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Study of nuclear shapes in Tl isotopes via excited state giant dipole resonance studies in the
reaction 16O1 181Ta
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The present paper describes the measurement of high energy gamma rays (;5–22 MeV! in the reaction
16O1181Ta. Singles measurements were performed atE(16O!584, 89, and 107 MeV and the multiplicity gated
measurements along with the angular distributions were made atE(16O!594 MeV. It is seen that the Tl nuclei
are nonspherical at the excitation energies and spins relevant for the present work. The angular distribution data
can be explained only by incorporating large orientation fluctuations. An attempt has been made to extract
information on shape fluctuations directly from theg spectra. Under the restriction of using a common
‘‘intrinsic’’ strength function characterized byE0 andG0 for the multiplicity gated data sets, a small increase
of the effective mean deformation and a drive towards triaxiality (g; 30°) with angular momentum is brought
out. If this restriction is relaxed, however, the data can be understood also with a smaller value ofg. The
singles data can be understood within the same framework with a higher value ofG0 . @S0556-2813~96!03906-
4#

PACS number~s!: 24.30.Cz, 24.60.Dr, 25.70.Gh, 27.80.1w
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I. INTRODUCTION

Soon after the first experimental observation of the g
dipole resonance~GDR! built on excited states in the heav
ion fusion reactions@1#, a series of experiments were r
ported@2,3# on the extraction of nuclear shape information
high spin and nonzero temperature from the excited s
GDR studies. It was later realized that it is rather difficult
extract this information from such studies in an unambigu
manner. The main reason is that at high excitation ener
and spins, the nuclei may not attain a unique shape an
orientation with respect to the spin axis. These shape
orientation fluctuations lead to difficulties in the unambig
ous unfolding of experimental data. Moreover, even fo
unique deformed shape with axially symmetric deformati
knowledge of the ratio of the widths of the two characteris
components of the GDR is necessary to extract the sig
deformation, i.e., the prolate or the oblate character. The
gular distribution can be of more help but again the gen
behavior of the energy dependence of the angular anisot
is almost similar for, say, the collective prolate and the n
collective oblate shapes. If the ground state systematic
the GDR strength function for the deformed nuclei is tak
as a guide, then the width of the higher energy compon
should be more than that of the lower one. This has also b
justified by some theoretical calculations@4#. With such a
hypothesis experiments on the Pb isotopes (A;200) re-
vealed@5,6# a spherical to prolate shape transition at a s
value of 14\ to 18\. It was mentioned in that work that th
shape transition is a general feature in this mass region a

*Present address: Department of Physics, SUNY, Stony Br
NY 11794.
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not sensitively dependent on neutron number. The pre
work reports on the study of the GDR built on excited sta
in the Tl isotopes (A;200). The motivation is to investigat
the generality of the shape transition phenomenon in a
ferent element in this mass region and to make more ex
sive measurements on the spin dependence of this phen
enon.

Another relevant question is regarding the width increa
of the GDR as a function of temperature and spin. It is g
erally believed@3# that the GDR width increases at high e
citation energies due to the increased shape fluctuatio
higher temperature and angular momenta and the conv
tion of the strength function over different shapes. The
herent increase in damping width with excitation energy
predicted to be small@7#. The above ideas together wit
theoretical calculations of the free energy surfaces of nu
have been used in the analyses of some experimental
@3,8#. Although the fits to the data are not always very goo
it is claimed that this model of the GDR width increase
supported by the data. A systematic investigation of this
pect is therefore necessary in other systems. The pre
work addresses these aspects also in theA;200 region for
nuclei with nearly spherical ground state shapes. The atte
here is to extract information on shape fluctuations direc
from the data and not to test any theoretical energy surf
calculations.

II. EXPERIMENTAL METHODS

The experiments were carried out at the 14UD Pellet
accelerator laboratory at Bombay using16O beams bombard
ing a self-supporting rolled target (;2 mg/cm2) of natural
tantalum. The measurements consisted of three parts. In
first part, the singles gamma ray spectra were measure
three beam energies of; 84, 89, and 107 MeV. High energ

ook,
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2740 53D. R. CHAKRABARTY et al.
gamma~HEG! rays in the energy range of;5–22 MeV
were detected in an array of seven 15 cm thick, close
packed regular hexagonal NaI~Tl! detectors, each inscribed
in a circle of 7.5 cm radius. The front face was covered wi
a 5 mm thick lead sheet to cut down the low energyg rays
and x rays produced in the target by beam bombardme
The detector assembly was placed at 90° and at distance
50–100 cm in various runs. The other details of the detec
assembly including the measurements of the response fu
tion, energy calibration, associated electronics, etc., are
scribed elsewhere@9,10#. The HEG rays were detected in
coincidence with a BaF2 detector~5 cm diameter3 7.6 cm
length! situated at;6 cm from the target. The reduction o
the cosmic ray events through this coincidence requirem
was estimated to be sufficient in the energy range of inter
and no further active or passive shield for cosmic rays w
used. The BaF2 detector also served as a trigger detector f
the time of flight ~TOF! measurement and subseque
neutron-gamma discrimination. Also the coincidence r
quirement with this detector of a geometrical efficiency
;4% emphasized the high multiplicity and, hence, fusio
events in these measurements. The reduction of the pil
events was achieved through the pulse shape discrimina
method with a hardware gate on the nonpileup conditi
@9,10#. The data were recorded in a PC-based CAMAC sy
tem as two-dimensional spectra of energy deposited in
HEG detector versus TOF. Typical time resolution was;3
ns.

For a more exclusive measurement on the spin dep
dence of the excited state GDR decay, the second part of
experiment consisted of measuring HEG rays in the sa
reaction in coincidence with a multiplicity detector assem
bly. The beam energy in these measurements was;94 MeV.
The multiplicity detector assembly consisted of 14 bismu
germanate~BGO! detectors, each 6.3 cm thick and having
regular hexagonal cross section with distance of 5.6 cm
tween opposite edges. They were close packed in two gro
of seven each, facing each other, above and below the ta
at a distance of;1.8 cm. The middle detector in each grou
was pulled out to equalize the efficiency of all the detecto
The front faces were covered with cadmium sheets of;0.5
mm thickness. Besides, the 1 mm stainless steel wall of
target chamber almost eliminated the high count rate fro
the x rays. The efficiencies were measured with a137Cs
source for 662 keVg rays kept at the target position. Th
total efficiency was;68%. The HEG detector was kept at 9
° and at a distance of 100 cm from the target. TheOR of the
timing signals from the 14 BGO detectors~after alignment in
time! was used to generate the start of a time-to-amplitu
converter for the TOF measurement. An analog signal w
generated with amplitude proportional to the number of d
tectors fired in an event and was fed to the analog-to-dig
converter~ADC!. A pileup parameter was derived from th
zero crossover time of the bipolar energy pulse of the HE
detector. The data were recorded in the list mode in a P
based CAMAC system. For each event the recorded para
eters were the energy deposited in the HEG detector,
pileup parameter, the fold or the number of multiplicity de
tectors fired, and the TOF. The typical time resolution w
4–5 ns for fold> 3.

The third part of the experiment consisted of the measu
ly
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ment of angular distributions at the beam energy of 94 MeV
The HEG detector was kept at 45°, 90°, and 135° to th
beam at a distance of 100 cm. The measurements were m
in coincidence with another multiplicity detector setup con
sisting of eight regular hexagonal NaI~Tl! detectors, each of
thickness 7.5 cm and edge-to-edge distance of 5 cm. Th
were close packed into two groups of four each and kept a
distance of 4 cm from the target. The total efficiency in thi
case was;40%. The data were recorded in the list mode.

Table I lists the beam energies, the mean excitation en
gies (EC

x ) in the compound nucleus~CN!, and the fusion and
fission cross sections used in the data analysis. The fus
cross sections were extrapolated from the experimental d
on the19F1 181Ta reaction@11# and the fission cross sections
were obtained from the experimental measurements@12# on
the 16O1 181Ta system.

III. EXPERIMENTAL DATA ANALYSIS

A. Singles data

The singlesg spectra at the bombarding energies of 84
89, and 107 MeV were obtained by projecting the energ
dependent ‘‘prompt’’ gated part of the two-dimensional en
ergy versus TOF spectra and subtracting the ‘‘chance’’ gat
part. These are shown in Fig. 1. Figure 2 shows the divid
plots for the same data. These were derived by dividing t
above singles spectra by statistical spectra calculated at
corresponding beam energies with a constantE1 strength~of
0.1 Weisskopf unit!. These divided plots are thus represen
tatives of the averageg-ray strength functionsF(Eg) and
have been normalized to 1 atEg ;7 MeV @5#.

B. Multiplicity gated data

From the analysis of the list mode data at the beam ener
of 94 MeV, the fold distribution of the multiplicity detectors
was extracted for different gamma energy windows set o
the HEG detector array. This was done with neutron reje
tion via the ‘‘prompt’’ condition set on the TOF parameter
The fold distribution showed a distinct difference for the
HEG energy below and above;8 MeV. For extracting the
multiplicity distribution ~of the low energy gamma rays!
from these fold distributions, first, the fold response of th
BGO array was calculated for different multiplicities with a
Monte Carlo computer program. Next, different forms o
multiplicity distributions were assumed, the above fold re
sponse was convoluted over each, and the resultant fold d
tributions were compared with the experimental data. Th
input multiplicity distributions were varied until the best fit
to the data was obtained. For HEG above;8 MeV a trian-

TABLE I. Experimental parameters in the16O1181Ta reaction
at various beam energies. The values ofEbeamare rounded off in the
figures, text, and subsequent tables.

Ebeam~MeV! EC
x ~MeV! s fus ~mb! sfiss ~mb! JC

max

83.6 50.4 250 6.8 20
88.7 55.2 510 25.0 30
94.1 60.1 705 90.0 36
106.5 71.6 1100 350.0 49
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53 2741STUDY OF NUCLEAR SHAPES IN Tl ISOTOPES VIA . . .
gular multiplicity distribution with a diffuse falloff, charac-
terized by two parametersMmax anddM in

P~M !5
~2M11!

11exp@~M2Mmax!/dM #

was found to give the best fit to the data. These fits alo
with the experimental fold distributions are shown in Fig.
For HEG below;8 MeV ~Fig. 4! it was not possible to fit
the data with a single component multiplicity distribution. A
low multiplicity component with a Gaussian distribution
@mean;3.7 and full width at half maximum~FWHM! of
;3.3# was added to get the fits. The relative intensity of th
second component for different HEG windows is shown
Fig. 5. The peak structure at;6 MeV suggests that a major
contribution to this component arises from the inelastic sc
tering or transfer reaction in the16O1 181Ta system. Figure 6
shows the best fit parametersMmax and dM of the main
component for different HEG windows. A slight reduction o
Mmax at higher gamma energies might be due to the fact t
higher energy gamma rays originate relatively more from t
lower angular momentum states of the compound nucle
The dM parameter is practically independent of theg-ray
energy.

FIG. 1. Singlesg-ray spectra atE(16O! 5 84, 89, and 107 MeV.
Also shown are the best prolate fits~solid lines! and the calculated
fission fragment contribution at the highest energy~dashed line!.
ng
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It is now possible to invert the problem and derive th
multiplicity windows corresponding to different fold win
dows. Only the main component of theM distribution is
considered. It should be noted that the emphasis of the s
sequent data analysis will be on the HEG region above
MeV in which the other component is anyway not prese
The average value of the multiplicity for different fold win
dows has very small variation withg-ray energy. Each fold
window actually corresponds to an accepted multiplicity d
tribution. For the fold windows of 3–4, 5–6, and 7–14, th
average values are;7.1, 10.4, and 15.5 and FWHM’s ar
;2.8, 3.3, and 5.0, respectively. We have used these th
fold windows in our subsequent discussion on the spin
pendence of theg-ray spectra which are shown in Fig.
~after eliminating the neutron-induced events!. For Eg,8
MeV only the yields corresponding to the main compone
of the multiplicity distribution ~due to fusion! are plotted.
These were obtained from the measured yield after subtr
ing the intensity of the second component in different fo
windows. Figure 8 shows the corresponding divided plots
the three spectra.

C. Angular distribution data

In the analysis of the angular distribution data at the be
energy of 94 MeV, a fold gate>2 was employed in the

FIG. 2. Divided plots of the singlesg-ray spectra atE(16O! 5
84, 89, and 107 MeV. Also shown are the best prolate~solid lines!
and spherical~dashed lines! fits.
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2742 53D. R. CHAKRABARTY et al.
software. This was used basically to emphasize the fus
events. Since the measured anisotropy was small, the pi
correction was applied with special care as described in
following. The pileup spectra were created for different e
ergy windows with a ‘‘prompt’’ condition on the TOF pa
rameter. In a given window on the pileup parameter
around the peak of the spectrum, there are also events du
pileup, the fraction of which can be calculated from the e
trapolation of the pileup tail into the peak region. This nee
a subtractive correction. The accepted window also may
narrower than what it should be and this needs an addi
correction. For eachg-ray energy window the total correc
tion factor was calculated from a careful inspection of t
pileup spectra. This energy-dependent correction was fin
applied to theg-ray spectrum obtained by subtracting th
‘‘chance’’ gated energy spectrum from the ‘‘prompt’’ gate
one with a window set on the pileup parameter around
peak region. This way theg-ray energy spectra were gene
ated for each angle.

Before taking the ratio of the yields at 45° or 135° to th
at 90° ~we shall define the average of these two ratios as
anisotropy parameter! the contribution from the Doppler ef

FIG. 3. Experimental fold distributions and the best fits~solid
lines! for differentEg bins withEg. 8 MeV.
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fect was corrected for. This was done in the following wa
First a statistical model spectrum was calculated incorpor
ing the GDR parameters which reasonably explains the d
at 90° and Doppler-corrected spectra were generated at
and 135° in the laboratory. The change in the correctio
factors arising due to the spectrum folding by the respon
function of the detector was estimated to be less than 0.5

FIG. 4. Experimental fold distributions and the best fits for dif
ferentEg bins withEg, 8 MeV. The main component and the low
multiplicity component~see text! of the fits are shown by the
dashed and dotted lines, respectively.

FIG. 5. Relative intensity of the low multiplicity component for
differentEg bins.
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53 2743STUDY OF NUCLEAR SHAPES IN Tl ISOTOPES VIA . . .
From the ratio of these calculated spectra at 45° and 135
that at 90°, the energy-dependent Doppler correction fac
were estimated. These varied from;3% to 10% in the range
of 7–17 MeV. These correction factors were then applie
the 45° and 135° data before taking the ratio with the
data. The ratiosW(45°)/W(90°) and W(135°)/W(90°)
agreed with each other to within 3% for theg-ray energy
range of 8–17 MeV. These ratios were averaged to de

FIG. 6. Best fitMmax anddM for differentEg bins.

FIG. 7. Fold gatedg-ray yields for the three different fold win
dows. Also shown are the best prolate fits~solid lines! and the
calculated fission fragment contributions~dashed lines!.
° to
tors

to
0°

rive

the anisotropy parameter as a function ofEg and are shown
in Fig. 9.

IV. STATISTICAL MODEL ANALYSIS

The measuredg-ray spectra for different beam energie
and fold windows show the well-established GDR bum

-

FIG. 8. Divided plots of theg-ray spectra for the three differen
fold windows. Also shown are the best prolate~solid lines! and
spherical~dashed lines! fits.

FIG. 9. Angular anisotropy as a function of theg-ray energy.
The calculated anisotropy~solid line! is with the parameters
b050.0,Db50.16,g054°, Dg512°, j050.0,Dj50.7,f050.0,
Df50.0, E0513.8 MeV, G054.5 MeV, andd51.5. The dashed
line corresponds to isotropic distribution.



ated
. All
or
ta,

2744 53D. R. CHAKRABARTY et al.
TABLE II. Best fit parameters for spherical, prolate, and oblate fits to the singles and multiplicity g
spectra. 94A, 94B, 94C refer to the fold windows 3–4, 5–6, 7–14, respectively, for the 94.1 MeV data
energies are in MeV. Errors inE1 , G1 , E2 , andG2 are less than 0.2, 0.5, 0.7, and 0.7 MeV, respectively, f
prolate fits. Thex2’s are calculated for 23 and 17 fit points for the singles and multiplicity gated da
respectively.

Spherical Prolate Oblate
Ebeam ED /GD x2 E1 /G1 E2 /G2 x2 E1 /G1 E2 /G2 x2

84 12.6/5.8 29 11.4/4.0 14.2/6.2 21.0 11.8/5.1 14.3/4.4 24.6
89 12.8/6.8 60 11.5/5.0 14.4/7.0 34.9 12.1/5.8 15.8/5.2 40.2
107 12.8/7.5 41 11.4/5.1 14.8/8.0 15.4 11.8/5.9 16.0/4.4 14.6
94A 13.4/6.5 46 11.7/3.9 15.4/5.4 12.6 12.3/5.2 15.8/2.7 20.7
94B 13.3/5.8 110 11.6/3.5 15.2/5.2 18.2 12.2/4.4 15.7/2.4 31.3
94C 12.8/6.0 66 11.3/3.5 14.4/5.5 19.4 11.9/4.6 15.4/3.4 28.3
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and the GDR strength function was extracted for the vario
cases through the statistical model calculations using
codeCASCADE @13#. In these calculations the angular mo
mentum distribution of the CN population was taken as

P~JC!5
~2JC11!

11exp@~JC2JC
max!/dJ#

,

with dJ52, andJC
max consistent with the input fusion cross

sections. In the singles experiments the data were collec
in coincidence with a BaF2 detector of total efficiency
;3%. This condition biased the data to higher angular m
menta in the CN and a direct comparison of the norm
CASCADEcalculation may not be justified. However, even fo
the lowest beam energy where the effect should be ma
mum, it was estimated to be insignificant. To examine th
we calculated theg-ray spectrum at this beam energy b
taking the entire population (JC50 to;25! and by restrict-
ing the CN population fromJC515–25. The change in the
chi square of the fit to the data was less than 8%.

An important point to consider in the calculation of th
gamma spectra in the present case is the contribution fr
the excited fission fragments. This has been estimated from
detailed calculation considering~1! the fragment mass and
charge distribution@14,15#, ~2! the excitation energy distri-
bution in the fragments obtained from the CN excitation e
ergy distribution at each step of decay and the kinetic ene
distribution of the fragments with the mean obtained fro
the Viola systematics@16#, ~3! the spin distribution in the
fragments@17,18#, and ~4! the GDR built on excited states
~we used mean energy 16 MeV and width 5.5 MeV!. The
contribution from the fission fragments is found to be mo
important at the highest beam energy of 107 MeV which
shown in Fig. 1 after folding over the response function
the detector. BeyondEg; 7 MeV it is less than;6%, the
highest contribution being at;16 MeV where the GDR
strength function has a maximum for the fragments. T
contribution from fission fragments is less important at 9
MeV bombarding energy. In the fold gated data, the fra
tional contribution in the fold windows 3–4, 5–6, and 7–1
were taken as 20%, 40%, and 35%, respectively, of the to
fission fragment yield. These estimates were based on
fold response of the multiplicity setup and the multiplicit
distribution of low energy gamma rays from the fission frag
ments. The calculated fission spectra~after folding! are
us
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shown for each fold window in Fig. 7. The fission fragmen
contribution at still lower bombarding energies was ne
glected.

For the extraction of the GDR strength function at differ
ent bombarding energies, it is parametrized as either one
two component Lorentzians, viz.,

FL~Eg!5
G2Eg

2

~Eg
22ER

2 !21G2Eg
2 ,

whereER andG are the energy and width parameters. It
generally true that one component corresponds to a spher
shape and two components to a deformed shape of the
clei. TheCASCADE calculations were made for different en
ergy and width parameters of the GDR and the resultingg
spectrum was folded with the detector response function a
compared with the data. For the 107 MeV and 94 MeV bom
barding energies, the fission fragmentg contributions~dis-
cussed above! were added. In all the calculations the tota
sum rule strength of 100% was used. For the one~two! com-
ponent fits to the data there were two~four! free parameters
corresponding to the GDR energy and width. For the tw
component fits the relative strengths of the low and hig
energy components were fixed at 1:2~prolate! or 2:1 ~ob-
late!. The nuclear level density was calculated with the pr
scription of Ignatyuket al. @19# as elaborated in@20#. Figure
2 shows the best fits obtained to the singles data at differ
energies using one~dashed curve! and two ~solid curve!
component Lorentzians. In Fig. 1, only the prolate fits a
shown. The GDR parameters corresponding to the best
for spherical, prolate, and oblate fits are given in Table
ED andGD are GDR energy and width for the spherical~one
component! fit and E1 ,E2 andG1 ,G2 are the energies and
widths of lower and upper components in the prolate-obla
~two component! fits. The chi squares were calculated for th
fit region of gamma energy between 8 and 17 MeV.

Before discussing theCASCADE calculations for the fold
gated data it is necessary to know the spin windows in t
CN corresponding to different fold windows. The calcula
tions were done with sharp limits for these spin window
although in reality it is not so. This, however, should lead
insignificant error in the extracted GDR parameters. The lim
its on CN spins for the three fold windows mentioned earli
were estimated in the following manner. From the expe
mentally extracted multiplicity distribution, the fractions o
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53 2745STUDY OF NUCLEAR SHAPES IN Tl ISOTOPES VIA . . .
total evaporation cross section in the fold windows 3
5–6, and 7–14 were first calculated to be 22%, 30%,
37%, respectively. For the highest fold window the low
limit of the CN spin was then changed until the evaporat
cross section became 37% of the total. This lower limit w
28\. The mean spin of the residues~calculated by slightly
modifying the codeCASCADE! for the CN spin window of 28
\ and above was estimated to be;28\. Most of these resi-
dues correspond to the 5n (;70%! and 4n channels
(;30%!. A simultaneous emission of the GDR gamma r
of ;10–15 MeV, is expected to lead to the residues193Tl
and 194Tl. There are long-lived low lying states in these n
clei with spin 9

2\ and 7\, respectively. After subtracting
;5\ due to these isomers, assuming an average spin o
\ removed per transition, and considering a statist
gamma multiplicity of;2, the average multiplicity for this
CN spin window was estimated to be;16. This is consisten
with the experimentally extracted multiplicity of 15.565 in
the fold window 7–14. A similar procedure was adopted
the other two fold windows. The CN spin ranges calcula
in this way for the three fold windows were~11–19!\, ~20–
27!\, and>28\, respectively.

The CASCADE calculations were done for the fold gate
data by restricting the CN spin populations in the abo
ranges. Again both one and two component Lorentzian
were assumed. The fission fragmentg cross sections wer
added before folding and comparing with the data. The b
spherical and the prolate fits are shown in the divided plot
Fig. 8, as dashed and solid curves, respectively. Figu
shows only the prolate fits. The best fit GDR parameters
shown in Table II for spherical, prolate, and oblate fits. T
x2 were calculated for the fit region of 8–17 MeV ofg-ray
energies.

V. FLUCTUATION ANALYSES AND DISCUSSION

The GDR parameters fitting the data at different exc
tion energies and fold windows can be related to~1! the
nuclear shape parameters through the Hill-Wheeler rela
for GDR energies@3#,

Ek5E0expF2A 5

4p
b cosS g2

2pk

3 D G ,
wherek51,2,3 correspond to thex,y,z axes, respectively, in
the intrinsic frame andE0 is the intrinsic energy of the dipol
vibration, and~2! the empirical relation for the width@4#,

Gk

G0
5S Ek

E0
D d

,

whereG0 is the intrinsic width. Hereb andg are the stan-
dard deformation parameters@3#. It is clear from Table II that
for the oblate solutions the value ofd is negative. The
ground state systematics for all nuclei showsd to be greater
than 1. It has been suggested@4# that d should be;1.5 for
the excited state GDR also. Assuming this to be true,
pure oblate solutions can be discarded at once. The sphe
solutions can be discarded from the consideration of
goodness of fit, for all data sets except, probably, the
MeV one. For the pure prolate solutions the extracted va
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of theE0 , G0 , b, andd are shown in Table III for different
cases. Theb parameter extracted in all cases is lar
~;0.25!. While this scenario of pure axially symmetric de
formation can explain the data, shape fluctuations are
pected to be important at high excitation energies@3,4#.
Moreover, as seen in Table III,E0 , G0 , and d parameters
change from case to case. If one believes in the hypoth
that the intrinsic strength function does not change with e
citation energy and spin, then all the data sets should
analyzed with the same value ofE0 , G0 , andd, after incor-
porating the shape and orientation fluctuations. The pres
approach attempts to extract the meanb andg directly from
the data after incorporating these fluctuations. The point
be noted is that we are not using any theoretical calculati
of the energy surfaces and comparing the predictions w
our data.

In our analysis, the fluctuation in shape and orientation
described by Gaussian distributions characterized by m
values and FWHM’s inb, g, u, andf parameters, where
u andf define the orientation of the spin axis. The conve
tion used here is such that for prolate (g50°) and oblate
(g560°) shapes the symmetry axes are thez and y axes,
respectively, andu andf are defined in a conventional man
ner in this right handed coordinate system. For an assum
set of values ofE0 , G0 , andd, variousb,g,u,f values were
selected with a Monte Carlo procedure consistent with
assumed Gaussian distributions. The GDR parameters
the angular anisotropy coefficienta2 were calculated for
each shape and orientation. The angular anisotropy co
cient a2 for the GDR gamma rays for a certain orientatio
(u,f) of the spin axis can be shown to be

a25
1
4 @Fx~3sin

2u cos2f21!1Fy~3 sin
2u sin2f21!

1Fz~3cos
2u21!#.

Fx , Fy , andFz are the relative probabilities for theg rays to
originate from vibrations along thex, y, andz axes, respec-
tively, which depend on the deformation parametersb and
g. These probabilities are defined as

Fx5
f x

f x1 f y1 f z
,

with

f x}
GxEg

4

~Eg
22Ex

2!21Gx
2Eg

2 .

TABLE III. Best fit values forE0 , G0 , b, and d parameters
derived from the prolate fits at each energy/fold. All energies are
MeV.

Ebeam E0 G0 b d

84 13.2 5.4 0.23 2.0
89 13.4 6.3 0.24 1.5
107 13.6 6.9 0.28 1.7
94A 14.1 4.8 0.29 1.2
94B 13.9 4.6 0.29 1.5
94C 13.3 4.7 0.26 1.9
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HereEx andGx are the GDR energy and width for vibratio
along thex axis.Fy ,Fz are similarly defined.

The energy-dependentg-ray strength functions at 90°~at
which all the spectra were measured! and 45°~another angle
in the angular distribution measurements! were calculated
from these and averaged over many trials~typically 500–
5000! in the Monte Carlo computer program. The volum
element in the integration was chosen to be

dt5b4sin3g db dg dj df,

as suggested in@4#. Herej5cosu. The average value of an
variablex is defined aŝ x&5* f (x)x dt where f (x) is the
Gaussian distribution function forx, i.e.,

f ~x!}expF22.77S x2x0
Dx D 2G ,

x standing for the variables appearing in the above volu
element. HereDx is the FWHM of the distribution. The ef
fect due to Coriolis splitting of the strength function w
neglected, because it was found to be small.

The resultant strength function at 90° was used in
CASCADEprogram. The calculated cross sections were fold
with the detector response function as mentioned earlier
compared with the data. For comparing with the angular
isotropy data, the strength functions at 45° and 90° w
used in theCASCADE calculation, and the ratio was take
after folding with the detector response function. The con
butions from fission fragments were justifiably neglected
this case.

The intrinsic GDR energy and width are expected to
similar to those of the ground state GDR strength functi
In the mass region ofA;190–200 the GDR energies for th
spherical cases range from 13.4 to 13.9 MeV and the G
width from;4 to 5 MeV @21#. In our calculations, we have
variedE0 and G0 around these values. For each set of
sumedE0 , G0 , d values the mean and FWHM values of th
shape and orientation parameters were varied in diffe
steps until the best fit to the data was obtained for differ
excitation energies and fold windows. The ranges ofb and
g were restricted to 0–1.0 and 0°–60°, respectively.

The GDR strength function at a given angle does
change very much with orientation fluctuation, whereas
angular distribution depends both on the shape and orie
tion fluctuation. We first consider, therefore, the analysis
the angular distribution data, measured at 94 MeV. In
angular distribution measurement the condition of fold>2
was imposed with the eight-detector multiplicity setup~see
earlier section!. This is equivalent to the fold>3 for the
14-detector multiplicity setup used in spectral measureme
This conclusion was arrived at from the consideration of
multiplicity to fold response of the setups. A consistent d
scription of both angular distribution and spectral measu
ment at this energy therefore demands simultaneous fit
the angular distribution data and the measured spectrum
a fold window of 3–14. A detailed analysis reveals that it
possible to fit the measured angular anisotropy data ei
with a large orientation fluctuation or a very largeg fluctua-
tion. The latter possibility can be rejected since this canno
the strength function data. In the random selection of
e
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orientation, the cosine of the angle was randomized to follo
the Gaussian distribution. A value ofj050 and a FWHM of
at least 0.7 was necessary to describe the data. Note tha
have frozenf0 anddf to 0.0 in all our calculations. If the
nucleus is prolate, then thef fluctuation makes no change in
the anisotropy. However, for triaxial and oblate shapes, it
effective. For example, for the pure oblate case andj050,
f50° corresponds to the collective rotation andf590° to
the noncollective rotation around the symmetry axis. It is
principle possible to have combination ofu andf fluctua-
tions. Hence it is not easy to extract separate information
theu andf fluctuations, although theu fluctuation is found
to be more important for the present data. Figure 9 shows
measured anisotropies and those calculated with the par
eters noted in the caption, for differentEg . We emphasize
again that it is not possible to fit the anisotropy data witho
a large orientation fluctuation. Although the angular distrib
tion is not measured for other cases, we assumed sim
orientation fluctuation in all the cases and used the me
value ofj0 5 0 and the FWHM50.7 in the analyses.

The orientation fluctuation for an axially symmetric de
formation can be related to theK0

2 parameter normally used
in fission fragment angular distribution@15# and is given by
IeffT/\

2 where

1

Ieff
5

1

Ii
2

1

I'

,

with Ii andI' the moments of inertia parallel and perpen
dicular to the symmetry axis andT the nuclear temperature
For the present system at 94 MeV bombarding ener
K0
2;400 using the rigid body moment of inertia for the pro

late shape withb;0.3. This is consistent with the measure
near-isotropic angular distribution. A fluctuation towards tr
axial shapes would further reduce the anisotropy.

After fixing the u and f distributions, a search for the
b and g distribution was made to find the best fit to th
measured spectra at various beam energies and/or fold w
dows. From the analysis of the multiplicity gated data it wa
found that it is possible to fit the various sets with the sam
assumed values ofE0 , G0 , and d. A choice ofE0513.8
MeV, G054.5 MeV, andd51.5 provides one such accept
able set. Figure 10 shows the best fits to the data with
relevant parameters listed in Table IV. It should be noted th
there is a range of distributions ofb andg characterized by
the parametersb0 , Db, g0 , andDg, which can give good
fits to the data. For example,b0 can have values between 0.
and;0.2 for the lowest fold window and between 0.0 an
;0.27 for the higher two fold windows. The FWHM’s are
correspondingly different in such a way that all distribution
have very similar averagêb& within error bars shown in
Table IV. Similarly the averagêg& lies within the error bars
quoted in Table IV, although the distributions can be ve
different. It is therefore not possible to extract any mo
detailed information on the nuclear shape fluctuations b
yond the average deformation parameters~defined in the
manner described above! directly from the data. We can in-
vert this statement to argue that the apparent success of s
theories to explain the gamma ray spectra cannot ensure
uniqueness of the calculated energy surfaces. Looking
Table IV for fold gated data we can summarize that^b&
shows a small increase with fold and, hence, with angu
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momentum. Also,̂ g& shows an increase from small value
towards 30°, showing that the nucleus tends towards tria
ality at higher spins. It should, however, be kept in mind th
if the restriction of sameE0 for all fold windows be relaxed,
then the comment on the variation ofb andg will need some
modifications. For example, a lower value ofE0 ~13.3 MeV!
for the higher fold window 7–14 can also fit the data, wit
the extracted̂b& being lower~0.2760.02! and the require-
ment of triaxiality less stringent (^g&528216

14 deg!. Finally,
the choice of a different value ofd51.8 also gives accept-
able fits and the overall conclusions about the shape cha
remain essentially the same.

FIG. 10. Divided plots of theg-ray spectra for different fold
windows together with the best fits from fluctuation calculation
The fluctuation parameters are listed in Table IV.
s
xi-
at

h

nge

From the fluctuation analysis of the singles data, we fin
that a common value ofE0 andG0 can explain these data
sets also. The best fits with the choice ofE0513.5,
G055.5, andd51.5 ~Table IV! are shown in Fig. 11. How-
ever, it should be noted that although the same value
E0513.8 MeV ~used above! is also acceptable in this case
the required value ofG0 is definitely larger than that used in
the multiplicity gated data analysis. It is not clear whethe
this means a failure of the model or the parameter inde
varies with excitation energy. The uncertainty in the^g& val-
ues ~Table IV! is too large to derive any conclusion. From

s.

FIG. 11. Divided plots of theg-ray spectra atE(16O! 5 84, 89,
and 107 MeV together with the best fits from fluctuation calcula
tions. The fluctuation parameters are listed in Table IV.
old
TABLE IV. Parameters extracted from shape and orientation fluctuation analysis at each energy/f
ratio. All energies are in MeV, andg is in degrees.j0 andDj are fixed at 0 and 0.7, andf0 , Df are fixed
at 0°.

Ebeam E0 G0 ^b& ^g& x2

84 13.5 5.5 0.2760.04 30230
120 23

89 13.5 5.5 0.2720.02
10.04 12212

122 31
107 13.5 5.5 0.3120.02

10.03 15215
117 13

94A 13.8 4.5 0.2660.01 525
17 14

94B 13.8 4.5 0.2620.02
10.03 424

118 17
94C 13.8 4.5 0.3420.02

10.01 3128
12 13
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the extracted̂ b& values, again a mild increase at highe
bombarding energies cannot be ruled out.

VI. SUMMARY

In summary, the present paper describes the measurem
of high energyg rays (;5–22 MeV! in the reaction16O1
181Ta at four bombarding energies. Measurements we
made in singles atE(16O!584, 89, and 107 MeV and in
coincidence with a multiplicity setup atE(16O!594 MeV.
The angular distribution measurements were also made at
last beam energy. The data have been analyzed with a
without incorporation of fluctuations. The two conclusion
that are independent of the method of analysis are~1! the
mean deformations needed to explain theg strength func-
tions are rather large, i.e.,b;0.25, and~2! large orientation
fluctuations are needed to explain the observed near isotro
across the GDR region. An attempt has been made to extr
information on shape and orientation fluctuations direct
from the data, i.e., without incorporating any theoretical pre
dictions based on the calculated energy surfaces in nuc
Under the restriction of using a common ‘‘intrinsic’’ strength
function characterized byE0 and G0 for all the fold gated
data sets, the analysis brings out a small increase of the
fective mean deformation and a drive towards triaxiality wit
angular momentum. If this restriction is relaxed, howeve
r

ent
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act
ly
-
lei.

ef-
h
r,

the need for triaxiality is less stringent in the data. It is als
possible to explain the singles data sets with a common
trinsic strength function incorporating the shape and orient
tion fluctuations. The intrinsicG0 is, however, larger com-
pared to that in the multiplicity gated data. Finally, there i
an ambiguity regarding the details of the shape distribution
and the parameters that can be extracted from such analy
are only the mean values of the shape parameters.

Considering the present data and the earlier measureme
on the Pb isotopes, one can deduce that the shape cha
with spin is a general feature for this mass region. For simil
excitation energies, the shape fluctuation for the present c
probably is higher. Although no detailed fluctuation analys
for different spin windows is available for Pb isotopes, thi
opinion can be formed by looking at the slightly increase
widths needed to fit the present data in terms of pure prola
hypothesis. A detailed calculation of the energy surfaces f
these nuclei would thus be very interesting.
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