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Collectivity at high spins in 156Dy
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Mean lifetimes of five levels in theSband and three levels in the ground-state band of156Dy, populated via
the 124Sn(36S,4n) reaction atE5145 MeV, were measured by the Doppler-shift attenuation technique using a
line-shape analysis. The differential decay-curve method was applied for a lifetime determination. In contrast
with earlier data, the presentB(E2) values in the yrast band do not indicate a reduction in the collectivity after
the crossing between theS band and the ground-state band, and confirm the results of theoretical calculations
using mean-field approaches.
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I. INTRODUCTION

Numerous experimental and theoretical investigatio
have been dedicated to156Dy over the past decades. Lying i
a transitional region between spherical and deformed nu
this nucleus is a natural laboratory for the experimental r
elation of a large variety of phenomena and a challeng
testing ground for theoretical models. The high-spin stud
of 156Dy yielded a wealth of information about the interpla
between collective and single-particle degrees of freed
The near yrast discrete lineg-ray spectroscopy@1# estab-
lished numerous band structures in this nucleus. Ten y
later, the discrete normal deformed states with highest s
(I'60\) observed so far were investigated in Ref.@2# where
a smooth prolate to a noncollective oblate shape evolu
was suggested for the lowest bands with positive parityp
51). The yrast states have been an object of investiga
already since the early 1970s. The works of Andrewset al.
@3# and Liederet al. @4# pointed out the interesting phenom
enon of the crossing between theb band and theS band,
with the latter becoming yrast at theI p5161 level, where
the levels of the continuation of the ground-state ba
~g.s.b.! start to form the yrare sequence. A portion of t
high-spin level scheme of156Dy is presented in Fig. 1. The
lifetimes of the yrast states up to high spins were determi
in a series of experiments by Wardet al. @6# and Emling
et al. @7,8#. The results of Refs.@7,8#, where individual life-
times of levels of theSband aboveI p5201 have been mea
sured, implied rotationally induced shape changes affec
the parametersb andg of the intrinsic quadrupole deforma
tion. These changes led to a reduction of the collectiv
expressed through theB(E2) values, already in the spin re
gion I p5221 –301 in comparison with what is observed
lower spins. In this spin region, the structure of the yr
band is dominated by two unpairedi 13/2 quasineutrons, and
only at higher spins additional quasiparticles successiv
align and finally make the collectivity vanish at the ban
0556-2813/2003/68~3!/034328~10!/$20.00 68 0343
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terminating state. The purpose of the present work is to
measure the lifetimes of the levels in the spin regionI p

5221 –301 using the Doppler-shift attenuation metho
~DSAM! @9# and to verify the earlier suggested drop in t
B(E2) values. One of the reasons for this is the fact t
many theoretical calculations using mean-field approach
e.g., Refs.@10–12#, do not predict such a significant redu
tion of the collectivity in the spin region considered. Apa
from the interesting physical topic, our work has been ad
tionally motivated by the advances of the experimental te
niques, which make possible nowadays the use of large m
tidetector arrays and provide the analysis with data of hig
statistics.

II. EXPERIMENT

The excited states of interest in156Dy were populated
using the reaction124Sn (36S, 4n) at an energy of 145 MeV
with a beam provided by the XTU tandem of the Laborat
Nazionali di Legnaro, Italy. The target consisted of
0.9 mg/cm2 Sn foil enriched to 95.3% in124Sn. It was
evaporated onto a 13.4 mg/cm2 Ta foil serving as a backing
to stop the recoils which were leaving the target with a me
velocity of about 1.83% of the velocity of light,c. Theg rays
deexciting the recoiling156Dy nuclei, which are produced in
the dominating exit channel of the reaction, were registe
with the GASP array@13# in configuration I. This array con-
sists of 40 large volume Compton suppressed german
detectors which can be grouped in to seven rings for the d
analysis. The detectors of each ring are positioned at
proximately the same angleu with respect to the beam axis
namely, ring 0 (u534.6°), ring 1 (59.4°), ring 2 (72°), ring
3 (90°), ring 4 (108°), ring 5 (120.6°), and ring 6 (145.4°
For the present DSAM experiment, the rings of main inter
are these where appreciable Doppler shifts can be obser
i.e., rings 0, 1, 5, and 6. Each of these rings consists of
detectors. The trigger condition for data acquisition was
to the registration of at least two germanium signals firing
prompt coincidence. About 0.73109 unfolded doubles
©2003 The American Physical Society28-1
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events were collected in the measurement. After correct
for energy shifts and energy matching of the detectors,
data were initially sorted out into two groups of 49 4k
34k g-g coincidence matrices, where each matrix accum
lates events corresponding to the registration of twog rays
by the detectors belonging to a particular pair of rings of
GASP. The first group of matrices was built using a windo
set on the prompt time peak, while the time window for t
second group was set away from this peak on a backgro
region where the random coincidences dominate. To cor
for the latter, the matrices of the second group were s
tracted from the corresponding matrices of the first gro
Then, gates were set in the resulting matrices in orde
check if the quality of the gated spectra allows for a DS
analysis which eliminates the problem of the unknown
side feeding of the level of interest. Our recently publish
procedures solve this problem for a pair of two subsequeng
rays, with a gate on the Doppler-shifted fraction of the fee
ing transition@14# or with a gate on any fraction of the de
populating transition@15#. Unfortunately, the statistics turne
out to insufficient for the application of these two a
proaches. Therefore, we have built a set of four newg-g
matrices, with one of their axes corresponding to the de
tion of ag ray in ring 0, 1, 5, and 6, respectively, whereas t
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FIG. 1. Partial level scheme of156Dy according to Ref.@5#.
Lifetimes determined in the present work are displayed in so
framed boxes. Additional available lifetime information@5# is also
shown.
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other axis being associated with a detection of the sec
coincidentg ray in any ring of the GASP. Spectra for furthe
analysis were generated by setting gates at the latter axi
fully stopped peaks of lower-lying transitions, i.e., ‘‘from
below.’’ Examples of such spectra, showing transitions in
S band of 156Dy, are displayed in Fig. 2 to illustrate th
quality of the data. In addition, a matrix was built whic
accounts for the full statistics of the experiment by accum
lating g-g coincidences between any pair of rings of t
GASP. This matrix served to obtain information on the i
tensities of theg rays of 156Dy observed in the experimen
As a part of the experiment, energy, full width at half max
mum, and efficiency calibrations were made with a152Eu
source. With the same setup, we performed also a recoil
tance Doppler-shift~RDDS! lifetime measurement, the re
sults of which will be presented and discussed in a forthco
ing paper@16#.

III. DATA ANALYSIS

The slowing down of the recoiling nucleus in a mater
and the decay of its excited states occur independently,
being initiated by the same nuclear reaction, they are co
lated in time. This fact is the basis of the well establish
DSAM for lifetime determination~cf., e.g., Ref.@9#!. Experi-
mentally, the method is realized by measuring the spect
of g rays at a given direction of observation, e.g., at an an
u with respect to the beam axis. The Doppler-shift formu
Eg85Eg0

(11vu /c) describes the relation between the pr
cise registered energyEg8 , the energy of theg ray emitted at
restEg0

, and the recoil velocity projectionsvu on this direc-
tion, and thus correlates the decay and slowing-down hi

d

FIG. 2. Line shapes of transitions in theS band of 156Dy ob-
tained with a gate set on the 527 keV transition at all seven ring
the GASP. The spectra are measured with the detectors position
35° ~ring 0! and 145°~ring 6! with respect to the beam axis. Th
energies of theg-ray transitions are indicated in keV.
8-2
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TABLE I. Parameters of the electron stopping power@Eq. ~2!#. See also text.

156Dy ions Upper energy limit~MeV! f e a

Sn ~enriched to 95.3% in124Sn) 26 0.844 0.643
Ta 11 0.543 0.631
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ries. After taking into account the response functionF of the
detector, the measured singles spectrum or line shap
given by

Si j
g ~Eg!5E

2`

`

dEg8
c

Eg0

F~Eg8 ,Eg!

3E
0

`

dtPu„t,vu~Eg8 !…bi j l ini~ t !. ~1!

Here, quantityni(t) represents the population of leveli as a
function of timet, l i is the decay constant of that level an
bi j is the branching of the deexciting transitioni→ j under
investigation. The stopping matrixPu(t,vu) represents the
normalized distributions of the velocity projectionvu at dif-
ferent timest. Depending on the experimental situation, a
ditional corrections for geometry, efficiency, angular corre
tion, and kinematics effects~cf. Ref. @9#! have also to be
taken into account in Eq.~1!.

Our approach for analyzing DSA line shapes and deriv
lifetimes is thoroughly presented in Refs.@17,18#. Referring
the reader for more details to these papers, here we
remind the main points and concentrate on features spe
to the present work. In this section, we discuss~i! the deter-
mination of the stopping matrixPu(t,vu) to describe the
stopping process;~ii ! the line-shape analysis, i.e., the solvin
of Eq. ~1! with respect to the decay functionbi j l ini(t) of the
transitioni → j; and ~iii ! extraction of the lifetimet i51/l i
of the level of interest,i, whereby the influence of the highe
lying feeding levels has also to be taken into account. As
illustration, we use the case of the transition of 808 k
which depopulates theI p5261 level in theS band~cf. Fig.
1!. The results obtained in this band as well as in the grou
state band are presented in the following section~Sec. IV!.

For the description of the stopping process, i.e., for
calculation of the matrixPu(t,vu) in Eq. ~1!, we used a
modified version of the computer codeDESASTOP@19,20# by
Winter. This version allows for a numerical treatment of t
electron stopping powers at relatively higher ion energ
where a simple expression such as the generalization@21# of
the formula following from the Lindhard, Scharff, an
Schio”tt ~LSS! theory @22#

S de

dr D
e

5 f ekLSSe
a ~2!

is not anymore valid. We recall that Eq.~2! describes the
electron stopping power in terms of the dimensionless v
ables of the LSS theory, wherekLSS is a theoretical constan
while f e and a are fitting parameters (aLSS50.5, f e

LSS

51.0, ande is proportional to the kinetic energy of the io
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andr to the distance!. Our new version ofDESASTOP@19,20#
uses this equation only at low ion energies, below some l
iting value, where its right-hand side is fitted to the nume
cal data. The numerical electron stopping power for156Dy in
the target and stopper materials were determined from ta
lated data as follows. First, the electron stopping power
164Dy ions in Sn~Ta! was interpolated~taken! from the semi-
empirical tables of Northcliffe and Schilling~NS! @23# and
converted into stopping power for156Dy ions by a correction
for the mass difference. An additional correction was ma
for the details of the atomic structure of the medium us
Refs. @24,25# which account for deviations from the rela
tively smooth dependence on Z predicted by the NS tab
@23#. To adjust the electron stopping power of the Sn targ
we used the above mentioned accompanying RDDS m
surement @16#, namely, the positions and widths of th
Doppler-shiftedg-ray peaks at large target-to-stopper d
tances. Finally, the data were transformed in LSS units
fitted with the function on the rhs of Eq.~2!. The derived
parametersf e and a are presented in Table I. The nucle
stopping power, which is due to the interaction with the
oms of the medium as a whole, was taken into account in
code according to the LSS theory@22# and the parametriza
tion of the universal scattering function for a Thomas-Fer
potential given in Ref.@21#. To correct for the effect of mi-
crochanneling in the stopping medium, the nuclear stopp
power was reduced by a factorf n50.7 ~cf. Refs.@26,24# for
more details!. The successful use, in the past@18#, of the
procedure described above make us confident of the relia
ity of the stopping powers employed in the present wo
Nevertheless, we have also investigated~cf. below! the effect
of deviations of 10% in these quantities on the derived li
times. According to our calculation, the distribution of th
stopping times of the156Dy recoils is characterized by
mean value of 1.24 ps and a variance of about 0.25 ps. Th
values set upper limits for the effective lifetimes~feeding
time plus own lifetime! of the levels accessible for the DS
analysis in the present study. Finally, it should be mention
that our code follows closely the Monte Carlo calculation
the stopping process proposed by Currie@21#. However, ad-
ditional randomizations, which take into account the effe
of the reaction kinematics and the finite size of the detect
are also performed.

In order to obtain the line shapes of the investigatedg-ray
transitions in theSband and g.s.b. of156Dy, as already men-
tioned, gates were set in theg-g coincidence matrices on
fully stopped peaks of lower-lyingg-ray transitions. Then,
the gated spectra were inspected for their cleanness, with
requirement for consistent line shapes at forward and ba
ward angles. The best spectra, used in the subsequent a
sis, were generated with gates set on the 527- and 636-
8-3
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FIG. 3. Line shape analysis of the 808-keV transition in theS-band and determination of the lifetime of theI p5261 level at 6878-keV
according to the DDCM@cf. Eq. 3#. On the left-hand side are shown fits of the lineshapes measured at the angles of 35°, 59°, 12
145° with respect to the beam axis. Dashed lines show the background as well as small contaminant peaks. The decay functions y
fits displayed in the left part are presented in the middle with their statistical uncertainties. The decay function of the feeding tran
861 keV is also shown as determined from independent fits at the four detector angles. Its area is normalized to that of the deca
of the 808-keV transition. Thet curves and their statistical uncertainties calculated with the decay functions shown in the middle
figure are presented on the rhs. The lifetimestu derived at the four detector angles and their statistical errors are also displayed. Th
adopted value of the lifetime iŝt&5190634 fs.
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transitions, for theSband and the g.s.b., respectively~cf. Fig.
1!. In this way, four line shapes~as observed at the angles
34.6°, 59.4°, 120.6°, and 145.4°) for each transition of
terest were obtained and analyzed independently accor
to the procedure outlined in details in Refs.@17,18#. Here, we
recall only the main points of that procedure. The aim is
determination of the decay functionbi j l ini(t) in Eq. ~1! as a
whole, i.e., of its numerical values as a function of the tim
t. In this way, we consider Eq.~1! as an integral equation fo
the decay function and describe its solution by a set
03432
-
ng

e

f

second-order polynomials over separate time intervals wh
are smoothly interconnected at the interval borders. Actua
the line shape analysis consists of varying the number
positions of the time borders~on thet scale! until the bestx2

fit of the line shape~on theEg scale! is obtained. The corre-
lation matrix of the fit allows for the determination of th
statistical uncertainties in all subsequent calculations. In F
3, the procedure is illustrated for the 808-keV transition
theSband at the four different detector angles. The fits of
line shapes are displayed on the left-hand side. In the mid
8-4
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the decay functions of the transition corresponding to
best fits are presented with their statistical uncertainties.

The line shape analysis yields the decay functions of
level of interesti and of the feeding levelsh. When they are
determined, lifetimet can be calculated according to th
formalism of the differential decay-curve method~DDCM!
@27# presented for the DSAM case in Ref.@17#:

t i~ t !5

2l iE
0

t

dt8ni~ t8!1(
h

bhilhE
0

t

dt8nh~ t8!

l ini~ t !
, ~3!

where the summation overh includes all direct feeders o
level i and automatically takes into account the feeding h
tory. Because lifetimet is a constant, functiont i(t), i.e., the
t curve given by Eq.~3! should represent a straight lin
when plotted versus timet. Actually, this is realized only
within some ‘‘region of sensitivity’’ where the values of th
numerator and the denominator in Eq.~3! are not too small.
Also, due to the polynomial parametrization of the dec
functions, the values of the latter are not really reliable
very short and large timest. Lifetime t is determined as a
weighted average of thet i(t) values within the sensitivity
region. It should be mentioned that deviations of thet curve
from a constant behavior within the sensitivity region imm
diately indicate the existence of systematic errors in
analysis. In each of the rings 0, 1, 5, and 6, the line sh
analysis and the lifetime determination were performed in
pendently. Since Eq.~3! implies a knowledge of all direc
feeders, we also had to investigate the intensity balanc
levels of interest. The intensities of theg rays involved in the
analysis were derived using the full statistics matrix wh
registers coincidences between any pair of detectors of
GASP and the152Eu efficiency calibration~cf. Sec. II!. The
different positions of the detector rings with respect to
beam axis nearly ensure a smoothing of the angular corr
tion of the coincidentg rays, which allows for the derivation
of the intensities within a good approximation. Due to t
use of gates set on lower-lying transitions, it turned out t
some unknown feeding or side feeding is present at ev
investigated level. Therefore, we adopted an often app
hypothesis on the time behavior of the side feeding, nam
that it is the same as that of the known feeding. In additi
we investigated the influence of side feeding on the res
obtained for the lifetimes~cf. below!. To apply our hypoth-
esis, the total intensity of the feeding decay functions w
renormalized to the intensity of the depopulating decay fu
tion and thet curves were calculated according to Eq.~3!.
Examples oft curves obtained for the 808-keV transition
the S band at the four detector angles are shown in Fig
rhs. In the middle of this figure are displayed the decay fu
tions used for the calculation of thet values. The weighted
average valuestu within the sensitivity region and their sta
tistical uncertaintiesDtu were calculated using error propa
gation and taking into account the correlations between
different quantities participating in Eq.~3!. The final result
for t was obtained as an unweighted mean of the val
determined independently at the different angles~rings!. For
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the uncertainty of its value, we adopted the square root of
variance of the results obtained at the four different rings.
preferred this derivation of the mean value and its unc
tainty because it takes better into account the systematic
rors of the analysis at the individual rings~see also discus
sion of a similar problem in Ref.@18#!.

The investigation of the uncertainties due to side feed
was done according to the approach outlined in Ref.@18#.
For a fixed value oft, it is possible to solve Eq.~3! with
respect to the decay functionDs f(t) of the side feeding~sf!,

Ds f~ t !5t
d

dt
l ini~ t !1l ini~ t !2(

h
bhi

k flh
k fnh

k f~ t !, ~4!

where the index kf stands for known feeding. Different a
signed values of the lifetimet lead to different functions
Ds f(t), which can be inspected for a physically reasona
behavior. In both directions of increasing and decreasing
t, at some criticalt value, time regions appear where th
calculated functionDs f(t) is characterized by negative va
ues. Obviously values oft beyond the critical ones should b
excluded. Thus, lowertmin and uppertmax limits for the
lifetime can be determined which reflect the uncertainty d
to side feeding.

Finally, we have investigated the effect of a possible
complete knowledge of the stopping powers~SP!. For this
purpose, we increased and decreased by 10% our basic s
stopping powers and reanalyzed some part of the data. In
way, the corresponding lowert low

SP and uppertup
SP limits for t

were derived which provide an estimate of the related s
tematic error when compared to the adopted values of
lifetimes.

IV. RESULTS

In the present work, eight lifetimes have been deriv
five in the S band and three in the ground-state band. T
results of the analysis are summarized in Table II. Examp
of fits of line shapes used in the analysis are shown in F
4 and 5. According to the adopted hypothesis on side feed
~cf. above, Sec. III!, the difference between the effective life
times of two successive levels should yield the lifetime
the lower one. This expectation is realized within the er
bars of the lifetimes derived from the line shape analysis~cf.
Table II!. The fraction of side feeding of the levels und
investigation varies from 12% to 41%. The amount of si
feeding significantly influences the precision of the deriv
lifetimes. When its fraction is small~12% at the 221 level of
the g.s.b.!, the uncertainties due to side feeding fall into t
error bars of the derived lifetime. When this fraction is larg
these uncertainties are well above the adopted error bar
lifetime t. It is interesting to mention that the limits obtaine
with a variation of side-feeding in Table II indicate that th
deviations towards shorter lifetimes may be quantitativ
larger than those towards longer ones. Also, these data
to recognize the lifetimes whose precision depends on
hypothesis involved in the analysis. Concerning the role
the incomplete knowledge of the stopping powers, in alm
8-5
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TABLE II. Lifetimes determined in the present work. In columns 1 and 2, the energy and spin of the levels investigated are
respectively. The depopulatingg-ray transitions whose line shapes were analyzed are displayed in column 3. The deduced effective l
are presented in column 4. The next columns characterize only levels whose lifetimes were determined and not the highest feed
used in the analysis. First, the fraction of the side-feeding intensityI g

s f is displayed. In columns 6 and 7, the lower and upper limits for
lifetime t are shown, respectively, as derived from the variation of the side feeding~SF!. Further, the lowert low

SP and uppertup
SP values of the

lifetimes, which can be obtained with 10% increase and reduction of the stopping powers, respectively, are presented. The adopte
from the present work and their uncertainties are given in the next two columns. Finally, lifetimes taken from Refs.@5#, @8# are shown for
comparison.

Elev Eg te f f I g
s f Variation of SF Adopted Reference@5# Reference@8#

tmin tmax t low
SP tup

SP t Dt t Dt t Dt
~keV! I p ~keV! ~ps! ~%! ~fs! ~fs! ~fs! ~fs! ~fs! ~fs! ~fs! ~fs! ~fs! ~fs!

g.s. band
4859 201 681 1.7 36 140 450 327 396 358 95 330 140
5572 221 714 1.3 12 260 340 268 319 291 52 490 2140

1170

6329 241 756 1.1 31 120 280 205 245 223 43 490 120
7130 261 802 0.9

S band
5320 221 685 1.6 20 340 460 352 446 395 84 490 60 460 80
6070 241 750 1.2 19 180 320 232 291 259 27 390 200 210 80
6878 261 808 1.0 34 65 235 177 207 190 34 230 130 160 50
7739 281 861 0.8 41 30 150 113 136 123 25 170 40 160 40
8651 301 912 0.7 32 25 130 78 96 86 22 120 20 120 20
9611 321 961 0.6
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for
all cases the uncertainties related to it are within the adop
error bars of the lifetimes.

For comparison, lifetime data from Ref.@5# are also pre-
sented in Table II~in the column Ref.@5#!. In Ref. @5#, these
data were obtained as an average of the results of the ea
RDDS @7# and DSAM @8# measurements. The lifetimes d
rived in the present work are as a rule shorter, although
some cases agreement is observed, mainly due to the
uncertainties of the previous data. On the other hand,
new values for theSband are quite close to the results giv
in Ref. @8#, which are also shown in Table II, and the agre
ment with them is much better. This fact, as well as
smaller uncertainties of our results, shows that the pre
work significantly contributes to the improvement of the p
cision of the lifetimes at high spin in156Dy.

The reduced transition probabilities obtained from t
lifetimes derived in the present work are presented in Ta
III.

V. DISCUSSION

In Fig. 6, we present theB(E2,I→I 22) transition
strengths determined in the present work within the s
rangeI 522\-30\ of the yrast band. The yrast band consi
of the levels of the g.s.b. up to theI p5161 level, where the
S band becomes energetically favored~cf. Fig. 1!. In addi-
tion, we show for completeness in Fig. 6 also theB(E2)’s
derived for the lower-lying yrast states using the data fr
the accompanying RDDS measurement~cf. Sec. II! and
which will be thoroughly discussed in a forthcoming pap
@16#. Other available data from Ref.@5# are also displayed
The experimental values are compared to calculations
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formed in the framework of different nuclear models. T
simplest of them is the axially symmetric rigid-rotor mod
@28# where the intrabandB(E2)’s are given by the well
known formula

B~E2,I→I 22!5
5

16p
Q0

2^IK20uI 22K&2 ~5!

with an intrinsic quadrupole momentQ0 related@29# to de-
formationb via

Q05
3

A5p
ZR0

2b~110.16b!. ~6!

According to Ref.@30#, due to the difference between th
nuclear charge distribution and the mean field,b
'1.1bmean f ield. QuantityQ0, which should be a constan
for all band members, is usually determined from the d
using Eq.~5! and the transition strength at the bottom of t
rotational band. From the half lifeT1/250.823(7) of the 21

1

level of the ground-state band given in Ref.@5#, one can
derive the transition strength B(E2,21

1→01
1)

50.744(19)e2 b2 and Q056.12(8)e. With the latter value,
the B(E2)’s for the higher-lying transitions were recalcu
lated, again assumingK50, and are presented in Fig. 6 wit
the solid line A. Apart from some fluctuations and the e
pected failure at the band-crossing point (I p5161), the
agreement with the data is impressive and indicates sim
quadrupole deformations of the g.s.b. and theS band at low
and high spins, respectively. Thus, the conclusions
rotation-induced shape changes@7# in the spin region below
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FIG. 4. Fitted line shapes o
transitions in theS band observed
at 35° and 145°. The backgroun
and contaminants present are al
displayed with dashed lines.
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tion
I 530\, based on earlier data, are not supported by
present work. However, we cannot exclude the possible
duction of the yrastB(E2)’s at higher spin (I'38\) ob-
served in Ref.@8# and associated with band termination and
gradual transition towards noncollective oblate shape@2#. It
is interesting to note that the recent@31# data on the lifetimes
of the yrast states in the neighboring nucleus158Er indicate a
behavior of the B~E2! transition strengths which only
slightly differs from that observed in156Dy in the present
work. In 158Er, the data support some small reduction of t
collectivity after the band-crossing.
03432
e
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e

Of course, a rigid-rotor-like behavior of the transitio
strengths does not necessarily mean that the average v
of the shape variablesb andg remain stable. It might be tha
they change in a correlated way, leading to the obser
features. However, the detailed investigation of such effe
is beyond the scope of the present work. Instead, we con
ered other available theoretical calculations based on m
sophisticated approaches than the axially symmetric rig
rotor model and compare some of them to the data in Fig
referring the reader for more details to the quoted wor
Many theoretical efforts have been devoted to the descrip
8-7
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FIG. 5. Same as in Fig. 4, bu
for the ground-state band.
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of the electromagnetic transition strengths between the y
states in156Dy. Bhatt et al. @32# have recently investigate
the wave functions of the yrast states of even-even nuc
and, in particular, of156Dy, in terms of quadrupole collective
states of nucleons occupying normal and abnormal pa
orbitals. This work predicts yrastB(E2) values similar to
those of a symmetric rigid rotor, but with a trend for a r
duction of the collectivity with increasing spin afterI p

5201. Cranked Hartree-Fock-Bogoliubov calculations w
variation after exact projection onto a good particle num
@10# give an overall description of the level energies and a
predict a behavior of theB(E2) values, which is very close
to the expectations for a symmetric rigid rotor. However,
the authors point out, the calculation cannot reproduce
03432
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fine structure of theB(E2) data, and especially the fluctua
tions around the band-crossing region. The projected sh
model approach applied in Ref.@12# can only roughly de-
scribe the present data. The best agreement betw
experiment and semimicroscopic calculations is provided
the work of Sun and Egido@11#. They used an angula
momentum–projected Tamm-Dancoff approximation inclu
ing two- and four-quasiparticle states. The calculated val
of the B(E2)’s in Ref. @11# are presented in Fig. 6 with line
B. Algebraic approaches within the framework of the IB
have also been tried to describe the yrast states. Thus, H
et al. @33,34# included core-excitations yielding compleme
tary bosons which shift to higher spins the so called cutoff
the yrastB(E2)’s. Also, Chuu and Hsieh@35# applied the
8-8
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COLLECTIVITY AT HIGH SPINS IN 156Dy PHYSICAL REVIEW C 68, 034328 ~2003!
IBM with two-quasiparticle states to describe the structure
even-even Dy nuclei. The results of these two IBM calcu
tions are presented in Fig. 6 with lines C and D, respectiv
They can only very roughly describe the experimental dat
the spin regionI .20\ measured in the present work.

Thus, we can conclude that our study confirms the ca
lations made earlier within semimicroscopic mean-field
proaches@10–12,32#, which predict no change or only a ma
ginal decrease of the collectivity in the spin regionI
520\ –30\ of the yrast band of156Dy. This is consistent
also with the calculations of Dudek and Nazarewicz@36#
who applied the generalized Strutinsky-cranking method
investigate the shape evolution of transitional nuclei at h
spin. According to that work, at spinI 530\, 156Dy is char-
acterized by a nuclear shape which is close to prolate, wi
deformation ofbmean f ield50.23. This deformation is only a
bit smaller than the value of 0.255~4!, which can be extracted
from theB(E2,21

1→01
1) transition strength.

Finally, we would like to mention the slightly higher co
lectivity of the transitions belonging to the continuation
the g.s.b compared to that of the transitions along theSband
~cf. Table III!. Although the effect is within the error bars o
the data, it would be interesting to verify it by refined the
retical calculations in the future.

VI. SUMMARY AND CONCLUSIONS

By means of the Doppler-shift attenuation method, li
time measurements in156Dy were performed using the mu

TABLE III. Reduced electromagnetic transition probabilitie
B(E2) derived in this work. In column 1, the band investigated
displayed. The level and depopulating transition energies are sh
~in keV! in the next two columns followed by the spin/parity of th
initial ( I i

p) and final (I f
p) levels. The last column presents th

B(E2) data in Weisskopf units. Uncertainties are shown in bra
ets.

Band Elev Eg I i
p I f

p B(E2) (e2 b2) B(E2) ~W.u.!

g.s. band 4859 681 201 181 1.547~410! 310 ~82!

5572 714 221 201 1.502~268! 301 ~54!

6329 756 241 221 1.477~285! 296 ~57!

S band 5320 685 221 201 1.364~290! 274 ~58!

6070 750 241 221 1.321~138! 265 ~28!

6878 808 261 241 1.243~222! 249 ~45!

7739 861 281 261 1.397~284! 280 ~57!

8651 912 301 281 1.499~383! 300 ~77!
e
n
.M

.V
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tidetector array GASP. The data were analyzed accordin
the differential decay-curve method and eight lifetimes
excited nuclear states were derived in theS band and the
ground-state band of that nucleus. These new lifetime va
significantly improve the precision of the knowledge of t
properties of the high-spin states considered. Along the y
band, the behavior of the reduced transition probabilit
B(E2) is consistent with a rigid-rotor description and earl
suggestions for rotation-induced shape changes are not
firmed. The present data supports calculations within sem
icroscopic mean-field approaches@10–12,32# which also pre-
dict no change or only a marginal decrease of the collectiv
in the spin regionI 520\ –30\ of the yrast band of156Dy
and give results similar to those of the rigid-rotor model.
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FIG. 6. B(E2) transition strengths in the yrast band of156Dy.
The measured values are compared to the expected ones for a
rotor ~line A) and to calculations from Refs.@11,34,35#, presented
by the lines B,C, and D, respectively. For the spin regionI
522\ –30\, the experimental data are taken from the present wo
At lower spins, data from Ref.@16# are shown with open circles
while the data taken from Ref.@5# are shown with triangles.
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