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The level structures of 3%132Xe were studied with the inelastic neutron scattering reaction fol-
lowed by v-ray detection. Level lifetimes were measured using the Doppler-shift attenuation method
and low-lying excited states in these nuclei were characterized. With a focus on the decay properties
of the 0T states, these nuclei were examined as representations of the E(5) critical-point symmetry.

PACS numbers: 21.10.Tg, 23.20.Lv, 23.20.Gq, 25.40.Fq, 27.60.4j

I. INTRODUCTION

Some isotopic chains span a region which exhibits a
gradual transition in structure. For example, the stable
Xe nuclei appear to be ~y-soft rotors for the lighter-mass
isotopes, while 13¢Xe at a closed neutron shell (N=82)
appears more spherical in nature. As shown in Fig. 1,
predictable patterns emerge at the closed neutron shell
with the energy of the first excited state at a maximum,
as well as the ratio F(4])/FE(2]) at a minimum, but
otherwise the values exhibit gradual change with neu-
tron number. The maximum in the B(E2;2f — 07)
value occurs as expected at mid-shell with a minimum at
or near closed shell, but to characterize the transitional
region between requires more detailed spectroscopic in-
formation. By studying this isotopic chain, the structures
of these nuclei should lend insight into the nature of the
transition which occurs.

Transitional nuclei have proven difficult to describe by
conventional nuclear structure models; however, a possi-
ble interpretation is to depict such nuclei as undergoing
a phase transition. Tachello [2] proposed that a critical
point may exist in such a transition, similar to that exhib-
ited by matter undergoing a phase transition. The E(5)
symmetry corresponds to a system undergoing a second-
order phase transition. In nuclei, this symmetry may be
used to describe the critical point of the transition from
spherical vibrator to y-soft rotor. Within the dynamical
symmetries of the IBM, E(5) represents the critical point
between the U(5) and O(6) symmetries. The predictions
given in Ref. [2] are only applicable to the infinite-N
limit of the IBM, but calculations to obtain E(5) predic-
tions for finite boson number are possible, such as those
presented in Ref. [3].

The predictions for the E(5) decay scheme are shown
in Fig. 2. The £ quantum number labels major fami-
lies, and 7 labels the phonon-like structure within each
family. An experimental candidate for an E(5) nucleus,
134Ba, was proposed by Casten and Zamfir [3]. Although
absolute transition probabilities were not available for a
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FIG. 1. (Color online.) Properties of the xenon isotopes.

Panel a) shows the energy of the 2 state, £(2]), vs. neutron
number, panel b) displays E(4])/FE(2]) vs. neutron number
and panel c) exhibits B(E2;2] — 0f) vs. neutron number.
Data are taken from Ref. [1].

full comparison with the calculations, their conclusion
was that “134Ba is close to exemplifying E(5) symmetry”
[3]. To date, no better example of the E(5) critical-point
symmetry has emerged.

Clark et al. [4] embarked on a systematic pursuit of
possible E(5) candidates, and conducted a search through
the ENSDF database [1] for nuclei possessing E(5) char-
acteristics. The first level of the search was in mass re-
gions known to contain transitional nuclei, 30 < Z < 82
and A > 60, with 2.00 < E(4])/E(2]) < 2.40, which
produced over 70 candidates. The second requirement
applied was the existence of two excited 0T states within
2.5 and 4.5 times F(2]). After application of these cri-
teria, only six nuclei remained: 192Pd, 106:108Cq, 124Te,
128Xe, and ¥*Ba. Upon comparing the available data
with the remaining criteria concerning the decays of the
excited 07 states, only '?8Xe and '3*Ba were deemed vi-
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FIG. 2. (Color online.) Lowest portion of the theoretical level scheme for the E(5) critical-point symmetry. Energies are given
relative to E(2]) and B(E2)s are given relative to B(FE2;2] — 07). From Ref. [2].

able candidates. As '3*Ba had already been proposed by
Casten and Zamfir [3], ?®Xe was the lone surviving new
E(5) candidate.

In 2009, Coquard et al. [5] reported the results of their
study of 128Xe by Coulomb excitation in inverse kinemat-
ics. Detailed spectroscopic information was obtained, in-
cluding B(E2) values for many transitions. Focussing
on the relative energies of the excited 07 states and the
absolute B(E2) values for their decays, they concluded
that '?®Xe does not embody an E(5) nucleus and sug-
gested that 13°Xe may rather be a better candidate [5].
However, Coulomb excitation measurements on 3%132Xe
published by the same group did not include an evalua-
tion of the E(5) character of these isotopes [6], presum-
ably because in neither nucleus were the excited 0% states
significantly populated.

Inelastic neutron scattering (INS) can be utilized to
non-selectively populate low-spin states and lifetimes
can be determined with the Doppler-shift attenuation
method (DSAM), i.e., B(E2)s can be determined for
non-yrast states. Therefore, the (n,n'y) reaction was
used to probe the level structures of 13%132Xe, and infor-
mation was obtained in the current work which allowed
comparisons of these nuclei with the E(5) predictions.

II. EXPERIMENTS

As xenon is gaseous under ambient conditions, previ-
ous scattering experiments to study the Xe isotopes have
required the use of high-pressure gas or cryogenic targets,
which create a host of difficulties, or experiments were
performed with xenon projectiles in inverse kinematics.
For the INS measurements, highly enriched (>99.9%)
xenon gas was converted to solid XeF,. XeFs was pre-
pared by a photochemical [7] or a thermal [8] reaction
of F5 and Xe gases in excess Xe; an excess of Xe gas
is required in order to ensure only the difluoride is pro-
duced rather than the tetrafluoride and hexafluoride as
well. From the syntheses, 6.80 g of '3°XeF; and 9.89 g
of 132XeF, were obtained. Because XeF, is an excellent
fluorinating agent, the samples were placed in polyte-
trafluoroethylene (PTFE) vials to prevent chemical re-
actions with their containers. XeFs is also unstable in
air and reactive with moisture, thus the vials were filled
under an argon atmosphere, sealed with PTFE tape, and
stored in an argon-filled dessicator. To date, this work is
the only known implementation of highly enriched solid
xenon targets in scattering experiments.

The inelastic neutron scattering, (n,n’y), measure-
ments were performed at the University of Kentucky Ac-
celerator Laboratory (UKAL). Neutrons were produced
by bombarding tritium gas with protons from a 7-MV
single-stage Van de Graaff accelerator. The resulting



nearly monoenergetic neutrons from the *H(p,n)*He re-
action were scattered from the xenon difluoride samples
and the emitted ~ rays were detected by an ~50% HPGe
detector surrounded by an annular BGO detector for ac-
tive Compton suppression. The pulsed and bunched pro-
ton beam (~1-ns pulse every 533 ns) allowed time-of-
flight gating for further background reduction. A BFj
long counter, as well as an NE213 scintillator were used
as monitors of the neutron flux for normalization. By
varying the incident neutron energy in 100-keV steps
and observing the vy-ray yields, excitation functions were
obtained. Angular distribution measurements were per-
formed by varying the detection angle from 40° to 150°
with incident neutron energies of 2.0 and 2.5 MeV for
130Xe, and 2.2 and 2.7 MeV for 32Xe.

A detailed description of the Doppler-shift attenuation
method (DSAM) following inelastic neutron scattering
(INS) is given in Ref. [9]. The DSAM-INS measure-
ments rely on careful determinations of y-ray energy as
a function of detection angle. From this information, the
attenuation factor, F'(r), which describes the decelera-
tion and stopping process of the recoiling nucleus within
the material, may be extracted from:

E,(0) = Eo |1+ F(1) Yem: s , (1)
c

where E.(0) is the y-ray energy as a function of the an-
gle of detection with respect to the direction of the in-
cident neutrons, Ey is the energy of the v ray emitted
by the nucleus at rest, v ,,. is the center-of-mass veloc-
ity of the recoiling nucleus, and ¢ is the speed of light.
The F(7) values are calculated theoretically as a function
of lifetime with the Winterbon formalism [10] describing
the stopping process of the recoiling nucleus within the
material. The recoil energies are on the order of tens
of keV, where the nuclear contribution to the stopping
power dominates over the electronic component. It is also
assumed that Bragg’s rule [11] is valid, i.e., the stopping
powers for a compound are given by the sum of those
for the individual elements in their stoichiometric ratios.
From a comparison of the experimental F(7) values with
the theoretical values, the corresponding lifetimes may
be determined.

III. RESULTS

The data for the levels and transitions pertinent to the
E(5) description are given in Tables I and II for 13°Xe and
132X e, respectively.

A. Excited 01 states in *3°Xe

As noted previously [4, 5], the lowest excited 07 states
play a crucial role in the E(5) picture, so special atten-
tion was paid to characterizing these excitations. From
thermal neutron capture data, a level at 1590 keV was

proposed as the first excited 07 state of 13°Xe by Hamada
et al. [15]. In the present INS measurements, however,
no evidence of the decays of this level was found and we
refute its existence.

The v rays from the 1792.8-keV level are observed at
the expected energy threshold, and the data are in agree-
ment with the J* = 0" assignment. The strength of the
670.6-keV transition plays a large role in the description
of 130Xe as an E(5) nucleus. The branchings for the two
rays from this level have been previously determined only
by Hopke et al. from S decay [16]; however, the uncer-
tainties are large, i.e., 0.14(7) and 0.86(17) for the 670.6-
and 1256.7-keV branches, respectively. A recent study
of 139Cs decay was performed by Betterman et al. [17],
but unfortunately, they did not report values for these
branchings.

In order to determine the strength of the 670.6-keV
transition, the lifetime of the 1792.8-keV level and the
branching ratio of the 05 — 2] transition must be de-
termined. The measurement of each of these quantities
suffers some difficulties in our experiments. As the 670.6-
keV v ray is in the tail of the 668.6-keV ~ ray from the
41” — 21” transition, which is much more intense at all in-
cident neutron energies, determining the intensity of this
~ ray is difficult. To address this problem, we measured
spectra with 2.0-MeV neutrons and with 1.7-MeV neu-
trons. At the lower energy, which is below the threshold
for population of the 1792.8-keV level, only the 668.6-
keV ~ ray is observed and the peak-fitting parameters for
this v ray can be determined for analysis of the doublet
in the spectrum taken at the higher energy. In addition,
the scaled 668.6-keV v ray could be subtracted from the
higher-energy spectrum so that only the 670.6-keV v ray
remained. Both approaches provided vy-ray intensities in
good agreement.

The 1256.7-keV 7 ray from the 05 — 2] transition
was used to determine the lifetime of the 05 level, but
it is adjacent to a 1261.6-keV Doppler-broadened peak
from 'F, which is present in the scattering sample as
well as the PTFE container. At forward angles, these
rays are resolved, but at backward angles the peak from
9F moves over the 1256.7-keV v ray (see Fig. 3). Life-
time determinations were performed at incident neutron
energies of 2.0 and 2.5 MeV, with the lower energy pro-
viding more reliable data. Useful spectra for the lifetime
determination were obtained at angles between 40° and
102° (see Fig. 4); however, the lifetime obtained exhibits
large uncertainties, as does the B(E2) value.

The assignment of the 2016-keV level in 3°Xe has been
the source of considerable confusion. The 07 spin as-
signment originated from the observation of an E0 tran-
sition from the level to the ground state following the
B decay of 139Cs [18]. Additional evidence support-
ing this assignment can be found in the recently pub-
lished 132Xe(p,t)!3°Xe reaction data, showing population
of an [=0 state at 2017 keV [19]. Complexity in this as-
signment arises, however, from two other measurements.
Data from the 28Te(®He,n)**"Xe transfer reaction indi-



TABLE I. Levels, transitions, initial spins and parities, final spins and parities, branching ratios, average experimental attenu-
ation factors, lifetimes, multipole mixing ratios, and reduced transition probabilities for *°Xe. Energies are in keV, lifetimes

are in fs, and B(E2) values are in W.u.

Elevel E, JT J7 B.R. F(r) T ) B(E?2)
536.068(6)" 536.066(6)" 2F 0f 1 14200(1100)° E2 33.2(26)°
1122.14(2) 586.07(1) 27 2 0.858(4) 6100(1100)° 44112 40720

-0.160718 1.06152
1122.13(5) 24 of 0.142(4) E2 0.271%
1204.66(2) 668.59(1) 4f 2 1 3380(340)° E2 46.4(46)%
1632.62(3) 427.96(3) 37 4 0.056(7)" 0.049(32) 130072500 © 3.0115 5705
+17 +25
0.51717 1372
510.51(10) 37 27 0.572(28)* < 2707
1096.64(10)° 3F 2f  0.372(20)° 0.61114S © 1.073°
1792.75(6) 670.6(1) 0F 27 0.216(44)7  0.187(84)" 2901370 " E2 1201 15°
1256.7(1)" 03 2f 0.78(16)¢ E2 18717
1808.22(2) 603.55(4) 4 45 0.184(6) 0.067(54) 9g8(+4430 2.4+13 42138
-0.37118 6158
—20 —6
686.09(2) 45 25 0.491(7) E2 69152
_ 1272.15(5) 45 2 0.324(7) E2 2.17%
1944.140(12)*" 739.512(10)" 67 @ 4f 1 1370(180)° E2 69(9)¢
2016.22(10) 894.08(10) 0F 27 1 0.094(54) 6707530 E2 55137
2017.91(3) 1481.84(2) 2t 2f 0.974(9)* 0.154(36) 3801520 2.95+30 6.7778
-0.068737 0.034%5}
2017.8(2)% 2t 0F 0.026(9)* E2 0.04313}

@ From Ref. [12]

® From Ref. [13]

¢ Calculated using data in Ref. [6]

4 From Ref. [6]

¢ Determined from the 1096.6-keV ~ ray, which has a contaminant from a known background « ray which does not exhibit
a Doppler shift

¥ Only upper limits could be determined due to contamination of the 510.5-keV ~ ray from the 511-keV annihilation
radiation. This value was calculated assuming pure E2 multipolarity.

9 The branching ratios for the 1256.7-keV and 670.6-keV ~ rays were determined from the 102° spectrum where the
contaminations from a « ray from '°F at angles > 102° for the 1256.7-keV + ray and from a known background ~ ray from

53Cu(n,n'y) at angles < 90° for the 670.6-keV ~ ray were minimized.
}_L Determined using only the 1256.7-keV ~ ray at angles < 102° due to contaminations described in 7
* Information for this level could not be obtained from the current measurements due to contamination of the 739.5-keV

ray from known "2Ge(n,v)™Ge background v ray.

7 Determined using only the 1481.8-keV ~ ray at angles > 90° due to contamination from a known background ~ ray from
65Cu(n7 n'y) at forward angles and the 2017.8-keV ~ ray being too weak to measure the angular distribution

* Determined by summing all of the angles > 90° in the 2.5-MeV angular distribution as the 2017.8-keV ~ ray is not present
in the single-angle spectra and the 1481.8-keV + ray is contaminated at angles < 90°

cated that both [=0 and [=2 states occur at an energy
of 2.13 + 0.10 MeV [20]. In addition, it was concluded
from recent Coulomb excitation measurements that the
level is a 27 state, based on the observation of a v ray
to the ground state [6]. In the present experiments,
we distinctly observe two separate levels: a 0T state at
2016.2 keV and a 2% state at 2017.9 keV. The angu-
lar distribution of the 1481.8-keV v-ray is anisotropic as
shown in Fig. 5, and it thus cannot originate from a
spin-0 state. The angular distribution of the 894.1-keV
~ ray is isotropic, however, and the measured vy-ray en-
ergies result in level energies that differ by 1.7 keV. We
also observe a 7 ray to the ground state, whose energy is
in agreement with the 2017.9-keV level. A comparison of
the relative v-ray cross section as a function of incident

neutron energy with statistical model calculations using
the code CINDY provides additional evidence for assign-
ing two separate levels with J™ = 0% and 2% as shown in
Figs. 6 and 7.

B. Excited 07 states in '32Xe

The 1948.2-keV level has been identified only in this
work, and a single 1280.5-keV « ray corresponding to a
transition to the 2{ state is placed. The isotropic angular
distribution of this = ray suggests a spin assignment of
J™ = 0T. A comparison of the relative v-ray cross section
as a function of incident neutron energy with statistical
model calculations using the code CINDY confirms this



TABLE II. Levels, transitions, initial spins and parities, final spins and parities, branching ratios, average experimental at-
tenuation factors, and lifetimes, multipole mixing ratios, and reduced transition probabilities for *>Xe. Energies are in keV,

lifetimes are in fs, and B(E2) values are in W.u.

Elever Ey JT J7 B.R. F(1) T ) B(E2)
667.715(2)° 667.714(2)° 27 0f 1 6680(440)° E2 23.0(15)°
1297.95(2) 630.23(1) 2F 2 0.944(2) 4400(620)* 3.15139 401472

1298.02(3) of 0.056(2) E2
1440.37(2) 772.65(1) 4t 2F 1 2600(200)* E2 28.6(23)"
1803.81(2) 363.44(5) 3F 4F 0.048(3) >10000 0.7123 <5
2.0718 <13
505.87(2) 25 0.574(14) 4.4413 < 34
1136.07(2) 2 0.378(13) 0.4597%% < 0.07
1948.20(4) 1280.48(3) 0F 27 1 0.044(32) 150013990 E2 4.0135
1962.98(3) 522.60(2) aF 4 0.879(6) 0.047(24) 15007156° -0.214+2 1412
1295.62(10) 2 0.121(6) E2 0.4572%
2167.35(8) 726.98(5) (6%) 4f 1 0.089(80) 70015500 E2 1407159
2169.25(5) 1501.53(3) 0 27 1 0.244(27) 225130 E2 11.9%7%
¢ From Ref. [14]
® From Ref. [13]
[ T T 1257.00
200f | 102°
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- |
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FIG. 3. (Color online.) Spectra from the 2.0-MeV angular
distribution for three angles for 13°Xe. The 1256.7-keV ~ ray
is obscured by a Doppler-broadened 1261.6-keV ~ ray from
9F at angles >102°.

spin assignment.

The 2169.2-keV level was previously assigned a spin-
parity of 1 or 2% [21]. We find evidence for only one of
the reported  rays from this level, the 1501.5-keV v ray
to the 2f state, which has an isotropic angular distribu-
tion. When compared with the CINDY calculations, the
excitation function does not agree with a spin of 1 or 27,
but rather supports 0. A ground-state  ray observed
in neutron capture at thermal energies and at a resonant
energy of 14.1 eV [15, 21] is reported in the NDS [14],
but no primary « ray was observed to this level, and it
was only assumed that the 2169-keV ~ ray represented a
transition to the ground state. This « ray is not observed
in our measurements.

FIG. 4. (Color online.) Doppler-shift of the 1256.7-keV ~ ray
from '*°Xe. The experimental F(7) value is 0.187(84), which

corresponds to a lifetime of 290737 fs.

IV. DISCUSSION

It has been noted [4, 5, 22] that the relative positions
of the lowest excited 07 states and their absolute B(E2)
values are the most sensitive features of the E(5) symme-
try. In fact, the arguments by Coquard et al. [5] against
128Xe as an E(5) candidate were based primarily on rel-
ative energies and the decay properties of the first two
excited 0 states. From the new information on excited
07T states obtained in this work, comparisons of the struc-
tures of 13%132Xe can be drawn with the predictions of
E(5) critical-point symmetry.

In the E(5) picture [2], the £ quantum number labels
major families, and 7 labels the phonon-like structure
within each family. The first excited 07 state is predicted
to have £ = 2 and 7 = 0 (frequently labeled as Ogr) and
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FIG. 5. (Color online.) Angular distribution of the 1481.8-
keV + ray from the 2017.9-keV level in *°Xe. The 1481.8-keV
~ ray is contaminated by a v ray from ®Cu background at
angles <90°, thus those data were not included in the analysis.
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FIG. 6. (Color online.) Relative experimental cross section
compared with statistical model calculations for the 2016.2-
keV level in 3°Xe. The data agree well with the calculation
for J© =0T.

exhibits an allowed decay to the 2f level, according to the
A7 = +1 selection rule for the E2 operator [2, 22]. The
second excited 07 state is predicted to arise as a three-
phonon (7 = 3) state within the £ = 1 family (labeled as
0}) with its allowed decay to the 23 level. The evolution
of these 07 states across the stable Xe isotopes has been
examined by Bonatsos et al. [22] and by Coquard et al.
[5].

As shown in Fig. 2, the O;r state should decay only
to the 2] state and the 05 state should decay only to
the 27 state. In 132Xe, both the 05 and the 03 states
decay only to the 2] state (see Table II), thus eliminat-
ing this nucleus from consideration as a representation of
the E(5) symmetry. In the case of 1**Xe, however, the al-
lowed decays are observed. A failing of the comparison,
however, is the observation of the forbidden O%r — 27
transition with a large B(FE2) strength, 12071:° W.u.,
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FIG. 7. (Color online.) Relative experimental cross section
compared with statistical model calculations for the 2017.9-
keV level in **Xe. The data agree well with the calculation
for J© = 2%,

where the large uncertainty of this value arises primarily
from the uncertainty of the lifetime. As described in the
previous section, we recognized the difficulties in obtain-
ing these values and performed additional measurements
to minimize the uncertainties. The formalism introduced
by Arias [23] allows for a weak decay from the 0] state
to the 23‘ state, but the observed decay strength is sig-
nificantly larger.

The structure of '3*Ba was also compared with E(5)
predictions from an IBM calculation for N=5 bosons [3].
This calculation reverses the energy order of the excited
0T states, such that the 05 state decays to the 2] state
and the 0] state decays to the 23 state, as is evident
for 134Ba. For '3°Xe, N=5 is also appropriate, yet the
reversal of the states is not observed.

Further problems with the E(5) comparison arise when
examining transfer reaction data. We noted earlier that
the 2017-keV 07 state in '3°Xe is populated strongly in
the (*He,n) two-proton transfer reaction [20] with 39% of
the population of the ground state, indicating that this
state has a complex structure. Similar 0T states have
been observed in the lighter even-mass Xe isotopes [24]
and have been interpreted as the main fragment of the
proton pairing vibrational band. We do not observe 2+
states which feed these 0 states to identify such struc-
tures in 13%:132Xe, but these v rays would be low-energy,
weak branches and would be difficult to observe in our
INS measurements.

V. CONCLUSIONS

Based on new information garnered from inelastic neu-
tron scattering data, 139Xe and !32Xe have been exam-
ined as possible representations of the E(5) critical-point
symmetry, using the properties of the first and second ex-
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FIG. 8. (Color online.) Lowest portion of the level scheme for '*°Xe in the same format as Fig. 2. Energies are given relative
to E(21) and B(E2)s are given relative to B(E2;2] — 07). Values in red were measured for the first time in this work.

cited 07 states as the basis for evaluation. In neither case
are the expectations of the E(5) symmetry fully realized;
decays that are forbidden in the E(5) description are ob-
served in both nuclei. While '*°Xe had been proposed as
the remaining “best” candidate for the E(5) symmetry
among the xenon isotopes [5], the additional informa-
tion obtained in the INS studies reveals that this is not

the case. It appears that none of the xenon isotopes are
clearcut representations of an E(5) critical-point nucleus.
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