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The g factor of the 15/2 state in '37Xe was measured for the first time by using a newly developed technique
for measuring angular correlations with Gammasphere. Spins and parities were assigned to several levels in the
N = 83isotones *Te, '*I, 137 Xe, and '3¥Cs. The calculated g factor in the shell-model frame is in good agreement
with the measured one in the present work. Shell-model calculations also support our spin-parity assignments.
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I. INTRODUCTION

The study of nuclei with several valence nucleons beyond
the doubly magic core '*2Sn is a subject of special interest.
In particular, the magnetic moments of such nuclei provide
direct insight into the single-particle structure of the orbitals
outside the major shells. The g factor is also sensitive to
the two-body interactions of the valence particles and their
interactions with the core. Therefore measurements of g
factors of excited states in isotopes near the doubly magic '*>Sn
core help us to understand nuclear shell structure in this region.
Moreover, spin-parity assignments of excited states in these
nuclei provide important tests of shell-model calculations. The
previously unknown g factor of the 15/2~ state in '37Xe is
measured in this article using a newly developed technique to
perform angular correlation measurements with Gammasphere
[1]. The experimental g factor is reproduced very well by
shell-model calculations with a two-body effective interaction
derived from the CD-Bonn nucleon-nucleon potential. In
addition, the measured angular correlation coefficients are
used to assign and confirm spins and parities of several levels
in 13Te, 1361, 137Xe, and '38Cs, which are also supported by
shell-model calculations reported here.

II. EXPERIMENTAL DATA ANALYSIS

The data for the present angular correlation measurements
were obtained using the Gammasphere detector array with
101 detectors at Lawrence Berkeley National Laboratory. A
22Cf spontaneous fission source with an « activity of 62 uCi
was sandwiched between two 10 mg/cm? iron foils, which
were used to stop the fission fragments and eliminate the need
for a Doppler correction. A total of 5.7 x 10! triple- and
higher-fold y-ray coincidence events were measured. More
details about this experiment and data analysis procedure
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can be found in Ref. [2]. A newly developed technique
for measuring angular correlations with the Gammasphere
detector array by sorting our high statistics data into 17 angle
bins was used here to measure the g factor of and assign spins
and parities to excited states in neutron-rich nuclei produced in
the spontaneous fission of 252Cf. More details of this technique
can be found in Ref. [1].

As mentioned earlier, the fission fragments were implanted
and stopped in a ferromagnetic material (the iron foils), where
they were subjected to the hyperfine fields (Bgg) caused by
their implantation in substitutional sites in the iron lattice.
It becomes possible for us to carry out angular correlation
measurements to determine the spins and parities of levels and
the g factors of long-lived states using the integral perturbed
angular correlation (IPAC) technique [3]. For an intermediate
nuclear state with a lifetime 7, the spin vector of this nucleus
will rotate about Byg over the lifetime of the state, with a
rotational frequency proportional to the strength of the field
and the g factor of the state. For our experiment, the magnetic
domains in the iron foils, which were not cooled and not
affected by any external field, remained randomly oriented.
Then the net result of the rotation of the implanted nucleus
about the randomly oriented hyperfine fields (Byp) is an
attenuation of the expected angular correlation. This is the
basic idea of the IPAC technique for g-factor measurement.

The attenuation factor Gy is related to the Larmor preces-
sion frequency wy, and the lifetime 7 by [4]
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In these equations, g is the nuclear g factor, By is the nuclear
hyperfine field in iron, and py is the nuclear magneton. If the
lifetime of the state that interacts with Byps is much longer
than the stopping time (a few picoseconds), the attenuation
will be measurable. Here attenuation implies that the absolute
measured values of the angular correlation coefficients will
decrease. Therefore the angular correlation function W(0)
becomes

W(©O) = 1+ ATY(8)G, Py(cos) + ATV (8)G 4 Py(cosh),
3)

where G, and G4 are the preceding attenuation factors, defined
as

AR ©)

=k 7 4
A;{heory(a) ( )

The Ay can be calculated for various values of the
mixing ratio, §, with the Wigner 3-j and 6-j coefficients,
as outlined and tabulated in Refs. [5,6]. With these theoretical
values, the attenuation factor Gy is found by measuring A;"
and then using Eq. (4). The g factor of the state can be extracted
by solving Egs. (1) and (2) as

g= —h—¢- )
N BuFT

It is worth noting that ¢, proportional to the product g Byrt,
needs to be within certain limits for the present method to be
applicable. If ¢ is very small, the angular correlation will not be
attenuated; if ¢ is quite large, then the Gs will approach their
asymptotic limits of G, = 1/5 and G4 = 1/9, respectively, as
indicated in Eq. (1), with no useful information for the g-factor
measurements.

In iron, hyperfine fields are of an order between 10 and
100 T, and typically, g factors for states with lifetimes between
a few hundred picoseconds and a few nanoseconds can be
measured by IPAC with the source/foil arrangement used in
this article. For the excited states with a very short lifetime,
but still longer than the stopping time, it is assumed that
the angular correlations will not be perturbed and that no
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attenuation will be observed. To obtain the nuclear g factor
from the angular correlation attenuation, the hyperfine field
needs to be known. Our previous reports on this method [7-9]
showed that the hyperfine fields were not aligned and that no
significant electric fields were generated by radiation damage
in the foils. The compilation by Rao [10] is a useful, though
somewhat outdated, source of the Byp values. The adopted
values for this article will be discussed in the next section.

Because only ¢? can be obtained from Eq. (1), our method
can measure the magnitude, but not the sign, of the g factor.
Because of the extremely high statistics of our experimental
data, some additional coincidence gates can be applied to the
angular correlation of interest for better selectivity. In this
article, it is not necessary to use additional gates in some
cases because the y-y coincidence spectrum is relatively clean
for transitions of energies >1MeV. Moreover, most of the
correlations here are unattenuated because of large transition
energies for the N = 83 isotones.

More details about this method, in particular regarding the
solid-angle correction, binning of the data, and relative detector
efficiencies at Gammasphere, can be found in Ref. [1].

III. RESULTS

Figure 1 shows the partial level schemes of '3°Te, 31,
137Xe, and '38Cs, where data are taken from Refs. [2,11-16]
and the present work. The spins and parities given to some
of the states are determined by the angular correlations
measured here. The details of the assignments for levels and
the measurement of the g factor of the 15/2~ state in '37Xe
will be discussed later. The results of the angular correlations
in the present work are summarized in Table .

For ’Te, the measured A, and A4 for the 325.0 —
1180.3keV cascade are 0.097(6) and 0.007(9), respectively,
which are obtained from the angular correlation shown in
Fig.2. The A, and A4 here are consistent with the theoretical
values 0.102 and 0.009 for a pure quadrupole — quadrupole
cascade. Because of the yrast feature and high spin character
of the 1180.3 and 1505.3 keV levels, these two transitions are
of E2 character. Then, with the known spin and parity of the

FIG. 1. Partial level scheme of '»Te, '*I,
137Xe, and *8Cs with spins and parities assigned
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TABLE 1. Angular correlations measured in the present work. A

theory
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and Azhemy of y-y angular correlations for a pure quadrupole-

quadrupole cascade are indicated. The additional gates used for better selectivity are listed as well.

Nucleus  Cascade (keV) Spin sequence AP, AP ATV Al Additional gates (keV)
135Te 325.0 — 1180.3 15/2= - 1127 - 7/2~ 0.097(6), 0.007(9) 0.102, 0.009 None
1361 260.7 — 1111.8 11" =9 =7 0.101(6), 0.009(10) 0.102, 0.009 None
37Xe 4001 — 1220.2 15/2= = 1127 = 7/2~ 0.103(5), 0.012(8) 0.102,0.009  314.2,1046.6,311.7, 1091.5,
240.8, 422.3, 150.4, 236.6
314.2 — 400.1 19/27 — 15/27 — 11/2~ 0.072(7), 0.014(10) 0.102, 0.009 None
311.7 - 1046.6  27/27 — 23/27 — 19/2~ 0.091(13), 0.009(19) 0.102, 0.009 1200.2, 400.1, 314.2, 1091.5,
304.9, 240.8, 150.4, 236.6
138Cs 185.5 — 1156.9 100 -9 - 7° —0.076(23), —0.007(34) —0.071, 0.0 174.5,236.0, 84.7, 895.5,

137.3,222.0

ground state as 7/27, the spins and parities of the 1180.3
and 1505.3keV levels are assigned as 11/27 and 15/27,
respectively, which agrees with the previous shell-model
predictions [11,12,17].

For 13T, the measured A, and A4 for the
260.7 — 1111.8keV cascade are 0.101(6) and 0.009(10),
respectively, which are obtained from the angular correlation
shown in Fig.3. The A, and A4 values here are consistent
with the theoretical ones of A, = 0.102 and A4 = 0.009 for
a pure quadrupole — quadrupole cascade. Because the high
spin states in 13T were proposed to be built on the 7~ isomeric
state [11,13], 97 and 11~ are assigned to the X + 1111.8
and X + 1372.5keV levels, respectively, which confirms the
previously calculated results in the shell-model frame [11,17].

For ¥7Xe, the measured A, and A, for the 400.1 —
1220.2keV cascade are 0.103(5) and 0.012(8), respectively,
which are obtained from the angular correlation shown in

Fig.4. These values are consistent with Atzheory = 0.102 and

A = 0.009 for a pure quadrupole — quadrupole cascade,

which indicates that the 15/27 — 11/27 — 7/27 cascade is
unattenuated. However, an attenuation seems to occur in the
angular correlation of the 314.2 — 400.1 keV cascade, as pre-
sented in Fig. 5, because the spin-parity sequence of 19/27 —
15/27 — 11/2~ was firmly assigned to this cascade in exper-
iment [14] and theory [17], and the multipolarities of these two
transitions were determined as E2 [14]. To extract the g factor
from the attenuation, the hyperfine field acting on the nucleus
and the lifetime of the state must be known. The comprehensive
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FIG. 2. Angular correlation for the 325.0 — 1180.3 keV cascade
in 1%Te.

hyperfine field compilation in Ref. [10] provides a wide range
of fields for Xe in the iron host for samples with different prepa-
ration methods and at different temperatures. As was discussed
in our previous article [8], we adopt the Byp(Xe) value as 73(8)
T given in Ref. [10]. The g factors in heavier Xe isotopes
extracted using Byr(Xe) = 73(8) T were predicted by Inter-
acting Boson Model-2 (IBM-2) very well in Ref. [8]. There
is no measured value of the lifetime of the 15/2~ level. As in
our previous article regarding the g factor of the 15/2% state in
1351 [7], shell-model calculations are used to obtain the lifetime
of the 15/2~ state in '*7Xe. The lifetime of the 15/2 state is
calculated to be 0.6 ns. The details of the calculations will be
presented in the following section. Thus, with the measured
attenuation factor G, = 0.71(7), the g factor of the 15/2~ state
in 137Xe is obtained as 0.26(5) using Egs. (1) and (5).

For the spin-parity assignment of the 2981.1 keV level in
137X e, one can use the correlation of the 1046.6 — 314.2keV
cascade because the multipolarity of the 314.2 keV transition is
known to be E2 [14]. However, the 1934.5keV (19/27) level
has a lifetime of 11.7(6) ns [18], which makes the angular
correlation of the 1046.6 — 314.2keV cascade heavily atten-
uated. Then we choose the 311.7 — 1046.6keV cascade and
measure the correlation between these two transitions to de-
termine the multipolarity of the 1046.6 keV transition because
the 311.7 keV transition is known to have an E2 character from
linear polarization measurements [14]. The correlation shown
inFig. 6 gives the A, and A4 values as 0.091(13) and 0.009(19),
respectively. These values are in good agreement with theory
for a pure quadrupole — quadrupole cascade. On the basis
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FIG. 3. Angular correlation for the 260.7 — 1111.8 keV cascade
in 3],
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FIG. 4. Angular correlation for the 400.1 — 1220.2keV cascade
in '¥Xe. No attenuation is observed.

of the E2 311.7keV transition and the yrast 1046.6 keV
transition, we conclude that the 1046.6 keV transition is of E£2
character as well. Thus 23/27 is assigned to the 2981.1 keV
level, populating the 19/27 level of energy at 1934.5keV.
We are also able to assign 27/27 to the 3292.8keV level
according the preceding discussion. The assignments of 23 /2~
to the 2981.1keV level and 27/27 to the 3292.8 keV level are
consistent with the previous tentative experimental results [14]
as well as theoretical prediction [17].

For 38Cs, Li et al. [15] measured the angular correlation for
the 1156.9 — 174.5keV cascade, using the same method as
in the present work, tobe A, = —0.07(1) and A4 = —0.02(2),
which is consistent with theoretical A, and A4 values for a
pure quadrupole — pure dipole (9~ — 7 — 67) cascade,
as predicted by shell-model calculations [15]. However, the
angular correlation results cannot exclude some quadrupole
mixing. Here the correlation of the 185.5 — 1156.9 keV cas-
cade is obtained as A, = —0.076(23) and A4, = —0.007(34)
in Fig.7. With the known multipolarity of the 1156.9keV
transition (E2), the multipolarity of the 185.5keV transition
is assigned mainly M1 because this result agrees very well
with shell-model calculations in Refs. [15,16] and the present
calculation that predicts the spin and parity of the 1596.8 keV
level tobe 10~. E'1 assignment is not excluded experimentally,
but it disagrees with the theory.

IV. SHELL-MODEL INTERPRETATION

In this section, we shall give a shell-model interpretation
of the level schemes of the N = 83 isotones observed in
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FIG. 5. Angular correlation for the 314.2 — 400.1keV cascade
in '¥Xe. An attenuation is observed.
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FIG. 6. Angular correlation for the 311.7 — 1046.6 keV cascade
in ¥"Xe.

the present experiment. The levels of '*>Te, 1361, ¥7Xe, and
138Cs shown in Fig. 1 will be discussed, focusing attention
on changes in the wave functions induced by the valence
neutron beyond N =82 as well as by the increase in
the number of protons. To investigate this issue, we also
discuss the level schemes of the corresponding N = 82
nuclei.

As in previous calculations, the valence neutron is assumed
to occupy the six levels 1 f7,2, 2p3/2, Ohos2, 2p1/2, 1 f5/2, and
0i13/, of the 82—-126 shell, while for protons, the model space
includes the five levels 0g7/2, 1ds/2, 1d3/2, 2512, and Ohyy 2 of
the 5082 shell.

The Hamiltonian, which is the same as that of the previous
shell-model studies on '32Sn neighbors by the Napoli group
[19-22], contains a two-body effective interaction derived
from the CD-Bonn nucleon-nucleon potential [23]. The
strong short-range repulsion of the latter is renormalized
by constructing a smooth low-momentum potential Vjgy-¢
[24], that is, it is used directly as input for the calcula-
tion of the effective interaction within the framework of
the O-box folded-diagram expansion [25]. Details on the
derivation of the two-body effective interaction as well as
on the adopted single-proton and single-neutron energies
can be found in Refs. [19,21], respectively. The shell-model
calculations have been performed using the OXBASH computer
code [26].

The experimental and calculated levels of '*>Te and '*"Xe
are compared in Fig. 8, where we also report their parent states
in 3*Te and 36 Xe. With respect to the levels of Fig. 1, we have

19 | E:1855-1156.9
> 18} +  A2=-0.076(23)
2 17f x A4=-0.007(34)
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S 14f
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FIG. 7. Angular correlation for the 185.5 — 1156.9keV cascade
in 138Cs.
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FIG. 8. Experimental and theoretical level schemes in '**Te, '*3Te, 13Xe, and '3’ Xe. Data are taken from Refs. [2,11,12,14,27,28] and the

present work.

added the second 19/2 state to '3°Te and the second 19/2~
and 23/2~ states to 3"Xe [12,14].

We start discussion by noting the close correspondence
between the level structures of '3*Te and '*Te. As a matter
of fact, from our calculation, it turns out that the states of
135Te result essentially from the maximum spin alignment of
an fy,, neutron with the 0T, 2+, 47, 6/, 61, and 9~ states
of 13*Te, which are all dominated by a single configuration.
More precisely, the lowest four states of '**Te arise from the
(g7 /2)2 configuration, while the 6; and 9~ states arise from
the wg72ds/> and 7w g7,2h 11,2 configurations, respectively. The
different natures of the two 6% states are confirmed by the
different values of the measured half-lives': 164.1(9) ns for
the first and an upper limit of 16 ps for the second. Our
calculated values, 185 ns and 2 ps, are in good agreement
with experimental values. As for the 19/27 states, which are
found to preserve the proton structure of the two 67 states,
only the half-life of the lowest one has been measured, and
its value is 0.511(20) us—rather close to that of the first 6
state. The calculated half-life, 0.595 us, compares well with
the experimental value. For the second 19/2~ state, a value
on the order of a picosecond is predicted, which is consistent
with the half-life of the second 6™ state. The E2 transition
rates have been calculated using effective proton and neutron
charges of 1.55¢ and 0.7e [29], while the M1 transition rates
were calculated with an effective M 1 operator, which accounts
for core-polarization effects [29]. The y-ray energies were
taken from experiment.

It is worth mentioning that the presence of an additional
neutron in '3>Te favors configuration mixing. In fact, we find

'Data extracted using the National Nuclear Data Center Online Data
Service from the Evaluated Structure Data Files database; file revised
as of October 1, 2009.

that the wave functions of the states in '3*Te have a percentage
of dominant configuration ranging from 80% to 100%, while
these limits become 74% and 82% for '3 Te.

As regards the agreement between experimental and calcu-
lated excitation energies, we find that the energies of '3*Te are
very well reproduced, while for '¥Te, we predict a slightly
expanded spectrum with a somewhat larger discrepancy for
the 25/27" state.

136Xe and '*"Xe have an additional pair of protons with
respect to the Te isotopes discussed earlier. This is reflected in
136Xe by the presence of seniority-four states just above the
second 67 state. These 87, 87, and 107 states arise mainly from
the 7(g7/2)*, 7(g7/2)*ds )2, and 7 (g7/2)*(ds2)* configurations,
respectively, with a percentage of minor components less than
9%. The structures of the lowest five states in '3°Xe are quite
similar to those of the corresponding states in '3*Te, with
two additional protons in the g7/, level. However, the wave
functions of the '3 Xe states have greater configuration mixing,
the percentage of the dominant component ranging from 55%
to 79%.

As was the case for ' Te, we find that each level of 13"Xe
in Fig. 8 results from the maximum spin alignment of an f7,,

TABLE II. Wave functions of the two 67 states in '3*Xe and the
two 19/2% states in *"Xe (components with a percentage smaller
than 10% are omitted).

Nucleus J Configuration Probability
136X€ 6_1'— T[(g7/2)4 77
6; 77(87/2)3d5/2 79
.G (%+)1 7(g12) v fr)2 30
7T(87/2)3d5/2vf7/2 44
(%+)2 77(87/2)4Vf7/2 38
7 (g72)°ds v fr)2 36
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FIG. 9. Experimental and theoretical level schemes in %1, 1361, 137Cs, and '3¥Cs. Data are taken from Refs. [11,13,15,16,27,28] and the

present work.

neutron and a '3Xe state, although here configuration mixing
plays a more prominent role. This is particularly true for the
two 19/27 and two 23/27 states. As an example, in Table II,
we report the calculated wave functions of the two 19/27 states
together with those of the two 67 states in '*Xe. We see that
neither of the two states in '3’ Xe preserves the simple proton
structure of the 61 states, but they are both strongly mixed.
The measured half-lives are consistent with these findings.
The value measured [18] for the first 19/2~ state, 8.1(4) ns,
is indeed different from the half-lives of the first and second
6" states, which are 2.95(9) us and <50 ps, respectively. No
experimental value is available for the second 19/27 state.
It is worth mentioning that our calculated half-lives for the
61 states in 13°Xe states are 1 us and 13 ps, in agreement
with experimental values. On the other hand, our value for
the first 19/27 state is an order of magnitude larger than
the experimental value. However, assuming that the predicted
ordering of the two 19/27 states is not correct, the second
calculated state would correspond to the first observed state
with a calculated half-life of 7 ns which is quite close to the
experimental value.

The calculated value of the g factor for the 15/27 state
in 37Xe, which has been measured for the first time in this
article, is +0.31, which agrees very well with the measured
value |g| = 0.26(5).

In Fig.9, we show the calculated and experimental level
schemes of 13T and !38Cs, together with those of the two
corresponding N = 82 isotones. Note that for '3°T and !*8Cs,
the spectra are not relative to the ground states but rather
to the 7~ and 6~ isomeric states, respectively. It should be
mentioned that some of the theoretical results for 3T have been
discussed in a recent article [30] by the Napoli group. There
we focused on low-spin states with J” = 0™—7~ in connection
with the evolution of the 7 g7/2Vf7/» proton-neutron multiplet,
while here we confine ourselves to states populated in this
experiment.

It turns out that the 7, 9—, and 11~ states of !3°1
are dominated by the m(g; /2)3 vf7/2 configuration with a
percentage from 71% to 81%, while the 12~ state arises (99%)
from the n(g7/2)2d5 /2Vf7,2 configuration. They all have the
maximum J resulting from the coupling of an f7,, neutron to
the 7/2%, 11/2%, 15/2%, and 17/27 states of '*°L.

As for 1¥7133Cs, they have been the subject of our study
in Ref. [15], where high-spin-level energies were measured
and compared with results of a shell-model calculation using
the same Hamiltonian as in this article. Therefore we only
focus here on a few points relevant to our discussion. Unlike
1361, the y cascade in '38Cs starts from the 11~ state rather
than the 127 state. Actually, as shown in Fig. 9, the 127 yrast
state in *®Cs has been located [15] at about 100keV above
the 11~ state, and the calculated 127 energy is in very good
agreement with the experimental value. The 11~ state decays to
the 10~ state, which arises from the maximum spin alignment
of an f7,, neutron and the yrast 13/2% state in 137Cs. The
latter, which is still missing in the experimental spectrum, is
predicted at 1.95 MeV excitation energy with a wave function
composed mainly of the 7 (g7,2)*ds > configuration. It is worth
mentioning that in '*°I, we find a 10~ state that does not have
an experimental counterpart; rather, it is only a few tens of
kilo-electron-volts above the 11~ state. We calculate for the
probability of the E2 transition 12~ — 107, a value that is
more than 2 orders of magnitude smaller than the value of the
M1 + E2 transition 127 — 11~

Finally, we see that the two y cascades in '*°I and '*3Cs
end in two different isomeric states. For 13°1, the position of
the 6~ state is unknown and the position of the 7~ state with
respect to the ground state is still controversial [31,32]. The
nonobservation of the 6~ state in this experiment may imply
that it lies either above the 7~ state or very close to it. Our
calculations support the second alternative, which says that
the 6~ state is predicted at 30 keV below the 7~ state.

V. CONCLUSION

The knowledge of g factors in isotopes with several
nucleons outside the doubly magic core '*?Sn is extended in
this article with the first measurement of the g factor of the
15/2~ state in '3"Xe. Our result is in good agreement with
shell-model calculations. On the basis of observed angular
correlations, spins and parities are assigned to several levels
in the N = 83 isotones ' Te, 13°I, 137Xe, and 38Cs. These
assignments are in agreement with the previous experimental
results and shell-model predictions.
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