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Fragment angular distributions are reported for 220-MeV *Ne induced fission of ®*Ho,
'’Au, and *Bi. The experimental anisotropies are underestimated and overestimated,
respectively, by calculations using the moments of inertia derived from the rotating and
nonrotating (I =0) liquid-drop models. Account is taken in the theoretical calculations of
both prefission particle emission and incomplete fusion. It is possible to obtain satisfactory
fits to the experimental angular distributions with spin dependent values of .# sph/F e (I) if
the rotating liquid-drop model condition that .7’ sph/Z it (I) goes to zero at Iripm (By=0) is
relaxed. For heavy-ion induced fusion-fission reactions, as [ ¢ exceeds Irppm and the uncon-
ditional saddle-point energy has gone to zero, the saddle-point configuration plays less and

less of a role in establishing K>

NUCLEAR REACTIONS !Ho, "Au, ?®Bi (*Ne, fusion-fission),

E,,=220 MeV. Measured fission fragment angular distributions.

Theoretical calculations with RLDM and LDM (I =0) moments of iner-
tia including prefission particle emission and incomplete fusion.

I. INTRODUCTION

Considerable experimental evidence' has shown
that nuclei excited to moderate energies and spins
fission along their symmetry axis where the projec-
tion K of the total angular momentum I on this
symmetry axis is a good quantum number. In the
transition state model of fission,? the angular distri-
bution of fission fragments is completely determined
by the quantum numbers I, K, and M, the latter be-
ing the projection of I on a space fixed axis. Al-
though K may change continuously during the time
evolution of the fusion-fission process, as, for exam-
ple, in the transition of a triaxial compound nucleus
to an axially symmetric transition state, the transi-
tion state theory assumes that the K distribution is
frozen in at the saddle point and is not altered by
the Coriolis forces on the path to scission. At exci-
tation energies well in excess of the fission barrier, it
has been shown that the transition state deforma-
tion® as a function of the fissility parameter X close-
ly follows the liquid-drop* saddle-point shapes.

27

The K distribution of the transition states is usu-
ally approximated by a Gaussian centered at K =0
with a variance KoX(I) given by"’

4 sph T

, (1)
'ﬁz ['/sph/jeff(l)]

K02(1)=

where T is the nuclear temperature at the saddle-
point deformation and £, is the rigid-body mo-
ment of inertia of a sphere. The effective moment
of inertia, defined by

/eff(l)=~/“(I)JL(I)/[JJ_(I)_f”(l)] ) (2)

determines the magnitude of Ko*(I), where % e
and #(I) are the moments of inertia parallel and
perpendicular to the nuclear symmetry axis, respec-
tively. For a Gaussian K distribution, the transition
state theory predicts (for M =0) that the fission
fragment angular distribution is given by"®
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where the summation extends over all spin values I
contributing to fission. In Eq. (3) the transmission
coefficients are written as T, since /=I when
M =0. The D{{, k(0) functions are defined and their
use described in Ref. 1. Equation (3) is an exact
theoretical expression for computation of fission-
fragment angular distributions when both target and
projectile spins are zero.

The rotating-liquid-drop model* (RLDM) predicts
that /S (I) decreases, i.e., that the saddle-
point configuration becomes more compact with in-
creasing I, and vanishes at Ix;pym Where B,=0. In
the simple transition-state theory, as & /S egfl1)
approaches zero, Ky2(I) approaches infinity and the
fission fragment angular distribution becomes iso-
tropic. In order to perform a realistic comparison of
experimental results with the RLDM, one has to
know the fissility parameter, temperature, and spin
distribution of the actual fissioning system. Insofar
that prefission particle emission can have drastic ef-
fects on these parameters, the ®Ho-+2’Ne reaction
is chosen here as a system particularly suited for the
above comparison since prefission neutron emission
has been studied.” Furthermore, a weakly fissile
composite system, such as '%Ir (X =0.663), samples
the K distribution for high angular momenta. This
results from the observation that a sizable fraction
of the fusion cross section, given by og,=0gr +0Fp,
is due to evaporation residues (ER). Hence, only the
angular momenta in the window between [gg
[ < (ogr)!/?] and Iy [ « (0gr +0FF)!”?] contribute to
the fission fragment angular distribution [see Eq.
(3)] via the appropriate values of .# {I) in the sim-
ple RLDM, where only I <Igipm (By=0) values
contribute to the anisotropy.

It has been known for some time that fusion-
fission types of processes occur for heavy systems
with a cross section® that may considerably exceed
the limiting angular momentum Iy py predicted by
the RLDM. Furthermore, fission fragment angular
distributions for very heavy nuclei formed by ’S
projectiles show large anisotropies,’ although nearly
spherical saddle-point configurations are predicted
for these systems by the RLDM. When the com-
bined effects of Coulomb and centrifugal forces be-
come very large, measured “fusion” cross sections
deviate markedly from the predictions of a one-
dimensional dynamical fusion model® based on the

2K (1)

K2

[

proximity formalism. Experimentally, fusion
for these systems can be described by a recent
dynamical model of Swiatecki'?!3 where an “extra
push” energy is required to induce fusion.

Equation (1) relates a statistical X distribution
with a nuclear shape at the instant when it is deter-
mined. For the nonrotating case, the K distribution
is frozen in at the saddle-point deformation and it is
assumed that K remains a constant of the motion as
the system moves toward scission. For a rapidly ro-
tating system the Coriolis forces destroy the axial
symmetry and the fissioning system may continue to
adjust its K distribution beyond the saddle point.
However, at some deformation on the path to scis-
sion the K distribution no longer changes signifi-
cantly and it is this distribution and its associated
shape that are determined by fission fragment angu-
lar distributions. When the fission barrier has van-
ished, one can no longer invoke the concepts of com-
pound nucleus formation and unconditional saddle
shapes. In this case the projectile and target amal-
gamate during the inward radial motion, and the
composite system eventually leads to symmetric
fragmentation. The stage at which the K distribu-
tion is frozen in for such systems may be near the
turning point of the trajectory, where it spends a
considerable fraction of its lifetime. Although such
a postulate for the turning point in symmetric frag-
mentation playing the role of the saddle in com-
pound nucleus reactions is plausible, the K distribu-
tion may well be established at a later stage for these
systems with large angular momenta. Furthermore,
the presence or absence of a small fission barrier
may be of little importance in determining where the
K distribution is frozen in for rapidly rotating nuclei
at high excitation energy.

In addition to the '®Ir (X =0.663) system, the
more fissile systems 2'’Ac (X =0.761) and 2*’Np
(X =0.792), prepared by the ’Au+2°Ne and
209Bi +20Ne reactions, respectively, have also been
studied. For each of these reactions the evaporation
residue cross sections are negligible, and all angular
momenta / <l contribute to the fusion-fission pro-
cess. Unfortunately, no experimental information is
available on the prefission particle emission for ei-
ther of these systems.

It is the purpose of this paper to enumerate some
of the uncertainties involved in a theoretical analysis

10,11
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FIG. 1. The upper part shows a plot of the time versus
energy spectrum of all reaction products. The events
clustered near energy channel 300 and time (¢,—?) chan-
nel 450 are fission fragments, and events near energy
channel 40 and time (¢9—¢) channel 310 are evaporation
residues. The lower part shows a gated spectrum of the
same data including only the evaporation residue (ER)
and fission fragment (FF) intensities projected onto the
time (¢o—t) axis.

of heavy-ion experimental fission fragment angular
distributions where angular momenta well beyond
I pm may contribute to the fusion-fission process.
Section II gives a short description of the experi-
mental procedure. In Sec. III, theoretical angular
distributions based on a number of different func-
tional forms of Ky*(I) are discussed and compared
with the experimental data. These functional forms
of KoX(I), derived from moments of inertia, have
been determined from the RLDM, and its I =0 ver-
sion, referred to as the nonrotating liquid drop
model (LDM), and from empirical relations. Final-
ly, available data for rapidly rotating systems are
parametrized in terms of %, /.7 (I} as a function

of the fissility parameter X, where . g(I) is as-
sumed to be constant for all 1. Section IV contains
conclusions.

II. EXPERIMENTAL PROCEDURE

Angular distributions of fission fragments and
evaporation residues induced by 220-MeV ’Ne pro-
jectiles on targets of '*Ho, "’Au, and 2Bi were
measured with two solid-state detectors positioned
on both sides of the beam at 19 and 9 cm from the
target for 6),, smaller and larger than 10°, respec-
tively. The apertures in front of the detectors were
2.2 mm in diameter. In order to obtain the frag-
ment masses, the time of flight of the fragments
from the target to the detector was measured by util-
izing the pulsed-beam facility of the VICKSI ac-
celerator at the Hahn-Meitner-Institut in Berlin.
The overall time resolution of this system was 0.5
ns. Typical data are shown in Fig. 1. In the upper
part of this figure is plotted a time (¢, —¢) versus en-
ergy spectrum where the different types of reaction
products are clearly separated from one another.
The lower part of Fig. 1 illustrates a gated spectrum
of the same data showing only the evaporation resi-
due (ER) and fission fragment (FF) intensities pro-
jected onto the time axis.

Self-supporting targets of %*Ho, !*’Au, and 2”Bi
with thicknesses of 400 g/cm? were used. The ab-
solute cross sections were obtained through normali-
zation to elastic scattering measured in two monitor
detectors positioned on the left and right sides of the
beam at in-plane angles of 6=+5.2° and an out-of-
plane angle of 11.1°. These monitor detectors were
calibrated by measurements of Rutherford scattering
at far forward angles by the two fragment detectors.
The systematic errors are estimated to be 10% for
the absolute cross sections and +0.3° for the detec-
tor angle positions.

III. RESULTS AND DISCUSSION

A. Rotating-liquid-drop model

In Fig. 2 the experimental fission fragment angu-
lar distributions, normalized to one at 6, =90°, are
compared with the theoretical predictions of the
RLDM. These theoretical calculations require a
knowledge of the I-dependent value of K,(I), which
is a product of the effective moment of inertia
Z (1) [see Eq. (2)] at the shape where the K distri-
bution is frozen in and the nuclear temperature T.
On the right-hand side of Fig. 2 are shown the in-
verse effective moments of inertia, &g/ o1,
predicted by the RLDM (Ref. 4) for the saddle point
configuration as a function of I2. The solid lines
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FIG. 2. Comparison of the experimental fission fragment angular distributions (points) with calculated results (lines)
based on the rotating-liquid-drop model. The laboratory °Ne energy is 220 MeV for all reactions. The angular distribu-
tions (lines) on the left are calculated with the corresponding spin-dependent values of # /7 es{I) shown on the right.
The solid, dashed, and dashed-dotted curves correspond to the prefission emission of no particles, to one alpha-particle,
and to six neutrons, respectively. The nuclear temperature and I window applicable for each calculation are listed on the

right-hand side and are discussed in the text.

represent the I-dependent saddle shapes of the
respective compound nuclei. The dashed and
dashed-dotted curves represent the effective mo-
ments of inertia of compound nuclei where one al-
pha particle or six neutrons, respectively, are emitted
prior to fission.

The spin-dependent nuclear temperature at the
appropriate nuclear shape where the K distribution
is frozen in may be written as

T(K,D)=[(8/ANE, , +Q —B/(I)
_Eiot(K')I)_EPP)]l/2 ’ (4)

where B/(I) is the fission barrier, E5,(K,I) is the ro-
tational energy corresponding to the above nuclear
shape, and Eypp is the energy removed by the prefis-
sion particles. Since the interpretation of calcula-
tions using Eq. (4) is complicated, the calculations

presented in Sec. III utilize an approximate spin-
independent nuclear temperature given by

T=[(8/A)(Ec,m.+Q_<Erot>—EPP)]1/2 ’ (5)
where
<Erot>=h2<12)/2'/sph .

This is justified, as comparisons of angular distribu-
tions calculated with the nuclear temperatures de-
fined by Eqgs. (4) and (5) show no significant differ-
ence. The values of Epp are assumed in the calcula-
tions to be 0, 20, and 68 MeV, respectively, for no
prefission particles, one prefission alpha particle,
and six prefission neutrons. Prefission particles also
remove angular momentum. For simplicity it is as-
sumed in all calculations that the spin of the com-
pound nucleus is reduced by 3 and 67 by one prefis-
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TABLE I. Summary of results for 220-MeV 2°Ne induced fission (see Sec. III C).
. I b w(10°
Target X ogr mb o mb ler ly () KD T Mev o e::(hl) W(90°;
165Ho 0.663 620160 1070+110 58 95 0.065 285+15 2.36 0.71 4.80+0.10
0.674¢ 0.059 240+15¢ 1.69f 0.57
97Au 0.761 0 1900+190 0 102 0.038 400140 2.19 0.62 3.5010.15
0.771¢ 0.035  330+30° 1.55 0.50
209B; 0.792 0 1850+ 185 0 102 0.034 400+30 2.05 0.63 3.50+0.10
0.802¢ 0.030 335+25¢ 1.39f 0.49

3(y)=1.9249(I%) /{1—1.7826[(N —Z)/A]}}4"">.

®The best fit value K(2(I) is assumed to be constant independent of I (see Sec. ITII B).
7 sph is calculated with ro=1.2249F, and .# ., /.7 (1) is a rectangular distribution independent of I.

9Based on the emission of six prefission neutrons.

It is assumed that six prefission neutrons decrease the spin of the compound nucleus by 6.
fTemperature determined from Eq. (4) assuming six prefission neutrons. In the case of the '®*Ho+ 2°Ne reaction, a tem-
perature of 1.64 MeV has been measured from fission fragment neutron spectra (Ref. 7).

sion alpha particle and six prefission neutrons,
respectively, as suggested by evaporation calcula-
tions. The removal of angular momentum also
changes (E,,) slightly. The nuclear temperature
and I range appropriate in each calculation are
shown on the right-hand side of Fig. 2.

The corresponding theoretical angular distribu-
tions are plotted on the left-hand side of Fig. 2 as
calculated with the spin-dependent values of K,*(I)
resulting from the RLDM values of . (I)
displayed on the right-hand side of Fig. 2. The
transmission coefficients required in Eq. (3) were as-
sumed to be given by T; =1 for angular momenta in
the range Igg <I <Iy, and T;=0 for all other angu-
lar momenta. The values of /gg and /s are deduced
from the evaporation residue (ogr) and fusion-
fission (ogp) cross sections, respectively. All of
these quantities are listed in Table I. The use of a
smooth-cutoff model for T; in Eq. (3) does not sig-
nificantly change the results reported in the various
subsections of Sec. III. When prefission particles
are emitted, Eq. (3) has to be modified slightly with
an additional normalization factor. Based on the
comparisons of the calculations in this subsection
with experimental data, one concludes that utiliza-
tion of £,/ I ei(I) values of the RLDM together
with the assumption that .#,;, /.7 (1) vanishes for
I > Iy pm (Where By =0) gives angular distributions
that are in marked disagreement with experiments.

B. Dependence of the fission fragment
angular distribution on the functional form
Of fsph/feﬁ(l)

The sensitivity of the fission fragment angular
distributions to the assumed functional relationship

between gy, /S (1) and I 2 is illustrated in Fig. 3.
Four different dependences of £,/ FedI) as a
function of I* are shown in the insert of Fig. 3. The
corresponding angular distributions based on these
functions, a nuclear temperature of 1 or 2 MeV, and
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FIG. 3. Fission fragment angular distributions calcu-
lated with various assumed functional relationships be-
tween S, /I (1) and T 2. In all cases fission is assumed
to occur for a nucleus with 4 =229 and I values between
0 and 120, and a nuclear temperature of either 1.0 or 2.0
MeV. The limiting case of W(68)/W(90°) « 1/sinf corre-
sponds t0 & /S o= o0, Where W(0)/W(90°)=1 corre-
sponds to £ g, /F ose=0 (for all I).
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a spin range of 0<7I <120, are shown also in this
figure for a fissioning system with 4 =229. One no-
tices that the rectangular distribution labeled (a)
with T'=1 MeV gives the largest anisotropy. As the
temperature is increased to 2 MeV, the anisotropy
decreases. The anisotropy scales inversely with the
magnitude of T/[F /I (I)]. For example, the
angular distribution for case (a) with a nuclear tem-
perature of 1 MeV is identical to that for a rec-
tangular distribution with S, /7 ¢(I)=2 and a
nuclear temperature of 2 MeV. For the rectangular
distribution (a) and a temperature of 1 MeV, the an-
gular distribution follows a 1/sin@ distribution for
all angles 6>10°. When the temperature is in-
creased to 2 MeV, the angular distribution follows a
1/sin@ distribution for angles 6> 15°. The triangu-
lar distribution (c) is somewhat similar to that of the
RLDM for ?°Np and gives the smallest anisotropy.
For the same nuclear temperature, distribution (d)
gives a larger anisotropy than distribution (b), al-
though distribution (d) leads to an angular distribu-
tion that deviates substantially from 1/sinf. Com-
parison between the fission fragment angular distri-
butions for the £, /.7 (I) distributions (a), (b),
and (d) can be more clearly seen in Fig. 4, where

do/d6 «sing-W(6)/W(90°)

is plotted as a function of 6. Here it can be inferred
that distribution (d) gives a fission fragment angular
distribution that deviates from 1/sinf in a different
way than distribution (b). As observed in Fig. 4, the
function sin6-W(0)/W (90°) never becomes larger
than unity for distribution (d).

C. “Best fit” values of K2
In this subsection each of the experimental fission

fragment angular distributions is fitted with Eq. (3)
by assuming a single I-independent value of KoX(I).
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FIG. 4. Theoretical fission fragment angular distribu-
tions displayed as do /d 6 «sin8-W(0)/W(90°) as a func-
tion of 6. Curves (a), (b), and (d) correspond to the
F spn/F egr(I) distributions shown in Fig. 2 and the param-
eters given in the caption of Fig. 2 with T'=2 MeV.
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FIG. 5. Fission fragment angular distributions for
220-MeV *Ne-induced fission of '**Ho, *’Au, and *®Bi
targets. The experimental data are given by solid points
and results of the various calculations are displayed by the
lines. All calculations utilize a rectangular distribution of
I pn/ I el I), where F oy /7 o I) is independent of I. The
heavy solid line gives a best fit value of K,? for the I win-
dow Igr <I <I; (see Table I for the change in K> when
correction is made for the angular momentum removed by
prefission particles). The thin solid line, dashed line, and
dashed-dotted line give, respectively, the angular distribu-
tions based on the liquid-drop value of &/ F e (I =0)
for all I for the compound nucleus, the compound nucleus
minus one prefission alpha particle, and the compound
nucleus minus six prefission neutrons. For the cases of
prefission particle emission, account is taken of the energy
and angular momentum removed, as well as the change in
I sph/ I ete (I =0).
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Whether or not such a simple parametrization of the
data is realistic is presently unknown. The above
analysis is equivalent to a rectangular distribution of
I oph/Feif{I) discussed in Sec. IIIB. The I-
independent parameter K,%(I) and ., sph/F ege( 1) are
related through an appropriate nuclear temperature
T [see Eq. (1)].

The “best fit” values of K,3(I) giving the heavy
solid lines in Fig. 5 are listed in Table I. The first
entry for each target assumes that there are no pre-
fission particles emitted. Hence, the limits on the I
integration in Eq. (3) are /gg <I <If. In the second
entry it is assumed that six prefission neutrons are
emitted. The best fit values of K, are slightly al-
tered due to the removal of angular momentum pri-
or to fission. The six prefission neutrons are as-
sumed to remove, in addition to the six units of an-
gular momentum, 68 MeV of excitation energy.
Therefore, the nuclear temperature, as calculated
from Eq. (5) with Epp and a slightly smaller value
of (E, ), is reduced by some 30%.

In the case of the !Ho+2°Ne reaction
(E,, =220 MeV), the nuclear temperature of the
post-scission neutrons was measured’ to be
1.64+0.33 MeV. This value is in good agreement
with that calculated for fission fragments from Eq.
(5). More importantly, the nuclear temperature
applicable to the fissioning system, following the
prefission emission of six neutrons, is calculated by
Eq. (5) to be 1.69 MeV, a value nearly the same as
that given previously.

In Fig. 5, the thin solid line, dashed line, and
dashed-dotted line give, respectively, the fission
fragment angular distribution based on the liquid-
drop value of S,/F g (I =0) for all I for the
composite nucleus, the composite nucleus minus one
prefission alpha particle, and the composite nucleus
minus six prefission neutrons. For the cases where
prefission particle emission occurs, the angular
momentum and excitation energy are changed as
discussed in Sec. III A. All of the above theoretical
calculations that utilize nonrotating liquid-drop
values of &, /.7 ¢ (I =0) give anisotropies that are
larger than the experimental values.

In order to obtain the best fit heavy solid lines in
Fig. 5, the K distribution must be frozen in at a
more compact configuration than that of the nonro-
tating liquid drop model. These configurations are
reported in Table I in terms of the parameter
& spn/F ei{I), where the analysis is based on a con-
stant value of &, /.7 (1) independent of 1. As can
be seen by comparing the two entries in Table I, the
presence of prefission particle emission markedly
changes the determined value of &, /I (1) (how-
ever, see Sec. IIIE for additional effects associated
with prefission particles).

T T T T T

20N INDUCED FISSION
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E|0b-220 MeV
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___CN 4
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6. m (deg)

FIG. 6. Comparison of experimental fission fragment
angular distributions (points) with calculated results (lines)
based on the rotating-liquid-drop model and the assump-
tion that one-third of the fission cross section is due to in-
complete fusion (see text). The solid and dashed line,
respectively, correspond to six prefission neutrons and no
prefission particles.

D. Incomplete projectile fusion

Some of the conclusions reached in previous sub-
sections are true only if the spin distribution of the
composite nuclei is identical to that of the initial or-
bital angular momentum as deduced from the cross
sections listed on Table I. This is, of course, not
true for incomplete fusion where the projectile un-
dergoes prefusion breakup and only part of the pro-
jectile fuses with the target. The emitted breakup
particle of mass m carries away both energy and an-
gular momentum.!* For example, the loss of angu-
lar momentum A/ is assumed to be given by
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Al =(m/m,)-1, where m,, is the projectile mass.

For the three reactions discussed here, however, at
a somewhat higher bombarding energy of 292 MeV,
Tubbs et al.!> determined the contribution of in-
complete fusion by means of fission fragment-
fission fragment angular correlation measurements.
At this energy the contribution of events with in-
complete linear momentum transfer is of the order
of 40% of the total fission cross section. In order to
investigate the effect of incomplete fusion on the
calculated fission fragment angular distributions,
the following simplifying assumptions have been
made:

(a) One-third of the fusion-fission cross section is
due to incomplete fusion; furthermore, this cross
section originates from '°0 capture.

(b) Incomplete fusion arises from the highest par-
tial waves /;.

(c) The spins of the composite nuclei populated by
incomplete fusion are calculated from the relation

m 16
l_m—p]'liz(ﬁ)'lu

11f=

851 (T'=2.41 MeV, 58 <1 <84)
and

181Re (T=2.08 MeV, 85</<95 =68<I<76).

With six prefission neutrons, the fissioning nuclei are

Ir (T'=1.76 MeV, 58 <] <84 —52<1<78)
and

where /; are the initial angular momenta in the /
window making up the total incomplete-fusion cross
section.

(d) The partial cross section for each spin I, is
proportional to the corresponding weighting factor
2L+ 1.

(e) The nuclear temperature is adjusted to account
for the new center-of-mass energy (%)Ec.m,(zoNe)
and Q value.

(f) The values of .# g, /.# (1) for incomplete and
complete fusion are those of the RLDM for fission
of a composite system with and without emission of
one prefission alpha particle, respectively, as shown
by the dashed and solid curves on the right-hand
side of Fig. 2.

Theoretical fission fragment angular distributions
obtained by incorporating incomplete fusion into the
calculations, as described above, are shown in Fig. 6.
These results are to be compared to the previous
RLDM fission fragment angular distributions plot-
ted in Fig. 2. Two calculations are performed for
each target, one calculation without prefission parti-
cles and one with six prefission neutrons. For exam-
ple, with a '®Ho target and no prefission particle
emission, the fissioning nuclei are

Re (T'=1.22 MeV, 85<1<95 —=68<I'<76 =62<I<71).

In the application of Eq. (3), in order to obtain the
correct cross section, the above four spin distribu-
tions require normalization factors of 1,

21T +11/2I +1),

2I+1)/2I +1),
and

2 +11/21 +1)

respectively.

If one-third of the fission cross section is due to
incomplete fusion, the theoretical anisotropy for the
RLDM increases in the direction of the experimen-
tal data. However, the increase is small for the two
more fissile systems, and it requires unrealistically
large incomplete-fusion contributions in order to ob-
tain a fit to the angular distributions. This is due to

|

the fact that a large number of the reduced spin
values associated with incomplete fusion still exceed
Iripm (By=0). In the case of the '*Ho+?°Ne sys-
tem, the theoretical cross section increases consider-
ably at small angles and qualitative agreement with
the data is obtained when no prefission neutrons are
included. With six prefission neutrons the theoreti-
cal - anisotropy becomes too large for the
165Ho 4 Ne system.

E. Effect of dealignment of composite nuclei
due to prefission neutron emission

In the derivation of Eq. (3), it has been assumed
that all spins of the composite nuclei are aligned in a
plane perpendicular to the beam direction which is
chosen as the Z axis. This is equivalent to the as-
sumption that M =0. Although the spin of the °Ne
projectile is zero, the ground-state spins of the



2674 H. ROSSNER et al. 27

165 197 209R; 71— 3+
9E—Io, Au‘, and “Bi targets are 7 , 7 , and () ~tan"'({ |M | ) /(I)),

— , respectively. Consequently, the assumption

.that M =0 is not exactly fulfilled. A. much more is approximately 5° in the present experiment if one
1mport§mt effect than th?t of target spin on the mn- assumes that six neutrons are emitted prior to fis-
v}?hdatl.on.()f th? assumption that M =0, howeve.r', 18 sion. The effective dealignment of the Z axis has
the emission of light particles from the recoiling been approximated by the angular distribution func-

composite nuclei prior to fission. With prefission
particle emission, one must sum over all possible M
substates weighted with the M population P(M,I) at 2 6
the moment of fission. Unfortunately, one does not P(9)=exp{ —0.1236—0.003646 b ©
know this population function. However, it is possi-

tion

ble to approximate the M summation by averaging where 6 is expressed in degrees. This function [Eq.
the fission angular distributions over an angular (6)] has been folded with the theoretical angular dis-
range corresponding to the dealignment of the spin tribution of fission fragments given by Eq. (3) yield-
axis. The angle, ing the following relation:
I
dP do .
o N f¢E[e(v,gb)];Q—F}:(()Fp—e)smvdvdqﬁ
dQFF( e dP ’ @)
fv f¢ E[e(v,q&)]smvdvdq&
[

where € is the angle between the direction (v,¢) and ders of magnitude, and the ¢ integration is over 2.
the fission fragment direction of flight The results of theoretical calculations of fission
(6pp, ®Ppr=0). In the application of Eq. (7) the v in- fragment angular distributions where account is tak-
tegration is carried out over the angular range en of the dealignment of the spin vectors of the
0°<v<30°, where P(6) varies more than three or- composite nuclei are tabulated in Table II and

TABLE II. Effect of dealignment of the angular momentum due to six prefission neutrons.

Fissioning I T Line in
Target nucleus X window Model Ky? MeV S/ Fed) Fig. 7
1Ho 191¢ 0.674 52<I<89 best fit 16015 1.69 0.86 heavy solid
YTAu pAc 0.771 0<I<96 best fit 260+30 1.55 0.64 heavy solid
20Bj 2Np 0.802 0<I<96 best fit 260+25 1.39 0.63 heavy solid
165K ™I 0674 52<I<89 LMD (I=0) 75.0 1.69 1.84 dashed
Ay WAc 0771 0<I<9% LDM (I=0) 140.0 1.55 1.19 dashed
209 WNp 0802 0</<9 LDM (I=0) 165.3 1.39 0.99 dashed
165Ho 1791 0.674 52<I<8 RLDM (I dependent) 1.69 I dependent dashed-dotted
197Au 2Ae 0.771 0<I<96 RLDM (I dependent) 1.55 I dependent dashed-dotted
0B 2Np 0.802 0<I<96 RLDM (I dependent) 1.39 I dependent  dashed-dotted
165Ho 111¢ 0.674 52<I<78  best fit 1.76
with 33% 140+15 0912 not plotted
15Re 0.656 62<I<71 incomplete 1.22
fusion
91Au 2MAe 0.771 0<I<77 best fit 1.64
with 33% 240420 0.66 not plotted
W07Ry 0.753 61<I<76 incomplete 1.15
fusion
209B; 223Np 0.802 0<I<77 best fit 1.48
with 33% 240120 0.62° not plotted
219py 0.783 61<I<76 incomplete 0.85
fusion

*Calculated with the expression (& gn/ et I)) =[%(fsphT/ﬁ2)A + %(.fsphT/ﬁz)A _sl/K%
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FIG. 7. Effect of dealignment of prefission recoil nu-
clei (due to six prefission neutrons) on the experimental
fission fragment angular distribution. Four curves are in-
cluded for each reaction, three of which take account of
the dealignment of the prefission recoil nuclei. The heavy
solid line leads to the best fit value of K? listed in Table
IL. The thin solid line utilizes this K,? value, but, howev-
er, neglects the dealignment effect. The dashed and
dashed-dotted lines represent calculations with the non ro-
tating [# spn/F eie (I=0)] LDM and RLDM calculations,
respectively. (See text and Table II.)

shown in Fig. 7. In all of the computations, it is as-
sumed that six neutrons are emitted prior to fission.
As discussed previously, these prefission neutrons
reduce both the temperature and spin of the compo-
site nucleus prior to fission. The best fit value of
K,? listed in Table II for each target leads to the
heavy solid line in Fig. 7. If the folding is neglected
and K,? is kept the same as that deduced from the
fit that gives the heavy solid line in Fig. 7, the thin

solid line results. Hence, the effect of the dealign-
ment is to reduce the anisotropy. The magnitude of
the effect calculated with the folding function given
by Eq. (6) is estimated to be an upper limit for the
real effect. The dashed and dashed-dotted curves in
Fig. 7 represent the theoretical angular distributions,
including the dealignment effect, for the LDM
(I=0) and the RLDM, respectively. The LDM
gives too large an anisotropy, whereas the RLDM
underestimates the anisotropy.

Included also in Table II is the best fit value of
K,? for each target when incomplete fusion makes
up one-third of the total fusion-fission cross section.
When account is taken of incomplete fusion in the
calculations, the derived best fit value of K,? is re-
duced by approximately 10%.

F. Angular distributions with spin dependent
values of &y /7 ee(I)

As can be seen from Figs. 2, 6, and 7 the RLDM
predicts fission-fragment anisotropies that are far
too small, except for the *Ho+2°Ne reaction, when
it is assumed that one-third of the fission cross sec-
tion is due to incomplete fusion (see Fig. 6). Howev-
er, even with the latter assumption the theoretical
anisotropies are too small for the more fissile
197 Au+%Ne and 2Bi+ *Ne systems.

It is possible, however, to obtain reasonable fits to
the experimental fission fragment angular distribu-
tions with spin dependent values of &g,/ F g1 if
one relaxes the criterion of the RLDM that
.fsph/feff(l)=o when I >IRLDM (where Bf‘:O)‘
Theoretical calculations have been performed with
different functional dependences of &g, /F (1) on
I. Two of these are as follows:

(1) F pn/F el 1) is equal to

[# pn/ I et =0)]rLDM

for I=0, and decreases linearly with 72, becoming
zero for I > .

(2) The RLDM functional form of £, /I (1) is
scaled such that £, /.7 (1) goes to zero for I=Iy
rather than I=Ig;py (Where By=0). This is ac-
complished by letting

/sph/'/eﬂ(llz)=['/sph/jeff(12)]RLDM ’
where
I?=[1;/InypmX By =0) ]I .

The functional forms of £/ Fedl) vs I 2
described in the above assumption (1) in Eq. (1) are
shown on the right-hand side of Fig. 8. These
curves are quite similar to what is obtained when
one extrapolates the [/ F dI)]ripm function
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FIG. 8. Comparison of experimental fission fragment angular distributions with theory based on spin dependent values
of F o/ D). The functional forms of & /.7 1) are shown on the right-hand side. The three theoretical curves,
shown on the left-hand side along with the data (solid points), are for no prefission particle emission (solid line), emission
of six prefission neutrons (dashed-dotted line), and one-third of the fission cross section due to incomplete fusion as well as

the emission of six prefission neutrons (dashed line).

from I* values just below the sharp bend out to
I*=I;? ( see the right-hand side of Fig. 2). The
theoretical fission fragment angular distributions
shown on the left-hand side of Fig. 8 are for no pre-
fission particle emission (solid curve), six prefission
neutrons (dashed-dotted curve), and one-third of the
fission cross section due to incomplete fusion as well
as six prefission neutrons (dashed curve). As can be
seen in Fig. 8, the theoretical fission fragment angu-
lar distributions calculated with the functional
forms of #,, /.7 ¢(I) shown on the right-hand side
of Fig. 8 give rather good fits to the experimental
data for the cases where six prefission neutrons are
emitted (dashed-dotted line), and one-third of the
fission cross section is due to incomplete fusion as
well as the emission of six prefission neutrons
(dashed line). Slightly altering the distributions on

the right-hand side of Fig. 8 will give an even better
fit to the data. The theoretical anisotropies calculat-
ed with the functional form of g/ eglI)
described in the above assumption (2) are approxi-
mately 10% too large, and are not shown in Fig. 8.

G. Comparison of results
with the nonrotating (I =0)
liquid drop model

In Sec. IIIC and IIIE four best fit values of K>
are determined from each experimental fission frag-
ment angular distribution. The four values of K>
(see Tables I and II) correspond to (a) no prefission
particle emission, (b) emission of six prefission neu-
trons, (c) emission of six prefission neutrons along
with an approximate correction for spin dealign-
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FIG. 9. Comparison of the spin independent experi-
mental values of & /7 ofr determined from heavy-ion re-
actions with the nonrotating liquid drop model. The solid
line represents the theoretical nonrotating liquid drop
model values of 7 /.7 or (I=0) as a function of the fis-
sibility parameter

X=(Z%/4)/50.883{1—1.7826[(N—Z)/A]*} .

The three groups of four points each are based on the
present work [each of the four points is based on the dif-
ferent assumptions (a)—(d) listed in Sec. IIIG]. The four
single solid points are from Ref. 9 and the seven crosses
from Ref. 16.

ment, and (d) emission of six prefission neutrons in-
cluding spin dealignment and 33% incomplete
fusion. Each of these K, values has been converted
to a value of £, /.7 ¢ with Eq. (1) by utilizing the
appropriate nuclear temperature T calculated with
Eq. (5). The resulting four values of &, /.7 e cal-
culated from the fragment angular distributions of
2ONe induced fission on each of the targets '®*Ho,
97Au, and *Bi are plotted in Fig. 9. For each of
the above assumptions (a)—(d), the I-independent
value of S, /.7 ¢ deduced from the best fit values
of Ky? is considerably smaller than the nonrotating
liquid drop model value of £, /.7 (I=0). This
is true for all three °Ne induced reactions where the
available energy above the Coulomb barrier
[(Ecm. —Veoou)/1] ranges from 4.4 to 5.7 MeV per
nucleon.

Fission fragment angular distributions’ analyzed
in a similar way for *2S induced fission with targets
of 7Au, 22Th, 238U, and **Cm have yielded spin-
independent values of .#,/.# ¢ nearly equal to
those of the nonrotating liquid drop model values,
i.e., Fpn/Fefe I =0). The four values of S /I it
plotted in Fig.9 as solid points are from Ref. 9. The
32§ induced fission differs from the 2’Ne induced
fission in at least one important way, namely, the
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available energy above the Coulomb barrier is very
small for the former reaction  where
(Ecm. —Vcou)/p ranges from 0.2 to 0.9 MeV per
nucleon.

The spin-independent values of %, /.7 ¢ plotted
as crosses in Fig. 9 are derived from y ray multipli-
city measurements reported by Bock e al.!® In this
method K ,? is assumed to be given by:'¢

K02= (J>2_<lz>2 ’ (8)

where (j)=2((M,)—6), (L)Y=(5)l;, (M,) is
the measured average y ray multiplicity, and I is
calculated from the fusion-fission cross section em-
ploying a sharp-cutoff model. Equation (8) is
thought to be valid for I, > 60. The reported'® spin-
independent values of £, /.7 ¢ (I =0) determined
by this technique are nearly the same as those calcu-
lated for the nonrotating liquid drop model.

There is an important difference in the present re-
sults obtained from energetic *’Ne induced fission
and the earlier results>! obtained at lower energies
above the Coulomb barrier. As can be seen in Fig.
9, the I-independent values of £, /7 ¢ deduced
from the 2°Ne induced fission are approximately
only one-half those predicted by the nonrotating
(I=0) liquid drop model. In contrast to this, the
earlier reported values®!6 of .7, sph/F ef are in good
agreement with the liquid drop model. It is interest-
ing to note that if the results from the °Ne induced
fission are interpreted with a constant value of K,?,
one concludes that the K distribution is frozen in at
a much more compact configuration than predicted
by the LDM.

IV. CONCLUSIONS

The experimental fission fragment angular distri-
butions measured for 220-MeV %°Ne induced fission
of '*Ho, Au, and *®Bi cannot be reproduced
with either the rotating (RLDM) or nonrotating
(LDM) liquid drop models. The former model pro-
duces an anisotropy that is too small, while the
latter model leads to an anisotropy that is too large.

The spin-independent values of .7, /.7 ¢ decrease
by approximately 20% when the theory accounts for
the energy and angular momentum removed by six
prefission neutrons. If, however, the dealignment of
the angular momentum produced by the prefission
neutrons is also taken into account, the deduced
values of F,;, /.# ¢ increase again to values compar-
able to or slightly larger than those based on no pre-
fission emission. Inclusion of 33% incomplete
fusion slightly increases the values of g/ e
Spin-independent values of .#,,/# ¢ deduced for
the above three reactions are rather insensitive to
prefission neutron emission and have values of about
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50% of the LDM value of #,/F g (I=0) (see
Tables I and II and Fig. 9).

It is possible to obtain satisfactory fits to the ex-
perimental fission fragment angular distributions
with spin dependent values of .7, /.7 (1) if the ro-
tating liquid drop model condition that .# gy, /.5 g 1)
goes to zero at Irypm (By=0) is relaxed. For exam-
ple, if F /7 (1) is equal to

[# /I il =0) JrLDM

for =0 and decreases linearly as a function of I*
becoming zero for I>Is, the data are reasonably
well reproduced with such a functional form of
S on/F sl D). For reaction systems with large angu-
lar momenta, where the fission barrier has vanished,
the stage at which the K distribution is frozen in
may be near the turning point (or at a slightly later
stage) of the trajectory, where it spends a consider-
able fraction of its lifetime.

The interpretation of fission fragment angular
distributions in terms of moments of the X distribu-
tion presented in this paper makes extensive use of
the functional relation between the variance K2, the
effective moment of inertia of the fissioning nucleus

and the nuclear temperature, as given by Eq. (1).
This relation, however, is valid only in the limit that
the system is in a thermodynamic equilibrium with
collective degrees of freedom that vary slowly, up to
a point, from whereon the motion suddenly becomes
highly nonadiabatic, effecting a freezing-in of the
statistical K distribution. It is conceivable that, in
reality, the change in collective velocities is much
more gradual, leading to a dynamical evolution of
the K distribution during the fission process, which
is not well characterized by equilibrium-statistical
theory. Depending on the results of a realistic
dynamic modeling of the fission process, the present
results could be subject to a later reinterpretation.
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