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Angular correlations between y rays and fission fragments were measured in the reaction
"F+'"Ta at 105 and 141 MeV bombarding energy. These correlations are used to extract the
probability of giant dipole resonance y-ray emission relative to the spin axis of the compound sys-
tem which gives direct information about the projection quantum numbers of the split giant dipole
resonance components in a deformed nucleus. Large anisotropies observed in the y-ray energy re-
gion of the compound nucleus giant dipole resonance demonstrate unambiguously a deformed shape
of the Pb compound system at excitation energies of 69.5 and 102.4 MeV. The singles and
fission-coincidence y-ray spectra are fitted consistently in terms of the statistical y-ray decay of the
compound system and excited fission fragments. The giant dipole resonance parameters of these fits
are then used to compute the y-ray angular distribution with respect to the compound nucleus spin
axis for prolate and oblate shapes. At 69.5 MeV the y-ray anisotropy relative to the compound nu-
cleus spin axis is well described by a prolate shape with a deformation P=0.43 in general agreement
with theoretical predictions of a superdeformed shape in ' Pb. However, the large observed defor-
mation survives to much higher temperatures than predicted. At 102.4 MeV the data require a
reduction of the fission probability in the very early decay steps of the compound system. At this
excitation energy the extraction of the shape of the ' Pb nucleus is ambiguous, allowing both a col-
lective prolate as well as a noncollective oblate shape.

I. INTRODUCTION

The deformations of hot rotating nuclei have now been
investigated in a number of cases by studying the decay
of the giant dipole resonance (GDR) built on highly ex-
cited states that are produced in heavy-ion fusion reac-
tions. ' In these cases, the deformation is obtained from
the splitting of the giant dipole strength function. One
goal of these studies is to observe the predicted general
shape transition ' from collective prolate to noncollec-
tive oblate at nuclear temperatures between 1 and 2 MeV.
In principle, the GDR strength function contains infor-
mation about the prolate or oblate character of the nu-
clear shape, but it has proved difficult to extract this in-
formation unambiguously from singles y-ray spectra
alone. Thus, differentiation between collective prolate,
collective oblate (nuclear symmetry axis perpendicular to
rotation axis), or noncollective oblate (nuclear symmetry
axis parallel to rotation axis) shapes requires an addition-
al measurement of the y-ray angular distribution relative
to a suitable quantization axis. While the y-ray angular
distribution for giant dipole decay of highly excited nu-
clei is nearly isotropic for a spherical nucleus, ' a defor-
mation causes an anisotropy that depends on the quan-
tum numbers of the CiDR vibrations in the body fixed
coordinate system of the nucleus. This anisotropy is
more pronounced for y-ray angular distributions mea-
sured with respect to the spin axis of the compound nu-
cleus (CN) than with respect to the beam axis, since the
latter measurement averages over all possible CN spin
directions. This averaging process makes it difficult to

extract shape information directly from y-ray angular
distribution measurements relative to the beam axis.
On the other side, low-energy y-ray transitions allow the
determination of the CN spin axis. Results on high-
energy y rays obtained by this method were interpreted
as a spin dependent shift of the centroid position of the
GDR, ' and as an indication (although statistically bare-
ly significant) of nonstatistical y-ray emission" in an en-

ergy region close to the GDR. A different approach to
fix the CN spin axis is available in heavy nuclei, where
fission is a strong decay channel. Here, the CN spin
direction may be determined directly from the direction
of the fission fragments. In the classical limit the spin
points perpendicular to the reaction plane defined by the
fission fragments.

It is the purpose of this paper to present measurements
of y-ray angular distributions with respect to the CN
spin axis via a y-ray-fission angular correlation and to
derive the equations of the correlation in terms of GDR
and nuclear shape parameters. We apply this procedure
to neutron deficient Pb isotopes where the previous obser-
vation' of a split GDR indicates a large deformation of
O=0. 3 at excitation energies from 66 to 103 MeV ob-
tained from y-ray singles measurements. This deforma-
tion agrees with the theoretical prediction' ' of a super-
deformed prolate shape in ' Pb above a spin of about
2(h6. A recent analysis of the GDR line shape observed
in the ' F+ '"'Ta fusion reaction indicates indeed an on-
set of the superdeformation between 13k and 17k. ' This
experiment studies this deformation in more detail by
detecting GDR y rays in coincidence with fission frag-
ments. Such a coincidence experiment gates on the very
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early decay steps of the compound system. For low bom-
barding energies around 100 MeV, fission of the Pb nuclei
occurs only in the high partial waves (J= 30')i —40k');

therefore, a fission-coincidence experiment was per-
formed at 105 MeV which selects preferentially GDR y
rays emitted from the CN in its superdeformed shape.
Calculations predict' that the superdeformed minimum
should be washed out at a temperature T= 1.3 MeV and
spin J=4(Hi. To test the influence of temperature and
angular momentum, a coincidence measurement was also
performed at the higher bombarding energy of 141 MeV
which produces a temperature of =1.5 MeV for the CN-
GDR basis states, and an average angular momentum of
= 50%.

II. THE EXPERIMENT

A 0.8 mg/cm thick self-supporting ' 'Ta target was
bombarded with 105 and 141 MeV ' F ions from the Sto-
ny Brook Tandem-Linac producing the compound nu-
cleus Pb. Typical beam currents were 10 particle nA.
The beam was pulsed with a repetition period of 106 ns.
y rays were detected in a 25.4X38.1 cm cylindrical NaI
detector, with its front face located 50 cm from the tar-
get, 90' to the beam as depicted in Fig. 1(a). Neutron,
cosmic ray, and pileup rejection as well as the energy
calibration for the NaI detector was achieved following

(a)

(b)

( B

( Nai

FIG. 1. (a) Experimental setup for the y-ray-fission correla-
tion experiment. (b) The lower part shows the geometry of the
four fission detectors F1-F4 in more detail with the beam axis
perpendicular to the picture plane.

the prescription detailed elsewhere. ' Fission fragments
were detected in four silicon surface barrier detectors.
Each (100 pm thick, area of 300 mm ) was located 6 cm
from the target. An aperture limited the solid angle for
each fission detector to 60 msr, or an angular range
56=+8'. The fragment detectors were placed in a
plane perpendicular to the beam axis and at 90' to each
other in such a way that one pair of fission detectors (F2
and F4) was aligned with the axis of the NaI detector
while the second pair (F 1 and F3) was perpendicular to it
[Fig. 1(b)]. In this geometry, a y ray detected in coin-
cidence with Fl or F3 (F2 or F4) was emitted parallel
(perpendicular) to the CN spin axis (with some correc-
tions discussed later). The reaction kinematics in this ex-
periment are such that only one fragment of each fission
event is detected, and the 180' partners serve only to
double the solid angle. The target was turned 45' to the
fission detector plane and 45 ' to the beam axis, increasing
the target thickness for the beam to 1.6 mg/cm . Taking
into account the energy loss to the middle of the target,
the mean excitation energies for these experiments were
69.5 and 102.4 MeV. Fission fragments were unambigu-

ously identified by measuring their energy and time-of-

flight (with respect to the radio frequency of the accelera-
tor; see Fig. 2). The (lower-energy) fission fragments are
clearly separated in time from the (higher-energy) quasi-

elastic scattered projectiles. Part of the time difference
can be attributed to the larger plasma delay for fission

fragments in silicon detectors' with respect to scattered
' F ions.

Any of three trigger conditions defined a valid event: a
coincidence between the NaI detector and any of the
fission detectors, a scaled down fission singles event, or a
valid y-ray multiplicity coincidence with the NaI detec-
tor. The y-ray multiplicity gated ("singles" ) y-ray spec-
tra were recorded using ten 7.6X10.2 cm NaI detectors
as a multiplicity filter [Fig. 1(a)]. The fold N of the mul-

tiplicity filter, required to select fusion events, was set to
N ) 1. We present here singles data for 141 and 105
MeV, where the latter data set was previously pub-
lished. ' Scaled down fission singles events were record-
ed simultaneously to normalize the y-ray coincidence
spectra obtained with the four fission detectors to each
other.

In the off-line analysis two-dimensional time-of-flight
energy windows were used to gate on the fission frag-
ments. A time-of-flight window on the NaI detector
selected prompt y-ray events, with only a small subtrac-
tion for thermal neutron background required. After
normalizing every coincidence y-ray spectrum to its
respective fission-singles yield, the y-ray spectra resulting
from coincidences with Fl and F3 (or F2 and F4) were
summed to increase statistics. The ratios of the coin-
cidence y-ray energy spectra, F1/F3 and F2/F4 were
unity, within statistical uncertainty, justifying the sum-
ming procedure. The final product of the correlation ex-
periment is the ratio of y ray yields with respect to the
CN spin axis at 0' and 90, W(O, F, )/ (W90', E ), as a
function of y-ray energy E, which is obtained from the
ratio of the summed y-ray spectra in coincidence with
the fission detectors, i.e., (F 1 +F3)/(F2+F4).
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FIG. 2. Energy versus time-of-flight (TOF) spectrum for 105 MeV "F+"'Ta
gy axes are not calibrated absolutely.

e Ta measured with one fission detector. Time and ener-

III. GIANT DIPOLE y-RAY-FISSION
ANGULAR CORRELATIONS

In this section we derive the y-ray angular distribution
for giant dipole y-ray decay with respect to the CN spin
axis, which is defined experimentally by a correlation
measurement with fission fragments. W h'

gu ar distribution in the high spin limit which is a good
approximation for heavy-ion fusion reactions.

In an axially symmetric deformed nucleus the GDR
energies are split into dipole vibrations parallel and per-
pen icular to the nuclear symmetry axis. Takin this
axis as the quantization axis the y-ray angular distribu-
tion for dipole radiation in the bod fi do y xe system is a
combination of q=m —m =0 ll 1 bpara e vibrations and
g=+1 perpendicular vibrations. Here, g is the
tionof hf the transition angular momentum (L = 1) associat-
ed with the GDR vibration on the body fixed symmetry
axis with m; and m& the magnetic substates in the initial
and fina1 nuclear states. The angular distributions for
these vibrations are given by'

q=O: W'i(8') = 1 —Pi(cos8'),

rI =+1: W (8') = 1+ ,'P2(cos8')—,

where 8' is the an le bg between the y ray and the intrinsic
fixed) symmetry axis and Pz(cos8') represents a Legen-
re polynomial. The superscripts

~~
and l will refer

throughout this paper to vibrations parallel and perpen-
icu ar to the nuclear symmetry axis, respectively.
In the case of a deformed compound nucleus rotatin

co1lectivel the n
ro a ing

to the CN
y, uc ear symmetry axis is perpendic 1'cu ar

CN spin axis. The reaction plane, defined by the
fission fragments and the beam direction, fixes the CN

tribution
n angu ar is-

ribution measurement with respect to the CN s
'

q
'

an averaging of W(8') over all possible angles of
o e spin axis

the symmetry axis in this plane. This yields

i) =0: W"(8)= 1+—,'P2(cos8),

q =+1: W ( 8) = 1 —
—,'P2 (cos8) .

The y-ray emission angle 0 is now measured with respect
to the CN spin axis.

In the case of a noncollective rotational nucleus the in-
trinsic symmetry axis is parallel to the spin axis. Since
the latter is fixed b this xe y t e fission fragments, no transforma-
tion of the uquantization axis has to be performed. There-
ore, the angular distribution of E1 y rays wit respect to

the CN spin axis is given by

7) =0: W "(8)= 1 —P2(cos8),

g =+1: W (8)= 1+—,'P2(cos8) .
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We note that the a2 coefficients for angular distributions
with respect to the spin axis have opposite signs and are
twice as large as those obtained with respect to the beam
axis, because the experiment does not average over CN
spin directions.

These a2 coefficients, however, represent a maximum
value since the axis of collective rotation may be
disoriented due to thermal effects which uncouples single
particles from the collective rotation. This will not hap-
pen for noncollective shapes. Here, the symmetry axis is
always parallel to the total angular momentum, which, by
definition, is entirely due to single-particle alignment.
Therefore, in the following, a deorientation of the nuclear
shape relative to the CN spin axis will be considered only
for collective shapes. It was included in the formalism in
the following way.

For a collective prolate deformed nucleus the a2
coefficient with respect to the spin axis for a GDR vibra-
tion parallel to the symmetry axis is of pure hJ =+1 na-
ture. A deorientation of the symmetry axis with respect
to the spin axis will give rise to AJ =0 admixtures. Thus,
the a2 coefficient is given by a weighted sum of each con-
tribution

gkJ 1 sjn2$+gkjocos2g

where P, relates the axis of symmetry to the nuclear spin
axis at equilibrium deformation.

For vibrations perpendicular to the symmetry axis one
has to bear in mind that a deorientation does not affect a
vibration that is perpendicular to the symmetry axis and
perpendicular to the spin axis. Taking this into con-
sideration the a2 coefficient with respect to the spin axis
for vibrations perpendicular to the symmetry axis reads

Using

cos 1((, =k, /J(J+1),

with keq the projection of spin J onto the symmetry axis
at equilibrium deformation, and values for the a2
coefficients with respect to the spin axis in the high spin
limit (a&

+—' =
—,', a2 = —1) one obtains

3k,
WJ(8) =1+azQ2P2(cos8) 1 —g P (k )J(J+1)eqeq

eq

with (22= —,
'

( ——,') for parallel (perpendicular} vibrations
and collective rotation. As noted before, for noncollec-
tive oblate shapes, the angular distribution remains

WJ(8) =1+azQ~P2(cos8)

with a&
= —1 (+—,') for parallel (perpendicular) vibrations.

Geometric attenuation coefficients' for the NaI detector
are denoted by Qz, with Q2(E~ ) ~ 0.97 for our geometry.
P,„(k,q) describes a Gaussian distribution (normalized to
1) of k, values at equilibrium deformation with a stan-
dard deviation I(:0, given by Ko, =T, J,fr, /R with

T,q
the temperature and J,s, the effective moment of

inertia (see further discussion in Sec. IV B).
In the next step, modifications in the translation of the

spin axis into the direction of the fission fragments have
to be considered. It is well known that a statistical tilt of
the nuclear symmetry axis with respect to the CN spin
axis must be included when the system goes over the
fission saddle point. This tilt may be described by a
normalized Gaussian distribution of k values at the
saddle point, P, (k, ), with standard deviation

Ko, = T,f,s, /fi, with the temperature and effective mo-
ment of inertia determined at the saddle point. Since the
GDR y ray is detected in coincidence with the fission
fragment, each k, projection at equilibrium deformation
is affected by the saddle-point distribution, and hence,
both distributions have to be folded:

3(k,„—k, )
WJ(8)=1+azQzP2(cos8) 1 —g g " P, (k, —k, )P, (k, }J J+1

eq s

In the following, it is assumed that the k distribution, i.e., the spin axis, at the saddle point is frozen when the system
moves to scission.

It now remains to relate the angle 8 between the spin axis at the saddle point and the y ray to the experimental
configuration, i.e., to the angle y between the NaI detector and an ideal axis exactly perpendicular to the reaction plane
that is defined by the fission fragment detectors. Figure 3 illustrates this situation for the special case of y=90 . There
are two possible spin orientations (angles 8& and 82} having the same k, projection and which cannot be distinguished.
The angle f, is defined as cos 1(, =k, /J(J+1). In the general situation (y&0', %90') one has to average over both
spin directions 8, =y+ g, —90' and 8&=q& —g, +90' for a given k„yielding

WJ((p)=1+a& Q2 P2(cos(p) —
—,'(cos (p

—sin (p) g P, (k, )
3ks

I(,
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FIG. 3. Schematic illustration of the tilting of the nuclear
symmetry axis of the compound system as it moves over the
fission saddle point. The various angles are explained in the
text.
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with the abbreviation

3(k,„k,)—
a2 =a2 1 —g g " P, (k„—k, )P, (k, )

k, k,

For our geometry, the angle y=90' (y=O') will then
lead to angular distributions with the GDR y-ray emitted
perpendicular (parallel) to the CN spin axis including the
"k wobbling" at the saddle point. The influence of the
finite opening angle of the fission detector can be included
by adjusting the width of the k distribution at the saddle
point (see Sec. IV B).

Finally, after summing over the fission part of the
fusion spin distribution in the entrance channel, aJ, we
obtain

g of1 WJ(y)
J

(2)

With the assumption of a two-component Lorentzian
for the split CN-GDR strength function the energy
dependent ratio of the y-ray angular distribution at
g =0' and y =90' with respect to the spin is given by

W(0', E ) F"(E )W"(0')+F'(E )W (0')
Y Y Y

(3)W(90', E ) Fll(E ) Wll(90')+F2(E ) Wi(90')

where the strength functions for the dipole vibrational
modes for an axially symmetric nucleus are defined by

I IIE4
F ll(E

(E2 Ell )2+( I IIE )2r r

with S =
—,', and similarly for I' with S =—', . Here the

GDR parameters for a vibration parallel to the intrinsic
symmetry axis are E l and I, those for a perpendicular
vibration are E and I . For a prolate deformed nucleus
the superscript

~~
(I) refers to the lower (higher) resonance

parameters, whereas for oblate deformed nuclei
~~

(l)
refers to the higher (lower) resonance parameters.

Figure 4 shows the anisotropy W(O, E )/W(90', Er)
for a CN giant dipole y-ray decay calculated with Eq. (3)
for various shapes of the compound nucleus 2~pb
(neglecting at this point attenuation effects at equilibrium

E„(Mev)
FIG. 4. Calculated anisotropy of compound nucleus y rays

for giant dipole transitions for different types of deformations
(see the text), assuming a two component GDR with Eb„=11.9
MeV, I ~,„=3.8 MeV, Eh, gh =15.4 MeV, I &,gh=5. 3 MeV, and
Eo, =12. Note, that these curves correspond to the same ener-

gy splitting and therefore to different deformation values for
prolate/oblate shapes [producing 8'(O', E~ )/W(90', E,, ) = I at
the same y-ray energy].

deformation). Clearly, the energy dependent anisotropy
readily differentiates between prolate (solid curve) and
oblate (short-dashed curve) nuclei rotating collectively,
but it is more diScult to distinguish between the collec-
tive prolate and noncollective oblate (long-dashed curve)
shape.

Finally, we discuss several modifications which have to
be applied to Eq. (3}before it can be compared to experi-
ment.

(a) Equation (3) applies only to those y rays that are
emitted from the CN before fission ("prefission"),
whereas in the coincidence experiment prefission y rays
as well as y rays emitted from the excited fission frag-
ments ("postfission") are observed. The contribution of
the postfission y rays to the y-ray spectrum was obtained
by calculating the prefission and postfission y-ray cross
sections, o p„(E) and o p„,(E ), with a modified version
of the statistical model code CASCADE as described in the
next section.

(b) Post fission y rays detected in the NaI detector in
coincidence with the left (F2) and right (F4) fission detec-
tors are Doppler shifted. Since the experiment cannot
distinguish between prefission and postfission y rays we

apply the Doppler correction to the calculations. There-
fore, Doppler-shifted y-ray spectra o P7i~(Er) were calcu-
lated from crp„,(E ). Assuming symmetric fission of the
CN the recoil velocity Uf of the fragments at 90' relative
to the beam axis in the laboratory system is

pf Uf /c =0.038. The postfission y ray can be emitted
either from the detected fragment or from the nonob-
served complementary fragment, the latter having the
same Doppler-shift projection onto the NaI axis (for sym-
metric fission} but with opposite sign. Therefore, the final
Doppler corrected postfission y-ray spectrum is given by
an average over positive (Dopp+ } and negative (Dopp —)
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Doppler shifts. (As it is pointed out in the Appendix, a

fission fragment mass distribution has been included in

the analysis. The influence of different fission fragment
masses on the Doppler-shift correction has been investi-

gated and it has been found to be negligible. This is be-

cause the Doppler-shift correction procedure must aver-

age between the observed lighter fragment/nonobserved
heavier fragment, and the reverse case. )

(c) Little is known about the angular distribution of
high-energy postfission y rays emitted from highly excit-
ed fission fragments produced in heavy-ion reactions. As

will be discussed in Sec. IVB, nonisotropic y-ray emis-

sion from deformed fission fragments will be considered.
We assume collective prolate shapes for the fission frag-

ments with a GDR y-ray angular distribution pattern
Wf(8) = 1+a2P2(cos8). To simulate the effect of
dealignment of the fragment spin orientation caused by

internal excitation of angular momentum bearing
modes ' that add randomly to the spin distribution in the
fission fragments, we use a Gaussian distribution Pf(kf )

of kf values (projection of J onto the symmetry axis of
the fragment) with a standard deviation E~"' . This leads
to the same expression as Eq. (1), with these exceptions:
(i) az in Eq. (1) has to be replaced by the normal az
coefficient, and (ii) P, (k, ) has to be replaced by Pf(kf).
This procedure assumes that part of the fragment spin is

still aligned so that the angle g also describes the angle
between the postfission y ray and the fragment spin
direction parallel to the CN spin axis. To calculate the
equivalent part of Eq. (2) for fission fragments we apply
the procedure outlined in the Appendix for calculating
the spin distribution in the fragments that turn out to be
very narrow ("spin focusing effect"). '

With these modifications Eq. (3) becomes

with

W(0', E,, ) op„,(Er )W cN(0', E )+op„,(E,, )Wf(0', E )

W(90', E~) o p„(E ) W& N(9 O', E )+ —,'[of;,gati'+(E )+oP7ti' (E )] Wf(9 O', E)
(4)

F F;(E )

W;(y, E )= W"(y)+ W' (g) .
FI'(E )+F (E ) F;"(E,)+F,'(E )

™
where the index i represents either the compound nucleus
(CN) or the fission part (f) of the angular distribution of
Eq. (2).

We note that the CN and fission contributions differ in
the GDR resonance parameters of the strength functions,
in the interpretation of the k distribution, and finally in
the spin distributions. Furthermore, when using Eq. (4)
rather than Eq. (3), normalized strength functions have to
be used. Before comparing the theoretical predictions of
Eq. (4) with experimental data the calculations were fold-
ed with the response function of the NaI detector ob-
tained from the code EGs.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

A. Statistical-model calculations
and y-ray energy spectra

Figure 5 shows y-ray energy spectra obtained in coin-
cidence with fission fragments as well as the multiplicity
gated "singles" data for beam energies of 105 and 141
Me V. All data sets show the strong, characteristic
"bump" starting near E -8—10 MeV indicating the
presence of the excited-state GDR of the compound sys-
tem in competition with fission and particle evaporation.
For the lower bombarding energy, the singles and coin-
cidence y-ray spectra are quite different in the region
around 10 MeV, whereas for the higher bombarding en-

ergy both spectra are similar. This can be attributed to
the angular momentum dependent influence of the fission
decay on the y-ray spectrum. The singles spectrum is a

mixture of y rays from the evaporation residue decay
chain and from the fission decay chain; the coincidence
spectrum contains only the y rays from the fission decay
chain. Assuming a sharp cutoff in angular momentum
space, one deduces from the observed ' evaporation
residue (ER) and fission cross sections (f): J„;,=31i)i and

Jqrjt 39k from 0 =4 16 mb and o. =248 mb for 105
MeV, and J„";,=26k' and J„;,=66iri from cr "=220 mb

and o =1145 mb for 141 MeV, respectively. Therefore,
at 105 MeV, only a small number of the highest partial
waves produce fission, while at 141 MeV fission dom-
inates at most partial waves (see also Fig. 6).

The data of Fig. 5 were then compared to calculations
using the statistical-model code CASCADE. ' Since the
measured y-ray spectrum is a combination of prefission
and postfission y rays, CASCADE was extended to include
the statistical decay of the excited fission fragments. This
procedure is described in detail in the Appendix. The in-

put parameters were obtained as follows: The fission bar-
rier was taken from the rotating liquid drop model for
the decay of the compound system and was adjusted to
reproduce the experimental evaporation residue and
fission cross sections. ' (The Sierk macroscopic mod-
el for the fission barrier heights also required adjust-
ments to fit the experimental cross sections and produced
nearly the same results for the y-ray spectrum. ) The lev-

el densities were parametrized differently in three energy
ranges: For excitation energies E,„&10 MeV the param-
etrization according to Dilg was used. In the inter-
mediate region 10 MeV (E,„&20MeV the level density
was linearly joined to the liquid drop region. There, the
same level density parameter a = 3/8 was used for the
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FIG. 5. Experimental y-ray energy spectra and cAscADE calculations for 105 MeV (left) and 141 MeV (right) "F+"'Ta. The
"singles" data (s) are plotted in the upper parts of the figure; the coincidence data (c) in the lower parts. In the singles spectra the
long-dashed curves represent the compound nucleus part including y rays leading to residues. In the calculations for the coincidence
spectra, the residue part was subtracted from the compound nucleus part yielding the prefission y rays (long-dashed curves). The
solid curves are the sum of the compound nucleus/prefission y rays (singles/coincidence) and the postfission y rays (short-dashed
curves). The calculations were carried out with GDR parameters listed in Table I for prolate shapes.

decay of the compound system and the fission fragment
decay for 105 MeV. The fission probability was comput-
ed with af/a„=1, the ratio of level density parameters
for the saddle point and equilibrium deformation. For a
discussion of level density parameters for the 141 MeV
data, see the following. Following the previous work'
the GDR strength function for the compound system was
taken as a double Lorentzian, and the effect of deformed
fission fragments was also investigated (see Sec. IVB).
The total postfission y-ray energy spectrum included a
Doppler-shift correction for coincidences with detectors
I'2 and F4.

CASCADE calculates the angle-integrated cross section
for y-ray emission. However, the experimental y-ray
coincidence spectrum is the average of 8'(O, E ) and
W'(90', Er), the energy dependent angular distribution
with respect to the CN spin axis at 0' and 90'. With

W(8) =
—,'[I+a j~P2(cos8)]+ —', [I+azPz(cos8)]

this average can be simulated in CASCADE by effective

strength values S =—', and S =
—,
' for collective prolate

shapes (S"=—,
' and S =—,

' for noncollective oblate

shapes). The coincidence y-ray energy spectra were cal-
culated with these strength values, whereas for the multi-

plicity gated "singles" y-ray energy spectra the regular
strength values of S~'= —,

' and S =—', were taken. [Of
course, the prefission and postfission y-ray cross section
entering the correlation calculation (Eq. (4) } was calcu-
lated with S ~ =—,', S =—', since the angle dependence is ex-

plicitly included in W(y).] Finally, for a comparison
with the data, the CASCADE calculations were folded with
the response function of the NaI detector and were then
normalized to the data. The normalization constants in-

volved in this procedure agree with 10%-20% with
those derived from known experimental factors.

When cAscADE is applied to the coincidence data (the
lower part of Fig. 5} one must be careful to follow only
the decay chains leading to fission, i.e., y rays from cas-
cades leading to evaporation residues must be excluded.
This is best done by a Monte Carlo calculation. Howev-
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FIG. 6. Spin distribution for 105 MeV ' F+"'Ta (top) and
141 MeV (bottom) calculated with cAscADE. Short-dashed
curves represent the evaporation residue part, long-dashed
curves the fission part. The sum of both parts gives the fusion

partial cross section (solid curves).

er, a search for GDR parameters with this method is very
time consuming. Thus, an alternate method was used.
First, using previously measured GDR parameters' the
relative probability for fission and residue formation was
calculated with CASCADE as a function of the fusion spin
(Fig. 6) using a diffuseness of 5J =2'. Second, the origi-
nal CN spin distribution was weighted with the residue
formation probability for each spin. The resultant resi-
due spin distribution was then used in CASCADE to calcu-
late the y-ray spectrum that was assumed to be associat-
ed with the decay chain leading to evaporation residues
only. Subtracting this y-ray spectrum from the CN y-

ray spectrum, calculated with the original CN spin distri-
bution, i.e., including prefission y rays and y rays leading
to residues, yields the prefission y-ray spectrum. The
sum of prefission and postfission y-ray spectrum was then
compared to the experimental coincidence spectrum.
This subtractive procedure was checked with a full
Monte Carlo calculation " yielding reasonable agreement.

The fits obtained with this procedure are compared to
the data at 105 and 141 MeV in Fig. 5. Both the singles
and the coincidence spectra for both energies are well de-
scribed. This gives us confidence that the contributions
of prefission and fission fragment y rays to the total spec-
trum are correctly included in our formalism. The low-

energy part of the coincidence spectra is dominated by
the "statistical" y rays emitted from excited fission frag-
ments. At 141 MeV this is even true for the singles spec-
trum. The contribution of the y rays from the compound
system is stronger in the GDR region () 8 MeV) up to
the highest measured y-ray energies (-20 MeV) and
thus, in this system, dominates over the fission fragment
GDR which lies at a higher energy than that of the CN.
Since at 105 MeV the "singles" y rays come from a wider
range of angular momenta than the coincidence y rays,
the GDR parameters at this energy were varied indepen-
dently for both y-ray energy spectra. At 141 MeV the
same GDR parameters were used for the fits to the sin-
gles and coincidence data. At both energies fits were at-
tempted for both prolate and oblate shapes of the CN. A

search for the GDR parameters, especially at 141
MeV bombarding energy, is not practical because of the
extensive numerical calculations required for each decay
chain. We, therefore, varied the GDR energy and width
parameters in steps of ~0.1 MeV and g values were cal-
culated, for each parameter set. The final selection
among fits with similar g was done by visual inspection.
The resultant GDR parameters are listed in Table I. (Pa-
rameters for the fission fragment GDR are given in Sec.
B.) The effect of varying the level density parameter be-
tween 3 /9(a ( 2 /8 is contained in the errors of the
GDR parameters.

The general trend of the GDR parameters for 105
MeV can be described as follows: There is a large
difference in the lower-energy GDR component for the
singles and coincidence y-ray spectra at 105 MeV result-

TABLE I. Extracted GDR parameters for Pb from fits to the y-ray energy spectrum. The columns contain the beam energy
(MeV), the mean excitation energy (MeV) of the compound nucleus, the kind of deformation, option [whether singles (sin) or coin-
cidence (coin) experiment], the energy and width GDR parameter for parallel and perpendicular vibrations, and the deformation pa-
rameter P, defined (Ref. 42) as P=&4m/5(E'/El —l)/(E'/2E" +0.8665).

Ebeam

105

141

69.5

102.4

Deformation

prolate

oblate

prolate
oblate

sin/coin

sin
coin
sin
coin
sin/coin
sin/coin

Ell

11.9+0.2
10.5+0.2
16.0+0.5
15.8+0.5
11.5+0.3
16.8+0.5

3.8+0.3
7.0+0.5
3.5+0.5
6.5+0.5
6.5+0.4
7.1+0.5

E'

15.4+0.4
15.0+0.5
12.7+0.3
11.7+0.2
15.8+0.5
12.7+0.3

5.3+0.5
9.0+0.8
5.0+0.4
9.5+0.5
8.5+0.5
8.4+0.5

0.31+0.04
0.43+0.05

—0.26 0.04
—0.33+0.04

0.38+0.05
—0.31+0.04
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ing in deformation parameters P which are quite
different. Since the coincidence experiment at 105 MeV
is sensitive to the highest partial waves only, this observa-
tion indicates a larger deformation at higher angular mo-
menta. Both the prolate and oblate solutions describe the
spectra reasonably well. The width ratio for the pro-
late solution is I „;s„/I~,„&1 (oblate solution:
I „;z„/I„„(1). The experimental systematics of the
GDR built on ground states shows consistently
I z, h/I ~,„&1, a result that can also be derived from a
one-body dissipation theory. This suggests that at 105-
MeV bombarding energy the shape of Pb is prolate
with a deformation of P=0.43 in this excitation energy-
spin range. However, this statement relies on GDR sys-
tematics for deformed ground states that are available
only for prolate deformed nuclei. As will be shown in the
next subsection, a more definitive argument on the shape
of the nucleus can be made with the help of the observed
anisotropy. The GDR widths obtained from the coin-
cidence spectra are larger than those from singles spectra.
This is explained by the higher average angular momen-
tum and mean excitation energy of the fission-
coincidence GDR's.

At 141 MeV, good fits were again obtained for prolate
and oblate solutions (see Table I). The fact that a prolate
deformation of P=0.38 or an oblate deformation of 0.31
observed at 141 MeV are comparable to the values at 105
MeV shows that the nucleus is still strongly deformed
despite the significant temperature increase from 1.2 to
1.5 MeV (see the following section).

The preceding procedure that produces good fits at 105
MeV with a ratio of af /a„=1fails to describe the coin-
cidence y-ray spectrum at 141 MeV consistently. De-
pending on the choice of parameters one can get either a
good fit to the low-energy part of the y-ray spectrum that
is dominated by the fission fragments or to the high-
energy part that is dominated by the CN-GDR. It had
been observed previously in a similar experiment on Tho-
rium compound nuclei that it was necessary to invoke a
hindrance for fission at high excitation energies in order
to obtain simultaneously a good fit in the GDR energy re-
gion and the low-energy part of the y-ray spectrum.
Such a reduction of the fission probability at high excita-
tion energies will result in an increased split-GDR contri-
bution from the deformed compound nucleus, and thus to
a larger anisotropy in the GDR energy range (see IV B).
It also enlarges the prefission neutron multiplicity, in
good agreement with recent data for the compound sys-
tem Pb. ' From the data of Ref. 32 there is clear
evidence for such a fission hindrance at high excitation
energies in the ' F+ ' 'Ta system, whereas for lower exci-
tation energies ( & 70 MeV) the data suggest that standard
statistical-model calculations agree well with the mea-
sured prefission neutron multiplicity. These findings are
in agreement with our observation that we do not need to
invoke a fission hindrance at l05 MeV.

Within the present statistical-model calculations the
required fission hindrance may be achieved in two ways.
The first is to reduce the level density ratio af /a„. Good
fits were obtained with af /a, =0.94. A reduction in the
level density at the fission barrier was also investigated in

Ref. 32 to describe prefission neutron multiplicities. It is
difficult to understand how the level density at the fission
barrier could be significantly less than that at the poten-
tial minimum. Therefore, we chose a different procedure
introduced previously to explain data in Th that re-
lates the physical process to nuclear dissipation at high
excitation energies. The fission hindrance is then intro-
duced into the statistical model by multiplying the nor-
mal fission probability Pf(i)=I f(i)/I „,(i) with a hin-

drance factor X(i ) ~ 1, which is a free parameter in the
step i of the decay chain. To preserve the total decay
probability P„,(i) =1 the particle and y-ray decay proba-
bilities are increased proportionally. This procedure al-
lows fission hindrance in the early steps of the decay
while retaining an "unhindered" fission probability for
the "cold" nucleus. To maintain agreement with the ex-
perimental fission and residue cross sections requires a
further reduction of the fission barrier below the liquid
drop value. Fission hindrance factors of X(i)=0.1, 0.1,
0.5 and X(i)=0.2, 0.3, 0.7 for the first, second, and third
step of the decay chain, respectively, describe the coin-
cidence y-ray spectrum at 141 MeV equally well and
show the margin of sensitivity on X (i )

The effect of these fission hindrance factors on the
prefission neutron mulitplicity was calculated with CAS-

cADE along with the y-ray spectrum. Thus, a compar-
ison with recent neutron data of Ref. 32 offers an in-

dependent check. As in the case of the coincidence y-ray
spectrum, we subtract the calculated neutron cross sec-
tion associated with evaporation residues from the total
neutron cross section to obtain the prefission neutron
multiplicity. The result is a prefission neutron multiplici-
ty of vp„,=3.3 at 141 MeV when the fission hindrance is
included. This is in good agreement with the value of
vp„=3.7+0.4 obtained at about the same bombarding
energy. A computation without fission hindrance pro-
duces a prefission neutron multiplicity of vp„=2.0,
which underlines the importance of fission hindrance.

B. Correlation data

The experimental results for the y-ray-fission anisotro-
py, W(0', E,, )/W(90', Ez), are presented in Fig. 7. In
the region of 10—14 MeV, where the lower component of
the split GDR of the deformed compound system is ex-
pected, the correlation shows a pronounced anisotropy.
This establishes unambiguously that the compound sys-
tem is in fact deformed. A comparison with the pattern
shown in Fig. 4 indicates that either a collective prolate
or a noncollective oblate shape is possible and clearly
rules out a collective oblate shape. The energy region
above 14 MeV, which is influenced by both the CN-GDR
and the GDR of the fission fragments, shows a statistical-
ly barely significant anisotropy less than unity. This is
compatible with the high-energy component of a prolate
or noncollective oblate CN-GDR. Since the results from
the fits to the y-ray spectra (see Fig. 5) indicate only a
minor contribution of postfission y rays to the y-ray
spectrum in this high-energy range, the influence of a
possible fission-fragment split GDR on the correlation
above E~ & 14 MeV is small. However, its influence may
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FIG. 7. Experimental anisotropies W(0', E,, )/W(90', E,, ) of
y-ray angular distributions with respect to the compound nu-

cleus spin axis for 105 MeV (upper part) and 141 MeV (lower

part) "F+"'Ta as a function of y-ray energy. The solid and

long-dashed curves refer to collective prolate shapes of the corn-

pound nucleus with and without thermal averaging at equilibri-

um deformation, respectively. Short-dashed curves correspond
to noncollective oblate shapes.

be seen from the presence of a =3% anisotropy for E
less than 6 MeV. Since this energy regime is completely
dominated by postfission y rays (see Fig. 5, bottom
curves), this indicates either the presence of alignment
effects in spherical fragments or emission from deformed
fragments.

The curves in Fig. 7 were calculated using Eq. (4) for
collective prolate shapes with and without thermal
averaging at equilibrium deformation and, noncollective
oblate shapes, using the best GDR parameters for the
compound system previously obtained from the y-ray
spectra (Table I). We assumed prolate deformed fission
fragments with GDR parameters of E", (E ) =14.5(16.0)
MeV and r ", (I ) =7.5(9.0) MeV and the small anisotro-

py at low E could then be well described with a value of
Ko"s =12 to account for dealignment effects (see Sec.
III). We stress the fact that these curves do not represent
fits to the data bqt predictions for the anisotropy based
on parameters obtained from the fits to the y-ray energy
spectra.

The anisotropy observed at 105 MeV is well described
by the collective prolate curves. The noncollective oblate
shape prediction yields too large an anisotropy at the
lower component. These curves were calculated using a

I ( E,'„)B/ E'„—, I
o'~—P/

(5)
g o'Pj

I

yielding T, =1.1 MeV. Here, B& and E'„„arethe fission
barrier height and rotational energy, respectively, taken
at the mean spin of the population matrix of the actual
decaying nucleus A, at step i (E,'„.) is the correspond-
ing mean excitation energy of the population matrix be-
fore y decay of nucleus A, minus a mean GDR energy
(13.7 and 14.5 MeV at 105 and 141 MeV, respectively).
At each step i the probability for fission P& was calculat-
ed and ~' represents the y-ray cross section for a GDR
decay, for E&, larger than 10 MeV. The sum over i in-

cludes a11 important neutron decay steps, therefore, the
energy removed by prefission neutron evaporation is in-
cluded in (E,'„).The temperature at equilibrium defor-
mation was calculated from a modified Eq. (5) in which
the fission barrier was not subtracted, which gives

Teq 1 2 Mev

The extracted value of Ko, =8.5 was then increased by
three units to simulate the effect of the finite opening an-
gle of the fission detectors. [This increased value of Ko,
was used only in that part of the P, (k, ) distribution (see
Eq. (1)) which includes the averaging over angles 8, and

02 since those k, values directly reAect the angular accep-
tance range of the fission detectors; i.e., this increased
value of Ko, was not included in the folding part of Eq.
(1).] Ko, was varied up to a value of 14 (which is a very
conservative upper limit for 105 MeV) to investigate
whether the noncollective oblate solution would be able
to describe the correlation data. However, even with this
high value for Eo, the 105-MeV correlation data cannot
be reproduced in the entire energy range.

To rule out a noncollective oblate shape at 105-MeV
bombarding energy, the sequence of fitting the y-ray
spectrum first and then calculating the anisotropy was re-
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versed. Assuming a priori a noncollective oblate shape at
105 MeV the GDR energy components E~~ and E were
obtained with a g search to the anisotropy data using the
formalism described in Sec. III. To allow for a practical

search the GDR width parameter for the compound
nucleus were kept constant. Since no systematics exists
for the GDR built on high excited states for deformed
oblate shapes we have explored two different methods:
First, the GDR width values were kept at equal values
for the parallel and perpendicular resonance components
for each search run. Second, they were allowed to differ
by 2 MeV (with I „,„/I„„(1),a value that is a good
compromise for GDR width values in deformed heavy
nuclei at comparable temperatures. Several search runs
were performed by varying the GDR width parameters
between 4 and 11 MeV. (Other entries, like the prefission
and postfission y-ray contribution, the Ko values, GDR
parameter for the fission fragments were also kept fixed
for each search run. ) Using the CN-GDR parameter ob-
tained with this procedure, the y-ray energy spectrum
was then calculated with CASCADE. The result can be
summarized as follows: (i) The best y to the anisotropy
data requires I =4—6 MeV for the GDR widths using
method 1; alternatively, a similar g was obtained with
I ~,„=8 MeV, I h; h

=6 MeV using method 2. However,
in either case, the associated GDR energies fail to de-
scribe the y-ray energy spectrum, thus rejecting this solu-
tion. This is demonstrated by the solid curve in Fig. 8.
(ii) A simultaneous description of the anisotropy data and
the y-ray energy spectrum required GDR widths of
I =10—ll MeV (dashed curve in Fig. 8). (However, the

for the y-ray energy spectrum is now larger than the
obtained with the oblate parameters from Table 1.)

The main reason for these large width values is that
enough GDR strength in the y-ray energy spectrum
around E =9 MeV is required. In principle, this could
also be achieved by lowering the lower GDR energy corn-
ponent. This, however, worsens the fit to the anisotropy
data considerably. These I" values of 10—11 MeV are in
clear contradiction to systematics' ' at comparable exci-
tation energies in heavy nuclei. The only consistent
description whose GDR parameter agrees with systemat-
ics is a prolate shape. Thus we conclude that Pb has a
prolate shape with a @=0.43 at an excitation energy of
-69 MeV, or mean GDR temperature of T =1.2 MeV,
and angular momenta between 3(Hi —40fi (see Fig. 6).

Similar calculations for the anisotropy at 141 MeV do
not conclusively differentiate between the collective pro-
late and noncollective oblate solutions. At this energy we
extracted Tz 1 4 MeV Teq 1 5 MeV, Ko, = 10, and
Ko, =18.2 with the same procedure as already men-
tioned. Even varying the value for Ko, within reasonable
limits does not rule out completely one or the other solu-
tion, although the noncollective oblate solution seems to
be favored for higher Ko, values.

The experimental anisotropy at 141 MeV is manifestly
larger than that at 105 MeV. This could be due either to
a change from a prolate to a noncollective oblate shape,
or to an onset of fission hindrance in a still prolate de-
formed compound system. This is because a reduction of
the nearly isotropic postfission y rays increases the net
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FIG. 8. Experimental anisotropies (upper part) and y-ray en-
ergy spectrum (lower part) for 105 MeV "F+'"Ta. The curves
represent calculations using oblate GDR parameters. The solid
curves were calculated with I =6 MeV, E' = 12.3 MeV,
E =13.8 MeV; the dashed curves with I =10 MeV, E'=12.6
MeV, Ell = 14.8 MeV.

anisotropy. The calculated curves at 141 MeV in Fig. 7
already include the hindrance factors that were needed to
fit the y spectra. Still, the data exceed the prolate solu-
tion at its maximum.

Dudek and Werner' have computed the potential en-
ergy surface of Pb as a function of angular momentum
and temperature. At J =40% they obtain a prolate super-
deformed minimum in Pb at P=0.5 and a noncollec-
tive oblate minimum at P=0.2, at zero temperature. At
a temperature of 1.1 MeV and spin J =406 the calcula-
tion predicts a prolate superdeformed minimum around
P=0.5, which eventually will be washed out at tempera-
tures larger than T =1.3 MeV resulting in a broad
minimum at a small noncollective oblate deformation of
/3=0. 05. For even higher spins (J =80k') the calculations
predict a prolate hyperdeformed minimum. In this ex-
periment the average GDR temperature changes from
1.2 to 1.5 MeV with mean spins for the fission coin-
cidences of ( 1 )f= 34% and ( / ) =50fi for 105 and 141
MeV, respectively. This data would be consistent with a
transition from collective prolate to a noncollective ob-
late shape between T = 1.2 and 1.5 MeV, but the extract-
ed oblate deformation of /3=0. 31 is much larger than ex-
pected.

Recently, the possibility of statistical fluctuations
around the equilibrium shape were considered ' ' and
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their effects on experimental y-ray angular distributions,
measured with respect to the beam axis, were discussed.
We investigated to what extent shape fluctuations can
influence the anisotropy W (0,E ) /8 (90,E,, ) using
the potential energy surface calculation from Dudek and
Werner. The free-energy matrix '2(/3, y) as a function of
deformation parameters p and y was obtained in steps of
0.05 in P and 5' in y at a temperature of 1.1 MeV and an-

gular momentum of 40% (these values compare to the
respective mean values at 105-MeV bombarding energy).
The angular distribution was calculated as

W(O, E,/3, y ) =1+a2(E, /3, y )P2(cos8),

where the a2 coefficient as a function of deformation pa-
rameters p and y is given by

a2(E,P, y)=a2 „F„(E,P, y)+a& F„(E&,,P, y )

+a 2,F,(E,„P,y )

with az „=—1 (GDR vibration along spin axis) and
a z

=a z, =
—,
' (vibration perpendicular to spin axis). The

normalized GDR strength function is denoted by F, with

F,E4
(E'P y)=~

[E E—; (P, )] +(I,E )

F, (E,„P,)')=f;(Ey,P, y) g fi(E,„P,y) .
j =x,g, z

Here, the GDR resonance energies E, were taken to be
inversely proportional to the nuclear radius, E, ~ 1/R,
with R, =Ro(1+5R, ). The proportional constant was
chosen as such to ensure volume conservation and S, = —,

'

for i =x,y, z. The change in radius for triaxial shapes,
6R;, was computed as '

1/2
5 2K

5R, = Pcos y i—
[The convention is such that y= —60' refers to non-

collective oblate (symmetry axis along x direction), y =0'
refers to collective prolate (symmetry axis along z direc-
tion), and y=60' refers to collective oblate (symmetry
axis along y direction). ]

Finally, the ratio W(0', E,, )/W(90', E,, ) including
shape fluctuations was calculated as'

(
W(0', E ) f [W(0',E„,p, y)/W(90', E~,p, y)]exp[ —V(p, y)/T]pdpdy
W(90', Ey ) f exp[ —7(/3, y ) /T]Pd P d y

2.0
I I I I I I I I I I I I

for T = 1. 1 MeV and J =40%. Figure 9 shows the
influence of shape fluctuations on the anisotropy com-
pared to a calculation that does not include those fluctua-
tions. For simplicity, the contribution of y rays emitted
from fission fragments and all attenuation efFects were
neglected. Clearly, the fluctuations do not wash out the

pronounced anisotropy, but manifest the expected highly
deformed nature of Pb at temperatures around 1 MeV.

We note that, so far, shape fluctuations have always
been treated in the context of constant temperature rath-
er than constant excitation energy. Obviously, this needs
to be improved. In addition, there is the question how to
treat a thermal averaging of orientations for triaxial
shapes that are being explored by shape fluctuations, and
for which the k projection of the total angular momen-
tum is not a good quantum number.
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FIG. 9. Calculated anisotropies for the GDR decay of the
compound system ' Pb. The solid curve includes the effect of
shape fluctuations at T =1.1 MeV and J =4(Hi using a constant
GDR width of I =5 MeV. For comparison, the dashed curve
shows a calculation without fluctuations using prolate GDR pa-
rameters of E ~~ = 10.5 MeV, E'= 15 MeV, and I = 5 MeV.

V. CONCLUSIONS

This experiment demonstrates that the angular correla-
tion between GDR y rays and fission fragments is a sensi-
tive indicator of a deformed compound nucleus. The
correlation can be quantitatively translated into the
correlation between y rays and the CN spin axis. Thus it
can be used to differentiate between the various oblate
and prolate shapes which was not possible from fits to the
y-ray spectra alone.

Our results on the correlation in the ' F+' 'Ta fusion
reaction confirm the previous report' of a large deforma-
tion in neutron deficient Pb isotopes at excitation energies
from 69.5 to 102.4 MeV. The correlation determines the
shape as prolate at excitation energies of —69 MeV but
cannot distinguish between a collective prolate or noncol-
lective oblate shape at —102-MeV excitation energy. At
105 MeV a deformation of /3=0. 43 was measured in a
narrow high spin range associated with fission. This de-
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formation decreases to P=0.38 (for a prolate solution) at
141 MeV, where the experiment samples a much wider
spin range.

The 105 MeV data alone show a spin dependent evolu-
tion of deformation: The singles data that average over
the whole spin range produce a deformation of
@=0.31+0.04. It was shown before' that these data
could be described by a spherical shape at angular mo-
menta below L„.„,=16k, and a two-Lorentzian strength
function above I,„;„yieldingP=0.37+0.04. The coin-
cidence requirement selects even higher spins (the fission
cross section is large for I. ) 3(Hi) resulting in a much
larger deformation, P=0.43+0.05.

This experiment proves that Pb, which is nearly
spherical in its ground state, has a superdeformed prolate
shape at 69.S-MeV excitation energy and angular
momentum L & 16k. We note that the presence of super-
deformation in nuclei with A =200 has since been
confirmed by discrete y-ray spectroscopy in Hg iso-
topes. The P=0.43 observed in our experiment agrees
well with the P=0.5 of the discrete band when the higher
temperature (T=1.2 MeV) of our experiment is con-
sidered. The phase transition to a noncollective oblate
shape, which is predicted in a temperature range between
1.3 to 1.5 MeV by the basic model, cannot be ruled out
by our data. One expects a noncollective oblate deforma-
tion to have a small P and this is borne out by the
cranked-shell-model calculations. ' However, this data
yields large P values over the entire temperature range.

Finally, the analysis of the 141-MeV data requires a re-
duced fission probability compared to lower excitation
energies, consistent with recently measured prefission
neutron multiplicities. Thus, GDR y-ray-fission angular
correlations are also useful for the study of the fission dy-
namics at high temperatures in very heavy systems.
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number Zf for a given fragment mass Af was obtained
from the assumption of equal charge displacement,
which means that the difference between the most
probable fragment charge and the charge of the
most stable isobar Z„,„„ofa particular mass chain is
the same for the light and heavy fragments:
(Zf —Z„,b~, )~;sh, =(Zf —Z„,b&, )h, .„„.The charge of the
most stable isobar for both fission fragments was calculat-
ed from Green's formula describing the valley of P
stable nuclei: N —Z„,b~, =0.4Af /(200+ Af). It turned
out that the fragment charge number had a strong
inAuence on the low-energy part of the y-ray spectrum.

During the "normal" compound nucleus CASCADE cal-
culation, the population matrix o (Ef,Jf) for each
fission fragment was created from a given excitation ener-

gy E„*„,
~

and spin J„„,.
~

of each fissioning nucleus. For
simplicity, the mass difFerential cross section do id'&
was assumed to be the same for all masses. The total ex-
citation energy for both fission fragments is shared ac-
cording to their mass yielding the excitation energy for
each fragment

Ef*= f (E,*,„,+gf (E ))—, .

nucl

where Qf is the Q value for fission calculated from the
binding energies of the fission fragments minus the bind-
ing energy of the fissioning nucleus, and (E~ ) is the total
mean kinetic energy of both fragments. The latter was
assumed to have a Gaussian distribution with a mean
value given by the Viola systematic and a FWHM taken
from experiment (FWHM =22 and 25 MeV for 105 and
141 MeV, respectively).

The available total angular momentum for both frag-
ments, JT, was parametrized from measurements ' of the
y-ray multiplicities of the fission fragments that read for

I I I—

10

10

APPENDIX: MODIFICATION OF CASCADE
o10

The statistical-model code cAScADE (Ref. 25) was ex-
tended to include the statistical decay of fission fragments
following compound nucleus fission. This was achieved
by calculating the necessary details such as fission frag-
ment excitation energies Ef* and spins Jf, needed for the
complete fission fragment decay, along with the calcula-
tion of the CN decay.

In order to handle the fission fragment decay as realist-
ically as possible, a mass distribution for each fissioning
nucleus was included. Values for the width of the mass
distribution were taken from measurements in similar
heavy-ion systems, ' which give I"" = 30 and 35,
for 105 and 141 MeV, respectively. The fragment charge

10

10 I I I I I I } I

10 15
E„(M.v)

20

FIG. 10. Comparison of CASCADE calculations to the experi-
mental y-ray energy spectrum in coincidence with fission frag-
ments for 105 MeV "F+'"'Ta, including a fission fragment
mass distribution (solid curve) and without a mass distribution
(dashed curve).
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symmetric fission

JT==,'J„„,+S(J„„„),
S (J„„,i ) = 18.0—0.17J„„,i

.

S(J„„,) describes the deviation from a rigid rotation of
two touching fragments due to statistical excitation of
collective modes. ' ' Since no dependence of the aver-
age multiplicity on the mass asymmetry was observed,
within statistical errors, for the ' F+ ' 'Ta reaction, ' the
total spin was divided equally between both fission frag-
ments: Jf =JT/2.

At the end of the CASCADE calculation for the CN de-
cay (yielding the prefission y-ray spectrum) the popula-
tion matrix of the first fission fragment becomes the start-
ing point for the next CASCADE calculation of the statisti-
cal decay of that fragment. For the fission fragment CAS-

CADE calculations new transmission coefficients were
read in to account for the diA'erence in neutron excess be-

tween fusion evaporation nuclei and fission fragments.
Finally, the y-ray spectra for each fission fragment CAS-
CADE calculation were summed to obtain the spectrum of
postfission y rays.

The influence of the fission fragment mass distribution
on the coincidence y-ray spectra is shown in Fig. 10 for
105 MeV ' F+ ' 'Ta. Results assuming symmetric fission
only are shown as dashed curves indicating a discrepancy
in the coincidence spectrum at E~ & 10 MeV. The same
is true for the 141-MeV fits. No variation of standard
statistical-model parameters was able to resolve this
discrepancy. Thus, the mass (and charge) distribution for
the fission fragments was introduced as outlined above
and produced good fits (solid curve in Fig. 10). We note
that the influence of a fission fragment mass distribution
on the singles y-ray spectrum at 105 MeV is only minor
since the low-energy part of the singles y-ray spectrum is
dominated by y rays from evaporation residues.
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Research Center, Bombay 400 085, India.
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