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The present paper describes the measurement of high energy gamma-f&y23 Me\) in the reaction
160+ 18'Ta. Singles measurements were performe(af0)=84, 89, and 107 MeV and the multiplicity gated
measurements along with the angular distributions were maB€'3)=94 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 thespectra. Under the restriction of using a common
“intrinsic” strength function characterized b, andI' for the multiplicity gated data sets, a small increase
of the effective mean deformation and a drive towards triaxialjty- (30°) with angular momentum is brought
out. If this restriction is relaxed, however, the data can be understood also with a smaller valud toé
singles data can be understood within the same framework with a higher vdlige (80556-28186)03906-
4]

PACS numbe(s): 24.30.Cz, 24.60.Dr, 25.70.Gh, 27.8Qv

I. INTRODUCTION not sensitively dependent on neutron number. The present
work reports on the study of the GDR built on excited states
Soon after the first experimental observation of the giantn the Tl isotopes A~200). The motivation is to investigate
dipole resonancéGDR) built on excited states in the heavy the generality of the shape transition phenomenon in a dif-
ion fusion reactioni]_], a series of experiments were re- ferent element in this mass region and to make more exclu-
ported[2,3] on the extraction of nuclear shape information atSive measurements on the spin dependence of this phenom-
high spin and nonzero temperature from the excited staténon. o _ o
GDR studies. It was later realized that it is rather difficult to _Another relevant question is regarding the width increase
extract this information from such studies in an unambiguou®f the GDR as a function of temperature and spin. Itis gen-
manner. The main reason is that at high excitation energie%,r""”.y behevee{S] that the GDR width increases at h|gh'ex-
and spins, the nuclei may not attain a unique shape and/ tation energies due to the increased shape fluctuation at
orientation with respect to the spin axis. These shape an igher temperature and engular momenta and the conv_olu-
orientation fluctuations lead to difficulties in the unambigu-tlon of fche strength funct_lon over dlfferent ehepes. The n-
ous unfolding of experimental data. Moreover, even for herent increase in damping width W|th excitation energy is
) - o o _ apredlcted to be small7]. The above ideas together with
unique deformed shepe with a_X|aIIy symmetric deforma?'o_n’theoretical calculations of the free energy surfaces of nuclei
knowledge of the ratio of the widths of the two characte_nstlchave been used in the analyses of some experimental data
components of the GDR is necessary to extract the sign qf3 g Although the fits to the data are not always very good,
deformation, i.e., the prolate or the oblate character. The an s claimed that this model of the GDR width increase is
gular distribution can be of more help but again the generagypported by the data. A systematic investigation of this as-
behavior of the energy dependence of the angular anisotropyect is therefore necessary in other systems. The present
is almost similar for, say, the collective prolate and the nonwork addresses these aspects also inAhe200 region for
collective oblate shapes. If the ground state systematics afuclei with nearly spherical ground state shapes. The attempt
the GDR strength function for the deformed nuclei is takenhere is to extract information on shape fluctuations directly
as a guide, then the width of the higher energy componerfrom the data and not to test any theoretical energy surface
should be more than that of the lower one. This has also beefalculations.
justified by some theoretical calculatiofd]. With such a
hypothesis experiments on the Pb isotopés_v.QOO) re- Il. EXPERIMENTAL METHODS
vealed[5,6] a spherical to prolate shape transition at a spin
value of 14 to 18&i. It was mentioned in that work that the  The experiments were carried out at the 14UD Pelletron
shape transition is a general feature in this mass region and &celerator laboratory at Bombay usitfi) beams bombard-
ing a self-supporting rolled target{(2 mg/cn?) of natural
tantalum. The measurements consisted of three parts. In the
“Present address: Department of Physics, SUNY, Stony BrooKjrst part, the singles gamma ray spectra were measured at
NY 11794, three beam energies of 84, 89, and 107 MeV. High energy
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gamma(HEG) rays in the energy range of5-22 MeV TABLE I. Experimental parameters in tHéO-+ 18'Ta reaction
were detected in an array of seven 15 cm thick, closelyat various beam energies. The value&gf,,are rounded off in the
packed regular hexagonal N@l) detectors, each inscribed figures, text, and subsequent tables.

in a circle of 7.5 cm radius. The front face was covered with
a 5 mm thick lead sheet to cut down the low energyays

Ebeam(MeV) Eé (MeV) Ofus (mb) OTfiss (mb) J@ax

and x rays produced in the target by beam bombardmeng3.e 50.4 250 6.8 20
The detector assembly was placed at 90° and at distances gd.7 55.2 510 25.0 30
50-100 cm in various runs. The other details of the detectog4.1 60.1 705 90.0 36
assembly including the measurements of the response fungege.s 71.6 1100 350.0 49

tion, energy calibration, associated electronics, etc., are de
scribed elsewherg9,10. The HEG rays were detected in
coincidence with a Bafdetector(5 cm diameterx 7.6 cm  ment of angular distributions at the beam energy of 94 MeV.
length situated at~6 cm from the target. The reduction of The HEG detector was kept at 45°, 90°, and 135° to the
the cosmic ray events through this coincidence requiremeriieam at a distance of 100 cm. The measurements were made
was estimated to be sufficient in the energy range of interesh coincidence with another multiplicity detector setup con-
and no further active or passive shield for cosmic rays wasisting of eight regular hexagonal Nal) detectors, each of
used. The Bak detector also served as a trigger detector forthickness 7.5 cm and edge-to-edge distance of 5 cm. These
the time of flight (TOF) measurement and subsequentwere close packed into two groups of four each and kept at a
neutron-gamma discrimination. Also the coincidence re-distance of 4 cm from the target. The total efficiency in this
quirement with this detector of a geometrical efficiency ofcase was~40%. The data were recorded in the list mode.
~4% emphasized the high multiplicity and, hence, fusion Table | lists the beam energies, the mean excitation ener-
events in these measurements. The reduction of the pileugies EY) in the compound nucleu€N), and the fusion and
events was achieved through the pulse shape discriminatigission cross sections used in the data analysis. The fusion
method with a hardware gate on the nonpileup conditiortross sections were extrapolated from the experimental data
[9,10]. The data were recorded in a PC-based CAMAC syson the 1%+ 8'Ta reactior{11] and the fission cross sections
tem as two-dimensional spectra of energy deposited in th@ere obtained from the experimental measuremgt#$on
HEG detector versus TOF. Typical time resolution wa8  the 160+ *¥1Ta system.
ns.

For a more exclusive measurement on the spin depen-
dence of the excited state GDR decay, the second part of the
experiment consisted of measuring HEG rays in the same A. Singles data

reaction in coincidence with a multiplicity detector assem- The singlesy spectra at the bombarding energies of 84,

bly. The beam energy in these measurements-w&% MeV. ; - )
The multiplicity detector assembly consisted of 14 bismuthsg’ and 107 MeV were obtained by projecting the energy

: i dependent “prompt” gated part of the two-dimensional en-
germanatdBGO) detectors, e"?‘Ch 6'.3 cm thick and having aergy versus TOF spectra and subtracting the “chance” gated
regular hexagonal cross section with distance o_f 56cmb bart. These are shown in Fig. 1. Figure 2 shows the divided
tween opposite edges. They were close packed in two grou ots for the same data. These were derived by dividing the
of seven each, facing each oth_er, above and _below the targ ove singles spectra by statistical spectra calculated at the
at a distance of-1.8 cm. The middle detector in each group o

: - rresponding beam energies with a consEhstrength(of
was pulled out to equalize the efficiency of all the detectors0 1 Weisskopf unjt These divided plots are thus represen-
The front faces were covered with cadmium sheets-6f5 :

mm thickness. Besides, the 1 mm stainless steel wall of thtauves of the average-ray strength functions-(E,) and

target chamber almost eliminated the high count rate frorﬁﬁave been normalized to 1 Bt, ~7 MeV [5].

the x rays. The efficiencies were measured with*4Cs
source for 662 keVy rays kept at the target position. The
total efficiency was-68%. The HEG detector was kept at 90  From the analysis of the list mode data at the beam energy
° and at a distance of 100 cm from the target. Omeof the  of 94 MeV, the fold distribution of the multiplicity detectors
timing signals from the 14 BGO detectditer alignmentin  was extracted for different gamma energy windows set on
time) was used to generate the start of a time-to-amplitude¢he HEG detector array. This was done with neutron rejec-
converter for the TOF measurement. An analog signal wason via the “prompt” condition set on the TOF parameter.
generated with amplitude proportional to the number of de-The fold distribution showed a distinct difference for the
tectors fired in an event and was fed to the analog-to-digitaHEG energy below and above8 MeV. For extracting the
converter(ADC). A pileup parameter was derived from the multiplicity distribution (of the low energy gamma rays
zero crossover time of the bipolar energy pulse of the HEGrom these fold distributions, first, the fold response of the
detector. The data were recorded in the list mode in a PCBGO array was calculated for different multiplicities with a
based CAMAC system. For each event the recorded paranMonte Carlo computer program. Next, different forms of
eters were the energy deposited in the HEG detector, theultiplicity distributions were assumed, the above fold re-
pileup parameter, the fold or the number of multiplicity de- sponse was convoluted over each, and the resultant fold dis-
tectors fired, and the TOF. The typical time resolution wadributions were compared with the experimental data. The
4-5 ns for fold= 3. input multiplicity distributions were varied until the best fit
The third part of the experiment consisted of the measureto the data was obtained. For HEG abov8 MeV a trian-

IIl. EXPERIMENTAL DATA ANALYSIS

B. Multiplicity gated data
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FIG. 2. Divided plots of the singleg-ray spectra aE(*%0) =
FIG. 1. Singlesy-ray spectra aE(*°0) = 84, 89, and 107 MeV. 84, 89, and 107 MeV. Also shown are the best prolatdid lines
Also shown are the best prolate fitsolid line9 and the calculated and spherica{dashed linesfits.
fission fragment contribution at the highest enetdsshed ling
It is now possible to invert the problem and derive the

gular multiplicity distribution with a diffuse falloff, charac- Multiplicity windows corresponding to different fold win-

terized by two parametend ., and SM in dows. Only the main component of tid distribution is
considered. It should be noted that the emphasis of the sub-
(2M+1) sequent data analysis will be on the HEG region above 8
P(M)= 1+exg (M —M )/ M] MeV in which the other component is anyway not present.

The average value of the multiplicity for different fold win-

. i i dows has very small variation with-ray energy. Each fold
was found to give the best fit to the data. These fits alongyingow actually corresponds to an accepted multiplicity dis-
with the experimental fold distributions are shown in Fig. 3. ipution. For the fold windows of 3—4. 5—6. and 7—14. the
For HEG below~8 MeV (Fig. 4) it was not possible to fit ,yerage values are 7.1, 10.4, and 15.5 and FWHM's are
the data with a single component multiplicity distribution. A _5 g "33 and 5.0 respectively. We have used these three
low multiplicity compolnent with a unssian distribution 514 windows in our subsequent discussion on the spin de-
[mean~3.7 and full width at half maximumFWHM) of  hendence of they-ray spectra which are shown in Fig. 7
~3.3] was added to get t_he fits. The relgtlve mte_nsny of the(after eliminating the neutron-induced eventsor E <8
sgcond component for different HEG windows is show_n iNMeV only the yields corresponding to the main component
Fig. 5. The peak structure at6 MeV suggests that a major f the multiplicity distribution (due to fusion are plotted.
contribution to this component arises from the inelastic scatThaese were obtained from the measured yield after subtract-
tering or transfer reaction in th€0+ '®Ta system. Figure 6 ing the intensity of the second component in different fold

shows the best fit parametekd,, and SM of the main  \yingows. Figure 8 shows the corresponding divided plots of
component for different HEG windows. A slight reduction of {6 three spectra.

M nax @t higher gamma energies might be due to the fact that
higher energy gamma rays originate relatively more from the
lower angular momentum states of the compound nucleus.
The M parameter is practically independent of thaay In the analysis of the angular distribution data at the beam
energy. energy of 94 MeV, a fold gate=2 was employed in the

C. Angular distribution data
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FIG. 3. Experimental fold distributions and the best fislid ~ Coo"ed and dotted lines, respectively.

lineg) for differentE., bins withE,> 8 MeV. . . .
) 7 7 fect was corrected for. This was done in the following way.

First a statistical model spectrum was calculated incorporat-
software. This was used baSica”y to emphaSize the fUSiomg the GDR parameters which reasonab|y exp|ains the data
events. Since the measured anisotropy was small, the pileug 90° and Doppler-corrected spectra were generated at 45°
correction was applied with special care as described in thgnd 135° in the laboratory. The change in the correction
following. The pileup spectra were created for different en-factors arising due to the spectrum folding by the response

ergy windows with a “prompt” condition on the TOF pa- function of the detector was estimated to be less than 0.5%.
rameter. In a given window on the pileup parameter set

around the peak of the spectrum, there are also events due to

pileup, the fraction of which can be calculated from the ex- 50 . . '
trapolation of the pileup tail into the peak region. This needs —~

a subtractive correction. The accepted window also may be X 40r * ]
narrower than what it should be and this needs an additive > s i
correction. For each-ray energy window the total correc- *a I .

tion factor was calculated from a careful inspection of the 8 .0l ’ i
pileup spectra. This energy-dependent correction was finally 3 MR

applied to they-ray spectrum obtained by subtracting the g ol y 4
“chance” gated energy spectrum from the “prompt” gated .

one with a window set on the pileup parameter around the 0 ' ' Lo
peak region. This way the-ray energy spectra were gener- 4 6 8
ated for each angle. E'y(MeV)

Before taking the ratio of the yields at 45° or 135° to that
at 90° (we shall define the average of these two ratios as the FIG. 5. Relative intensity of the low multiplicity component for
anisotropy parametgthe contribution from the Doppler ef- different E,, bins.
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From the ratio of these calculated spectra at 45° and 135° to )
that at 90°, the energy-dependent Doppler correction factors
were estimated. These varied fron8% to 10% in the range RN
of 7—17 MeV. These correction factors were then applied to =
the 45° and 135° data before taking the ratio with the 90° =~
data. The ratiosW(45°)MW(90°) and W(135°)MW(90°)
agreed with each other to within 3% for theray energy
range of 8—17 MeV. These ratios were averaged to derive
5 L T3
107 16 181 -
o o+ Ta ] 5‘ B '10 15' B I2o
107 E 94 MeV -
E_ (MeV)
10° | fold 3+4 ] Y
102 r N - FIG. 8. Divided plots of they-ray spectra for the three different
N ~ ] fold windows. Also shown are the best proldsolid lineg and
10" r ~ ‘ spherical(dashed linexsfits.
o F N
107 K, ' : . the anisotropy parameter as a functionfof and are shown
10° [ ] in Fig. 9.
. f ]
10 E IV. STATISTICAL MODEL ANALYSIS
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; 10 E o\ 3 The measuredy-ray spectra for different beam energies
S 102 BN 4 and fold windows show the well-established GDR bumps
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04 FIG. 9. Angular anisotropy as a function of theray energy.

FIG. 7. Fold gatedy-ray yields for the three different fold win-
dows. Also shown are the best prolate figolid lines and the
calculated fission fragment contributiofdashed lines

The calculated anisotropysolid line) is with the parameters
Bo=0.0,AB=0.16, y,=4°, Ay=12°, £,=0.0, A¢=0.7, $»=0.0,
A$=0.0, E;=13.8 MeV,I';=4.5 MeV, andé=1.5. The dashed
line corresponds to isotropic distribution.
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TABLE Il. Best fit parameters for spherical, prolate, and oblate fits to the singles and multiplicity gated
spectra. 94A, 94B, 94C refer to the fold windows 3—4, 5—-6, 7—14, respectively, for the 94.1 MeV data. All
energies are in MeV. Errors i, I';, E,, andl', are less than 0.2, 0.5, 0.7, and 0.7 MeV, respectively, for
prolate fits. They®s are calculated for 23 and 17 fit points for the singles and multiplicity gated data,

respectively.
Spherical Prolate Oblate

Ebeam Ep/T'p )(2 Ey/T Ex /T, X2 Ei/l'y Ex/T> 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

and the GDR strength function was extracted for the varioushown for each fold window in Fig. 7. The fission fragment
cases through the statistical model calculations using theontribution at still lower bombarding energies was ne-
code cAscADE [13]. In these calculations the angular mo- glected.

mentum distribution of the CN population was taken as For the extraction of the GDR strength function at differ-
ent bombarding energies, it is parametrized as either one or
P(Je)= (2Jc+1) two component Lorentzians, viz.,
c)=

1+exd (Jc—IT™/83]’ -
g2

FL(E,)= ,
Y (S -ER)PHTE?

with 6J=2, andJZ® consistent with the input fusion cross
sections. In the singles experiments the data were collected
in coincidence with a Baj detector of total efficiency whereEg andI’ are the energy and width parameters. It is
~3%. This condition biased the data to higher angular mogenerally true that one component corresponds to a spherical
menta in the CN and a direct comparison of the normakhape and two components to a deformed shape of the nu-
CASCADE calculation may not be justified. However, even for clei. The CASCADE calculations were made for different en-
the lowest beam energy where the effect should be maxiergy and width parameters of the GDR and the resulting
mum, it was estimated to be insignificant. To examine thisspectrum was folded with the detector response function and
we calculated they-ray spectrum at this beam energy by compared with the data. For the 107 MeV and 94 MeV bom-
taking the entire populationJ¢=0 to ~25) and by restrict- barding energies, the fission fragmeptcontributions(dis-

ing the CN population frond-=15-25. The change in the cussed abovyewere added. In all the calculations the total
chi square of the fit to the data was less than 8%. sum rule strength of 100% was used. For the @we) com-

An important point to consider in the calculation of the ponent fits to the data there were tfour) free parameters
gamma spectra in the present case is the contribution froroorresponding to the GDR energy and width. For the two
the excited fission fragments. This has been estimated from@mponent fits the relative strengths of the low and high
detailed calculation considering) the fragment mass and energy components were fixed at 1yolate or 2:1 (ob-
charge distributiorj14,15, (2) the excitation energy distri- late). The nuclear level density was calculated with the pre-
bution in the fragments obtained from the CN excitation en-scription of Ignatyuket al.[19] as elaborated if20]. Figure
ergy distribution at each step of decay and the kinetic energ® shows the best fits obtained to the singles data at different
distribution of the fragments with the mean obtained fromenergies using onédashed curveand two (solid curve
the Viola systematic$16], (3) the spin distribution in the component Lorentzians. In Fig. 1, only the prolate fits are
fragments[17,18, and (4) the GDR built on excited states shown. The GDR parameters corresponding to the best fits
(we used mean energy 16 MeV and width 5.5 MeVhe  for spherical, prolate, and oblate fits are given in Table II.
contribution from the fission fragments is found to be mostEp andI'p are GDR energy and width for the spheri¢ahe
important at the highest beam energy of 107 MeV which iscomponent fit and E; ,E, andI';,I', are the energies and
shown in Fig. 1 after folding over the response function ofwidths of lower and upper components in the prolate-oblate
the detector. Beyon&,~ 7 MeV it is less than~6%, the  (two componenitfits. The chi squares were calculated for the
highest contribution being at-16 MeV where the GDR fit region of gamma energy between 8 and 17 MeV.
strength function has a maximum for the fragments. The Before discussing theAscADE calculations for the fold
contribution from fission fragments is less important at 94gated data it is necessary to know the spin windows in the
MeV bombarding energy. In the fold gated data, the frac-CN corresponding to different fold windows. The calcula-
tional contribution in the fold windows 3—-4, 5—6, and 7—14tions were done with sharp limits for these spin windows,
were taken as 20%, 40%, and 35%, respectively, of the totallthough in reality it is not so. This, however, should lead to
fission fragment yield. These estimates were based on thasignificant error in the extracted GDR parameters. The lim-
fold response of the multiplicity setup and the multiplicity its on CN spins for the three fold windows mentioned earlier
distribution of low energy gamma rays from the fission frag-were estimated in the following manner. From the experi-
ments. The calculated fission spect@fter folding are  mentally extracted multiplicity distribution, the fractions of
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total evaporation cross section in the fold windows 3—4, TABLE Ill. Best fit values forg,, I'y, 8, and & parameters
5-6, and 7—14 were first calculated to be 22%, 30%, anderived from the prolate fits at each energy/fold. All energies are in
37%, respectively. For the highest fold window the lowerMeV.

limit of the CN spin was then changed until the evaporation

cross section became 37% of the total. This lower limit wasEbeam Eo 1) B 6
28ﬁ._T_he mean spin of the residue&ilculgteq by slightly g4 13.2 5.4 0.23 20
modifying the codecAsCADE) for the CN spin window of 28 13.4 6.3 0.24 15
# and above was estimated to b&8%. Most of these resi- 13.6 6.9 0.28 1'7

dues correspond to then5(~70% and 4 channels ' | | |
. A 14.1 4.8 0.29 1.2

(~30%). A simultaneous emission of the GDR gamma rayo,g 13.9 46 029 1
of ~10-15 MeV, is expected to lead to the residué¥| ' ' ' S
' 94C 13.3 4.7 0.26 1.9

and 194TI. There are long-lived low lying states in these nu-
clei with spin 3% and 7, respectively. After subtracting

~5# due to these isomers, assuming an average spin of 1& ihe Eo, I'y, B, ands are shown in Table Ill for different
fi removed per transition, and considering a statisticaggeg. TheB parameter extracted in all cases is large
gamma multiplicity of~2, the average multiplicity for this (g 25 while this scenario of pure axially symmetric de-
CN spin window was estimated to bel6. This is consistent  formation can explain the data, shape fluctuations are ex-
with the experimentally extracted multiplicity of 15% in pected to be important at high excitation energigs).
the fold window 7—14. A similar procedure was adopted for\ioregver, as seen in Table IEy, T'y, and & parameters
the other two fold windows. The CN spin ranges calculatetthange from case to case. If one believes in the hypothesis
in this way for the three fold windows wef@1-19%, (20— that the intrinsic strength function does not change with ex-
27)h, and=28h, respectively. citation energy and spin, then all the data sets should be
The cascADE calculations were done for the fold gated analyzed with the same value Bf,, I'y, ands, after incor-
data by restricting the CN spin populations in the abovéyorating the shape and orientation fluctuations. The present
ranges. Again both one _and two component Lqrent2|an f't%pproach attempts to extract the megand y directly from
were assumed. The fission fragmentcross sections were the data after incorporating these fluctuations. The point to
added before folding and comparing with the data. The besie noted is that we are not using any theoretical calculations

spherical and the prolate fits are shown in the divided plots iy the energy surfaces and comparing the predictions with
Fig. 8, as dashed and solid curves, respectively. Figure § data.

shows only the prolate fits. The best fit GDR parameters are |, our analysis, the fluctuation in shape and orientation is

SQOW” in Table II for spherical, prolate, and oblate fits. Thegescrined by Gaussian distributions characterized by mean
x“ were calculated for the fit region of 8-17 MeV gfray  yajues and FWHM's in3, v, 6, and ¢ parameters, where

energies. 0 and ¢ define the orientation of the spin axis. The conven-
tion used here is such that for prolatg=0°) and oblate
V. FLUCTUATION ANALYSES AND DISCUSSION (v=60°) shapes the symmetry axes are thandy axes,

The GDR parameters fitting the data at different excita—reSpeCtlveW' and and ¢ are defined in a conventional man-

tion energies and fold windows can be related(t the ner in this right handed coordinate system. For an assumed

nuclear shape parameters through the Hill-Wheeler relatio@2};:;;3'l\ﬁtshogOl\’/lgﬁt’eagifl’ovapc?gesfdrye’%gsn\slﬁsléﬁ \va?trhe the
for GDR energie$3], P

assumed Gaussian distributions. The GDR parameters and
E_E /5 2wk
k= Eo€X E’B co T

the angular anisotropy coefficierst, were calculated for
each shape and orientation. The angular anisotropy coeffi-
wherek=1,2,3 correspond to they,z axes, respectively, in
the intrinsic frame ané, is the intrinsic energy of the dipole ay= 5 [Fx(3sirf@cod¢p—1)+F (3 sirtdsirt¢—1)

cienta, for the GDR gamma rays for a certain orientation
(0,¢) of the spin axis can be shown to be
vibration, and(2) the empirical relation for the widtf4],
+F,(3cog6—1)].
Iy ( Ek) 0

To |Eo

Fx, Fy, andF, are the relative probabilities for therays to
originate from vibrations along the y, andz axes, respec-
tively, which depend on the deformation paramet@rand

wherel'; is the intrinsic width. Here8 and y are the stan- N .
0 @ Y v. These probabilities are defined as

dard deformation parametdi3]. It is clear from Table Il that
for the oblate solutions the value of is negative. The f
ground state systematics for all nuclei shofvio be greater FX:—X,
than 1. It has been suggestet] that 5§ should be~1.5 for et fy+f,
the excited state GDR also. Assuming this to be true, the .

pure oblate solutions can be discarded at once. The spheric\gﬂth
solutions can be discarded from the consideration of the r.E4
goodness of fit, for all data sets except, probably, the 84 < —> ZX 27 —
MeV one. For the pure prolate solutions the extracted values (BB +ILES
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HereE, andI’, are the GDR energy and width for vibration orientation, the cosine of the angle was randomized to follow
along thex axis.F, ,F, are similarly defined. the Gaussian distribution. A value ¢§=0 and a FWHM of

The energy-dependentray strength functions at 90at  at least 0.7 was necessary to describe the data. Note that we
which all the spectra were measuyeahd 45°(another angle have frozeng, and ¢ to 0.0 in all our calculations. If the
in the angular distribution measurementsere calculated nucleus is prolate, then thg fluctuation makes no change in

5000 in the Monte Carlo computer program. The volume €ffective. For example, for the pure oblate case &nd0,

element in the integration was chosen to be ¢$=0° corresponds to the collective rotation agieF 90° to
the noncollective rotation around the symmetry axis. It is in

dr=B%sin3ydgdydede principle possible to have combination éfand ¢ fluctua-

tions. Hence it is not easy to extract separate information on
the # and ¢ fluctuations, although thé fluctuation is found
to be more important for the present data. Figure 9 shows the
: o . : measured anisotropies and those calculated with the param-
Gaussian distribution function for, i.e., eters noted in the caption, for differekt,. We emphasize
XX 2 again that it is not possible to fit the anisotropy data without
f(x)ocex;{ - 2_77( 0) a large orientation fluctuation. Although the angular distribu-
Ax tion is not measured for other cases, we assumed similar
. . o orientation fluctuation in all the cases and used the mean
x standing for the variables appearing in the above volumgg|ye of¢, = 0 and the FWHM=0.7 in the analyses.
element. Herelx is the FWHM of the distribution. The ef-  The orientation fluctuation for an axially symmetric de-

fect due to Coriolis splitting of the strength function was t5rmation can be related to théé parameter normally used

neglected, because it was found to be small. _in fission fragment angular distributiqi.5] and is given by
The resultant strength function at 90° was used in they /22 \where
deﬁ

CASCADE program. The calculated cross sections were folde
with the detector response function as mentioned earlier and 1 1 1
compared with the data. For comparing with the angular an- ﬁ 3 z
isotropy data, the strength functions at 45° and 90° were
used in thecAscADE calculation, and the ratio was taken with 3 andJ, the moments of inertia parallel and perpen-
after folding with the detector response function. The contri-dicular to the symmetry axis aril the nuclear temperature.
butions from fission fragments were justifiably neglected inFor the present system at 94 MeV bombarding energy
this case. K2~ 400 using the rigid body moment of inertia for the pro-
The intrinsic GDR energy and width are expected to bdate shape wittB~0.3. This is consistent with the measured
similar to those of the ground state GDR strength functionnear-isotropic angular distribution. A fluctuation towards tri-
In the mass region oA~ 190-200 the GDR energies for the axial shapes would further reduce the anisotropy.
spherical cases range from 13.4 to 13.9 MeV and the GDR After fixing the 6 and ¢ distributions, a search for the
width from ~4 to 5 MeV[21]. In our calculations, we have B and y distribution was made to find the best fit to the
varied Ey and 'y around these values. For each set of asimeasured spectra at various beam energies and/or fold win-
sumedE,, I'y, & values the mean and FWHM values of the dows. From the analysis of the multiplicity gated data it was
shape and orientation parameters were varied in differerfound that it is possible to fit the various sets with the same
steps until the best fit to the data was obtained for differenassumed values d&,, I'y, and 8. A choice of E;=13.8
excitation energies and fold windows. The rangegBaind MeV, I'y=4.5 MeV, andé=1.5 provides one such accept-
v were restricted to 0—1.0 and 0°-60°, respectively. able set. Figure 10 shows the best fits to the data with the
The GDR strength function at a given angle does notelevant parameters listed in Table IV. It should be noted that
change very much with orientation fluctuation, whereas thehere is a range of distributions @f andy characterized by
angular distribution depends both on the shape and orientéhe parameterg,, AB, vy, andAy, which can give good
tion fluctuation. We first consider, therefore, the analysis ofits to the data. For examplg, can have values between 0.0
the angular distribution data, measured at 94 MeV. In theand ~0.2 for the lowest fold window and between 0.0 and
angular distribution measurement the condition of fed@  ~0.27 for the higher two fold windows. The FWHM'’s are
was imposed with the eight-detector multiplicity setigge correspondingly different in such a way that all distributions
earlier section This is equivalent to the folg=3 for the  have very similar averages) within error bars shown in
14-detector multiplicity setup used in spectral measurementdable 1V. Similarly the averagéy) lies within the error bars
This conclusion was arrived at from the consideration of thequoted in Table IV, although the distributions can be very
multiplicity to fold response of the setups. A consistent de-different. It is therefore not possible to extract any more
scription of both angular distribution and spectral measuredetailed information on the nuclear shape fluctuations be-
ment at this energy therefore demands simultaneous fits tgond the average deformation parametédsfined in the
the angular distribution data and the measured spectrum witmanner described abovdirectly from the data. We can in-
a fold window of 3—14. A detailed analysis reveals that it isvert this statement to argue that the apparent success of such
possible to fit the measured angular anisotropy data eitheheories to explain the gamma ray spectra cannot ensure the
with a large orientation fluctuation or a very largdluctua-  uniqueness of the calculated energy surfaces. Looking at
tion. The latter possibility can be rejected since this cannot fiTable IV for fold gated data we can summarize t{aD
the strength function data. In the random selection of theshows a small increase with fold and, hence, with angular

as suggested i]. Here £=cos). The average value of any
variablex is defined agx)= [f(x)x d= wheref(x) is the
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FIG. 10. Divided plots of they-ray spectra for different fold FIG. 11. Divided plots of they-ray spectra aE(*°0) = 84, 89,
windows together with the best fits from fluctuation calculations.@nd 107 MeV together with the best fits from fluctuation calcula-
The fluctuation parameters are listed in Table IV. tions. The fluctuation parameters are listed in Table IV.

momentum. Also(y) shows an increase from small values From the fluctuation analvsis of the sinales data. we find
towards 30°, showing that the nucleus tends towards triaxi- 0 € fiuctuation analysis of Ihe singles data, we

ality at higher spins. It should, however, be kept in mind thatthat & common value o€, and I, can explain these data

if the restriction of sam&, for all fold windows be relaxed, Sets also. The best fits with the choice &,=13.5,
then the comment on the variation gfandy will need some  I'0=5.5, andé=1.5 (Table IV) are shown in Fig. 11. How-
modifications. For example, a lower valuef (13.3 MeV) ever, it should be noted that although the same value of
for the higher fold window 7—-14 can also fit the data, with E,=13.8 MeV (used abovgis also acceptable in this case,
the extracted 8) being lower(0.27+0.02 and the require- the required value oF ; is definitely larger than that used in
ment of triaxiality less stringent((y)zzsf‘l‘6 deg. Finally, the multiplicity gated data analysis. It is not clear whether
the choice of a different value af=1.8 also gives accept- this means a failure of the model or the parameter indeed
able fits and the overall conclusions about the shape changmries with excitation energy. The uncertainty in the val-
remain essentially the same. ues(Table IV) is too large to derive any conclusion. From

TABLE IV. Parameters extracted from shape and orientation fluctuation analysis at each energy/fold
ratio. All energies are in MeV, angl is in degreesé, andA ¢ are fixed at 0 and 0.7, anfly, A ¢ are fixed

at 0°.

Ebeam Eo Ty <IB> <’)’> XZ
84 13.5 5.5 0.2%0.04 30733 23
89 13.5 5.5 0.27-3% 12722 31
107 13.5 5.5 0.31°3%% 1513 13
94A 13.8 4.5 0.26:0.01 5% 14
94B 13.8 45 0267333 4%38 17

94C 13.8 4.5 0.34705% 31%2 13
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the extracted(8) values, again a mild increase at higher the need for triaxiality is less stringent in the data. It is also

bombarding energies cannot be ruled out. possible to explain the singles data sets with a common in-
trinsic strength function incorporating the shape and orienta-
VI. SUMMARY tion fluctuations. The intrinsid’y is, however, larger com-

. pared to that in the multiplicity gated data. Finally, there is

In summary, the present paper describes the migsuremem ambiguity regarding the details of the shape distributions,
‘l’glh'gh energyy rays (~5-22 MeV) in the reaction™O+ 414 the parameters that can be extracted from such analyses

Ta at four bombarding energies. Measurements wergre only the mean values of the shape parameters.
made in singles aE(16O_)=.8.4, 89, and 107 MeV and in Considering the present data and the earlier measurements
coincidence with a multiplicity setup &('°0)=94 MeV.  on the Pb isotopes, one can deduce that the shape change
The angular distribution measurements were also made at th@th spin is a general feature for this mass region. For similar
last beam energy. The data have been analyzed with andcitation energies, the shape fluctuation for the present case
that are independent of the method of analysis @jethe  for different spin windows is available for Pb isotopes, this
mean deformations needed to explain thestrength func-  gpinion can be formed by looking at the slightly increased
tions are rather large, i.63~0.25, and(2) large orientation  jidths needed to fit the present data in terms of pure prolate
fluctuations are needed to explain the observed near isotropypothesis. A detailed calculation of the energy surfaces for
across the GDR region. An attempt has been made to extragiese nuclei would thus be very interesting.
information on shape and orientation fluctuations directly
from the data, i.e., without incorporating any theoretical pre-

dictions based_on the ca_lculated energxl su_rfa.cg’s in nuclei. ACKNOWLEDGMENTS
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