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Lifetime measurements in 1*41&e isotopes
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The BGO calorimeter of the Canadianr8y-ray spectrometer was used to select the weplcBannel in
Ni-Ni fusion reactions, populating proton-rich*Xe and*'®Xe. Lifetimes were measured for transitions within
the low-lying positive and negative parity bands'ft!Xe. MeasuredB(E2) values within the positive parity
band were compared to calculations with algebraic models. MeaB{i2l) values within the negative parity
band in 1**Xe suggest a change in structure relative to that of the same band in the heavier xenon isotopes.
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PACS numbefs): 21.10.Tg, 21.10.Re, 21.60.Fw, 27.60.

. INTRODUCTION increasing from 20 keV in‘**Xe to 370 keV in''%e, and
there are also predictiorf8] that this energy gain will be

A challenge of contemporary nuclear structure physics ignhanced by rapid rotation. Our present measurements in-
to measure the properties of nuclei far from beta stability include lifetimes for transitions between the negative parity
order to unearth the unusual changes expected to be theggates, and hence absollBéE1) values for transitions be-
and to test the predictive power of nuclear models. In thisween negative and positive parity states could be deduced.
work we have used the BGO calorimeter of the Canadian 8
y-ray spectrometer to select the weag 2hannel in Ni-Ni
fusion reactions, which populate proton-rich isotopes of xe-
non. Lifetimes of low-lying states were measured with the Experiments were performed to measure the lifetimes of
recoil distance method using the Chalk River plunger appaexcited states in'**Xe and '®Xe with the recoil distance
ratus mounted inside them8y-ray spectrometer. A total en- method(RDM). Excited states were populated with the reac-
ergy cut on the bismuth-germinatBGO) calorimeter iso-  tions 5&Ni(%8Ni,2p)'“Xe at a beam energy of 215 MeV and
lated the 2 channel and allowed precision measurement ofs8Njj( 6N 2p)11%Xe at a beam energy of 223 MeV. The beam
the shifted and retardeg-ray peaks for transitions in the \was provided by the Tandem Accelerator Super-Conducting
!1%e and ''“Xe. Thus we have extenddg(E2) measure- Cyclotron facility (TASCO) at Chalk River, Canada. In both
ments in the light even xenon isotopes two steps closer to thexperiments the hardware trigger, which was used to accept
proton drip line near'%e. an event for recording onto magnetic tape, required one ger-

In xenon nuclei there are four protons outside @50  manium detector in coincidence with at least ten BGO detec-
shell closure and isotopes are known with neutron numbergprs. The target in each case consisted of an isotopically en-
spanning almost the full range of theS0I<82 major shell.  riched foil of >®Ni of thickness 1.0 mg/cf and recoiling
Their low-lying states include a series of collective even par-
ity states, and algebraic models have been used to calculat~

the energies anB(E2) values for transitions between them | 2 I K
I‘Bxe

II. EXPERIMENTAL DETAILS

[1]. The occurrence of a series of low-lying negative parity
states below the pairing-gap energy is also common through
out the xenon isotopic chain. Orbital pairs which differ by
Al=Aj=3 occur near the Fermi surface here and in general
for particle numbers near 34, 56, 88, and 134. The presenc
of these pairs near the Fermi surface should lead to octupolc 0}
correlations; however, it is still an open question as to wooo}
whether these correlations lead to a static octupole-£ [
guadrupole pear-shaped deformation or to collective octuS
pole vibrations. SkalskKi2] has predicted a ground state en-

ergy gain due to reflection-asymmetric deformation 20
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*Present address: Physics Division, Oak Ridge National Labora- F|G. 1. Spectra taken d@=5.3 um in the *°Ke experiment

tory, P.O. Box 2008, MS 6371, Oak Ridge, TN 37831-6371. with and without the requiremeri=17.9 MeV. The inset shows
"Present address: Nuclear Science Division, Lawrence Berkelethe total energy spectrunH( in the BGO ball coincident with
National Laboratory, Berkeley, California 94720 transitions in'8e and ''xe.
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TABLE I. Sidefeeding into the respective levels as a fraction of A
. 250 800 pumy
total feeding.
114Xe 116Xe
Spin parity Fraction Spin parity Fraction
7 0.49 1T 0.01
57 0.01 9 0.40
6" 0.11 Ia 0.29
4+ 0.25 10 0.43
2" 0.01 gt 0.06
4 500 120 pm
6 0.01
4% 0.01 300)
2 0.02 M
100
350 450 550 650
E, (keV)

nuclei were retarded by a 9.0 mg/€thick gold plunger foil.
This retarding foil, rather than a thicker stopping foil, was
used to avoid Doppler smearing of theray peaks for very
short lifetimes. The measured recoil velocities werk 300
=3.6% and 1.7% for the case 6f*Xe andv/c=3.7% and
1.9% for the case ot'%Xe. 100
Spectra were recorded with ther8y-ray spectrometer 500l
which comprises 20 hyperpure germanitfPGe detectors o
and a 71-element BGO calorimetef]. The germanium de- 5309

500

tectors are arranged in four rings of five detectors each a®
polar angles of 37°, 79°, 101°, and 143° with respect to the

beam direction. The RDM apparatus consisted of a fixed- 70q n 60 um
position plunger foil and a movable target. The target was sog

moved and adjusted in increments of Quin via computer- 300
controlled dc linear actuators with optically encoded mi- 0 r| r
crometer readouts. Short distanc&<(20 um) were mea-

sured and monitored using the capacitance technique o 400 500 E, (keV)
Alexander and Bel[5]. Data were collected for 12 target-

plunger distances spanning 10-150fn for 1%Xe and 17 FIG. 2. Sample spectra in the forward (37°) ring from recoil-
target-plunger distances spanning 5.3—1808 for 116xe.  distance experiments fo?l_“Xe (top spectra and '%e (bottom

A long-distance run ab=6.0 mm was also performed for SPectrashowing peaks of interest.

each experiment.

100

the relativistic aberration effedi.e., the variation of solid
angle with velocity were applied to both the fully shifted
lll. DATA ANALYSIS AND RESULTS and retarded intensities, as well as solid-angle effects due to
the ion position at the instant af-ray emission.
A correction due to the effects of nuclear deorientation

energies less than 2.5 MeV. It provides a measure of the tot om aE[cr)]m(ljc tfraArE)S|t|ons was gpplled Itotﬁpt? mterssnestrlljsmg
energy ofy-ray emission from a single fusion evaporation . e method of Abragam and Pouf. In this formalism, the

event. During the off-line replay of the data stored on mag_lntensw of a gamma ray emitted from an oriented nuclear

netic tape, events in which the total enetds: 12.8 MeV for state is parametrized_in terms of Legendre polynomials with
14 e andH=17.9 MeV for 1'8Xe were selected for analy- time-dependent coefficients

sis; this discrimination enhanced the presence of the desired

two-proton exit channel with respect to contaminant three- _

particle exit channels in the remaining data. Figure 1 shows oW 0>_1+i§enAiGi(t)Pi(cos ). @Y
spectra taken for*®Xe at D=5.3 um which illustrate the
high selectivity attained by the total energy cut. The spectr
were corrected for detector efficiency and the intensities o
the fully shifted () and retardedl() photopeaks were ex-
tracted with the progranGF2 [6] which uses a skewed-
Gaussian shape for the photopeak and a quadratic back-
ground. Widths and positions for the peaks were determinednd so the shifted and retarded intensities were corrected by
from a sum of the spectra taken at the shortest- and longestitegrating over the flight time. It has been shown that only
distance points, and their relative values were held constarstates of low nuclear spirl £4) are significantly perturbed

for fits to spectra obtained at all distances. Corrections foby the atomic interactionf8,9] and that the effect is domi-

The BGO calorimeter is a# array of 71 BGO scintilla-
tors, each with an efficiency of greater than 90% feray

ere

Gi(t)=e A, (3.2
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nated by magnetic dipole interactio(see, for example, Ref.
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FIG. 3. ¥Xe level scheme.
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FIG. 4. 8Xe level scheme.

[10]). As such, the relaxation time%; may be expressed as

[11]

where wy, is the Larmor precession frequency andis the
mean time between fluctuations in the field. Using a param
etrization similar to that found in Refl12] the valuesA,
=(27 ps) ! and A,=(61 ps) ! were employed for the
shifted and retarded intensity components, respectively; th
correction was applied only to the*4-2* and 2" —0"

transitions.

The resulting intensities were used to construct deca

1 2
Ak=§k(k+ Doy,

curves defined as

In cases where either the retarded or shifted component
the transition was contaminated, the uncontaminated comp

R(D)=

1(D)
I(D)+14(D)"

nent was used to defirfe as

(D) 14(D)
normD)’

or R(D)=1-

where normD) is a suitable normalizatiofin this case, the
sum of the shifted and retarded intensities of the-20*
transition.

The decay curves were fitted using the progmpmFIT
[6] which uses a nonlinear least-squares fitting procedure.
The program allows a simultaneous fit to an arbitrary decay
scheme up to 20 levels and 40 transitions, including a single-
[evel model(with a uniform lifetime for unobserved feed-
ing. Table | shows the amount of unknown feeding into a

iven level as a fraction of the total feeding. The levels with

marginal sidefeeding intensitys(10%) were fitted with a
uniform lifetime for the side-feeding, whereas those with sig-
nificant sidefeeding intensity=10%) were fitted with an
Yndependent lifetime for the sidefeeding. The data were fitted
beginning with the highest-energy levels for which data were
available and proceeding down the bands, fitting each tran-
sition in turn. In this way, the time dependence of the feeding
for each state was determined before attempting to fit the
decay curve for the deexcitation of the state.
o Uncertainties in distances were taken 4.0 um. The
éata from the forward (37°) and backward (143°) rings
were analyzed independently of each other and the accepted
lifetime was taken as an average of the two results. Data
from the middle rings (79° and 101°) were not used since in
most cases the fully shifted and retarded peaks could not be
adequately resolved. Sample spectra for several plunger dis-

(3.3

(3.9
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FIG. 5. Representative fits to decay curves for state$9e (lower panel and *'%Ke (upper panel

tances are shown in Fig. 2 from boffi®Xe and 1*®Xe ex-  level schemg The energy level scheme fdt%e shown in
periments. Fig. 4 was taken from Refl16].

The energy level scheme fdf“Xe presented in Fig. 3 In the case of*Xe, the lifetime of the 3 state could not
was taken from a previous experiment with the §-ray  be determined directly from the decay curves of either the
spectrometef13] with the negative parity band shown to 555 keV 3 —4™ transition or the 1174 keV 3—2" tran-
spin 21". Although we observe a band ¢frays with ener-  sition. Within experimental uncertainties, the decay curve for
gies 527, 628, 708, and 863 keV which are in coincidencehe 555 keV transition was the same as that of the feeding
with the 450 and 619 ke rays in 11%Xe, we have not been 376 keV transition, indicating that the lifetime of the 3
able to locate the linking transiti¢s). This scheme differs state is considerably shorter than the average feeding time.
from that reported by Rugaeit al.[14] in the observation of The lifetime of the 3 state was therefore left as a free pa-
a strong 555 keV 3—4" transition and the lack of a 932 rameter in the fits to the decay curves of the 619 keV and
keV 5-—47 transition (in Ref. [15], Rugari notes the ob- 450 keV transitions. Similiarly fort'®Xe, data of sufficient
servation of a 555 keV transition but does not place it in thequality could not be obtained for the linking transitions be-
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TABLE Il. Adopted lifetime values and extract&{E2) values 26
for states in''“Xe.
; - . 24
SpinJ E, Lifetime E2 branching B(E2;J—J—2) +,
()  (keV) (P9 ratio (e b)? %
22}
7" 557 55-1.2  0.810.04 0.225-0.050 -
5~ 375 33.%+3.3 0.93:0.05 0.31@:0.035 ool
6" 720 3.0:0.4 0.140-0.019
4* 618 4.9-0.3 0.184-0.011
2+ 450 23.8-1.6 0.184-0.013

tween the negative parity band and the ground state band ang~
so the lifetimes of the low-lying states of the negative parity Nﬁ
band were determined by a simultaneous fit to the in—banc}(
transitions and the ground state transitions fed by these Iev?
els. .

In Fig. 5 we show some representative fits obtained for &}
several decay curves in the forward ring for low-lying states%
in 1Xe and!'%e and Tables Il and Ill present the adopted
lifetime values and the correspondiBfE2;J—J—2) val- olr
ues for transitions in the negative and positive parity bands
in 11%Xe and 1'%Xe, respectively.

60 64 68 72 76 80

IV. DISCUSSION Neutron Number

~ Data for theB(E2) values for low-lying even parity statés i 6. Lower panela) depictsB(E2;2; —0;) systematics for
in the heavier xenon isotopes have shown rather strong higpe xenon isotopes as compiled in Rgf9] (open circles together
torical fluctuationg17,18. TheB(E2;2"—0") for Xe iso-  with the present measuremexsslid circles. The solid line depicts
topes taken from a recent 1995 compilation which reevaluthe Q(6) limit of the IBA-1 using eg=0.108 and the dashed line
ated measurements for €N=<70[19] is shown in Fig. 68)  depicts a fit to the @) limit for N<70 and S5) for N=72 with
together with the present measurements. A saturation at thg=0.117. The upper panéb) shows the energy ratiB,+ /E,+.
midshell is observed in the heavier nuclei, such as the iso-

topes of ytterbium Z=70) shown in Fig. 7. A saturation in
the midshell N=66) was also observed in the older Xe data
however, there is no such saturation observed in Fig), 6
which shows a smooth increase in tAReE2) strength from
N=82 down toN=66 and the onset of a decrease for
<66. The solid line in Fig. @) represents a least-squares fit
to the data using the equation for th€6DIlimit of the first
interacting boson approximatigiBA-1),

‘whereeg is the effective boson charge alg is the total
'number ofs and d bosons. The fit yields a value @&y
=0.108+0.001 which is close to the standard value of 0.12
for the Xe-Ba-Ce regiorl]. The agreement with the data
obtained with the simple IBA-1 ®) limit is surprising, par-
ticularily because of the broad range of isotopes which seem
to fall under the umbrella of the ®) symmetry. Often
within the literature one finds that a sudden change in the

B(E2)=%e§NB(NB+4), (4.2)
18
TABLE Ill. Adopted lifetime values and extracteBl(E2) val-
ues for states it'*Xe. ol
ot
spinJ E, Lifetime E2 branching B(E2;d—J-2) = 3%
(%) (keV) (P9 ratio (e b)? S w0t
+
11 646 2503 0.289-0.035 &
9~ 537 3.7#04 0.61-0.08 0.302-0.051 ® o6
7" 465 3.0:1.2 0.22+0.08 0.276-0.149 L 3 &
10" 721 1.1+0.2 0.379-0.069 il
8* 677 1.7:0.2 0.336-0.040 E3 ' E3 ' 105 ' fi5
6" 616  2.4:0.2 0.381:0.032 eutron Number
4% 524 4.8-0.2 0.428-0.018 FIG. 7. B(E2;27 —07) systematics compiled from Reff18]
2% 394 35.k1.3 0.2410.009 for the ytterbium Z=70) isotopes. The solid line depicts the QY

limit of the IBA-1 usingeg=0.115.
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FIG. 8. For the''“Xe, the lower pane(a) shows the absolute FIG. 9. For %Xe, the lower panel@ shows the absolute
B(E2) values versus spin together with the ratBEE2;J" —J B(E2) values versus spin together with the rat®€E2;J" —J
—2%)/B(E2;2"—0") normalized toB(E2;2*—0%) for the  —2%)/B(E2;2"—0") normalized to B(E2;2"—0") for the

three limiting symmetries of IBA-1 and the rigid rotor model. Up- three limiting symmetries of the IBA-1 and the rigid rotor model.
per panekb) shows the ratio oE;+ /E,+ together with the predic- Upper panelb) shows the ratio of;+ /E,-+ together with the pre-
tions of the three limiting symmetries of the IBAfthe rigid rotor  dictions of the three limiting symmetries of the IBAfthe rigid
model in this case is identical to the &) prediction. rotor model in this case is identical to the @Yprediction.

relevant IBA-1 symmetry is invoked betwedh=70 and 72, predictions for theB(E2;J" —J—2%)/B(E2;2"—0") ra-
switching from the vibrational S(8) symmetry forN=72to  tios normalized tdB(E2;2*—0") are also shown in Figs.
the y-soft O(6) symmetry forN<<70[19,20. This procedure 8(a) and 9a) for the three limiting symmetries of the IBA-1
produces the sharp discontinuity in the dashed line shown iand the rigid rotor model. The absolB¢E2;2" —0*) for
Fig. 6(@). Such a switch of symmetry is typically justified 4Xe and®Xe are consistent with () symmetry; see Fig.
based on indicators such as thg: /E,+ ratio see, Fig. @)  6(a). The positive parity ground state bands~'?%e all
which peaks at a value of 2.5 in the midshell regjoorre-  show a sharp increase in alignment &t 12 (fw~400
sponding to they-soft O(6) limit] and decreases towards 2.0 keV), which has been attributed to the alignment of a pair of
at neutron numbers approachimg=82 [corresponding to  h,,,, neutrons. Below this backbend fd<10, we assume
the vibrational Sb) limit]. The gradual change in this that the structure of the ground state band is not altered.
E4+/E,+ ratio suggests a gradual change in the structure a@/hereas energy level systematics suggest tHte is in a
well. Casteret al.[21] have argued that the(6) character is  transitional region between the(€) y-soft rotor limit and
valid in the xenon-barium-cerium region uphtb=76. Other  the vibrational S(5) limit, the B(E2) value systematics are
indicators such as the energy of th§ 8tate also support this clearly not in agreement with the predictions of the(SU
y-soft rotor model for the xenon isotopes. Certainly thelimit. The two measure®(E2) values for''*Xe seem to lie
simple IBA-1 Q6) symmetry about the midsheN=66 re-  below that predicted for all limiting symmetries. However,
produces the trend in the data in Figpp for 115Xe, the observation is in keeping with measurements
For 11%Xe and 1®Xe we show the ratio of excitation en- in other xenon isotopes where lifetimes of high-spin states
ergies E;+ /E,+ in Figs. 8b) and 9b) and the absolute are known {?%e [22], *?%Xe [9], and *?*Xe [23]), none of
B(E2;J*—J—2") for 2<J=<10in Figs. 8a) and 9a). The  which show a vibrational-like nature in the ground state
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TABLE V. Intrinsic quadrupole moments of negative parity TABLE V. Intrinsic quadrupole moments of negative parity
states in*'®e under various assumptions i6f The intrinsic quad-  states in''*Xe under various assumptions §f The intrinsic quad-
rupole moment of the 2—0" transition in '*Xe is 304 rupole moment of the 2—0" transition in *Xe is 348

+11 e?fm* +7 e2fm*
SpinJ K Qo SpinJ K Qo
() () e? fm? () () e? fm*
5~ 0 320+18 7" 0 293+ 79
1 338+19 1 300+ 80
2 404+ 23 2 324+ 87
3 606+ 34 3 375+-101
7 0 265+ 29
1 27230 9~ 0 301+25
2 293+33 1 306+ 26
3 338-38 2 320+ 27
3 345+ 29
band. It would indeed seem that& symmetry is dominant 11 0 292+18
in this mass region. For interacting bosons, Otsetkal. [24] 1 294+18
have shown that adding Pauli blocking to tB& transition 2 30318
operator in the IBA does provide saturation for the ytterbium 3 31819

isotopes and some saturation néb# 66 in the xenon iso-
topes. On the other hand, the fermion dynamical symmetry )
model[25], an algebraic model that goes beyond interacting?ny attempt to calculat8(E1) values must be done in a
bosons, predicts saturation for ytterbium isotopes but n&onsistent way29]. Egido and Robled28] have done just
saturation for the xenon isotopes. that using collective Hamiltonians whose parameters were
The occurrence of octupole correlations is expected irPbtained from an octupole constrained Hartree-HagkcS
xenon isotopes due to the influence of opposite patity ~calculation. Twelve major shells were included with the fi-
=Aj=3 valence orbits If;;,®ds;,) which occur near the nite range Gogny force, which reproduced successfully the
Fermi surface for both protons and neutrons. Rugaral.  Pulk properties of nuclear matter and the ground states of
[14] reported evidence of broken reflection symmetry inclosed shell nuclei. This approach can form a Hartree-Fock
114¢e hased on the observation of a strong-56" transi- (HF)+BCS mean field with higher surface multipoles and so
tion compared to a weaker 5-4", as well as an enhance- 'eépresentany tendency to form a cluster structure. A system-
ment in theE1 transition rates inferred from Grodzins sys- alic_comparison of energy levels ar(E1) values in
tematics[26] for the ground state band deformation. Our Raandin erh with experiment showeQexceillent
present measurement of tHB(E1;5” —6%)=(0.9+0.2) 2agreement, even predicting the quenctig(®1;1 —07)
X 10™% Weisskopf units(W.u) is in agreement with that Value in *Ra[28]. In the much lighter'*>~'*Ba isotopes,
obtained by Rugarét al. the same calculation reproduces thé -1, energy split-
The negative parity band iA**Xe is unique when com- ting and theB(E1;1~—07) values, and even the order of

pared to the corresponding band in heavier xenon isotopes fagnitude quenching fo¥*Ba[3]. It would be interesting to
that we observe the 3state. In the rotational model, see how this calculation does for our data in xenon isotopes

(see Table VI where there is no observed quenching. The

5 calculation for the barium isotopes shows multipoles higher

B(E2;JiK—JK)= EeZQ(Z)<JiK20|JfK>i (4.2 than octupole at the minimum of the potential energy sur-
face. This may well indicate the presence of cluster structure

where(J;K20J;K) is a Clebsch-Gordon coefficient and thus N these nuclei. If so, the concept &1 collectivity here
the B(E2) for a transition depends on the spins of the initial
and final states as well as tKevalue. Petkowet al.[9] used
this to infer a mean square value Gk?)=10+3 for the
negative parity band in‘??Xe. For our measurements in
14 e (see Tables IV and )/ the 5 decay require&K <1.

In the literature, the measurd®{E1) values have been

TABLE VI. B(E1l) systematics for the decay of the lowest-
lying negative parity band in the light xenon isotopes. An asterisk
denotes absolute measurements from lifetime data. A dagger de-
notes inferred measurements from branching ratios only.

) ) Nucleus B(E1) strength Reference
evaluated as a sum of two contributions: the macroscopic -4
. L . (X10™* W.u)
contribution (liquid drop and the shell structure contribu-
tion. The macroscopic contribution is large for the actinide 122%e 2—4* [9]
nuclei; it consists of a contribution due to the redistribution 120xe ~1-2" [31]
of charge toward the regions of the surface with large curva- 118y ~1-21 [31]
ture and a contribution due to the neutron ski(Z) [27], 116¢e(9-—8") 0.9+0.2 present work
which is very sensitive to higher surface multipoles. The 122g(5-6%) 0.9+0.2 present work

redistribution and neutron skin terms have opposite signs and
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would require a refined Weisskopf unit as suggested by Alcalorimeter allowed the selection of g 2channel which

hassid et al. [30]. The relatively constanB(E1l) values

greatly enhanced thé'*!%e populations in the data set.

shown in Table VI for the xenon isotopes lead us to wondeClearly to test the predictions of algebraic models for the
what indeed will happen as measurements are extended t®w-lying structure in nuclei, we need precision lifetime

ward '%e near the proton drip line.

V. SUMMARY

We have measured lifetimes in proton-ri¢h'%e iso-
topes with the CanadiansB y-ray spectrometer. The BGO

measurements over a wide range of isotopes. To push preci-
sion lifetime measurements to lighter xenon isotopes will
require progressively better channel selection and sensitivity.
The BGO ball with double or triple germanium detector fold
at GASP[32] and the higher germanium multiplicity fold
and efficiency at Gammasphdi@3] will certainly help.
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