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Evaporation residue and fission-like cross sections are reported for the bombardment of
©2Ni, !'Sn, and "*'Pr targets with 200 and 215 MeV 3°Cl ions. These data plus data previ-
ously reported at lower energies have been analyzed by a Hauser-Feshbach statistical code
with Bohr-Wheeler model fission competition. The rotating liquid drop model was used to
evaluate effective fission barriers. Barrier reductions of 35—45 % of the rotating liquid
drop model values were required over an angular momentum range for which fission was
measured, in agreement with earlier analyses. The sensitivity of results to the sharp cutoff
assumption was tested and found to be unimportant over the energy ranges covered in this

work.

NUCLEAR REACTIONS Measured ogr¢ >°Cl42Ni,''Sn,"!Pr
E,.; =200, 215 MeV. Deduced statistical fission parameters.

I. INTRODUCTION

In the statistical/rotating liquid drop (SRLD)
model the transition state approach of Bohr and
Wheeler' is combined with the rotating liquid drop
model as formulated by Cohen, Plasil, and
Swiatecki.> The fission barrier heights decrease
with increasing angular momentum, and the fission
widths become functions of angular momentum as
well as excitation energy. For medium mass sys-
tems, such as those considered in this work, the
nonrotating fission barriers are high, and the SRLD
model predicts that fission originates predominantly
from high spin states in highly deformed nuclei.

We will test the SRLD model description of high
spin state deexcitation by comparing predicted and
experimental cross sections for fission and evapora-
tion residue formation. For this purpose experi-
mental data are necessary which extend to excita-
tion energies where fission favorably competes with
evaporation residue (ER) formation. We have
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therefore performed experiments to obtain addition-
al results on fission and ER formation following
3Cl1 bombardment of Ni, 11%Sn, and *!Pr at labo-
ratory energies of 200 and 215 MeV, respectively.
These results extend earlier measurements which
were made at energies up to 170 MeV.>*

This extended data set will be analyzed using a
Hauser-Feshbach statistical model code.” Multiple
chance fission/particle emission calculations will be
performed with explicit angular momentum cou-
pling between initial and final states in the continu-
um; experimentally deduced J,, values will be used
to generate the initial population of states. We will
employ statistical fission parameters deduced previ-
ously® from analyses of fission and evaporation resi-
due excitation functions in the fission threshold re-
gion; we shall demonstrate the influence of small
parameter variations, but no gross parameter adjust-
ment search is made.

We will then reanalyze the excitation functions
using a second, more self-consistent SRLD para-
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metrization to obtain more precise information on
those single particle and collective properties of
highly deformed nuclei represented by the statistical
fission parameters. Finally, we will examine the
sensitivity of the results to the use of the sharp cut-
off approximation.

II. EXPERIMENTAL PROCEDURE AND RESULTS
A. Measurements

Experiments were performed at the Brookhaven
National Laboratory Van de Graaff facility in a
three-stage operation. The ®*Ni and !'®Sn targets
were self-supporting and of 100 and 175 pg/cm?
thickness, respectively; the *!Pr target was 200
pg/cm? thick and on a 20 ug/cm? carbon backing.
Heavy reaction products were measured with
counter telescopes, consisting of a AE gas counter
and a (E-AE) solid state detector. The experiment
was monitored by two solid state detectors mounted
symmetrically with respect to the projectile beam
axis. The detector angle thus was defined to better
than +0.2°. Evaporation residue data were taken
between ~3° and 15° (lab) in 1° or 2° steps; data for
fission fragments were measured up to c.m. angles
well beyond 90°. The absolute differential cross sec-
tions were obtained by normalization of monitors
and telescopes via Rutherford scattering. The ex-
perimental procedures have previously been
described in detail.” A typical spectrum of this
work is shown in Fig. 1 as a contour diagram.

B. Experimental results

Angular distributions of the evaporation residue
products are presented in Fig. 2; angular distribu-
tions of fission and fission-like fragments in the
c.m. system have been obtained by assuming (i)
binary fission with Z/4 being equal to that of the
primary reaction system; (ii) kinetic energies of the
fragments as given by Viola’s formula®; and (iii)
neglect of particle evaporation. Integration over
masses has been performed centering around the re-
gion of symmetric division which was well separat-
ed from projectile or target-like fragments for the
1168n and #!Pr targets. The resulting angular dis-
tributions are shown in Fig. 3. They seem to follow
a 1/sinf, ,, distribution which therefore has been
taken as the basis of determining the angle-
integrated fission cross sections 0.

A special word of precaution applies to 3°Cl +
2Ni leading to a reaction system with a fissility
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FIG. 1. Contour diagram E vs(E-AE) for 200 MeV
3Cl on "Pr at 6 lab=12°". The region A represents
elastically scattered **Cl, B represents evaporation resi-
dues, and C represents the fission fragment region.

parameter x =0.41. While the fission-like product
angular distributions are fitted by a 1/sinf curve sa-
tisfactorily (see Fig. 4), the charge yield distribu-
tions are unusually broad (Fig. 5), even at the lower
bombarding energies,® and show some asymmetry
about target and projectile charge. The fission-like
yields probably contain major fractions of deep in-
elastic yields, making a statistical analysis ambigu-
ous. Nonetheless, as the yields may be from equili-
brium fission, it is worth analyzing results in terms
of the model to be presented. We have therefore in-
tegrated the charge yield only at higher angles and
extrapolated by means of a 1/sin@ distribution to
obtain o .

Integrated evaporation residue and fission cross
sections are given in Table I, where results at lower
bombarding energies are also presented.>* Experi-
mental uncertainties are indicated for each result
presented.

III. STATISTICAL MODEL ANALYSES
OF FISSION AND FISSION-LIKE
EXCITATION FUNCTIONS

Fission and/or evaporation residue excitation
functions have frequently been analyzed using a
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FIG. 2. Evaporation residue angular distributions for
3C1 bombardment of ®Ni, 'Sn, and *'Pr targets.
Open triangles represent results at 200 MeV (lab) **Cl
energy, closed circles represent yields at 215 MeV. The
lines were arbitrarily drawn through the points and were
used for integrating the angular distributions.

Hauser-Feshbach (HF) statistical model for light
particle emission with a Bohr-Wheeler transition
state model’~!! for predicting the rate of fission
deexcitation. For the latter, for nuclei at high angu-
lar momenta, the rotating liquid drop model
(RLDM) of Cohen et al.? has been used as a start-
ing point to provide ground state and saddle point
energies necessary for the calculations. All uncer-
tainties have been forced into two parameters in
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FIG. 3. Fission fragment angular distributions for
fission or fission-like fragments following 200 and 215
MeV 3Cl bombardment of !'*Sn and '*'Pr targets. Solid
curves are normalized 1/sin6 functions.

35 62,1- AE, b* 200MeV]
Cl+™"Ni °E|2b= 215Mev
@ ’00—\ 3
~ B .
o =
g L \u
c
T L }\§_£_—/§/_
o -
©° 100:‘ -
\IE —
L \I__/{
) EEE BT R R T A |
0 30 60 90 120

m.(deg)

FIG. 4. Angular distribution for fission/fission-like
fragments following 200 and 215 MeV 3°Cl bombard-
ment of ®Ni. The solid curves are normalized 1/sin
functions.
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these analyses.”~!*> One is the assumed ratio of

single-particle level densities at the saddle point to
that of the rotating ground state, as/a,. The other
is the height of the angular momentum dependent
fission barrier. The latter has most frequently been
treated by scaling the angular-momentum-
dependent liquid drop fission barrier [represented
herein as B(I)] by a constant B;. Some discussion
has recently been presented to indicate that both By
and as/a, should be considered functions of angu-
lar momentum, if analyses are not expected to give

physically significant parameters as results.'* We
shall give a short presentation of the HF model ap-
plied and the parametrization chosen and then dis-
cuss the calculations in context with our experimen-
tal data.

A. The model
The SRLD fission width 'y and particle emis-

sion width I, are specified as functions of excita-
tion energy E and angular momentum I by®!!

E—-E_(I)
CAED«@I+1) [ 7 pJE—Ey(D—kldk (1)
and
o I+ E—E_, ())—B,
rv<E,1>«<2s,+1)I§”_|§_” ) PLE —Epin(J)—B,—€lT.(e)de , )

where J denotes the residual nucleus angular mo-
menta. The quantities Eg, and E,;, denote the ro-
tational energies of the saddle point deformed nu-
cleus and the equilibrium deformed nucleus, respec-
tively; their difference is the I-dependent fission
barrier B (I):

Eg()=Ein()+B(I) . 3)

Following Bohr and Wheeler, k denotes the fission
mode degree of freedom, the transmission coeffi-
cients above the barrier are assumed to be unity and
those below the barrier are assumed to be zero. The
level densities used are of the form p;(U)
o« U~ %exp2(a; U)'/? with excitation energies U de-
cremented by the appropriate rotational energies,
and with a,=4/10, throughout. In Eq. (2), S,
denotes the intrinsic spin of particle v, its channel
energy, and B, its binding energy. The transmis-
sion coefficients T'(€) at orbital angular momenta /
are computed using the nuclear optical model as
described previously.>!!

The initial, compound nucleus spin populations
o(e,I) are obtained by means of the sharp-cutoff
approximation from the measured complete fusion
cross sections ocp(€):

mxHe)-(2I+1), I<I.(€),

0'(6,1)= 0’ I>lcr(5), (4)

with
ocple)=mr¥e)[I(e)+ 1], ®)

[

where A denotes the reduced deBroglie wavelength
of the incident ion.

The excitation functions are described in terms of
the two free statistical fission parameters a r/a, and
By; the former denotes the ratio of single-particle
level densities at the saddle point to those at equili-
brium deformation, and the latter denotes a scale
factor for the RLD fission barriers:

BBy =E ()= Epin(D) , ()

i.e., the I dependence of B is fully taken from the
RLD model. The decay of the subsequent excited
evaporation residues is treated the same way; the
population is followed for AE=1 MeV and Al =1
#i bins.

Parameter values found previously® from ana-
lyses of fission threshold excitation functions (155
to 170 MeV) listed in Table II have been used to test
the SRLD model at higher bombarding energies,
where fission competition limits ER formation.
These parameters as/a, and By should be looked

upon as representing average values over the angu-
lar momentum windows contributing to fission. It
should be repeated that there is absolutely no justifi-
cation for extrapolating parameters determined over
a limited but high angular momentum range to zero
angular momentum, and further that noncompound
contributions to the experimental cross sections, or
inadequacies of the statistical model formulation or
input parameters are forced to be reflected in the
as/a, and By parameters by analyses of this type.
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FIG. 5. Z distributions for 200 MeV *Cl on %Ni,
116gn and *'Pr. Solid curves have been drawn as a
visual guide.

The second set of SRLD parameters are angular
momentum dependent!® and explicitly reflect RLD
shape changes. We take

A(D=0, (as/a,)I)=1 for I>I;
A=A, (ay/a,)\I)=(as/a,)y ()

for I <I;, and we linearly interpolate at intermedi-
ate angular momenta. The energy shifts A(I) are
related to the rotational energies by

B(D—A(I=Ey(I)—Eni,(I) . (7

The quantities I, and I, are listed in Table II; I,
denotes the angular momenta at which the saddle
point and equilibrium deformations coincide. I
represents the approximate angular momentum at
which fission first begins to be significant; we do
not probe the barrier values at lower I with the data
reported in this work.

1. Sensitivity of parameters
to direct fission/deep inelastic reaction
admixture

There are a great many questions which must be
answered before parameters extracted by analyses of
the type under discussion are interpreted in terms of
the angular momentum dependent fission barrier
heights and the single particle level densities—
rather than only as effective parameters which al-
low data to be reproduced, as we interpret them.
This point is addressed in subsection III C.

One point which can be addressed is the uncer-
tainty in fission excitation function analyses caused
by other than equilibrium fission contributions to

TABLE 1. Summary of experimental results including those (marked with asterisk) of Ref. 3.

Reaction € (MeV) 155* 160* 165* 170* 200 215

3C1 4+ 2Ni ogr (mb) 998+70 1089+76 1091+76 960+70 956+70
oy 45+9 78+15 114+22 126+24 340+100 420+85
OcF 1076+72 1203+80 1217+80 1300+120 1376+110
I. ) 59 60 64 66 74 79

33C1 + 1%8n OER 446+31 . 560+39 586+41 583+41
oy 15+2 3746 79+12 135+45 500+75 600+90
OcF 493+31 695+59 1086+ 85 1183+99
I. () 43 48 54 60 81 88

3¢l + “4Pr OER 96+17 132+15 179+18 253+25 270+40 279+42
oy 19+4 70+10 135+20 180+40 670+70 800+120
OcF 115+17 203+18 314+27 433+47 940+ 80 1079+127
I ) 24 32 41 49 79 88
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TABLE II. Statistical fission parameters applied in this work.

System as/a, By (ag/a,)o Ay (MeV) I,(#) I,(#)
3C1 + 2Ni 1.04 0.54 1.07 10.0 40 81
35C1 + 1%8n 1.02 0.57 1.07 8.20 35 76
3Cl + “pr 1.03 0.65 1.05 5.00 30 74

the measured fission-like cross sections. These con-
tributions have been referred to as direct fission,
and/or deep inelastic reactions. Direct fission may
be defined as reactions proceeding by a path in
which the fusing system passes inside the condition-
al (one dimensional) saddle point determined by the
frozen entrance channel asymmetry, with resepara-
tion of the fragments before passing inside the true
compound nucleus saddle point.!® Deep inelastic
events may be defined as strongly damped reactions
which do not pass within the conditional saddle
point.!® There is not a unanimity in these defini-
tions, which we will use in this work. What is clear
is that there may be mechanisms other than equili-
brium fission contributing to experimentally meas-
ured fission-like yields, and proven models to divide
the measured results between the possible modes
await future development. We will refer to eva-
poration residue (ogr), compound nucleus fission
(oy), direct fission (opg), and deep inelastic (opy)
cross sections in the following discussion.

At the lower bombarding energies the major por-
tion of the fusion/fission-like cross section is found
(for the composite Z systems which we have investi-
gated) in evaporation residue products. Clearly the
compound nucleus trajectory prevails. As the bom-
barding energy is increased, a two body decay (fis-
sion like) rapidly increases in the cross section.
Two possibilities exist: (1) The higher partial waves
just beyond the evaporation residue survival values
redivide by equilibrium fission, perhaps with still
higher partial waves going into either or both of the
noncompound binary decay modes broadly defined
above; or (2) only noncompound binary decay
modes compete with evaporation residue formation.

In the second case above, it is clear that parame-
ters of the type extracted in this work are only that,
and cannot be interpreted in terms of fission barrier
heights and single particle level densities. While
this could be the case and we do not rule it out, it is
quite unlikely. Rather (1) seems a more reasonable
situation (which is a necessary but not sufficient
condition for a literal interpretation of extracted
parameters). The question which must be addressed

when tentatively accepting (1) is the impact of the
uncertainty in dividing the fission-like cross sec-
tions between compound and noncompound contri-
butions upon the parameters extraeted. This is a
point which merits discussion.

This situation is schematically illustrated in Fig.
6, where a hypothetical division of cross sections
due to the different mechanisms is shown. For sim-
plicity in the preliminary discussion, sharp divisions
in the ultimate fate of entrance channel angular mo-
menta are shown. Various entrance channel angu-
lar momenta (J) are shown in Fig. 6, corresponding
to values which would be deduced from oggr(/;), or
from the ER plus fission cross sections (), etc.

Assume that we somehow knew the exact ER and
compound nucleus fission cross sections. Then an
evaporation/fission statistical decay calculation

‘would be performed, varying parameters until the

measured cross sections for ogg and oy were repro-
duced. This really means that the parameters are
varied until all partial waves above [/, are predicted
to undergo fission, and all those of value /; or lower
are predicted to survive fission.

Next assume that while the evaporation residue
cross section could be measured accurately, it was

DI
f2 %bF /
by o¢ /

Ocn /

o(J)

J (h)

FIG. 6. Schematic diagram of the division of the re-
action cross section into compound and noncompound
portions. This figure is discussed in subsection III A 1.
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impossible to separate oy from opg and op;. Then
the evaporation/fission calculation would be per-
formed assuming that all partial waves up to /,
were in the compound nucleus distribution; howev-
er, the resulting calculated fission cross section
would be compared not with o, (experimental), but
with oy+opp+op; (experimental). Agreement
would be equivalent to the statement that all partial
waves between I, and I, were predicted to undergo
fission, or in other words the parameter set is that
which results in ER survival for partial waves /; or
less, fission for waves greater than /;. This is exact-
ly the same set as determined for the case that the
oy could be measured free of any contamination
from other binary decay processes. The determina-
tion of parameter sets may then be seen to be in-
dependent of the ability to separate the various
binary decay mode cross sections, if the I, division
results from equilibrium fission competition.

Next, one can question how this conclusion
changes if the sharp-cutoff assumption is removed.
If the higher partial waves which undergo equilibri-
um fission go predominately into fission, the con-
clusion is unchanged.

So much for the hypothetical world. The real
world involves uncertainties in experimental results.
This means that ogg and therefore the limiting an-
gular momenta for ER production or survival have
uncertainties. Similarly the values for fission-like
cross sections have uncertainties. Parameter fitting
in general must realistically consider the degree to
which the compound nucleus uncertainty modifies
calculated fission cross sections. This is particular-
iy true when oy <<ogg, for in this region o is
changing very rapidly with the assumed compound
nucleus angular momentum. Similarly in this re-
gion, where only a fraction of each of the highest
partial waves is estimated to undergo fission (so
that the /gg limit has not yet saturated due to fis-
sion competition), the problem of separating equili-
brium from nonequilibrium fission *contributions
may introduce considerable uncertainty into the in-
terpretation of statistical fission parameters. In the
present work, it is unlikely that this situation is en-
countered for the Sn and Pr target systems; the Ni
system is open to question until such time as data
permitting separation of a clear symmetric fission
component become available. However, we em-
phasize the point above: When evaporation residue
survival is limited by equilibrium fission competi-
tion, parameters extracted should not depend upon
separation of equilibrium and nonequilibrium com-
ponents. There are, however, many very important

questions which must be addressed and answered
before the statistical parameters extracted from
such analyses may be interpreted as physically
meaningful quantities, and many of these points are
addressed in subsection III C.

B. Results

Fission and ER excitation functions have been
calculated using the code MBII (Ref. 5) to evaluate
Egs. (1)—(8) with level density parameters
a,=A/10 MeV~!,

1. Parametrization with By and ay /a,

The individual channel fission excitation func-
tions for the three systems under investigation are
shown in Figs. 7 and 8. For 3Cl and '%Sn calcula-
tions have been performed with the full RLD fis-
sion barriers (i.e., By =1); they are not able to repro-
duce the fission onset, whereas the SRLD calcula-
tion with the “best” parameters of Table II with re-
duced fission barrier (B;=0.54—0.65) and af
slightly (2—4 %) enhanced over a, reproduces both
the shapes and relative magnitudes of the fission

E" (MeV) 80 100 120
1000 T T T T T T T
- FISSION *ClL+®Ni -
s | —————————— = |
Fiss a¢ /ay = 1.04 > o V
(mb) =

| By :0.5 _

100 Vﬂ at/a, Bt
1.05 0.50

10 ! I I L 1 1 ! 1

60 80 100 Ec.m(Mev) 120 10
E"(Mev) 40 60 80 100
000 L 35y I ' f I
000 = FISSION 3°ClL+'“'pr — ==
e o =
- d,/a, = 103 > — -
s I By = 065 o= :
Fiss 7, /
(mb) | o4 _‘
100 : ag/ay By
C ——-= 106 065 ]
r —= 103 075 o
10 Il n | n | L
100 10 EgmiMeV) 160 180

FIG. 7. Calculated and experimental fission excita-
tion functions for **Cl + ®Ni and "“!'Sn. Calculations
are discussed in the text.
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1000 Fission 35Ci + 1165

__/ —
~ ag/a, = 1.02
By = 0.57
=
E 100
IS i
i / ——102 07 |
; ---—1.12 0.57
1ol L 1 N/ 1 1 |
100 120 140 160

FIG. 8. Calculated and experimental fission excita-
tion functions for ¥*Cl+ !!%Sn. Calculations are dis-
cussed in the text.

and thus also the ER excitation functions. In par-
ticular, the model correctly gives the leveling of the
ER cross sections at high projectile energy.

Fission excitation functions calculated with other
parameter sets have also been investigated and re-
sults are presented in Figs. 7 and 8. It may be seen
that there is some latitude in choice of parameters
which will fit the experimental excitation functions;
however, all require a substantial (> 30%) reduction
of the RLD fission barriers over the angular
momentum ranges for which fission contributions
are significant. These are the angular momenta for
which B(I) varies from ~8—15 MeV. The predict-
ed RLDM barriers versus angular momentum for
the systems studied in this work are indicated in
Fig. 9. The effect of the parameter By is that it de-
creases the fission barrier B(I) in a way that it be-
comes comparable with the neutron separation ener-
gy S, when the angular momenta I approach the /
for energies at the onset of fission.

The decrease of the fission barrier implies that
for high energies, e.g., 3°Cl + 168n, *'Pr, and Eq
> 200 MeV, first chance fission dominates whereas
for lower energies (or the low angular momenta)
multiple chance fission is important and may even
dominate, cf. Figs. 10—12.

There is a question as to sensitivity of the para-
meters extracted to the sharp cutoff approximation
used for deducing the limiting angular momentum
for fusion /.. This point was investigated for the
case of the '%Sn target by replacing the sharp cut-
off by one having a linear cutoff over Al =6# cen-
tered about /... All calculated fission cross sections
between 150 and 215 MeV were within 2% of those
using the sharp cutoff model, illustrating that the

50 T T

B; (MeV)

100
1(h)

FIG. 9. Rotating liquid drop model fission barriers
for **Rh, 'Ho, and '"°Os versus angular momentum.
The angular momenta at which the RLDM predicts
each nucleus to change from an oblate to a prolate
ground state shape is indicated on the abscissa by the
elemental chemical symbol.

SCO approximation introduced no significant un-
certainty over the E —1I range relevant in this work.
This is not the case at lower energies where I'f /T,
is a steeper function of I.

It is of interest to compare the parameter a r/a,
predicted by a simple model for a Fermi gas in a de-
formed potential with the values empirically de-
duced in this work. Values calculated for a; and a,,
based on the formula of Bishop et al.!” are present-

E°* (Mev) 100 120 140
T T T T T T T
000} —e—8—E—— — — —F— —3% - T

e ( .3nf)

| i | " 1 i 1 L 1 it
160 180 200 220 240

Eap (MeV)

FIG. 10. Fission channel excitation functions for
3Cl+ ©Ni reactions. Solid curves are calculated by
MBII code for various channels using the “best” param-
eter sets given in Table I. Experimental fission (open
squares) and complete fusion (closed circles) results are
also shown.
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1000

1
(mb)

E o (MeV)

FIG. 11. As in Fig. 9 for ''%Sn targets.

ed in Fig. 13. The model predicts

a, ;=[(33+4/Ag +8AK?) /45]a, , (8)
where
2/3
Aw— Rmajor
R~ | Rminor

and R major (R minor) is the major (minor) axis of
the deformed nucleus and a is the single particle
level density for the spherical nucleus. Values used
in Eq. (8) for preparation of Fig. 13 were taken
from the RLD model. We have limited saddle
point shapes to ellipsoids of revolution in evaluating
R minor. It may be seen that the as/a, ratios
predicted by the simple model of Bishop are in ex-

£ (MeV) 60
-

weol-% g = — — —
6
(mb)

100

E b (MeV)

FIG. 12. As in Fig. 9 for '*'Pr targets.
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1.02 —Expt 151
1.01- 7Ho
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1.03—Expt
1.02F T Tem—
1760s T~

1.01+

| L
105640
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FIG. 13. Single particle level density parameters
versus angular momentum for deformed nuclei. Results
are computed using deformations from RLDM with the
formula of Bishop et al. (Ref. 17). Results are shown for
the ground state deformations (a,, solid line), for the sad-
dle point deformations (ay, dotted line), and for the ratio
as/a, (dashed line). The maximum angular momentum
deduced for each bombarding energy is shown above each
set of results. The RLDM angular momenta at which
shape transitions between oblate (0) and prolate (p) are ex-
pected are indicated on the abscissas.

cellent agreement with those deduced by fitting the
data. The fission barrier (By) parameters, one
should remember, correspond to some average over
the fission window range of angular momenta; they
represent barrier height reductions of ~5 MeV or
less (cf. also Ref. 18).

From this agreement it may be inferred that the
RLD description is at least qualitatively correct.
Some of the measured /.. values do exceed those for
which the RLD fission barriers vanish; these latter
quantities (/) are listed in Table II. However, the
vanishing of the fission barrier does not preclude
deformation enhanced particle emission'® which
may well stabilize nuclei at high angular momenta.
More likely, the highest partial waves are resulting
from a “direct fission”” mechanism. This, however,
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would not affect the validity of the extracted
parameters as long as some range of partial waves
exists for equilibrium fission between the highest
partial wave for ER production and the lowest par-
tial wave for direct fission, as discussed in subsec-
tion IITA 1.

2. Parametrization with Ay(I) and a r/a,

Values for (as/a,)y and A, obtained from refit-
ting the fission and evaporation residue excitation
functions over the entire measured energy range and
reproducing them equally well, as in Figs. 7 and 8,
are presented in Table II. The values for (as/a,)o
are slightly higher than those for as/a,. These ra-
tios are consistent with predictions based on differ-
ences in the amount of nuclear surface relative to
the interior between saddle point and equilibrium
deformed nuclei.!!® Similar single particle level
density ratios have been obtained from analyses of
light ion induced fission measurements for systems
of similar fissilities.”®

The energy shifts Ay range from 10.0 to 5.0 MeV;
the corresponding saddle point energies Eg,(I;)
range from 55 to 19 MeV. These reductions are
substantial, although at least part of the decreases
may be due to the neglect of the finite range in the
RLD model. Liquid drop calculations performed
with a finite range?""?? give lower point energies
than do those of Ref. 2. Other possibilities were
discussed in Ref. 11.

Additional results of SRLD analyses of recent
fission threshold cross section measurements®' for
the ““Ca + 92Ni system are presented in Table III.
The first set of (as/a,)o, Ay values yield the same
cross sections as those obtained using as/a,=1.03,
B;=0.54.° These cross sections are less than the
experimental ones by roughly the same amount as
found for the 3Cl + ®’Ni system.

To examine the sensitivity of the deduced param-
eters to the use of the sharp cutoff approximation,
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the above-mentioned calculations were repeated us-
ing a linear taper to ocp of 8% width (the same as
the taper width to the calculated total reaction cross
section). The result shown in Table III is that the
calculated fission cross section at 160 MeV is in-
creased by ~25%. The calculated increases in oy
are not significant when compared to those result-
ing from small changes in statistical fission parame-
ters. This point is illustrated by the last set of
SRLD calculations performed with A, increased by
10% to 12.8 MeV. The resulting increases in oy are
greater than those obtained from the angular
momentum taper, and are sufficient to bring the
calculations into agreement with the measurements.

C. Comparisons of parameter sets
with results of other works

There may appear to be discrepancies between
parameter sets deduced in this work and in other
works, and there are surely philosophic differences
as to how literally these parameter sets should be in-
terpreted.

One point of view vis-a-vis heavy ion data of the
type shown herein is that there is question as to the
reaction mechanisms and therefore of application of
statistical theory to these heavy ion systems.'!
Further, it has been pointed out that the older sta-
tistical formulations may be in need of modification
for systems at the very high excitations and angular
momenta encountered in heavy ion reactions, and
due to these uncertainties, extracted parameters
should be considered as effective parameters until it
is demonstrated that the analyses are valid.'"'!"® It
was further emphasized that the fission barriers are
only probed in such experiments where the heights
are (broadly) in the range of 8—12 MeV.!! One
simple approach out of many possibilities is to scale
the RLD barriers by a constant. It has been em-
phasized that there is no justification whatever in
extrapolating barrier scaling parameters determined

TABLE III. Calculated and experimental fission cross sections for Ca + Ni.

(as/a,)o Ay (MeV) oy (160 MeV) oy (170 MeV) Cutoff
(mb) (mb) width
(%)
1.07 11.6 5.7 26.0 0
1.07 11.6 7.1 310 8
1.07 12.8 12.0 440 8

20+10* expt.

60+20* expt.

#Reference 23.
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in this manner at, e.g., 60—707 to zero angular
momentum, and indeed illustrations have been
given of other methods of changing the RLD bar-
riers which give equally good fits to data with total-
ly different implications for barriers at zero angular
momenta.'® In these works, covering systems from
A =97 to A=176, effective barrier height parame-
ters ranging from 54% to 70% of the RLD results
were found over the energy ranges of measurement,
as confirmed also in this work.

A philosophically opposite point of view is con-
tained in a recent work by Plasil et al.,'> who meas-
ured fission excitation functions and (at three ener-
gies for each system) evaporation residue cross sec-
tions for *®Ne + '*3Cs and 2C + "Pr. They fit-
ted their fission excitation functions over the range
of measurement (considerably lower angular mo-
menta than the results of this work) with parame-
ters as/a,=1.08, By =0.83, where By multiplies the
RLD barriers at all angular momenta. From these
results they concluded first that the fission barriers
at zero angular momenta are indeed 0.83 times the
liquid drop model result, and second that other
parameter sets must be in error, even though those
sets were determined for systems of different
masses and angular momenta. Thus the two ex-
tremes of interpretation exist.

Still another result, due to Karwowski and Vig-
dor,”* should be mentioned; they measured
fusion/fission excitation functions and fission angu-
lar distributions for ?Au + °Li reactions. They
found that no reduction of the RLD fission barriers
was necessary to reproduce their experimental re-
sults. This might seem a further inconsistency;
however, this is not necessarily the case. One
should tender judgement by considering the physics
involved and the degrees of freedom. The RLD
model is, by the standards we are applying in bar-
rier extraction, a crude formulation which sacrifices
accuracy in order to achieve a general, guiding glo-
bal predictive capability for nuclei at very high an-
gular momenta. Thus it uses nuclei with sharp sur-
faces, giving up influences on barriers due to finite
range effects,?"?? and those due to diffuse surface
effects on the moment of inertia (important for ro-
tating systems), and of course shell structure influ-
ences.” It might therefore be expected to show sys-
tematic errors in predicted fission barriers at zero
angular momenta with 4, Z of the compound nu-
cleus due, e.g., to neglect of the finite range effect,
and with angular momentum due to inadequate
parametrization of the moment of inertia. Com-
parison of different experimental results must clear-

ly consider these degrees of freedom in the expected
behavior of the fission barriers versus a liquid drop
model reference surface.

Consider the finite range correction first suggest-
ed by Krappe and Nix and more recently refined by
Krappe, Sierk, and Nix.2"?> Figures 10 and 12 of
Ref. 21 show that the liquid drop barrier should
need little or no adjustment at masses above 4 =200
due to the finite range effect. This is consistent
with the conclusion of Karwowski and Vigdor (who
studied an A4~200 system).?* The finite range
correction (at zero angular momentum) is expected
to increase with decreasing Z?/A or mass number.
Around mass 150 the finite range effect predicts a
barrier lower than the liquid drop barrier by ~7
MeV or 25% (Fig. 12, Ref. 21, for the case that sur-
face parameters are normalized to reproduce the
same 236U fission barrier in liquid drop and finite
range models) and around mass 96 the barrier is
lower by 14.5 MeV or =~30%. It can be seen in this
case that the finite range effect predicts that the
J =0 fission barriers should have a mass-dependent
discrepancy with respect to the liquid drop refer-
ence surface. The result of Karwowski and Vigdor
is not in this perspective in any disagreement with
barriers for lower mass systems which are deduced
to be less than the liquid drop barriers as suggested
by parameter sets of the present work, or by those
of Plasil et al. (if a literal interpretation is placed on
the parameter sets). However, the Plasil results for
Z =65 compound nuclei seem quantitatively dif-
ferent than results for the Z =67 system deduced in
the present work. We must consider expectations of
barrier height scaling versus angular momentum in
order to compare the work of Plasil’® with the
present work, and also differences which may be
code dependent and unrelated to physics. Finally
we should consider the correspondence between the
parameters deduced and the actual barriers, or the
difficulties involved in taking that last (giant) step
in interpretation.

The rotating drop model has not as yet been
treated with inclusion of finite range and surface
diffuseness effects in a sufficiently extensive manor
to quote vis-a-vis corrections to the angular momen-
tum dependence of the liquid drop reference barrier.
However, to first order we would expect the zero
angular momentum correction to persist over a fair-
ly broad range of angular momenta. In Fig. 14
(upper) we show the rotating liquid drop fission
barrier versus angular momentum for '**Tb. Below
it, barriers with finite range corrections of 3.4 and 7
MeV based on two sets of results from Ref. 21 are
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FIG. 14. Statistical fission parameters versus angular
momentum for '3Tb. The upper set of curves
represents the RLD model predicted fission barrier
versus J (solid line). The dashed and dotted curves have
constant decrements of 3.4 and 7 MeV representing
10% and 20% reductions from the J =0 barriers. The
lower curves show the ratio of the decremented barrier
heights (Bsrg) to the RLD model barriers versus J for
the 10% and 20% reduction factors. Angular momenta
are indicated at which the modified fission barriers are 8
and 12 MeV, the approximate window of sensitivity for
fitting data. The Fermi gas prediction of as/a, accord-
ing to the prescription used in Ref. 17 is given as a solid
curve.

shown.

In the lower portion of Fig. 14 we show the ratio
of the angular momentum dependent barriers to the
RLD results versus J (%) when a constant finite
range correction is applied at all angular momenta.
The data of Plasil e al. involve fitting o of <10
mb, with the fit weighted to the lowest cross sec-
tions, which are of the order 3X 102 mb. The
maximum angular momentum involved for these
points is approximately 427; at this value of the an-
gular momentum the predicted barrier multiplier

parameter for the dotted curve of Fig. 14 is ~0.72.
For the Z=67 (Cl + Sn) system of this work the
fission cross sections fitted are weighted towards
systems of J ~ 507 or greater. The barrier reduction
factor at 50#, using the 7 MeV finite range reduc-
tion factor, would be 0.51. These values of 0.71 and
0.51 may be compared with the corresponding
values deduced in Ref. 13 of 0.83 and in this work
of 0.57. The trend of differences in barrier multi-
pliers of Ref. 13 and the present work may there-
fore be explained quite well by consideration of the
angular momentum dependence of the corrected fis-
sion barriers, if one assumes a constant factor as in
the finite range model rather than an arbitrary con-
stant scaling parameter at all angular momenta. It
should be noted that these two approaches can give
vastly different predictions for the barriers at zero
angular momenta. This emphasizes again the
danger of arbitrarily extrapolating the high J fission
data to obtain zero angular momentum barriers.

Several additional points of caution should
perhaps be made concerning the data of Ref. 13 and
the parameters extracted therein. The fission cross
sections are in the Z region where I's /T, << 1, for
which analyses will be very dependent on separating
equilibrium fission from other binary decay pro-
cesses. Secondly, results in this region are highly
sensitive to both the assumed sharp cutoff distribu-
tion (whereas results of this work were found to be
relatively insensitive as discussed in subsection
III B 1) and to the absolute accuracy of the evapora-
tion residue and fission cross sections. The latter
were mostly measured only at one angle in Ref. 13,
and only three evaporation residue cross sections
were measured for each system. Only statistical er-
rors were quoted, with no estimate of absolute un-
certainties (a +27 uncertainty corresponds to a fac-
tor of 2 change in calculated fission cross sections).
Additionally the Ne and especially ?C projectiles
are known to have considerable tendency to undergo
partial fusion (which would easily be included in the
fusion cross sections by the methods used), and
were at quite high E /4 above the Coulomb barrier
when compared with the data of the present work.
For these reasons it is not clear that one should ex-
pect an agreement between parameter sets deduced
for the data of Ref. 13 and the present work.

There remains the question of code dependence of
parameters extracted, and of questions of physics.
The questions of collective enhancement of level
densities were exquisitely discussed and explicately
considered by Vigdor and Karwowski,2* who used a
version of the MBII code in their analyses. For
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their mass system the deformation effects on
transmission coefficients are not important, and we
concur in their conclusions which they based on
very careful analyses of their excellent data (which
included additional constraints due to experimental
fission fragment angular distributions).

For lighter mass systems the barrier heights de-
duced from fitting experimental results do seriously
depend on the deformation effect on 773, on the in-
clusion or neglect of collective enhancement on lev-
el densities, and on the modeling used to determine
as/a,. Extensive calculations are currently in pro-
gress to assess the uncertainties in parameters due
to each of these properties for the systems reported
in this work which could influence parameters and
their interpretation. For example, Ref. 13 reports a
best parameter set for a Weisskopf-Ewing code
analysis of the data, of as/a,=1.08, B;=0.83.
This parameter set fails in a Hauser-Feshbach code
(MBII), but the set as/a,=1.00, Bf=0.70 is satis-
factory. In a new Hauser-Feshbach code in which
level densities are treated in a more rigorous
fashion, different parameter sets are found, the
values depending upon level density types used and
T; sets. We note that less barrier reduction is re-
quired in the 4 =97 region in these calculations.

These analyses are largely made practical by new
generation computers with array processors. Re-
sults are not yet available, but should allow some
statement as to barrier heights over given angular
momentum ranges with an estimate of the uncer-
tainty due to questions of form of level density
used, and of assumed dependence of corrections to
the RLDM barriers with angular momenta. In con-
junction with these codes it would be extremely

valuable to have results of calculations similar to
the RLD model, but including finite range and sur-
face diffusivity effects on the moment of inertia.
Such work is in progress.?®

IV. CONCLUSIONS

Fission excitation functions for *Cl induced re-
actions on %2Ni, %S, and *'Pr may be reproduced
very well by a statistical model (HF) calculation in
which the RLDM fission barriers of partial waves
predicted to contribute to the fission cross sections
have been reduced by 35 to 45%, in agreement with
earlier analyses. The ay/a, parameters simultane-
ously deduced in the fitting process are in excellent
agreement with the formula of Bishop et al.!® using
the major and minor axes predicted by the RLD
model; however, we note that the model predicts an
angular momentum dependent as/a, ratio rather
than a constant value. Therefore, a second set of
fission barrier and level density parameters reflect-
ing the RLD shape changes in a corresponding
linear angular momentum dependency has been
used, yielding an equally satisfactory reproduction
of the experimental o data.

We have also shown that over the range of ener-
gies and angular momenta considered in this work,
the SCO approximation should not seriously alter
the parameters deduced from statistical analyses.
This preliminary consistency of the fission parame-
ters encourages statistical analyses to extract physi-
cally meaningful parameters. This should involve
calculations in which the ar/a, and By parameters
have an angular momentum dependence based on
nuclear modeling.
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