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Angular momentum gated giant dipole resonance measurements in the reaction
28Si+°8Ni at E(?®Si)=100 and 125 MeV
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High-energy y rays in the energy range of 4-35 MeV were measured in coincidence withyaay
multiplicity detector array in the reactioffSi-+58Ni at E(?2Si)=100 and 125 MeV. The data were analyzed
using the statistical model, and the giant dipole resonance parameters were extracted for various multiplicity
windows. The exclusive temperature dependence ofythay strength function has been obtained for a wide
range of angular momentum, while the angular momentum dependence has been derived over a restricted
range of temperature. The observed increase in the resonance width can be attributed to an increase in
temperature. No dependence on angular momentum is observed. The last observation is at variance with the
results in the tin region for similar rotational frequencies.
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[. INTRODUCTION cited states have been made using heavy ion fusion reactions.
The other methofi12,13 is the measurement of high-energy
The giant dipole resonand&DR) built on the excited +y rays in coincidence with the inelastically scattered ions
states of nucle[1,2] has been studied through high-energy populating the target nucleus at lalvThe heavy ion fusion
y-ray measurements in order to obtain information onreactions populate nuclei over a wide range of excitation
nuclear properties at nonzero temperature and high angulanergyEy and J. However, the increase iBy with beam
momentum[3,4]. An important issue in these studies is the energy corresponding to a high&r is accompanied by an
damping of the resonance as a function of angular momerincrease inJ. One way of disentangling th€& andJ depen-
tum (J%) and temperaturel(). Some of the theoretical mod- dence is by making measurements of high-eneygyys in
els for theT andJ dependence of the GDR strength function, coincidence with the multiplicity of low-energy yrastrays,
characterized by the resonance energy and width, are ttthe latter providing a measure df
collisional damping moddl5,6], the phonon damping model The increase of GDR widthI{p) with temperature is a
[7], and the thermal fluctuation mod@—11]. The mixing of  well established experimental f4&,4]. The main results of
the correlated one particle one hole states, which constitutdhe multiplicity gated measurements extracting dngepen-
the GDR, with more complicated states lying at the samalence[14—21 can be listed as follows. 1A% 11%n, ' is
excitation energy is termed as collisional damping. The colreported to be roughly constant fdrless than 30 and to
lisional damping model, which has been widely used in deincrease by about 4.5 MeV at high&up to 54[14,15. The
scribing the GDR width atf =0, predicts a weak dependence average temperatures in these measurements, however, is not
of the width onT. The experimental data, on the other hand,constant and ranges over 1.4 to 1.8 MeV.¥HEu, I'; is
shows a much stronger dependence and suggests some firfioeind to have a much weaker dependence changing by about
temperature effect which is not included in this model. Thel MeV over a range aJ~35-50[18]. The average tempera-
phonon damping model emphasizes the importance of thiire in this measurement varies from 1.2 to 1.4 MeV. In the
coupling of the GDR phonon to particle-particle and hole-Dy and Er isotopes of similar mass, a stronger dependence of
hole configurations and seems to be in better agreement withp, changing by about 6 MeV over a similar changeJin
the data. The thermal fluctuation model is the most widelyhas been reported6,17. In the heavier nuclet’W [19]
used model. It incorporates the fluctuation in nuclear shapand ***Hg [20], the observed'y, is almost independent of
at finite temperature and the coupling of the GDR to nucleain the range of 36-55 and 20-38, respectively. From the
quadrupole deformation leading to a splitting in the strengtiresults reported for°’TI [21], one can draw a similar con-
function. The observed width is then due to an averaginglusion for angular momentum up t6324. The variation in
over an ensemble of nuclear shapes weighted by the apprtemperature in the measurements on heavier nuclei is much
priate Boltzmann factor. This model generally describes themaller. Translating the dependenceJiio that on the rota-
experimental observations. tional frequency @,.t), the above results on the variation of
A systematic experimental measurement disentangling thEp can be interpreted as due to a systematic effeabgf
effect of T andJ on the GDR strength function is a challeng- inducing nuclear deformation. However, the results on Dy
ing problem. Exclusive data from such measurements wiland Er isotopes deviate from this trend showing a consider-
help in improving our theoretical understanding of this fun-able effect also at somewhat lower frequencies. In Sn iso-
damental excitation mode at finite temperature and angulaopes, the induced deformation is of oblate natliB] at
momentum. Most of the measurements on the GDR on exhigh w,,;. Finally, wheread' has a significant dependence
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TABLE |. Experimental parameters in tiéSi+>®Ni reaction at  gain matched signals from all the seven detectors were
two different beam energies. The fusion cross sectiengs are  summed using a passive network and sent to two charge
from the cascApE code. sensitive analog to digital convertet@DC). In the other
path, the signal was amplified and fed to a constant fraction

C
Epeam (MeV) rus (MD) Ex (MeV) Jo discriminator (CFD). The CFD outputs were time matched
100 523 49 30 and the logicabr signal from all the seven CFDs was used
125 938 66 46 to generate a short gate of 200 ns and a long gate @62

duration for the two QDCs mentioned above. The outputs of
the two QDCs were recorded event by event. The energy
on T andJ, the centroid energyH) appears to be almost information was obtained from the QDC with the wider gate,
independent of these two parameters in all these measurthe typical range being-4 to 35 MeV. The ratio of the
ments. outputs of the QDCs was used to reject the pile-up events.
In view of the necessity of such systematic measurement§he OR signal was also used in the time of flightOF)
over a wider range of mass, temperature, and angular mgneasurement in order to discriminate betweemays and
mentum, or rotational frequency, we have performed a mulheutrons.
tiplicity gated measurement of high-energy rays in a The multiplicity detector assembly consisted of 14 bis-
lighter mass region oh~85. The heavy ion fusion reaction muth germanatdBGO) detectors, each 6.3 c¢cm thick and
%85+ 58Ni was used to populate the compound nucleushaving a regular hexagonal cross section with a distance of
8Mo. By performing the measurements at two beam ener®.6 ¢cm between its opposite edges. They were close packed
gies, we have studied the GDR built on excited states with ai two groups of seven each and placed above and below the
average temperature of1.1-1.6 MeV and an average an- target. The front face of each group was at a distance of
gular momentum ranging up te-31%. The rotational fre- about 2 cm from the target. The middle detector in each
quency range covered in this work is beyond those for th@roup was placed at a larger distance of about 5 cm to equal-
heavier nuclei mentioned above and has a good overlap wit#€ the efficiency of all the detectors. The efficiencies were
that in the Sn isotopes. It should also be noted that the protofieasured for 662 kel rays with a**'Cs source kept at the
rich nuclei contributing to the GDRy production in this target position. The total efficiency was58% and~68%
experiment, are mostly deformed in their ground stpgs§. ~ for the 100 MeV beam energy in two different experimental

It is interesting to study their shape evolution at higherruns and~68% for the 125 MeV beam energy. An analog
T andJ. signal was generated with an amplitude proportional to the

number (fold) of BGO detectors producing simultaneous
1l. EXPERIMENTAL METHOD (within ~50 ns) outputs in each event. The CFD signal for
each detector was generated with a threshole @00 keV.

The experiment was performed by bombarding a self-Theor of the CFD signals from the 14 BGO detectgaster
supporting, rolled®Ni (99.9% enricheftarget of thickness time matching was used as a trigger for the TOF measure-
0.5 mg/cnt with a collimated 28Si beam from the 14UD ment. Typical TOF spectra for two different energy win-
BARC-TIFR Pelletron at Mumbai. The reaction was studieddows in the Bak array are shown in Fig. 1. The typical time
at two beam energies of 100 and 125 MeV. Table | lists thgesolution of~3 ns was mainly arising from that of the BGO
average excitation energig and “maximum” angular mo-  detectors, some misalignment in the time matching and the
mentaJ, (defined later in the compound nucleu8Mo at  residual energy dependent walk in the CFDs. The separation
the two beam energies. High-energyays were detected in of the gamma and neutron events are clearly visible in the
an array of seven closely packed Baffetectorq 23], each  figure.

20 cm long and having a regular hexagonal cross section The spectra of the pile-u@PU) parameter, defined as the
with a distance of 6 cm between the opposite edges. Theatio of the charges collected in the two QDCs and multiplied
front faces of the detectors were coveredhwat5 mmthick by a suitable constant, are shown in Fig. 2 for two different
lead sheet to cut down the low-energyrays and x rays. energy windows. The spectra shown are generated by putting
Cosmic ray events were reduced with the help of active plasthe prompty gate on the TOF spectra. The portions of the
tic and passive lead shielding. The annular plastic detectspectra outside the peak regions in Fig. 2 correspond to
surrounding the Bafdetectors had a length of 40 cm and events with pile up and were rejected in the off-line data
thickness of 5 cm. The lead shield was 10 cm thick andanalysis.

placed on top and two sides of the plastic-Bassembly. The energy calibration of the Baféetector assembly was
The neutron ang-ray backgrounds from the tantalum beam done by using the?*!Am-°Be (4.43 MeV) and 2%PuiC
collimator were shielded by paraffin and lead, respectively(6.13 MeV) radioactive sources. The 15.1 Mey/ray from

The detector assembly was kept at a distance-d2 cm  the reaction*?C(p,p’)**C atE,~19.6 MeV was used as the
from the target and at an angle of 125° with respect to théiigh-energy calibration point. At the high voltage applied to
beam direction. At 100-MeV beam energy the spectra wer¢he PMTs, the linearity has been checkg23] up to
also measured at 45° and 90°. ~35 MeV. The gain variation of the detectors was moni-

The anode signal from the photomultiplier tutl&MT) of  tored at regular intervals of 2—3 h, using the 4.43 MeV and
each detector was split into two paths. In one path, the sign&.13 MeV lines and they spectra in each run was corrected
was amplified using a fast amplifier with a variable gain. Thefor accordingly. The typical variation in gain over this period

024603-2



ANGULAR MOMENTUM GATED GIANT DIPOLE.. ..

Vo T T
B1a= 4 E,~7 MeV
600 prompt 1
Dl
400 *  FWHM
Y oo 3.1 ns
200 A . chance
z na oI
g j S % v v
@]
O 100 E ~14 MeV
80 M
60 1
Y FWHM
40 . 2.5 ns
20 )
n *%
! .!..I l -

100 150 200 250 300
Channel number

FIG. 1. Examples of TOF spectra with foll>3 and energy
around 7 and 14 MeV in the BaRletector. Neutron angt peaks
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mainly from oxygen and carbon impurities in tA®i target.

The oxygen impurity was due to the partial oxidation of the
targets, whereas the carbon impurity was generated on the
surface from the beam bombardment over a long time. In
order to estimate the contributions from these impurities the
following measurements were also made. Targets of carbon
(~50 nglen?) and oxygen (W@, ~150 uglcn?) were
bombarded with?®Si beam of 100 and 125 MeV and the
spectra were measured. These were then multiplied by the
relative abundances of carbon and oxygen in ¥ target

to that in the C and W@Qtargets. These relative abundances
were obtained from the yields of characteristic groups
from the reactions”C(*°C,«) and °0(*°C,«) feeding dis-
crete states if’Ne and?*Mg, respectively. These measure-
ments were made with #C beam of energy 35 MeV, and
particles were detected in a surface barrier dete@amm
thick) placed at~15° with respect to the beam direction. In
order to correct for the resonance effect in the yield of these
a groups, these data were taken over a beam energy range,
spanning the energy loss in the target.

IIl. EXPERIMENTAL DATA ANALYSIS

The high-energyy spectra were extracted from the off-
line analysis of the data, recorded in the event by event
mode, after putting proper cuts on the TOF and the PU pa-

are shown. Prompt and chance windows used in the off-line analyzy eter, The spectra were generated for various folds and for

sis are also indicated.

each combination of the beam energy and target. The contri-
bution due to the chance coincidence events within the

was <1%. The beam charges collected in the experimenprompt y window in the TOF spectrum was subtracted.

were 1 and 0.25 particle millicoulomtpmC) for two differ-

Similarly, the contribution due to the pile-up events under the

ent runs at 100 MeV beam energy and 0.8 pmC at 125 Me\peak in the PU spectrum was corrected from an extrapolation

beam energy.
The background in they spectra was expected to be
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FIG. 2. Examples of the spectra of pile-up paramésee texk
for energy around 9 MeV and 12 MeV in the Baffetector.

of the pile-up tail under the peak region.

The background in the spectra arising from the carbon
and oxygen impurities in the main target was estimated as
discussed earlier. Figure 3 shows some examples ofythe
spectra from the main target along with the estimated impu-
rity contribution. These were subtracted from the measured
spectra for various folds. The contribution decreases
with increase in fold, the maximum being up to 12% for fold
F=1.

A residual cosmic ray background survived in spite of the
passive and active shielding of the detector, as indicated by
the flat part of the spectrd&ig. 3) beyond~25 MeV. This
background, which also decreases with fold, was removed by
subtracting the average yield in the region~e25—-35 MeV.

The fold distributions were created for different energy
windows in the Bak detector, from the high-energy spec-
tra obtained for each fold. These distributions are shown in
Fig. 4 for someE, windows. These data at 100 MeV beam
energy are for the BGO efficiency of 58%. The fold distri-
butions are different for differeng energy windows. In order
to obtain the multiplicity M ,) distribution corresponding to
these fold distributions, first, the fold response of the BGO-
multiplicity array was calculated for different discreké,
with a Monte Carlo computer program. The convolution of
the inputM,, distribution with these response functions is
then compared with the experimental data.

A one-component Gaussid¥ , distribution with a mean
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FIG. 3. Examples ofy-ray spectra ab=125° in the reaction lines at 100 MeV.

285+ 58Ni (filled circles and background from carbon and oxygen

impurities (open circleg at two different beam energies and fold ) )
windows. tensity of this component peaks at around 8 MeV and falls

on either side becoming negligible beyornd 2 MeV. While

of 7-9 and full width at half maximun{FWHM) ~11,  we do not understand quantitatively the origin of this second
could fit the data foE., above 12 MeV. On the other hand, a component, this should be due to nonfusion events in the
second low multiplicity component, with a mean of 0—4 andtarget. The fold distributions from fusion events are expected

FWHM~5, had to be added for lowdt,, . The relative in- to be essentially similar for varioug energy windows. This
conjecture was checked in a separate experiment at 100 MeV

100 MeV 125 MeV beam energy by making the measurements in coincidence
Ev:I 1 6MeV 1 E —4-6MeV. with characteristicy rays from evaporation residues. The

z 1108 BGO efficiency in this run was-62%. Figure 5 shows the

106 |

fold distributions in singles and in coincidence with four
1105 transitions in the residue nucl&’Y and &Sr. The y rays

were detected in high purity germanium clover detectors.
: 104 The coincident fold distributions are seen to be similar for

various y ray energy windows in marked contrast to the
single distributions. From the best fits of the fold distribu-
1108 tions, shown in Fig. 4, the contributions from the second
1 104 component were estimated for each fold. These were sub-
tracted in order to derive the spectra from pure fusion
1108 events. The uncertainty in this procedure, arising from the
range of acceptable parameters for the second component,
was included in the derived spectra. Figure 6 shows some

106

Counts

10 FE,=12-18MeV | E =12- 18 MeV

108 | 10¢ examples of the corrected and the uncorrected spectra for
1108 different fold windows. The correction, as expected, de-
102 | 1 , creased as a function of fold and became insignificant for
110 fold F>4.
101 L o 10" In the final step, the Doppler correction was applied to the
4 8 12 4 8 12 spectra at all angles by assuming the source velocity to be
Fold the compound nuclear recoil velocity. For 100 MeV beam

energy the ratios of the Doppler correctgdspectra at dif-
FIG. 4. Experimental fold distributions and the best fits for vari- ferent anglesFig. 7) show no discernible angular anisotropy.
ousy energy windows. The main component and the low multiplic- These spectra at the three angles were therefore added up to
ity component are shown by dashed and dotted lines, respectivelymprove the statistics. Finally, the spectra were grouped into
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Ey(MeV) fusion cross section and the residue spig)(distributions

were obtained. The conversion of thg distribution to a fold
(F) distribution was done by creating tikg to F response
function relevant for the present setup. This was obtained
considering the following points. The residue spin state can
lose an angular momentum of 2 ofi Xor every low-energy
near-yrasty transition. The relative probability of AJ=1
transition was taken as a parameter. The energy o tte/s
are not constant and depends on the initial and finial a
given transition. Thus the energy dependence of the effi-
- . . _ ciency and the cross talk probabilities of the BGO setup
The statistical model analysis consists of extracting th&nq g be considered. This information was obtained by run-
GDR strength functi.on, charact_erized by energy and vyidtrhing the electron gamma shower cagesa[25] for the BGO
parameters, for various fold windows from a comparisongetyp. Finally, each event is accompanied by the statistical
[24], with the necessary modifications, was used for this purcarlo computer program was written incorporating all these
pose. In these calculations the angular momentum distribuaspects. All these parameters were obtained by fitting the
tion in the compound nucleus was assumed to have the formeasuredy energy gated distributions as described below.
From the fold distribution for eacld: thus calculated, a
population matrixe(F,Jc) was created. By projecting this
matrix onto thel; axis, the compound nuclear spin distribu-
tion for different fold windows were finally obtained.
with 8J=3. The parameterd, and o, were consistent with For fitting the experimental data drdistributions, they
the total fusion cross sections listed in Table I. This fullenergy gated distributions were calculated as follows. From
distribution, however, should not be used in the calculatiorthe y spectra andly distributions for eacllc, the relative
of the y spectra for different fold windows which correspond probabilities(a) P(E,,,J¢) for differentJc yielding a certain
to different ranges of the compound nuclear angular momerE,, and (b) P(Jc,Jg) for different Jg originating from a

FIG. 6. Examples ofy-ray spectra beforéfilled circles and
after (open circleg correction for the nonfusion events for two-
fold(F) windows.

different fold windows before comparing with the statistical
model calculations discussed in the following section.

IV. STATISTICAL MODEL ANALYSIS

- (23c+1)
~ 90T Fexd (Jo—Jg)/ 83]

a(Jc) (1)

tum Jc. This is because the calculated spectrum for a

given set of GDR parameters changes with
The appropriatd distribution for each fold window was

derived by adopting the following procedure. First, the

CASCADE calculation was done for each. using a fixed

certain Jo, were derived. The population of the different

residue spins for a certai, is then given by
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FIG. 8. Comparison of the experimental and calculated fold dis-  FiG. 9. Compound nucleus spin distribution for various fold

tributions for different data sets fé&,=12-22 MeV. The solid and  \yindows for beam energies of 10@ashed ling and 125 MeV
dashed curves are discussed in the text. (solid line).

whereo(Jc) is the compound nuclear spin population giventributions with K=0.8, b=0.6, c=0, d=0.018, andp

in Eq. (1). This expression assumes that thedistribution =1.8. Folds 1 and 2 are better reproduced. However, the
for a givenJc is independent of any-ray emission. This is compound nuclead distributions with this prescription are
not strictly correct. For the present system, theparticle  almost identical to those with the earlier ones and the derived
emission, which takes away a higher angular momentum, i&DR parameters, to be discussed later, agree well within the
important particularly at higd. . However, if a high-energy error bars. Figure 9 shows the compound nucledistribu-

vy ray is emitted in the cascade, the average angular mome#ions that are used in the subsequent calculations for different
tum loss will be less and the nucleus should land up in gold windows.

higher residue spin. This effect, therefore, should be more, The prescription for the nuclear level densiiyLD) used

the higher theéE , as well aslc . The residue spin distribution above and in all subsequent calculations is that of Ignatyuk
P(Jc,Jr) in Eq. (2) was therefore shifted by an amount [27] as elaborated in Ref26] with the asymptotidliquid
asE,Jc, treatingas as a parameter. The choice of this de-drop value for the NLD parameter fixed ata
pendence was guided by simplicity and the valueagf =A/7.5 MeV 1. TheJ dependence of the moment of inertia
needed in the fit was consistent with the results of a Montds as given by the default prescription @ascADE. The op-
Carlo cAscADE [26] calculation. The fold distributions for tical model potential parameters for the calculation of the
the v energy window at 12—22 MeV were calculated and alltransmission coefficient for neutron, proton, andwere

the parameters were adjusted to obtain a reasonable fit to thaken from Refs[28—-30, respectively. These choices were
experimental data. These are shown in Figsdid lineg, in  guided by the measurement of proton angarticle spectra
which the relative probability oAJ=1 is between 0.05 and in this reaction at the same two beam enerfj&g.

0.15. Theag parameter mentioned above is between 0.003 The GDR strength function to be extracted from the
and 0.005. The statisticaj transition has an energffs  analysis was parametrized as a one- or two-component
~2.3 MeV andMg between 1.2 and 1.6. THEg and Mg  Lorentzian given by

values are also supported by Monte Carlo calculations men-

tioned above. In Fig. 8, the calculations do not reproduce the FZE?

F=1 and 2 data points well for the 100 MeV beam energy. FL(Ey.Er.I')= (E2—E2)2+F2E2'

For this case another prescriptionXyf to F conversion was v R 4
also tried. The fold distribution for a givelk was assumed The effective transmission coefficient ferdecay competing

to be a Gaussian with a meah=K+bJg and FWHM=c  with particle decay in a statistical evaporation can then be
+dJR. The dashed lines in Fig. 8 show the calculated diswritten as
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with C=20.9x10"° MeV~*. HereE;(;y and Ty, are the E, (MeV)

resonance energies and widths for the two components and

Si(2) are the strengthsS,; +S,=1 corresponds to the 100% FIG. 11. Divided plots of the measuredspectra and the best
exhaustion of the sum rule streng®,/S;=2 and 1/2, re- prolate fits at 100 MeV and BGO efficieneyo~58%.
spectively, denote the GDR in a prolate and an oblate de-
formed nucleus. A spherical nucleus corresponds to a one-
component Lorentzian.

In the analysis, the GDR parameters were varied for the
different assumptions of spherical, prolate, or oblate shapes.
A sum rule strength of 100% was used in all the calculations. 4
The calculatedy spectra were folded with the detector re-
sponse function simulated usimgs4[25], and were com- 2
pared with the data for each fold window. For a sensitive
comparison, both the data and the calculated spectra were
converted to linearized divided plots &f(E,) [31]. These
plots were generated by dividing both the experimental and
the calculated spectra by a statistical spectrum assuming a
constantEl strength. This was arbitrarily chosen to be 0.2
W.u. and the normalization to the data was doneEgt
~8 MeV. The chi-square values for the fits were calculated
for theE,, range of 8—-22 MeV encompassing the GDR bump
in all the spectra.

I | I Fold T3+4 l T 18

il T 6

{4

_ NI )
i b

T

| Fold 2+3

F( Ev) (arb. units)

V. RESULTS AND DISCUSSION

A one-component Lorentzian strength function cannot fit
the data as shown in Fig. 10. Similarly, a two-component
Lorentzian corresponding to an oblate shape fails under the
assumptiorf9] thatI',=1I";. The data can be best described

Fold 5+6 ) 12
H8
o 1114
Fold 7 to 14
112
18
14
by assuming a prolate shape as shown in Figs. 11-13. It may \ L - [
be mentioned that the absolute normalization in these fits is 5 10 15 20

between~0.8 and 1.2. The best fit values of these param- E, (MeV)
eters are listed in Table Il. From these GDR parameters, the
centroid Ep, defined as E;+2E,)/3 and the widthl'y, FIG. 12. Same as in Fig. 11 feggo~68%.
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FIG. 13. Same as in Fig. 11 at 125 MeV a&gk; o~ 68%.
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defined as the FWHM of the two-component strength func-
tion, are obtained. These are listed in Table Ill. The effective
quadrupole deformation paramejgrcan be derived from the
ratio of E, to E;, utilizing the expression in Ref33], as

/417( 6—1.0 )
=N 0551087
where§=E,/E;. These are also listed in Table IlI.

Figure 14 shows the extractdd, and E values for dif-
ferent fold windows. The GDR width decreases significantly
as a function of fold at 100 MeV. A similar trend is seen at
125 MeV, although the rate of decrease is not as prominent.
The centroid energy is close to the ground state GDR value
for the nuclei in this mass regidi32].

In order to discuss the above results in terms of the effect
of angular momentum and temperature, it is necessary to
define the average values of these quantitieEfpnear the
GDR centroid energy. Since the GDR emission takes place in
different steps of decay and also for a rangd &@r any fold
window, only the average values can be considered. The av-
erage temperature relevant for GDR decay is calculated by
various authors following different procedures. The average
J is often taken to be that of the initial compound nucleus.
This is a valid approximation for heavy nuclei, which deex-
cites mainly through neutron emission carrying a small an-
gular momentum, but is not justified for the lighter mass
region. We have made detailed calculations to extract these
values using the codeAscADE after the following modifi-

TABLE Il. Best prolate fit GDR parameters for various fold windows from three data setsASetd B
correspond taggo~58% and 68%, respectively, at 100 MeV. All energies are in MeV. Jhis for 57 data

points.
Epeam Fold E, r, E, r, X
2+3 14.6-0.3 4.5-0.3 18.9-0.6 6.3+0.7 58
3+4 15.0:0.3 4.5-0.3 18.9-0.5 5.70.5 72
100 4+5 15.2¢£0.3 4.0:0.3 19.0:0.5 5.2:0.5 65
(A) 5+6 14.9+0.3 3.5:0.3 18.5:0.4 4.450.4 73
6+7 14.5:0.3 3.3:0.3 17.70.4 3.6:0.4 61
7-14 14.2:0.3 3.0:0.3 17.70.5 3.9-0.5 59
2+3 14.450.4 4.0:0.4 18.7:0.9 6.0-0.9 25
3+4 14.8-0.4 4.2+0.4 18.9:0.8 5.1+0.7 29
100 4+5 14.9+0.4 4.0-0.4 18.7:0.5 4.8-0.6 37
(B) 5+6 15.0-0.4 3.5-0.4 18.4-0.5 4.5-0.6 27
6+7 14.5-0.4 3.2:0.4 17.8:0.5 3.4-0.6 27
7-14 14.5-0.4 2.9-0.4 17.4-0.5 3.4-0.6 36
1+2 14.450.4 5.9-0.5 19.4-0.8 8.2:1.0 68
2+3 14.6:0.3 5.3-0.4 19.4-0.8 7.8:0.8 49
3+4 14.7£0.3 5.1+0.4 19.3-0.6 7.0:0.6 52
125 4+5 14.8-0.3 5.1-0.4 19.4:0.6 6.8-0.6 52
5+6 14.8-0.3 5.0-0.4 19.4-0.6 6.4-0.6 37
6+7 14.7+0.3 4.9-0.4 19.2:0.6 6.2-0.6 36
7+8 14.760.4 5.0-0.4 19.0-0.6 6.30.8 24
8-14 14.8-0.4 5.2-0.4 19.0-0.6 6.2:0.8 29
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cations. At every step of decay for a giverk,,, the angular
momentumJ; and the temperaturg; of the final state have

8
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parametera is calculated at the corresponditgfollowing

the expression of Ref§26,27. The pairing energy is as-
sumed to be independent Bf, andJ. Two matrices of the
cross sectiono(E,,Ts) and o(E,,J;) are thus created.
From these matrices, th&; and J; distributions for any
vy-ray energy can be calculated. Finally, the average and the
standard deviation «f) of these distributions are derived.
Table 11l lists these values for different fold windows and
beam energies fdE,~17 MeV, which is the GDR centroid
energy in the present case.

Figure 15 showd'p and Ep as a function of average
temperature. The increase in width with temperature is more
prominent up to~1.3 MeV. It may be noted that each point
in the figure corresponds to a range of temperature which can
be deduced from the values given in Table Ill. The inher-
ent temperature dependence is, therefore, expected to be
steeper for the lower temperature part. However, the basic
trend of a monotonic increase will be similar. The other point
to note is that at a given beam energy, the points in the figure
at lower averagd correspond to higher averadeA part of
the observed width at high should arise from the Coriolis
splitting [8]. If this contribution is subtracted, the resultant
dependence df , on T will be steeper.

The effective 8 parameters extracted from the present
data are also shown in Fig. 15 as a functionTofhere is a
mild increase of deformation witii. However, it may be
recalled that even at the highest angular momentum the nu-

been obtained. The former is straightforward and the latter iglei do not show oblate shapes in contrast to the situation in

calculated ad)=aT?, whereU=E;—E,;(J;)—Ap. The
rotational energy¥,:(J¢) and the pairing energip are sub-

the Sn region. The observed increase in effecvandl'
with T, in the present case, could arise from shape fluctua-

tracted from the final state ener@y; and the level density tions.

TABLE lIl. Average angular momenturfd) and temperaturéT) with corresponding standard deviations
(o), B parameterEp andI'y for various fold windows. Temperature and energies are in MeahdB are
as defined in Table II.

Ebeam Fold (J) gy (T) oT B Epb I'p
2+3 12.4 6.0 1.28 0.27 0.310.05 17.5:04 8.8:0.5
3+4 15.0 6.4 1.25 0.26 0.280.04 17.6:0.3 8.0:0.4

100 4+5 17.5 6.2 1.21 0.26 0.270.04 17.7240.3 7.5-0.4

(A) 5+6 20.0 6.0 1.17 0.26 0.260.04 17.3:0.3 6.7+0.4
6+7 22.0 55 1.13 0.26 0.240.04 16.6-0.3 5.70.3
7-14 23.6 51 1.09 0.23 0.260.04 16.5-0.3 6.2:0.4
2+3 10.8 55 1.30 0.27 0.310.06 17.3:0.6 8.5:0.8
3+4 13.5 6.2 1.27 0.26 0.290.05 17.5-0.5 7.7+0.7

100 4+5 16.0 6.2 1.23 0.26 0.270.05 17.4-0.3 7.2£0.5

(B) 5+6 18.7 6.0 1.19 0.26 0.240.05 17.3:0.3 6.6:0.4
6+7 20.9 55 1.15 0.26 0.240.05 16.7-0.3 5704
7-14 23.1 51 1.10 0.23 0.220.05 16.4-0.3 5.3:t0.4
1+2 10.6 6.0 1.60 0.34 0.360.06 17.8:0.5 10.9-0.7
2+3 13.3 7.2 1.57 0.34 0.340.06 17.8:0.5 10.4:0.7
3+4 16.8 8.1 1.53 0.34 0.330.05 17.8:0.4 9.6:0.5

125 4+5 20.6 8.5 1.47 0.34 0.320.05 17.9-0.4 9.5:0.5
5+6 24.1 8.2 1.41 0.33 0.320.05 17.9:0.4 9.2£0.5
6+7 26.9 7.7 1.36 0.31 0.320.05 17.#0.4 8.9+0.5
7+8 29.2 7.3 1.31 0.31 0.310.05 17.6:0.4 8.8-0.6
8-14 31.2 6.8 1.26 0.30 0.3(0.06 17.6:0.4 8.7+ 0.6
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FIG. 17. GDR width, centroid energy, and deformation param-
FIG. 15. GDR width, centroid energy, and deformation param-eter as a function of averagefor two windows of averagd. See
eter as a function of averade See Table Ill for the spread ififor Table 11l for the spread ifT for each data point.
each data point.

with T in both the cases. Thus, these measurements disen-
t'a?ngle the effect of temperature and angular momentum and

: X . . éhow that the GDR width increases due to the effect ahd
window and vice versa over a restricted range. Figures 1

and 17 show such ploss. For an average temperature of 970 B IRE8 0 0 RO 118 SET BRERELY
~1.3 MeV, I'p is almost constant for a large variationJdn

Although each point in Fig. 16 also corresponds to a range gfuency @ro1)- In Sn nuclei[19], the Wi‘?'th significantly in-
Jvalues, the inhererit dependence is the same for this case CT€@S€S over a range df=30-54. This corresponds to a
On the other hand, for the two different average angulaf@nge Offw;,;~0.8-1.5 MeV. However, in these measure-

momenta around- 124 and 23, ' increases significantly ments there is a chan'ge ef0.4'MeV in temperature. If.the
effect of temperature is taken into account the exclusive de-

; ; . . : pendence of' on J would be even stronger. In the present

Another aspect that can be addressed from these data
the dependence of the GDR parametersidor the same)

<T>=1261t0 1.31 MeV work the observed' is a constant over a range of average
S 10F . h ot from ~0.4 to 1.3 MeV.(Considering the variation id
S ++ H around each averagelvalue, the actual range @fw,; is
~% 81 + wider than this. For a similar change in the rotational fre-
~

quencies, the width changes from8.5 to 11.5 MeV in the

6 ] Sn nuclei in marked contrast to the present results.

: : : : : Figures 16 and 17 show that the small change in the ef-
fective deformation is also caused mainly by temperature

2 18 . with no apparent effect from the angular momentum. Finally,
= }H {' '} a surprising observation is the apparent variation of the GDR
;o 6l ] centroid energy with averag€ as shown in Fig. 17. The
s . . b centroid energy is a constant over a range-df.2-1.6 MeV
0.4 1 ] of average temperature, but shows a decrease of about 1
== +++ H MeV below (T)~1.2 MeV. Since the decrease in the cen-
02| ] troid energy is observed only for the high&mwindow, this

S could be a combined effect of both temperature and angular
AR momentum. The decrease Hy, arises, in a phenomenologi-
<J> cal description of the GDR, from a weakening of the isovec-
FIG. 16. GDR width, centroid energy, and deformation param-tor potential or the increase in the inertial parameter describ-
eter as a function of averagdkfor a restricted range of average  ing the collective motion or both. It will be interesting to
See Table Il for the spread ihfor each data point. understand this observation from a microscopic calculation.
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VI. SUMMARY observed] independence in this work differs from that re-

f ported in the Sn region. In the latter case, the increase in
width is attributed to the oblate flattening of the nuclei. In the
present work, no evidence for oblate shapes is seen. The
extracted strength functions can be described as due to pro-
late shapes with an effective deformation slightly increasing
with temperature. The extracted GDR centroid energies are
lose to the ground state values of the nearby stable nuclei.
owever, there is a decrease-ofL MeV below an average
temperature of 1.2 MeV, when the average angular momen-

%Um is above~ 20%.

High-energy y-ray spectra in the energy range o
~4-35 MeV were measured in coincidence withyaay
multiplicity detector array in the reactiorf®Si+*Ni at
E(?%Si)=100 and at 125 MeV. The compound nuclétislo
was populated at the excitation energies-e¢f9 and 66 MeV
and at angular momenta up to78@nd 4@, respectively.
These data were analyzed using the statistical model co
CASCADE incorporating the GDR built on excited states. The
GDR centroid energies and widths were extracted as a fun
tion of multiplicity which is related to angular momentum.
The average temperature and angular momentum over vari-
ous steps of GDR photon emission were calculated after
making the necessary modifications in thesCADE code. The authors thank R.G. Pillay for his valuable help in the
The extracted GDR width increases by4.5 MeV for a  clover detector gated measurements and the Pelletron accel-
change in average temperature from 1.1 MeV to 1.6 MeVerator staff for the excellent operation of the machine during
No dependence on angular momentum is observed at an athe runs. One of the autho(S.K.R) thanks the Department
erage temperature of 1.3 MeV. Considering an overlap- of Atomic Energy, India, for providing support during this
ping rotational frequency regiort o~ 0.8—1.3 MeV), the  work.
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