PHYSICAL REVIEW C, VOLUME 65, 034320

High precision quadrupole moment measurements of states up tb=20%
in the yrast band of °%r
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The lifetimes of excited states in the yrast bandS¥Er up tol "=20" have been measured to high precision
by means of the Gammasphere spectrometer using the coincidence recoil distance technique. The reaction
12251(%°Ar,4n) at a beam energy of 185 MeV was used. The data were analyzed using the differential decay-
curve method and transition quadrupole moments were extracted. The quadrupole moment was found to
gradually increase by 15% of its"2value before the firsti, g, alignment, after which it drops to a constant
level 90% of the 2 value. Detailed comparisons are made with previous measurements and Ultimate Cranker

calculations.
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[. INTRODUCTION effects of band crossings and shape changes we have per-

formed a high precision lifetime measurement on states in
The N=88-92 nuclei have become classic cases for the > Er. The lifetimes of states and corresponding transition
Study of normal deformed nuclear states at h|gh angu|ar mcprobabilities are crucial quantities for testing nuclear models
mentum. Indeed, it is in the light masA{ 160) Dy and Er and they are a sensitive probe of the internal structure of the
nuclei that the highest spin states in normal deformed nuclgfucleus. The lifetimes were obtained from coincidence life-
have been observedspin ~60k and E~30 MeV) time data.usmg the recoil distance mgtt{qﬁ]. The aim of _
[1-13. The studies of these nuclei have revealed a rich Va‘ghe experiment was to measure the lifetimes of the excited

riety of nuclear structure information, in particular the map-States from spin 2 up to spin 40 to trace the collectivity of

15 _ H H _
ping out of the nuclear shape with increasing angular mo-. %r from prola}te col!ectlve at low spin to oblate noncollec
ive shape at high spin.

mentum and the nature of the particle alignments that occu}.
In the weakly prolateN= 90 region the first pair of particles 22
that align with the axis of rotation is a pair bf;;, neutrons at 740
spin ~124 and the second a pair d¢f;;,, protons at spin 24—
~30h. The observation of many rotational bands in several 68L

-

X
=

nuclei in this region has enabled a detailed understanding 018_5
the quasiparticle excitations to be obtained. The action of thew_]
nuclear rotation and the quasiparticle alignments in genera., * o
cause nuclear deformation changes. Indeed, at the higheu
spins dramatic shape changes occur in nuclei in this mas
region. For example, the Er nuclei and some Dy isotopes
[9,11,17 are textbook examples of the transition from
prolate-collective to oblate noncollective shape at high spin
[14-17. In 5 5% there are many examples of aligned
oblate(band-terminatingstates near the yrast line that show
evidence of this transitiofil—4].

In order to provide a more detailed understanding of the
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FIG. 1. Left. Partial low-spin level scheme of the even spin,
positive parity states in®%r, taken from Refs[19] and[20]. The
*Present address: Uren¢GapenhurstLtd, Mass Spectrometry width of the arrows indicates the relative intensity of the transitions.
Laboratory, Capenhurst, Cheshire CH1 6ER, United Kingdom.  Right. Excitation energy as a function ofl + 1) to illustrate the
"Present address: Department of Physics and Astronomy, Univeerossing at spin 12 between the ground-state band iagg{ band
sity of Tennessee, Knoxville, TN 37996. in the yrast sequence &f%€r.
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y-ray energy [keV] for the 335 keV (4 —2%) transition. The data are measured with

the detectors of ring 3 (37.4°). The bottom plot displays the de-
FIG. 2. The shiftedS) and unshiftedU) peaks at 142.6°, of the nominator in Eq(3) while the numerator is displayed in the middle.
443 keV (6" —4") and 473 keV (16— 14") transitions, for vari-  The resultingr curve is shown in the top plot. Only the points of
ous target-to-stopper distances and obtained with a gate on thhis curve that are used to obtain the average value 18.5545
shifted component of the direct and an indirect feeding transition(displayed also with a straight line and uncertainty liln#se pre-
respectively. sented. See text also.

The focus of this paper is the lifetimes of the low spin tones, e.g., Ref§24] and[25].

states in the yrast band #%Er up to 20" in order to exam- The present experiment used the Gammasphere array
ine the shape-change effect above and below theifigst ~ [26], with 100 escape suppressed Ge detectors, to collect
neutron crossing in the yrast bafit9,20 (cf. Fig. 1). Pre-  high statistics high-fold coincidence data. This enables coin-
vious lifetime experiments by Oshimet al. [21] in 1986  cidence lifetime analysis methods to be performed on the
using 6 Ge detectors were made for states in the yrast bandast band, with accuracies significantly better than previous
up to17=<22". These measurements revealed a pronounce@easurements. This allows a stringent test of theoretical cal-
increase of th&), values for the yrast band transitions aboveculations, which can lead to a better understanding of the
the 4" state up to thé; 3, neutron crossing at spin £2This ~ mechanism responsible for any shape-change effect. Detailed
enhanced collectivity was attributed to a chang@jrandy  comparisions are made with the Ultimate Cranker calcula-
deformation. The higher spin states (E2I<40") were tions[27], which provide the most detailed theoretical analy-
then measured by Bedit al. in 1988[22], using the Hera Sis to date of the shape evolution with spin‘GfEr.

array [23], which consisted of 21 Ge detectors. These data
showed a gradual loss in collectivity along the yrast line of
158y from above thei 3, neutron crossing to the band-
termination region,~ spin 40:. Similar significant reduc- High spin states in the nucleds®r were populated using
tions have also been reported in the neighbolihg90 iso-  the reaction'?’Sn(*°Ar,4n) at a beam energy of 185 MeV.

Il. EXPERIMENTAL DETAILS
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41.8 ym at 50.1°, 5 at 58.3°, 5 at 69.8°, 5 at 110.2°, 5 at 121.7°, 10
at 129.9°, 5 at 142.6°, 5 at 148.3°, and 5 at 162.7°.

During the experiment, data were taken at 19 different
distances ranging from 1.3 to 69#m with respect to elec-
trical contact of the two foils. A total of 4:210° triples and
higher-fold events were collected. An energy and efficiency
calibration was performed with®Eu and **Ba radioactive
sources. After shift correction of the detectors, these data
were sorted intoy-y coincidence matrices. Normalization
53.5 um factors for the different distances were derived using the co-
incident events corresponding to pairs of strong transitions in
the ground-state band.

In order to eliminate the problem of accounting for ob-
served and unobservéside feeding, spectra were generated
by setting the gate on the Doppler-shifted component of a
transition that directly or indirectly feeds the level of interest.
510 515 &0 &5 50 &5 50 50 615 50 5% 50 55 50 This approach is now possible due to the high statistics that
can be collected using a modenrray spectrometer like
75.9 um Gammasphere. To illustrate the quality of the data obtained
in this way, representative spectra are shown in Fig. 2.
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I1l. DATA ANALYSIS

For the data analysis, the differential decay-curve method
(DDCM) [29,30 was employed. Referring the reader for
510 515 520 625 60 65 50 50 515 50 525 50 55 60 more details to the quoted works, here we only present the

y-ray energy [keV] y-ray energy [keV] main points. The lifetimer(x) of the level of interest at each

. o target-to-stopper distanceis obtained from
FIG. 4. Example of the analysis of spectra taking into account

the DSA effect due to the finite slowing-down time of the recoils in _

- {Cs Ayl —a{Cs,By} 1
the stopper. The spectra show the 523 keV {86*) transition 7(X)= -,
observed at 50.1° gated by the 579 keV {108") transition at (d/dx){Cs.As} v
50.1°. At the indicated distances, the full line represents the fit of
the line shape while the short-dashed line is the DSA contribution\.’vhere
The background and the unshifted peak are represented by a long-
dashed line. The reduced =1.03 of the fit at all distances is 10% _ {Cs,Aul +{Cs,Ag}
smaller than the value obtained without taking into account the {Cs,By}+{Cs,Bg}"
DSA effect. See text also.

1

2

Here,v is the mean velocity of the recoils, and the quantities

The beam was provided by the 88-Inch Cyclotron of thein braces are the number of events corresponding to detec-
Lawrence Berkeley National Laboratory. The target materiafion of the Doppler-shifteds) or the unshiftedu) compo-
consisted of a 1.25 mg/ém*?%n (enriched to 92.25%  hents of they-ray transitions involved in the analysis. The
which was evaporated on an 1.68 mgfchia backing. The transitionA depopulates the level of interest whose lifetime
recoils, leaving the target with a velocity of 1.98% of the has to be determined and which is fed directly by the transi-
velocity of light, ¢, were stopped in a 10.5 mg/ému foil. tion B. The gate is set on thecomponent of the transitio@

The target and stopper foils were mounted in the p|ungephat lies hlgher in the cascade above the level of interest.
apparatus of the University of K [28], which has been More general expressions for the derivationr¢k) than Eq.
designed specifically for coincidence recoil distance lifetime(1), where it is implied that only one feeding path connects
measurements. This apparatus is equipped with an automafiee levels depopulated by the transitiohsB, andC, can be
regulation system of the target-to-stopper distance to corre¢eund in Refs[29] and[30]. In the case of a gate set on a
for thermal drifts of the target foil induced by the beam. Thedirect feeder, Eq(1) reduces to
capacitance between the target and stopper foils serves as a

control signal for the regulation and is continuously moni- _ {Bs,Ag 1
tored. The plunger apparat[@8] was mounted in the center 0= (d/dx){Bg,As} v°
of Gammaspher¢26], the latter being used to efficiently

detect the deexciting radiation. The Ge detectors in Gam- The derivative in the denominator of Eq&l) and (3) is
masphere are arranged in 17 rings at the same angle witterived by fitting piecewise with polynomials the gated de-
respect to the beam axis. For the analysis, only detectorgay curve of the shifted component of the transititi.e.,
where significant Doppler shifts were observed were usedhe quantitieCg,A¢} or {Bg,Ag}, respectively. Using the
These were the 5 detectors at 17.3°, 5 at 31.7°, 5 at 37.4°, Idguations above, the lifetimeof the level of interest can be

©)
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TABLE I. The mean lifetime values obtained in the present work compared with earlier datdsThe
values are derived with a standard analysis whilestlyg ones are the values obtained with a correction for
DSA effects when the standard values are smaller than 2.5 ps. See text also.

(K E(l—=1-2) (7) Teor Earlier data forr
(keV) (ps) (ps) (ps)
2" 192 34110 371x20[21]
4* 335 18.9-0.5 20.4-0.7[21]
6" 443 3.6:0.2 3.9:0.4[21]
8" 523 1.16-0.03 1.36-0.08 1.26-0.23[21]
10 579 0.78-0.06 1.08-0.12 0.68-0.19[21]
12* 608 0.47-0.04 0.73:0.09 0.6-0.5[21]
< 0.67[22]
14* 510 4.9-0.4 3.7:0.4[21]
4.4753122]
16" 473 3.3:0.3 3.6:0.3[21]
2.4738[22]
18" 566 0.99:0.12 1.28-0.20 1.6:0.3[21]
1.333[22]
20" 658 0.44-0.09 0.66-0.14 1.13"322[21]

0.78 55522

determined at every target-to-stopper distance. The obtainetistance. A deviation from such behavior immediately indi-
values ofr (the 7 curve should not depend on the distance atcates the presence of systematic errors in the analysis. For
which they have been determined and correspondingly lie othe derivation of the mean value of the lifetime, not all points
a horizontal straight line when the lifetime is plotted versusof the = curve are used but only these which are reliably

141 Lifetime of the 6" state in ""Er 14/ Lifetime of the 14" state in "Er
12 measured with detectors at 37.4°. 12} measured with detectors at 129.9°.
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FIG. 5. Determination of the lifetime of the*6state measured FIG. 6. Determination of the lifetime of the 14state measured
with the detectors at 37.4°. See also the caption to Fig. 3 and textvith the detectors at 129.9°. See also the caption to Fig. 3 and text.
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10
; Lifetime of the 20" state in '*Er
6 measured with detectors at 50.1°. 3
S =
o : ;T & éll/.. 4
9 Tt < o [21]
{ 1T =0.66 (19) ps 2 o [22]
e Present work (i)’
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8 50 } H 1 ” Spin I [1]
§ 0 1 } FIG. 8. The transitional quadrupole moments plotted as a func-
B .50 } ] tion of spin, for the new and previousvalues. The position of the
E aligned neutronis,)? crossing is indicated.
4 -100
= 150 In practice, the analysis was performed by considering
20 sepa_lrately the c_oincidenpe data taken with the dete_ctors be-
T 60 longing to the different rings of Ga_mmasph_e_re. To investi-
§ 50 } { gate a glven.level, gates. on a feeding trans!tlon were set in
S 40 I the y-y matrices at all rings where contaminants or other
é’ 30 } 1 problems did not disturb the gated spectra. Then, the spectra
g 20 { { corresponding to every “gated” ring were summed up and
g 1w ﬁ the resulting spectrum analyzed. With six forward and six
ol * backward rings, this means th@haximumn) twelve lifetime
values were determined for both direct and indirect feeder
1002 51002 510°2 510°> s 10° cases. The final value of the lifetimewas derived by aver-
Distance x [pm] aging the individual results.

FIG. 7. Determination of the lifetime of the 2Cstate measured A more careful conS|.der.at|on of the Qata IS necessary In
with the detectors at 50.1°. See also the caption to Fig. 3 and text€ cases where the lifetimes determined are comparable
with or smaller than the mean slowing-down time of the
defined, i.e., lie within the so-called region of sensitivity. °%r ions in the gold stopper. During the slowing-down
Usually, this region covers the interval of distances where théime, which takes place in about 1.3 ps, the emission of
quantities participating in the right-hand sitteh.s) of Eqs.  deexcitingy rays leads to the appearance of a complemen-
(1) and(3) are not too small. Figure 3 shows the numeratortary [Doppler-shift attenuateDSA)] component in the total
and denominator of Eq3) as well as the resulting curve  line shape that was treated according to the technique de-
for the 4" state of 15%r. The data are measured with the scribed in Ref[31], where further details can be found. Ex-
detectors of ring 3 and the gate is set on the shifted compamples of the application of this technique are shown in Fig.
nent of the direct feeding transition of 443 keV. Further ex-4 for the case of the 523 keV'8-6" transition. The spectra
amples of lifetime determination can be found in the nexttaken at all distances are fitted simultaneously until the best
section(Sec. V). reproduction of the data is obtained for a particular value of

TABLE Il. B(E2), Q;, and 3, values derived in the present work.

I E(1—1-2) B(E2) B(E2) Q B,
(keV) (e?b?) (Weisskopf units (eb
2+ 192 0.7G:0.02 138-4 5.93+0.09 0.2630.004
47 335 0.97:0.03 1915 5.85-0.08 0.259%-0.002
67" 443 1.30:0.07 255-14 6.44-0.18 0.285-0.008
8" 523 1.5 0.09 29718 6.79-0.20 0.299-0.009
10* 579 1.15-0.13 226+ 25 5.85:0.32 0.259-0.014
12+ 608 1.33£0.16 262+ 32 6.23+0.38 0.276:0.016
14* 510 0.44-0.04 86+ 7 3.55+0.15 0.160G-0.007
309 0.470.05 93+ 10 3.69+0.20 0.166-0.009
16" 473 1.03£0.09 202+ 18 5.42+0.24 0.241%0.011
18" 566 1.08:0.17 213+33 5.53:0.43 0.246-0.019
20" 658 0.99:0.21 194+ 41 5.28-0.56 0.235-0.024
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TABLE llI. Result of a two-level mixing calculation for the 12 ensures a higher degree of reliability to the newly obtained
and 14 states of band | and Il shown in Fig. 1. In order to calculatedata.

the transition probabilitie®; values of 6.8 eb and 5.4 eb wereused  The 7 values deduced in this work were used to

for the pure (14~ 12) intraband transitions of the ground-state bandderive values of the reduced transition probabilities

ands band, respectively. B(E2: 1—1—2), the transitional quadrupole momeris,

and theB, deformation parameters. These quantities are dis-

InteractionV/ State Mix. ampl. Mix. ampl. piaved in Table II. TheQ,'s were calculated using the rela-
(keV) ground-state band s band tion
65 12|+ 0.343 0.939 5
12y 0.939 —0.343 B(E2)=——Q2Z|(1IK20|| — 2K)|? (4)
50 14+ ~0.347 0.938 16m
+
L 0-938 0-347 and assumind =0. Their values were employed to derive
Transition B(E2)ca B(E2)expt the ellipsoidal deformation parametg, by using the ex-
(e?b?) (e?b?) pression
14—12 0.468 0.475) 3 1 /5
Vo5 8V
Calc. Expt.

where Q, is in electron barngeb) if the squared mean

B(E2;14,—12) TR
1.8 1.7£0.2 nuclear radiugj is in barns.

B(E2;14,—12)

V. DISCUSSION
the lifetime 7. In this way, correction factors were derived s o
for the lifetimes obtained with the conventional DDCM _ The yrast band.ofl %Er undergoes the first, neutron
analysis. These factors increase to 60% for the shortest lifd19] crossing at spin 12, and the lifetimes measured in this
times derived in the present wofkee next sectionand on ~ Work .(see Table )| cove.r.the region below and above this
the other hand, are not needed for lifetimes larger than 2.60SSing. A plot of transition quadrupole moment as a func-
ps. They were determined using stopping powersf§gr  tion of spin, for the previou$21,22 and newr values, is
ions in gold derived from the tables of Northcliffe and Schill- displayed in Fig. 8. All the values displayed in Fig. 8 show a
ing [32] with corrections for the atomic structure of the me- Slight increase £15%) in collectivity up to spin 8 just
dium [33,34. More details on our approach for the Monte below where theigs;)* neutron band crossing starts to take
Carlo simulation of the slowing down of the recoils can bePlace. This is typical of nuclei in th&l=88 and 90 region
found in Ref.[31] and the references quoted therein. The€.g., Refs[35-38 and has been interpreted as being due to
correction factors for the DSA effects remain stable when thé centrifugal stretching of the nucleus with increasing spin.

Stopping powers used for their derivation are decreased 6|fhe0retica| CaICUIationE39] have revealed that such nuclei
increased with 20%. have a very shallow minimum in their potential-energy sur-

faces. This makes them susceptible to deformation driving
influences. The stretching of the nucleus with increasing spin
IV. RESULTS can simply be attributed to the Fermi surface lying very close

The results of the lifetime analysis according to the 10
DDCM are summarized in Table I. Examples of lifetime de-
termination are shown in Figs. 5, 6, and 7. The’ Xate is 8
the highest-lying state whose lifetime could be determined,_,
using this coincidence technique, in the present experiment= ¢
The 7 data obtained at different angles were carefully aver-%l
aged and the values affected by systematic errors were red, 4
jected. The quoted statistical errors were derived as a resu®
of the averaging procedure. A comparison with earlier data 2 | . s - - -
on the lifetimes in'>%r reveals a reasonable overall agree- Vs — ()’
ment and points to the better precision characterizing the ©
present results. The lifetimes obtained in the present work for )
the 4" and 10" states differ from the previous daftal] by Spin T[]
more than one standard deviation and have a better precision. FiG. 9. Theoretical transitional quadrupole moments, taken
At 14" and 20, the present data show better agreement withrom Ref.[37] for the ground statédashed ling and the neutron
the lifetimes obtained by Beckt al. [22] and deviate from (i ,.)2 configuration(full line), and the present experimental re-
those deduced in Ref21]. We note that the use of the co- sults. The position of the aligned neutroi4,)? crossing is indi-
incidence technique with setting gates on feeding transitionsated.

2 4 6 8 10 12 14 16 18 20 22 24 26
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to the deformation driving 13, [651]3/2 ([660]1/2) orbital. In order to understand these results in more detail the data
At spin 10" to 14", where the the i(3,)? neutron band are compared with the Ultimate Cranker model that actually
crossing takes place, the results in Fig. 8 show a reduction insed '*%r as a special initial test ca$d2]. These calcula-
the quadrupole moment. This sudden drop is particularly aptions used a cranked mean field potential with the inclusion
parent for the 14— 12" transition. Sudden deviations may of pairing in order to extract the deformation properties in
indeed be expected in the crossing region between thgifferent configurations. A complete description of the calcu-
two bands. In order to investigate this further we have perigtions can be found in Ref27].
formed a two-band mixing calculation for the 12nd 14 The quadrupole moments obtained from the calculations
states of the ground and,,;)* or s band. We write the state reported in Ref[42] are reproduced in Fig. 9, along with the
vectors of the observed states, e.g., for thé 1@vels, as experimental values from the present work. The calculated
follows: values correspond to the ground-state configuration and the
(1392 neutron configuration. The calculation predicts that

112) = a|12;) + B[12), the ground-state band prefers a deformatioreef0.21 and
y=-6° and the {332 neutron configuration to have a
|12))=B|12y) — a|12), fairly constant deformation witte=0.21 andy=7°-10°.

The Q, values are calculated to be larger below thgy$)?

where the notation of the observédixed) states is the same C€rossing than above and the values for the two configurations
as in Fig. 1, with states labeled | in the left-hand band and IRre roughly constant as a function of spin. The high accuracy
the right-hand bandy ands indicate the states belonging to Of the experimental measurements enables a detailed com-
the unmixed ground-state band astand, respectively. Ir- parison with the calculations. Indeed, there is a discrepancy
respective of the interaction strengths andv 14 of the 12° below the crossing where the experimental values show a
and 14 states, respectively, thB(E2) ratios B(E2;14,  slight increase as a function of spin and above the crossing
—12,)/B(E2;14,—12) and B(E2;14—12,)/B(E2;14 the data have a consistently high®f than the calculated
—12) are equal if one assumes the same transition matrixalues.

elements in the ground argband. Experimentally we find It would be interesting to extend these highly accurate
B(E2;14,—12,)/B(E2;14,—12)=1.7 and B(E2;14 measurements to higher spin to investigate in greater detail
—12,)/B(E2;14—12)=0.9. This indicates different tran- the significant reduction of the experimental quadrupole mo-
sition matrix elements in the two bands for the transitions ofment with spin, reported by Beckt al. [22], and the dra-
interest, which is also supported by the measuB¢&2)  matic shape change that takes place in the yrast batfsf
values given in Table II. The transition quadrupole momentt spin 40° [1]. In this way, state-of-the-art theoretical cal-
Q; of the ground-state band increase with increasing SpiRjations, like the Ultimate Cranker, could be investigated

before the band crossing. Assuming that this trend continueg, ey g large spin range where many configuration and pair-
to higher spin, above the band crossing region, a value q g changes occur.

Q(14,—12;) of about 6.8 eb is obtained for the unmixed
states. For thes band above the 16 state our data show

rather constan®, values from which an average value of 5.4
eb is obtained. Thes®, values were used to calculate the

transition probabilities between the mixed 12nd 14" , o
states. The interaction strengths,=65 keV and vy, The highest precision lifetime measurement_s to da_te of
=60 keV was found to give the best agreement with thethe yrast states if®%Er up to 20" have been obtained using
experimental values. The result of this calculation is summathe recoil distance method. The Gammasphgsry spec-
rized in Table lII. trometer array and the University of Koplunger apparatus
We consider that the mixing calculation is in reasonablewere used to obtain high statistics coincidence data.
agreement with the experiment. The interaction strengths The results agree with the general trends observed in pre-
v1,=65 keV andv,,=60 keV also agree with the value of vious studies with a slight increase in transition quadrupole
60 keV deduced from the cranked shell model calculationsnoment before the firsit;3, neutron band crossing. How-
[40] and with the systematics of the values extracted in thigver, unlike previous studies where the quadrupole moment
region of nuclei[41]. In addition, the increase of th@, decreased monotonically, it was found that after the band
values with increasing spin in the ground-state band is superossing, the transition quadrupole moment was rather con-
ported by the mixing calculation. stant with values=90% of those at low spin. This difference
The present lifetime results show that after the bancbetween the various measurements may be attributed to the
crossing the quadrupole moment returns~®0% of its  superior technique of the differential decay-curve method
value measured at low spin {2 4") up to 20". The previ- that eliminates feeding problems. The new results have been
ous results indicate a gradual reduction in collectivity withcompared with the Ultimate Cranker model that usedr
increasing spin above the band crossing. Indeed, the meas its initial test example. These calculations also predict a
surements of Beckt al.[22], plotted to spin 26 in Fig. 8,  lower and roughly constant quadrupole moment above the
show that the quadrupole moment decreases to just underc2ossing, but with a reduction factor twice that observed ex-
eb at spin 40. perimentally.

VI. SUMMARY
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