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Measurement of picosecond lifetimes in neutron-rich Xe isotopes

S. Ilieva,""" Th. Kroll,! J.-M. Régis,> N. Saed-Samii,” A. Blanc,® A. M. Bruce,* L. M. Fraile,’ G. de France,® A.-L. Hartig,'
C. Henrich,' A. Ignatov,1 M. Jentschel,? J. Jolie,2 W. Korten,” U. Koster,? S. Lalkovski,*® R. Lozeva,’ H. Mach,S’T
N. Mirginean,'? P. Mutti,® V. Paziy,’ P. H. Regan,'""!> G. S. Simpson,'*'# T. Soldner,?> M. Thiirauf,' C. A. Ur,'® W. Urban, '3

and N. Warr?
Vnstitut fiir Kernphysik, Technische Universitit Darmstadt, Germany
2Institut fiir Kernphysik, Universitiit zu Kéln, Germany
3 Institut Laue-Langevin, Grenoble, France
4School of Computing, Engineering and Mathematics, University of Brighton, United Kingdom
SUniversidad Complutense, CEI Moncloa, Madrid, Spain
SGrand Accélérateur National d’lons Lourds, Caen, France
TCEA Saclay, France
8 Faculty of Physics, University of Sofia, Bulgaria
®Institut Pluridisciplinaire Hubert Curien and the University of Strasbourg, Strasbourg, France
YHoria Hulubei National Institute of Physics and Nuclear Engineering, Bucharest, Romania
" Department of Physics, University of Surrey, Guildford, United Kingdom
2 National Physical Laboratory, Teddington, Middlesex, TW11 OLW, United Kingdom
B University of the West of Scotland, Paisley, United Kingdom
“Laboratoire de physique subatomique et de cosmologie de Grenoble (LPSC), Grenoble, France
S Faculty of Physics, University of Warsaw, Warsaw, Poland
(Received 25 July 2016; published 1 September 2016)

Background: Lifetimes of nuclear excited states in fission fragments have been studied in the past following
isotope separation, thus giving access mainly to the fragments’ daughters and only to long-lived isomeric states
in the primary fragments. For the first time now, short-lived excited states in the primary fragments, produced
in neutron-induced prompt fission of **U and **'Pu, were studied within the EXILL&FATIMA campaign at the
intense neutron-beam facility of the Institute Laue-Langevin in Grenoble.

Purpose: We aim to investigate the quadrupole collective properties of neutron-rich even-even
isotopes lying between the double shell closure N = 82 and Z = 50 and a deformed region with octupole
collectivity.

Method: The y rays emitted from the excited fragments were detected with a mixed array consisting of § HPGe
EXOGAM Clover detectors (EXILL) and 16 LaBr;(Ce) fast scintillators (FATIMA). The detector system has
the unique ability to select the interesting fragment making use of the high resolution of the HPGe detectors
and determine subnanosecond lifetimes using the fast scintillators. For the analysis the generalized centroid

138,140,142)(e

difference method was used.
Results: We show that quadrupole collectivity increases smoothly with increasing neutron number above the
closed N = 82 neutron shell. Our measurements are complemented by state-of-the-art theory calculations based
on shell-model descriptions.
Conclusions: The observed smooth increase in quadrupole collectivity is similar to the evolution seen in the
measured masses of the xenon isotopic chain and is well reproduced by theory. This behavior is in contrast to

higher Z even-even nuclei where abrupt change in deformation occurs around N = 90.

DOI: 10.1103/PhysRevC.94.034302

I. INTRODUCTION

Many of the low-lying structures of even-even nuclei can
be described by collective degrees of freedom. The region
of neutron-rich nuclei above the closed shells Z = 50 and
N = 82 (**2Sn) is of particular interest as both quadrupole (re-
flection symmetric mode) and octupole (reflection asymmetric
mode) collective properties can be studied in the structure
of these nuclei [1-3]. The electromagnetic properties of the
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nuclei, like B(E2) transition strengths (linked to the wave
functions of the initial and final states) and g factors (related
to the microscopic structure of a single state), are good probes
for the degree of collectivity of nuclear excitations.
Single-particle and mean-field theoretical approaches can
be applied for nuclei in this mass region. For nuclei close to the
valley of stability, the T = 0 component of the proton-
neutron interaction results in similar deformation for protons
and neutrons and leads to an isoscalar 27 state [4]. Adding
more valence neutrons to these nuclei, the additional neutrons
might decouple from the core, resulting in a different deforma-
tion. The lowest spin-parity 2% state would have an isovector
admixture which lowers its energy while the B(E?2; O;S -2
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value which is dominated by the proton core remains nearly the
same. Studying the evolution of the B(E2; 0;5 — 27) values
with increasing neutron number gives insight on the onset of
quadrupole collectivity and deformation.

Octupole deformation in the ground state of atomic nuclei
is expected to occur at proton and neutron numbers close
to 56, 88, and 136 [5,6]. Manifestations of strong octupole
correlations were observed in the regions of heavy Xe and
Ba nuclei (Z & 56 and N =~ 88) [2,7]. Evidence for octupole
correlations also appears in the context of mass measurements.
The two-neutron separation energies, Sy,, for neutron-rich
xenon isotopes decrease rather smoothly with increasing
neutron number. That is in contrast to isotopic chains of heavier
elements where deformation sets in around N = 90 and S»,
values flatten. The inclusion of an octupole degree of freedom
in this region considerably improves the agreement between
measured and calculated masses [8].

Direct electro-magnetic transition rate and related excited
state lifetime measurements are an excellent tool to study the
collective nuclear properties. In this paper we focus on the
quadrupole collective properties of the neutron-rich even-even
xenon isotopes. The B(E2;0" — 2%)4 transition strength for
the excitation of the first 2™ state was previously determined
only in the '*°Xe isotope. The existing values B(E21) =
0.538(17) €*b* [2] and B(E21) = 0.335(7) €2b* [9] contradict
each other and the latter cannot be reproduced by theory.
Our study resolves this puzzle and the lifetimes determined
for other positive-parity states will also be presented and
discussed.

II. THE EXILL&FATIMA EXPERIMENT

The structure of fission fragments has been a subject of
many previous investigations (e.g., Ref. [10]). In most cases,
the decay products of the fragments were studied following an
isotope separation. The EXILL&FATIMA experiment is the
first prompt fission-fragment y-ray spectroscopy experiment
using the fast-timing technique. In former experiments, higher-
lying states in the fragments were studied using direct timing
with Ge detectors [11]. Due to the limited-timing performance
of Ge detectors, only lifetimes longer than several ns can
be measured. For shorter lifetimes in the ps to ns region,
the Recoil distance Doppler-shift method (plunger) was used
where y rays emitted in flight and at rest are detected and the
lifetime can be determined using the Doppler shift of the y
rays [12]. The y rays emitted in flight are Doppler broadened,
which results in broader peaks. Thus, this technique is limited
to studies of fission fragments with high production rate.
Spectroscopy of excited states and direct-timing measurements
were applied on the §-decay daughters of the fission fragments,
in which case mostly low-spin states were studied. In most
cases fast BaF, detectors were used (e.g., Ref. [2]) which
have inferior energy resolution as compared to the LaBr3;(Ce)
detectors used in our study, and therefore simple spectra with
only few transitions are required.

The EXILL&FATIMA experiment was performed at the
Institute Laue-Langevin (ILL) in Grenoble, which provides
the world highest flux of thermal- or cold-neutron beams from
its experimental reactor. The fission target was placed in the
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FIG. 1. CAD design of the EXILL&FATIMA spectrometer
equipped with (A) bismuth germanate Compton-suppressed EX-
OGAM Ge-clover detectors and (B) LaBr3(Ce)-scintillator detectors.
The target position is indicated with a star in the center of the array.
The neutron beam is in direction perpendicular to the plane of the
figure.

center of the EXILL&FATIMA detector array (Fig. 1). Two
different targets were used, 0.674 mg 23U and 0.3 mg *'Pu,
each of them sandwiched between two 24-pm-thick layers of
beryllium. The target surface was about 1 cm?. The fission was
induced by a cold-neutron beam with a flux ® ~ 10% n/(cm?s)
from the collimated neutron guide PF1B [13]. The fission of
these actinides gives access to exotic nuclei in the mass region
80 < A < 160.

The y rays were detected with the EXILL&FATIMA array
[14], which is a unique mixed array of HPGe and LaBr;(Ce)
detectors. The EXOGAM at ILL (EXILL) array comprised
eight Clover detectors with four HPGe crystals each. They
were placed in a ring at 90° with respect to the beam line.
The FATIMA detector array contained 16 LaBr3;(Ce) fast
scintillators, placed in two groups of eight detectors in forward
and backward directions, respectively. The LaBr;(Ce) crystals
were cylindrical with a diameter of 1.5 inches; 8 crystals had
length 1.5 inches and the other 8 crystals were 2 inches long.
The efficiencies of the EXILL and FATIMA arrays were 5%
and ~4% at 662 keV, respectively [14].

During the experiment triggerless time-stamped data were
recorded. The time stamping was done using synchronized
CAEN V1724 100-MHz digitizers [14]. Data were taken with
a rate of ~10-15 kHz per detector, which resulted in a very
large amount of data from the experiment (*12TB). To limit
the size of the data files, the data were stored in separate files,
each one corresponding to a measurement time of 5 min.

The first part of the calibration procedure was a detector
stability check. In the energy range of interest (up to 2
MeV), the Ge detectors were stable while the LaBr3(Ce)
detectors showed an amplitude drift with time (see Fig. 2).
This drift was caused by the high rate which heated the
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FIG. 2. Example of the drift of the amplitude of the LaBr;(Ce)
signals with time in one of the detectors from the measurements
with two different target materials. The time scale corresponds

approximately to 24 days of beam time. The energies of the transitions
in this example correspond to ~1.78 MeV and ~2.23 MeV.

photomultiplier tubes used to read out the scintillators leading
to a decrease in the signal amplitude. To correct for the
amplitude drift, the positions of several peaks in the spectra
obtained for each detector and each file were determined using
an automatic search algorithm. This algorithm failed for files
with low statistics (scattered points in Fig. 2); in this case the
peak positions had to be determined manually. Afterwards, a
reference spectrum was chosen and the positions of the lines
in the rest of the data files were aligned to the positions of the
lines in the reference spectrum. Recalibration functions were
determined for each detector and file and the amplitude gains
of the detectors were matched file by file. For the calibration
of the data with a 23U target a second-order polynomial and
for the data with a >*'Pu target a linear function was used.

The energy calibration of the Ge detectors was done using
a standard '>?Eu source. Due to the amplitude drift of the
LaBr3(Ce) signals, this measurement could not be used for
their energy calibration. For this purpose, strong lines in the
fission spectrum, after gain matching, were chosen and then
calibrated using the energies measured in the Ge detectors for
the same lines. The relative energy resolution of the FATIMA
array was 3.3% at 662 keV [14].

As a next step the data were sorted in events offline. For
the event building a 120-ns time window was used. The data
were analyzed with the SOCOv2 software developed at the
Institute of Nuclear Physics (IKP) in Cologne, Germany [15].
During the event building, events where pairs of neighboring
LaBr3(Ce) crystals fired were excluded as there were no means
of distinguishing real double hits from y rays Compton scat-
tered between neighboring crystals. Prompt y-ray cascades
in the nuclei of interest were selected from these events
using triple Ge-LaBr;(Ce)-LaBr3;(Ce) or quadruple Ge-Ge-
LaBr3;(Ce)-LaBr;(Ce) conditions. The energy resolution of
the Ge detectors allowed us to set precise energy gates in
order to select the cascade of interest in a particular nucleus.
This coincidence condition was necessary due to the large
amount of populated fission fragments. Alternatively, the Ge
selection gate could be placed on the ground-state transition
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of one of the complementary fission partners. This is not
of a big advantage as in this case only part of the statistics
for the nucleus of interest is selected although sometimes
cleaner spectra are obtained. The time difference between the
y rays feeding and decaying from a state could be directly
measured in a ps-to-ns range thanks to the time performance
of the LaBr3(Ce) scintillators. The measured full width at half
maximum (FWHM) of the timing response of the different
couples of scintillators was 210-300 ps for the °Co lines,
the differences mainly coming from the different sizes of the
crystals and also due to small variations in the Ce doping [14].

III. DETERMINATION OF THE LIFETIMES—THE
GENERALIZED CENTROID DIFFERENCE METHOD

The lifetimes of the excited states were determined using
the generalized centroid difference method (see J.-M. Régis
et al. [16] and references therein). This method provides two
independent delayed and antidelayed time spectra obtained as
a superposition of N(N — 1)/2 calibrated y -y time-difference
spectra of a fast-timing array consisting of N detectors. The
two time spectra correspond to forward and reverse gating
on a specific y-y cascade and the centroid difference of the
two time spectra provides a picosecond-sensitive and mirror-
symmetric observable of the whole fast-timing array.

The centroid of a time distribution generated as the time
difference between consecutive y rays, measured using a start
and stop y -ray detector, can be used to determine the lifetime of
the state connecting the two y rays. A delayed time distribution
D(t) is obtained when the feeding y ray is detected by the
start detector and the decay by the stop detector. When no
background is present, D(¢) is a convolution of the normalized
prompt response function of the setup P(¢) with an exponential
decay:

t
D(t) = ni / P —t)e ™ dr’, A=1/t (1)

—00

where n is the total number of detected y-y events, X is the
transition probability and t is the mean lifetime of the nuclear
state [16]. For lifetimes shorter than the FWHM of the prompt
response function, the lifetime of the state can no longer be
determined from the slope of the exponential decay, so instead

the centroid shift method [17] is used:

t=C" - Cl(E)), 2)

where CP is the centroid of the delayed time distribution and
C S’fop(E ») represents the energy-dependent zero time (centroid
of the PRF) related to the stop detector. The centroid or “center
of gravity” is given by:

_ [tD()dt
[ D()dt

_ JtPdr

and CP=<1—""—
[ P(t)dt

c? 3)
When the functions of the two detectors are interchanged (the
start is given by the decay y ray and, the stop by the y
ray feeding the state of interest) an antidelayed spectrum is

obtained and the lifetime of the state is given by:

t=CP (E,)—C"P. 4)
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The critical point for such a measurement is the determi-
nation of the prompt centroid as it is dependent on the timing
response of the setup, i.e., the time-walk characteristics T (E, ).
Within the mirror-symmetric centroid difference method [18]
it was shown that the centroid difference of a two-detector
system is mirror symmetric with respect to the energy
difference of the two y rays from the cascade. This mirror
symmetry provides additional data points for the precise
calibration of the “prompt response difference” (PRD), which
represents the linearly combined y -y time-walk characteristics
of the two detector timing system. This procedure eliminates
the necessity to calibrate the timing responses of each detector
separately and reduces possible systematic errors. Thus, the
lifetime, or the PRD, respectively, can be determined from the
relation:

AC = PRD + 27 with )
AC = CP — C*P and (6)
PRD = C{(E)) — CLu(E,). @)

For a detection system of N detectors, the time difference
between the delayed (stop) and antidelayed (start) events is
statistically distributed around the mean AC and PRD inde-
pendent of the detector-detector combination. This represents
the essence of the generalized centroid difference method [16].

For the calibration of the energy-dependent zero-time
response of the detector array (PRD curve), prompt transitions
(r < 1 ps) and transition from states with precisely known
lifetimes (r < 100 ps) from the decay of "*Eu and from
the neutron-capture reaction BTi(nm,y) Ti were used. A
detailed description of the PRD calibration procedure is given
in Ref. [19]. The derived prompt response differences were
fitted with the function:

a
VE, +b
with fit parameters a, b, ¢, d, and e, and the result is shown
in Fig. 3 (top). The achieved overall PRD uncertainty within
30, taking into account statistical uncertainties, in the energy
region 40 keV to 1800 keV is 5 ps as seen from the PRD fit
residual [Fig. 3 (bottom)].

In an experiment with a fission target many fragments are
produced emitting many different y rays which create a lot
of background. In such a case the experimental conditions
are not clean and it is very important to account for the
contribution of the background to the centroid difference.
In a fission fragment measurement, the background mainly
consists of Compton background generated from primary y
rays which may belong to different nuclei with different time
responses and are overlayed with the time response of the
state of interest. Below about 400 keV, additional largely
delayed background is obtained by the detection of low-energy
Compton-scattered y rays which are generated in the materials
around the detectors [20]. The relevant centroid difference
related only to the full-energy peak (FEP) events is calculated
as [14]:

PRD(E,) = +cE, +dE;, +e (8)

ACExp. — ACpg

ACrgp = ACEyxp. + T

©))
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FIG. 3. Top: Energy-dependent mean prompt response difference
(PRD) of the FATIMA setup. Bottom: PRD fit residuum from
the calibration with the fit function given by Eq. (8). The green
lines represent the 3o error-band corresponding to an overall PRD
uncertainty of 5 ps.

and the lifetime becomes

T = l(ACExp, 4+ ACerp. — Alsc _ PRD). (10)
2 I1

ACkyp. represents the experimental mean value for the N-

detector fast-timing array and includes the FEP and back-

ground events, A Cgg is the “time response” of the background,

and IT is the peak-to-background ratio [18].

Let us consider a nuclear state being fed by a transition y,
and decaying via a transition y,. ¥, will be called reference
transition with energy E,,. To obtain the lifetime of the state,
several analysis steps need to be done:

(i) build the delayed (y; — start and y, — stop) and
antidelayed (y, — start and y; — stop) time distri-
butions by posing gates in the LaBrs;(Ce) spectra,
including the necessary amount of HPGe gates in
order to ensure that the right nucleus is selected
and determine the centroid difference of the two
distributions;

(ii) using the same reference y; line, build delayed and an-
tidelayed time distributions with a second LaBr;(Ce)
gate on energies in the background around y;;

(iii) fit the centroid differences of the time distributions
between the reference line and the background en-
ergies and determine the centroid difference of the
background at the energy of y; by interpolation;

(iv) determine the peak-to-background ratio IT;

(v) determine the prompt response difference of the y-y
cascade using Eq. (8) via the transformation PRD =
PRD(E,,) — PRD(E,,) [19].

Thus, all the necessary observables are determined and the
lifetime of the nuclear state of interest can be calculated using
Eq. (10). The same type of analysis can be done exchanging
the roles of | and y», that is, using y; as a reference transition
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FIG. 4. Partial level schemes of '3%140:142Xe Data from Ref. [22].

and determining the background around y;. This analysis gives
identical results for the lifetime.

IV. RESULTS

In this section the results for the lifetimes of excited states in
the isotopes 138140142 e will be presented. These isotopes lie
close to the high-mass peak of the fission fragment distribution
for both *¥U and ?*'Pu targets. The fission yield per 100
fissions for the 2°U target is 4.81, 3.51, and 0.434 for 138xe,
140xe, and #2Xe, respectively [21]. For the >*'Pu target the
yields for the same nuclei are 4.06, 3.1, and 0.546, respectively
[21].

A. Xe

The nucleus "“°Xe is the only neutron-rich xenon isotope
in which nuclear lifetimes were directly measured previous to
our study by Lindroth ef al. [2]. In his experiment the excited
states in “*Xe were populated following the 8 decay of °1
from a separator and the lifetimes were measured with fast
BaF, scintillators. Therefore, the nucleus was used to test the
analysis procedure and the quality of the results that can be
obtained with our improved setup keeping in mind that the
background conditions were worse.

The partial level scheme of *°Xe is shown in Fig. 4.
For the determination of the lifetime of the first 2% state,
time spectra were obtained with a common gate on the
transition 582 keV (67 — 4%) in the Ge array and a gate
on the reference energy 377 keV (2T — 01) in the LaBr3(Ce)
detectors using the data taken with 233U target. Figure 5 shows
the resulting double-gated spectra in both detectors arrays.
The most prominent peak in these spectra is the 458 keV
(4t — 2%) transition in "*°Xe. The delayed and antidelayed
time distributions obtained with a second gate on 458 keV
in the LaBr3(Ce) detectors are shown in Fig. 6. The centroid
difference of the two distributions is ACgyp, = 124(7) ps.

In Fig. 7 the centroid-difference diagram for the time
spectra is shown. The x axis gives the energy of the second
LaBr3(Ce) gate. To determine the timing contribution of the
background, the distribution of background centroids was
fitted with a second-order polynomial and its value at an
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FIG. 5. Energy spectra for 'Xe from the EXILL&FATIMA
array gated on 582 keV (67 — 4%) in Ge and 377 keV (2t — 07) in
the LaBr3(Ce) detectors.
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FIG. 6. Delayed (solid blue line) and antidelayed (dashed red
line) time distributions obtained with the feeding and decay transitions
to the first 27 state in '**Xe with an additional gate on 582 keV in the
EXILL array.
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FIG. 7. Centroid-difference diagram for the 2+ state in '“°Xe. All
time spectra were obtained with a common gate at 582 keV in the Ge
detectors and at reference energy 377 keV in the LaBr;(Ce). The PRD
curve is adjusted by a parallel shift to cross the axis at the reference
energy. The fit to the background with a second-order polynomial,
including 1o -error, is shown with a light blue band.
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TABLE I. Mean lifetimes of low-lying excited states in
138,140.192 ¢ determined in the EXILL&FATIMA campaign at TLL
using a 23U fission target. For comparison, the previously reported
values for the 2+ state in '“*Xe are also included.

Isotope To+ (pS) T+ (PS) Te+ (PS)
138%e 21(16)

140 e 102(7) 17(5)

140 el 101.7(32) 22.8(49) <124
140 o2 163(7)

192xe 249(23) 54(10)

energy of 458 keV was determined as ACpg = 56(3) ps.
The prompt response difference is PRD = —23(5) ps. The
peak-to-background ratio was determined from the energy
spectrum measured in the LaBr;(Ce) detectors with the two
common gates (see Fig. 5) and it is [T = 1.22(2). Substituting
these values into Eq. (10), one obtains a mean lifetime
T+ = 102(7) ps.

The same analysis was performed for the data taken with the
241py target to cross-check the results. The same gates as for
the data with the 23U target were used. The obtained centroid
differences were ACgxp, = 96(14) ps and ACgg = 37(9) ps.
The peak-to-background ratio was determined to be IT = 0.75.
In that case, the mean lifetime was 7+ = 99(18) ps, which is
consistent with the result obtained with the uranium target. The
larger uncertainty reflects the lower statistics from the shorter
measurement with the plutonium target.

Further, the lifetime of the 4T state was also determined
using a gate on 377 keV in the Ge detectors and a reference
gate on 582 keV in the LaBr;(Ce) detectors. The result is
74+ = 17(5) ps (Table I). This and all other results presented in
Table I were obtained from the measurement with *°U target.

Our results are in agreement with the previous measurement
of Lindroth ef al. [2]. The larger uncertainties of our measure-
ment are due to the higher background created by the fission
products which requires additional gates (reduced statistics)
and more corrections (increased systematic uncertainty) than
in the cleaner conditions of the experiment studying the S
decay of °1.

B. Xe

142Xe is the most neutron-rich xenon isotope populated in
the present experimental campaign with statistics sufficient
for determining lifetimes of excited states. For the 2F state
the timing spectra were created with a Ge gate on 490 keV
(Fig. 4) and LaBr3(Ce) gate on 287 keV (reference transition).
The centroid-difference diagram is shown in Fig. 8. The mean
lifetime was determined to be 75+ = 249(23) ps.

In a similar way, the lifetime of the 4T state was determined
posing gates on 287 keV in the Ge detectors and 490 keV in
the LaBr3(Ce) detectors (reference y ray). The obtained mean
lifetime is 74+ = 54(10) ps.

C. %Xe

The situation with *®Xe is more challenging. In the
ground-state band there are transitions with similar energies
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FIG. 8. Centroid-difference diagram for the 2* state in '“*Xe. The
centroids were obtained with a common gate in the Ge array on 490
keV and a reference gate in the LaBr;(Ce) detectors on 287 keV. The
linear fit to the background including the 1o error band is shown as
a light blue band.

(Fig. 4) which make the construction of time spectra difficult
or impossible in some cases, i.e., gating on the feeding and
decaying transition of the 4% state which have an energy
difference of only 2 keV. An attempt was made to determine
the lifetime of the 27 state by posing simultaneously gates on
the 482- and 599-keV transitions in the Ge detectors and on
484-keV transition (reference y ray) in the LaBr3;(Ce) detector.
The obtained centroid-difference diagram is plotted in Fig. 9.
Due to the multiple gates the statistics were very much reduced,
which resulted in a higher uncertainty in the extracted lifetime
T = 21(16) ps (see Table I).

The lifetimes of 67 and higher-lying states could not be
determined due to insufficient statistics in both measurements
with 23U and ?*' Pu targets. The octupole properties could not
be studied and discussed in this paper as in the experiment in
question the negative-parity states in the xenon isotopes were
populated with insufficient statistics and no conclusive results
could be obtained.
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FIG. 9. Centroid-difference diagram for the 2+ state in '**Xe. The
centroids were obtained with simultaneous gates in the Ge array on
482 keV and 599 keV and a reference gate in the LaBr;(Ce) detectors
on 484 keV. The linear fit to the background including the 1o error
band is shown as a light blue band.
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TABLE II. Experimental and theoretical B(E21) (e>b?) values
for the excitation of the first 2% state in neutron-rich Xe isotopes.

¥Xe 40Xe *Xe Ref.
Exp. 0.28(21) 0.53(4) 0.85(8) This work
NPA-1 0.31 0.50 0.70 [23]
NPA-2 0.42 0.62 0.78 [23]
CD-Bonn 0.250 0.500 - [24]
MCSM 0.257 0.451 - [25]
LSSM 0.379 0.668 - [26]

V. COMPARISON WITH THEORY

In Table II the experimental B(E21) for the excitation
of the first 2% states in 13%140:142Xe are compared to several
theoretical calculations. The calculations are all based on the
shell model. In Fig. 10 they are compared to the transition
strengths calculated from the measured lifetimes and the
evolution of B(E21) values with increasing neutron number
for 78 < N < 90 is shown.

Large-scale shell model (LSSM) calculations were per-
formed by Bianco et al. [26]. The shell-model space used
for the calculation included the 1g7/2,2d5/2, 2d3/2, 3S1/2, ]h11/2
orbitals for pI‘O'[OIlS and 2f7/2, 3[)3/2, 1h9/2, 3p|/2, 2f5/2, 1i13/2
for neutrons. For the two-body potential, a renormalized G
matrix derived from the CD-Bonn potential was used. The
effective charges used were e, = 1.6e and e, = 0.7¢. The
calculation predicts an increasing neutron weight in the lowest
collective 27 state of the isotopes with increasing neutron
number. It reproduces reasonably well the experimental values
but the increase in collectivity is faster than seen in the
experiment.

The shell-model calculations employing a realistic inter-
action derived from the CD-Bonn nucleon-nucleon potential
renormalized within the Vo, approach [24] (CD-Bonn)
agree better with the experimental data for '*%1%Xe. The
outline of the calculations and the used Hamiltonian are

127 _9_ Exp. data
.01 NPA—2 o
S o CD-Bonn (i)
o 0.8] v LSSM
& 0.6/ % ;
Y 0.
5 : &
& 0.4f
m ﬂ x
0.2 s O
\V4
0.0b—— ‘ ‘ ‘ ‘ ‘ ‘
78 80 82 84 86 88 90

Neutron number

FIG. 10. Experimental and theoretical B(E21) values in e*b”
for even-even Xe isotopes with neutron numbers 78 < N < 90. The
experimental values determined in this work are shown with empty
circles. The previously reported values are shown with full circles for
lighter Xe isotopes [22] and for 140X e [2]. The black star shows the
value for "“°Xe reported in Ref. [9].
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described in Ref. [27]. The same configuration space as for
LSSM calculations was used with a slightly different effective
charges: e, = 1.55e and e, = 0.7e.

The Monte-Carlo shell model (MCSM) [25] describes the
evolution of the B(E2) values with neutron number for "*°Xe
and '*?Xe with acceptable accuracy. The increase in collectiv-
ity is interpreted as the “shape” phase transition from spherical
vibrator at N = 82 towards an axially symmetric rotor for
N > 82. The lack of axial asymmetry in this calculation could
explain the discrepancy with the experimental value for '4°Xe
in the light of new evidence of y collectivity found in this
nucleus by Urban er al. [28]. A triaxial shape with (8,y)
parameters (0.15,15.5°) was found to describe the properties
of 19Xe better.

A consistent description of the structure of the Xe isotopes
for a large range of neutron numbers is given by the nucleon-
pair approximation (NPA) [23] of the nucleon-pair shell
model (NPSM). In the NPSM, nucleon pairs with various
angular momenta are used as building blocks of the truncated
shell-model space. For low-lying collective excitations in
medium and heavy nuclei, a truncation including only S (spin
0, monopole pairing) and D (spin 2, quadrupole pairing) pairs
is sufficient for a good description. The Hamiltonian includes
quadrupole-quadrupole interactions between pairs of valence
nucleons of the same type and pairs of valence protons and
valence neutrons. Thus, using very few parameters, a good
description of the experiment is obtained.

The NPA-1 calculation uses the same effective charges
for both shells 50-82 and 82-126: ¢, = 1.9389¢ and |e,| =
1.0795¢ [23], with e, being positive in the 82-126 shell and
negative in the 50-82 shell as the valence neutrons are hole-like
in this case. The B(E2) values calculated in this way are larger
than the experimental data near the closed shell and smaller
far from the closed shell [23] (see Fig. 10). By using effective
charges which change linearly with valence pair number,
a better agreement with the experimental data is obtained
(NPA-2 calculation, Fig. 10). The effective charges used for
NPA-2 calculation were e, = (1 +6)e and |e,| = §e with
6 =0.577 4+ 0.0781(N, + N,). N, and N, are the numbers
of pairs of valence protons and valence neutrons, respec-
tively [23]. The values of the effective charges (parameters
for calculating &) for the NPA-1(NPA-2) calculations were
obtained by x? fitting of the experimental B(E2) values from
Refs. [29,30]. This did not include values for '*¥Xe and '**Xe
where the B(E2)s were directly determined for the first time
in this work. It is interesting to note that even though the fit
included the low B(E?2) value determined by Cheifetz et al.
[9] for 140X e, which can be discarded following our study, the
results are actually consistent with the results from the direct
lifetime measurements. The calculations are in agreement
with the results presented here. It can be concluded that for
the description of the low-lying collective states in xenon
the monopole pairing strength, quadrupole pairing strength,
and the quadrupole-quadrupole pairing interactions between
valence protons, valence neutrons, and valence protons and
neutrons are important.

The measured lifetimes have implications on the previous
attempt to extract the g factors of the 2* states in **1*>Xe by
Goodin et al. [31]. The lifetimes used in Ref. [31] to determine
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the g factors proved to be incorrect. With the new values of 7o+
determined in this work, the following g factors are obtained:
g(1%Xe; 21) = 0.56(19) and g('**Xe;2%) = 0.49(9). These
values are currently not reproduced by theory calculations (see
Refs. [23,31]) which predict much lower values.

VI. CONCLUSION

Following our study, the discrepant value for the B(E21)
for the 27 state in "“Xe determined by Cheifetz et al. [9]
can now be discarded. The new measurements show that the
quadrupole collectivity (B(E?2) values) above the closed shell
N = 82 in the xenon isotopic chain increase smoothly with
increasing neutron number. This evolution is similar to the

PHYSICAL REVIEW C 94, 034302 (2016)

one showed by the measured masses [8], where, unlike the
higher Z even-even nuclei, there is no unusual behavior in
the xenon chain. With the newly measured lifetimes the values
determined for the g factors of the 27 states in '*°Xe and '**Xe
could also be revised.
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