.01 −0.05 0.01
1145.19(7) 1.42 × 10+02 4.5 0.40 0.09 −0.29 0.13
1155.8(1) 2.03 × 10+02 4.0 −0.07 0.06 0.22 0.09
1178.06(6) 4.51 × 10+02 4.9 −0.01 0.03 −0.04 0.05
1181.97(11) 4.75 × 10+01 3.9 −0.60 0.24 0.11 0.32
1201.19(8) 7.38 × 10+01 4.5 0.04 0.18 0.23 0.25
1209.35(50) 4.63 × 10+01 4.6 −0.14 0.29 −0.62 0.43
1231.03(6) 2.71 × 10+02 4.0 −0.26 0.05 −0.26 0.06
1243.08(6) 9.38 × 10+01 3.2 −0.03 0.12 −0.58 0.15
1246.70(9) 3.86 × 10+01 2.9 −0.12 0.27 −1.50 0.35
1246.7(6) 3.86 × 10+01 2.9 −0.12 0.27 −1.50 0.35
1291.21(6) 3.05 × 10+02 6.5 −0.30 0.06 0.08 0.09
1309.66(14) 3.48 × 10+01 4.0 −0.33 0.33 −0.75 0.47
1320.14(8) 1.21 × 10+02 7.1 0.31 0.19 1.09 0.16
1318.84(14) 1.21 × 10+02 7.1 0.31 0.19 1.09 0.16
1323.3(5) 8.48 × 10+01 9.4 0.03 0.41 0.36 0.34
1322.42(10) 8.48 × 10+01 9.4 0.03 0.41 0.36 0.34
1351.01(5) 2.38 × 10+03 10.5 0.03 0.01 −0.01 0.01
1357.95(15) 3.79 × 10+01 4.4 −0.10 0.29 0.02 0.34
1365.85(37) 7.49 × 10+01 4.3 −0.34 0.13 0.75 0.14
1368.6(9) 4.46 × 10+01 3.5 0.41 0.19 1.90 0.15
1443.02(5) 3.35 × 10+03 11.0 0.03 0.01 −0.11 0.01
1460.62(62) 3.00 × 10+03 12.6 0.02 0.01 −0.01 0.02
1461.70(8) 3.00 × 10+03 12.6 0.02 0.01 −0.01 0.02
1491.17(6) 5.74 × 10+02 6.4 0.34 0.03 −0.03 0.05
1506.68(6) 2.75 × 10+02 6.4 −0.30 0.07 −0.05 0.10
1521.74(6) 2.21 × 10+02 4.8 0.14 0.06 0.08 0.09
1521.64(6) 2.21 × 10+02 4.8 0.14 0.06 0.08 0.09
1540.39(11) 6.00 × 10+01 3.7 0.47 0.18 0.25 0.26
1566.04(15) 4.28 × 10+01 3.5 −0.14 0.24 0.23 0.34
1607.04(21) 1.62 × 10+02 5.0 0.11 0.10 −0.07 0.15
1608.16(8) 1.62 × 10+02 5.0 0.11 0.10 −0.07 0.15
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TABLE VIII. (Continued.)

Eγ (keV) A0 σA0 a2 σa2 a4 σa4

1616.56(12) 1.33 × 10+02 44.9 2.12 0.50 1.54 0.41
1627.37(5) 2.12 × 10+03 11.2 −0.07 0.02 −0.02 0.02
1636.49(6) 4.87 × 10+02 6.2 −0.02 0.04 −0.10 0.05
1687.63(5) 3.58 × 10+03 14.7 −0.22 0.01 −0.06 0.02
1710.2(2) 2.66 × 10+01 3.5 −0.70 0.43 −0.08 0.56
1735.67(7) 1.47 × 10+02 5.3 −0.33 0.11 0.02 0.15
1741.53(5) 2.01 × 10+03 11.5 0.30 0.02 −0.06 0.02
1752.2(2) 4.16 × 10+01 7.1 −1.20 0.78 −0.54 0.81
1754.4(2) 6.75 × 10+01 4.8 0.50 0.20 −0.22 0.34
1765.02(6) 7.04 × 10+02 9.3 −0.01 0.04 0.00 0.05
1767.77(6) 5.29 × 10+02 8.7 −0.04 0.05 −0.10 0.07
1849.17(7) 1.10 × 10+02 3.9 −0.28 0.11 −0.30 0.16
1894.03(6) 2.44 × 10+02 5.6 0.28 0.07 −0.06 0.10
1905.30(3) 1.17 × 10+03 9.2 −0.26 0.02 −0.03 0.03
1926.78(6) 2.12 × 10+02 5.0 0.44 0.07 0.02 0.09
1949.72(6) 1.18 × 10+03 9.3 −0.21 0.02 −0.07 0.03
1995.47(7) 1.43 × 10+02 4.9 0.05 0.10 −0.60 0.14
2048.11(11) 2.31 × 10+02 4.7 −0.40 0.03 −0.16 0.08
2106.24(11) 3.95 × 10+02 6.3 −0.11 0.05 −0.14 0.07
2113.93(11) 5.80 × 10+02 8.3 −0.60 0.04 0.03 0.06
2117.2(2) 3.90 × 10+02 7.6 0.30 0.06 −0.24 0.08
2190.45(10) 3.01 × 10+03 14.7 0.16 0.02 −0.15 0.02

TABLE VIII. (Continued.)

Eγ (keV) A0 σA0 a2 σa2 a4 σa4

2243.61(11) 2.04 × 10+02 5.2 0.00 0.08 −0.15 0.11
2255.32(11) 4.01 × 10+02 6.5 −0.37 0.05 −0.02 0.07
2270.94(14) 7.27 × 10+01 4.2 0.17 0.17 0.05 0.24
2282.51(10) 8.76 × 10+02 8.8 0.19 0.03 −0.18 0.04
2289.30(12) 1.18 × 10+02 4.8 −0.23 0.12 −0.12 0.17
2300.16(12) 1.16 × 10+02 4.8 −0.05 0.13 −0.15 0.18
2314.83(11) 2.04 × 10+02 5.3 0.05 0.08 −0.18 0.11
2337.34(14) 5.64 × 10+01 3.8 −0.72 0.20 −0.92 0.33
2356.60(16) 6.92 × 10+01 3.9 0.78 0.17 0.50 0.24
2396.81(18) 3.71 × 10+01 3.5 0.27 0.30 −0.87 0.45
2403.94(12) 1.57 × 10+02 4.6 0.35 0.09 0.00 0.13
2466.91(11) 2.92 × 10+02 5.7 0.36 0.06 −0.02 0.09
2479.7(2) 6.99 × 10+01 4.0 0.66 0.17 0.63 0.24
2501.4(2) 5.05 × 10+01 4.2 0.13 0.26 0.48 0.42
2607.05(11) 1.05 × 10+03 9.1 −0.11 0.02 −0.06 0.04
2688.61(10) 1.05 × 10+03 10.5 −0.22 0.03 −0.14 0.04
2743.49(11) 1.27 × 10+03 10.6 −0.12 0.02 −0.04 0.02
2887.72(13) 8.17 × 10+01 4.0 0.41 0.14 0.00 0.22
2945.59(11) 3.83 × 10+02 7.4 0.28 0.06 −0.22 0.08
3094.8(5) 2.61 × 10+02 6.2 0.37 0.07 −0.18 0.11
3110.08(51) 2.77 × 10+02 6.5 −0.18 0.07 −0.10 0.10
3128.78(51) 1.26 × 10+02 5.0 0.21 0.12 −0.40 0.18
3196.13(51) 2.42 × 10+02 6.3 0.41 0.07 0.00 0.08
3241.73(51) 3.15 × 10+02 6.0 −0.30 0.05 −0.15 0.08
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