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Fragments with 4 < Z < 15 have been studied from the reaction 486, 550, 640, and 730 MeV
86Kr+5%3Cu. A standard analysis procedure has been used to characterize the associated asymmetric
fission barriers and compare them to the Sierk model (Yukawa plus exponential finite range nuclear
potential). The predicted YEFRN model barriers are too small by ~37%, a result that is in contrast
with other studies. The often used statistical model code GEMINI also fails to account for these

excitation functions.

PACS number(s): 24.60.Dr, 25.70.Gh, 25.70.Jj

I. INTRODUCTION

Intermediate mass fragments (IMF) have been inten-
sively investigated for clues to their production mech-
anism, e.g., their charge distributions, excitation func-
tions, kinetic energies, and angular distributions. A
picture is now emerging that several processes are re-
sponsible. At low to intermediate energies, the ma-
jor mechanisms are projectile-fragment breakup (from
peripheral collisions) and asymmetric binary-fission-like
breakup (from central collisions) (e.g., [1,2]). As incident
energies increase, the importance of three- or more body
breakup increases 3], and at even higher energies, multi-
fragment emission results in very high IMF multiplicities
[4].

In previous work we have shown that the predominant
mode of IMF production for the 8Kr + 63Cu reaction
(incident energies E/A < 10 MeV) is essentially binary-
fission-like breakup (>95%) of a completely fused nu-
cleus (e.g., [2,5]) with little contribution from sequential
or multifragment emission (<5%). Similar observations
have been made by other authors [6,7] for reactions in this
energy regime. Additionally, IMF excitation functions
have been studied in the attempt to derive semi-empirical
asymmetric fission barriers (see, for example, [8,9]). This
interest stems from a desire to test (and/or refine the pa-
rameters in) current forms of the macroscopic nuclear
model. The Sierk formulation predicts asymmetric fis-
sion barriers calculated with a Yukawa plus exponential
finite range nuclear (YEFRN) potential [10,11]. In this
paper we follow this path [8-12] by analyzing excitation
functions for IMF’s from the reaction 86Kr + ¢3Cu.

The statistical model framework is used in a simple
form with an analytical formulation for the IMF branch-
ing ratio. This approach, as outlined in Sec. II, follows
closely that of [9] with the use of some additional em-
pirical information on the production of light charged
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particles. In Sec. III, values for the emission barriers
are derived from fits to the IMF excitation functions
for 4 < Ziyr < 14. These extracted barriers are com-
pared to barrier values predicted by the YEFRN model
[10,11,13]. In Sec. IV we examine the assumptions that
were made in formulating the analytical expressions. Our
conclusions are summarized in Sec. V. We find that this
overall approach does not lead to a satisfying description
of the IMF barriers. Either the YEFRN predictions (e.g.,
the empirical parameters of the model) are inadequate or
the standard procedure from [9] is inadequate. In addi-
tion the excitation functions are not well described by
the code GEMINI [7], a more detailed implementation of
the same physical model.

II. THE STATISTICAL MODEL AND
ASYMMETRIC FISSION BARRIERS

In order to extract saddle-point potential barriers that
may be compared with macroscopic calculations, we be-
gin by examining standard formulas for the IMF branch-
ing ratio from the statistical model. This analysis closely
follows [9] and [14]; its approximations are reassessed in
Sec. IV below.

The cross section for producing an IMF from an emit-
ter nucleus at a given excitation energy E* may be writ-
ten

I'ivr(E*)

Tt (B (2.1)

omr(E™) = ocn

where ocny is the cross section for complete fusion,
T'mvr(E*) is the partial width for the production of the
IMF (of specific Zimr), and [yot(E*) is the total decay
width. The total width is the sum of partial widths

Zmax
Tiot(E*) % Tn(E*) + Tp(E*) + Ta(E*) + > Tivr(E"),
Z=3

(2.2)
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where subscripts n,p, and a refer to neutrons, protons,
and alpha particles. The summation includes the heavier
fragments, such as the IMF’s and fission fragments. The
factor I'imp (E*)/Tiot (E*) is therefore the branching ra-
tio or the probability for the ejection of an IMF of given
Z from a given composite nucleus with excitation energy
E*.

Following the examples of both [9] and [14], one may
use the statistical model to write the partial width for a
fission channel (excluding for the moment any spin de-
pendence)

«_pCN
[y= L /EO o p(Es — BEY — €7)dey,
2mpo(Eg) Jo

(2.3)

where po is the level density of the parent nucleus, E} is
its gross excitation energy and BSY is the potential bar-
rier height for that channel with respect to the ground
state of the parent nucleus, ¢y is the kinetic energy of sep-
aration at the saddle point, and the integral is made over
the level density p at the saddle point. Equation (2.3) is
based on the so-called transition-state model. Within the
framework of this model, the probability for the emission
of a fragment is decided at the saddle-point. Differences
in saddle-point barriers control the relative yields, and
detailed properties of the final fragments are not rele-
vant. Macroscopic model calculations have been made
for the saddle-point barriers and shapes as a function
of both mass asymmetry and angular momentum [13].
Use of these values in Egs. (2.1)-(2.3) can give predic-
tions for I'mp/Ttot and opmr. Or, as in [9], one may
use the excitation functions for given IMF’s to extract
their associated fission barriers for comparison to model
predictions.

The partial width for neutron emission is also given by
the statistical model

2mRZ%g Eg—Bn .
n = m /0- €npp(Eg — Bn — €,)dey,,
o

(2.4)

where m is the mass of the neutron, R is the radius of
the daughter nucleus, B, is the binding energy of the
neutron, €, is its kinetic energy, g is the intrinsic spin
degeneracy of the neutron, and the integral is made over
the level density pp of the residual or daughter nucleus
after the emission of a neutron from the parent nucleus.
Equation (2.4) is based on the so-called statistical evap-
oration model. Within the framework of this model, the
phase space of the daughter nucleus determines the exit
channel probability. This is the fundamental difference
between the transition-state and statistical evaporation
models. With some simple approximations [14] this ex-
pression has been used [9] to obtain an analytical form
for the branching ratio needed for use in Eq. (2.1).

For the *9Tb* composite nucleus, previous work indi-
cates that the spin range (0%-75%) leads to heavy frag-
ment residues [i.e., evaporation residues (ER)] and that
this reaction class is the source of light IMF emission
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[1,15]. Kinematical calculations have been made of the
recoil given to a heavy nuclear partner by the emission of
H, He, Li, Be, and other IMF’s. It is clear that emission
of the lighter IMF’s (5Li, 4Be,...) gives a relatively small
recoil and would leave the heavy nuclear partner in the
ER reaction class. It is also clear that emission of the
heavier IMF’s (15P, 14Si,...) gives a much larger recoil
and would leave the heavy nuclear partner in the fusion-
fission reaction class. The probability is low for emitting
two IMF’s or for any form of ternary fission in this en-
ergy domain [2]. Therefore, light particle production (n,
H, and He) is the major competitor with IMF production.
Furthermore, the Z distributions for the reactions 486,
550, 640, and 730 MeV 8¢Kr 4 93Cu show that the cross
sections for the production of the light IMF’s are two to
three orders of magnitude less than those for light parti-
cles [1]. Equation (2.2) may therefore be approximated
as follows

Ciot (E*) R Tn(E*) + Tp(E*) + To(E™). (2.5)
The next approximation involves the relationship be-
tween I'yot and I',,. This may be obtained from the ex-
perimental light-charged particle multiplicities and the
associated energy balance. We have calculated by the
method of [16] the ratio of neutron to “He multiplicities,
which was then normalized to the experimental 4He mul-
tiplicity, in order to estimate the unmeasured neutron
multiplicity. According to these estimates made for the
excitation energy range 128-231 MeV, neutron emission
comprises a nearly constant 75% of the total light particle
multiplicity and therefore about 75% of the total decay
width. (No correction for alpha particle evaporation was
made in [9].) We may then write
*
Ciot(E*) = %,
where the purpose of this approximation is evident with
respect to Eq. (2.1). The branching ratio for fissionlike
production of an IMF is now written

(2.6)

I'ivr(E*) _ 0.75L¢(E™*)
Teot(E*)  Ta(E*)

(2.7)

The energy of rotation may be included (following [9])
to incorporate a simple spin dependence in the branch-
ing ratio. This is done in Eq. (2.8) by subtracting the
rotational energy of the saddle-point nucleus in the cal-
culation of the maximum thermal excitation energy at
the saddle point E,. For the saddle-point nucleus this
means

Eg, = E§ — Erotsp — Btgf;lsv (2.8)
where its rotational energy is
h2J2
El'ot,sp = zgsp . (2.9)

Similarly for the daughter nucleus we use the subscript
D,
E} = E}

- Erot,D - Bvu (210)
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where its rotational energy is

K2J?
2S8p

Ecot,p = (2.11)

with S, (Sp) the moment of inertia of the saddle-point
(daughter) nucleus. These moments of inertia may be
obtained from predictions of the YEFRN model [13], but
as shown below there is not much sensitivity to the means
used for estimating J,, and Sp.

Inclusion of Egs. (2.8)—(2.11) in Eq. (2.7) allows for a
simple summation over spin for J = 0— J,ax so that spin-
dependent branching ratios may be computed for each
excitation energy. Figure 1 shows the calculated depen-
dence of the branching ratio on spin for the production of
Z = 6 from a composite nucleus with an initial excitation
energy of 194 MeV. Only first-chance IMF emission and
competition with light particles are considered in this fig-
ure. We see that IMF production becomes increasingly
competitive with light particle production as the spin of
the emitter increases. This is because the fission barriers,
as calculated by the model, decrease with increasing spin
[13].

Of course symmetric fission also takes place so the
role of fission competition must also be included. Us-
ing the equations above we sketch out the qualitative
results of the statistical model and display them as the
predicted spin dependence for three competitive decay
processes. Figure 2 gives their branching ratios, I'; /Tot:
(1) light particle production (Iypa/Tot): (2) IMF pro-
duction specifically for Z = 5(I'tmr/Ttot); and (3) sym-
metric fission (T'fgs/Ttot), Where

[iot = I'npa + Cass + C1ivF- (2.12)

Only first-chance IMF emission is included.
Clearly in this calculation light particle production
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FIG. 1. Branching ratio for carbon as a function of the an-
gular momentum J of the *°Tb* (E* = 194 MeV) compound
nucleus. The arrow indicates the J;,, value of the emitter for
this sharp cutoff approximation.
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FIG. 2. Comparison of branching ratios for light particle
production (I'npa/Ttot), fission (Tss/T'tot), and IMF produc-
tion for Zimr = 5 (T'imF/Ttot). These calculated first-chance
emission branching ratios are based on Egs. (2.1)-(2.12). Here
I'iot includes the partial width for symmetric fission.

(indicated by subscript npa) dominates the spin region
0 < J < 60; then fission (subscript fiss) begins to take
over as the preferred decay path. According to these cal-
culations, the IMF’s are produced in a rather high-spin
region where light particle production has diminished
and symmetric fission has begun to increase in impor-
tance but has not yet assumed heavy domination. This
is shown by the dotted line in Fig. 2. At sufficiently high
spins, the IMF’s cannot compete with fission decays to
high Z fragments, so that the branching ratio for IMF
production reaches a maximum and then declines. In the
sharp cutoff approximation (Fig. 1) one hopes, as usual,
to compensate for omission of some IMF production from
the tail at high spin (Fig. 2) by some over-prediction for
J £ Jmax- The virtue of using the empirical value of
Jmax 1s that it imposes a correct representation of the
results of ER-fission competition with no model depen-
dence. Therefore, our calculations include fission compe-
tition implicitly by using the empirical value of Jiax-

These qualitative trends with spin are also predicted
by the more detailed statistical model calculations of
GEMINI [7]. Figure 3 is a plot of the first-chance branch-
ing ratios for light particle production (solid line), com-
plex fragment production (i.e., Z > 3) (dashed line), and
for the emission of an IMF of Z = 5 (dash-dotted line).
Similar to the trend shown in Fig. 2, light particle pro-
duction dominates the exit channel phase space for the
spin region 0 < J < 75Ah, whereupon high Z fragment
production (or fission) becomes the most competitive de-
cay path. The branching ratios for the production of
Z =5 are also similar; its competitiveness increases with
spin as the branching ratio for light particle production
declines. For larger spins, the branching ratio for Z =5
peaks then declines as more mass symmetric fission dom-
inates the largest spins.
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FIG. 3. Comparison of branching ratios calculated by

GEMINI for first chance emission of light particles, fission, and
Zmr = 5.

Detailed differences in the spin dependence of the cal-
culated branching ratios shown in Figs. 2 and 3 [i.e., from
Eq. (2.1) and from GEMINI] result from a host of different
approximations that are hard to trace. GEMINI is capable
of more sophisticated calculations than the simple formu-
lation of Egs. (2.1)—(2.12). Nonetheless, the similarities
between these two calculations give confidence in qual-
itative features of the spin dependence as derived from
the simple form of the statistical model used in Ref. [9]
and below.

The advantage of Eqgs. (2.6)—(2.12) is that one can in-
clude empirical information for charged particle and ER
production in a simple and transparent way and thus
avoid hidden complexities that may be imbedded in the
less flexible formulation of a complex computer code; a
disadvantage lies in the possible oversimplification of the
spin dependence. We proceed with Egs. (2.1)-(2.12) so
that the results for this study of the system 4°Tb* can
be directly related to those for "*Br* from [9].

III. ASYMMETRIC FISSION BARRIERS AND
IMF YIELDS

To generate IMF excitation functions using Eq. (2.1),
we select a value for the level density parameter of
an, = A/10. The spin range employed is J = 0A-75hA,
which corresponds to the ER reaction class [17]. Indi-
vidual spin-dependent branching ratios are computed for
each value of J; they are then summed and weighted
to obtain the IMF branching for each excitation energy.
These calculated excitation functions may be fitted to the
experimental IMF excitation functions in the usual way
by adjusting two free parameters, ay/a, and BSY. The
derived values of B$Y may then be compared to YEFRN
model predictions. It is more revealing to give the ratio
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of level density parameters, as/a,, as this gives insight
into the phase space available to the saddle-point nu-
cleus compared to that for the daughter nucleus. A more
deformed saddle-point nucleus is expected to have more
degrees of freedom than a more nearly spherical daughter
nucleus; one therefore expects to find ag/a, > 1 [18].
We first calculate IMF excitation functions and assume
no prefission evaporation of light particles. We further
assume that the moments of inertia used in these calcu-
lations are independent of spin. That is, the moments of
inertia for the saddle-point and daughter nuclei are eval-
uated for J = 0. This is done as a simple first step in
the calculation as well as to limit the dependence on the
YEFRN model. These assumptions will be addressed
later. Values of J.,s are also extracted from the same
parametrization used to fit the excitation functions

(2T +1) (Erm) J2\1/2
ers = { }

So(27 +1) (Ge)

Figure 4 shows the calculated fits to the IMF exci-
tation functions; these calculated excitation functions
match the measured ones very well. Similar fits were
made for IMF’s up to Z = 14. Table I lists the derived
values for barriers (Bg;)sv ), level density parameter ra-
tios (af/an), and Jims for each IMF under the column
headed “Fixed §.” A more refined analysis (discussed in
Sec. IV) has also been done that includes the calculated
dependence of & on spin. Results are given in Table I
under the column headed “Spin-dependent J.” Figure 5
shows these barrier values (open circles) and those from
the YEFRN model (lower curve) and rotating liquid drop
model (RLDM) (upper curve) as functions of the mass
asymmetry parameter 7, where

_ Apr — AivF

(3.1)

= . 3.2

7= Aur + Avr (32)
E[ T v T T q
Z=29 Z=10 1
101 E 3
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FIG. 4. Excitation functions for Zimr = 6,8,9, and 10. Ex-
perimental data points are the solid circles. The smooth
curves are theoretical fits based on Egs. (2.1)-(2.12) and
first-chance fission.
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TABLE I. Derived asymmetric fission barriers.

Fixed & Spin-dependent &

B Jrms o BEN Jome o

Z1MF (MeV) (MeV) (MeV) (R) (MeV) (k)
4 35.0 63 1.097 35.7 65 1.097
5 36.7 66 1.094 36.7 66 1.097
6 35.5 67 1.091 35.5 67 1.097
7 38.7 68 1.091 37.7 67 1.093
8 40.0 69 1.091 38.5 67 1.093
9 42.7 69 1.091 40.7 67 1.093
10 42.5 70 1.091 39.7 68 1.091
11 42.7 70 1.088 39.7 70 1.087
12 42.2 70 1.084 38.7 70 1.084
13 42.5 71 1.084 39.0 71 1.085
14 42.1 71 1.083 38.0 71 1.083
15 42.2 71 1.081 38.0 71 1.082

Note that the calculated barriers vary smoothly with
the asymmetry parameter, whereas those derived from
the excitation functions show fluctuations in the relative
yields. The implications of these fluctuations are dis-
cussed in Appendix A. The main point is that the bar-
riers shown in Fig. 5 are on average ~ 37% greater than
those calculated by the YEFRN model; they also seem
to be ~ 10% smaller than those from the RLDM. In Ap-
pendix B we show that the YEFRN barriers do not give a
satisfying result even if one varies the relevant spin zone
for IMF emission.

This result differs dramatically from the results for
"SBr* reported in [9] where good agreement was found
between the calculated YEFRN barriers and those ex-
tracted from the IMF excitation functions. For the
M9Th* pucleus the YEFRN model seems to underesti-
mate the barriers, possibly by overestimating the stabi-
lization due to the nuclear force. In Ref. [10] Sierk has
emphasized that the empirical footing is rather weak for

B, (MeV)
8 8

MRS NP FETE FEWE FUUE e |

aadlaaa Ll sl

0 01 02 03 04 05 0.6 07 0.8 0.9
n

FIG. 5. Comparison of experimentally derived barriers
(Table I, right-hand group) with YEFRN and RLDM pre-
dictions as functions of the asymmetry parameter 1. Barrier
values from the data were extracted with the use of moments
of inertia from the YEFRN model. This gives a small incon-
sistency in their comparison to RLDM, but it is given here as
a point of reference.

several empirical parameters (a, and &,) in his formula-
tion.

In all cases the derived ratios for the level density
parameters (af/a, in Table I) are greater than 1 for
149Th*  Values less than 1 were reported in a similar
analysis for the system 7°Br* [9]. However, we note that
in [9] “He emission was not considered, even though its
cross sections are known to be important [19]. The good
agreement reported in [9] between the derived IMF bar-
riers and those calculated by the YEFRN model may
be changed by inclusion of light-charged particle compe-
tition, which would presumably lower the IMF barriers
extracted from the excitation functions. Conversely, an
increase in the ay/a, ratios (perhaps to values > 1) could
enhance IMF competition with the opposite effect. It is
likely that one would need to change both parameters in
a re-analysis to obtain fits to the measured IMF yields.
At this point it seems to us to be a moot point whether
or not the IMF barriers for 7Br* are in good agreement
with YEFRN calculations.

Values extracted for J,,s are shown in the fifth col-
umn of Table I. Note that these values of J.,s increase
with increasing Z as the fragment approaches the con-
dition for symmetric fission. Indeed, the large values for
Jrms for the heavier IMF’s suggest that these fragments
might well be considered a part of the exit channel pro-
cess commonly called symmetric fission. The kinematics
of recoil from such heavy IMF’s would also remove the
heavy recoil from the ER reaction group.

IV. DISCUSSION OF THE MODEL
ASSUMPTIONS

To clarify this apparent discrepancy between the model
predictions and the barrier values derived from the ex-
citation functions, one must first reexamine the assump-
tions employed in the fitting procedure described above.
In our most simple approach three assumptions have been
made: (1) The barriers are not strongly influenced by the
spin dependence of the moments of inertia for saddle-
point nuclei. (2) Multiple-chance fission does not play
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an important role in the results. (3) The spin range (04—
75h) is predominantly responsible for the production of
the lighter IMF’s, and thus these IMF’s are mainly in
competition only with light particles. Each of these as-
sumptions is addressed below.

A. Spin-dependent moments of inertia

The YEFRN model predicts moments of inertia for
saddle-point nuclei as a function of the angular momen-
tum and the mass-asymmetry coordinate 7 of the system
[13]. These spin-dependent moments of inertia have been
incorporated into a second-level statistical model analysis
of these excitation functions. The results of this second
analysis are listed in the final three columns of Table I
under the label “Spin dependent I.” We see that for this
analysis the extracted barriers are indeed smaller but still
leave a significant gap to the model predictions (Fig. 5).
Spin-dependent moments of inertia, however, seem to be
preferable because they are better grounded in the frame-
work of the model. Our conclusion, on the inadequacy of
the standard approach, however, is independent of this
choice.

B. Multiple-chance fission

In this section we develop a semiquantitative feeling for
the relative importance of IMF emission after successive
evaporation steps. Figure 6 shows calculated branching
ratios for Z = 10 versus angular momentum for three
different excitation energies: 194 MeV (the initial excita-
tion energy for 640 MeV 86Kr + 63Cu), 176 MeV, and 158
MeV. These excitation energies are separated by 18 MeV,
the average excitation energy removed from the compos-
ite nucleus by the evaporation of one “He. Within the

10°
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FIG. 6. Branching ratios for first-, second-, and
third-chance fission for Z = 10 from *°Tb* at an ini-
tial-excitation energy of 194 MeV.

framework of the statistical model, *He is expected to be
the major ejectile from nuclei with higher spins [20,21]
and thus in the competition with IMF emission. The
average spin removed by each *He is ~ 7/; hence we es-
timate that ~ 7 units of angular momentum are removed
from the emitter by the particle evaporation that com-
petes with IMF emission. The ratio of the second-chance
to first-chance emission can be estimated from the curves
shown in Fig. 6, as described below.

For example, we see from Table I that for Z = 10,
Jrms is 68% (spin-dependent moment of inertia). The
branching ratio for first-chance IMF emission (E* = 194
MeV) is 0.075. Now suppose one *He is emitted and
removes 7h of spin and 18 MeV of excitation energy. The
average residual nucleus is left with an excitation energy
of 176 MeV and a spin of 61%. For this excitation energy,
a new branching ratio of 0.021 can be taken from Fig. 6
for second-chance emission, i.e., 28% of the first-chance
value. The third-chance probability is even less. We
can say for the 640 MeV 8€Kr reaction, first-chance IMF
emission constitutes x 70% of the total IMF cross section
for Z = 10.

This procedure for estimating the first-chance IMF
cross section may be extended to the other excitation
energies for which IMF cross sections have been mea-
sured. We assume that the values of J.ns for first-chance
emission are the same as those listed in Table I. For ex-
ample, the first-chance emission cross section for carbon
ranged from a low of 80% of the total (for E* = 231
MeV) to a high of 92% (for E* = 128 MeV). In this man-
ner excitation functions for first-chance emission were ap-
proximated by subtracting off the estimated second- and
third-chance cross sections from the total cross sections.
These first-chance excitation functions were then fitted
with the statistical model prescription described above.
The extracted barriers were essentially unchanged (typi-
cally lower by <0.5 MeV) from the values listed in Table
I. The value of Jps also experiences a negligible change.
In summary, the consideration of multiple-chance fission
within the limits of this simple approximation does not
significantly alter the derived fission barriers or the values
of Jims-

One should note, however, that Eq. (2.7) (used to cal-
culate the IMF branching ratios) is formulated with re-
spect to competition between IMF’s and neutrons, not
IMF’s and “He. As noted previously, for the reactions
studied here, neutron emission comprises ~75% of light
particle emission, and therefore x75% of the total level
width [see Eq. (2.6)]. This value of 75% is therefore the
probability for the emission of a neutron averaged over
the entire ER spin range. The statistical model calcu-
lations shown in Fig. 5 and reported in Table I use this
average and do not include more detailed information on
the spin-dependent branching ratios which are expected
to be enhanced for *He emission at high spins [20,21].

In principle, the statistical model code GEMINI treats
the spin-dependent competition between all the exit
channels over the entire deexcitation chain. This means
that multiple-chance fission is directly handled by the
code in a more complete fashion than in the method
adopted above and in [9]. GEMINI also employs the Sierk
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FIG. 7. Comparison of experimental IMF excitation func-
tions (solid circles) with statistical model calculations made
by GEMINI for Z = 6,9, and 10 with Jmax = 75 and ays/an
equal to 1.0 (open circles) and 1.1 (open squares). For Z = 8
the GEMINI calculations are shown for af/a, = 1.0 and Jmax
= 60%h (A), and Jmax = 80k (V). Lines drawn between cal-
culated or measured yields are to guide the eye.

barriers in its calculations of the branching ratios, so that
a comparison of the data to the IMF yields as calculated
by GEMINI gives an additional test of these barriers. Fig-
ure 7 shows a comparison of experimental IMF yields for
Z =6, 9, and 10 (solid circles) with those calculated by
GEMINI with spin range 0A-75% for two values of as/an,:
i.e., 1.0 (open circles) and 1.1 (open squares). For both
values of af/a,, the excitation functions calculated by
GEMINI fail to reproduce both the absolute and relative
IMF cross sections. The experimental excitation func-
tions show steep slopes that GEMINI fails to duplicate.
This problem cannot be cured by changing the spin zone
as shown by the calculations in Fig. 7 for Z = 8. In other
words, the YEFRN barriers, as incorporated in this code,
do not account for the data.

With the simple framework of Egs. (2.1)—-(2.12) one can
obtain smooth curves through the experimental points.
The slope is very semnsitive to the value of af/a,; the
larger this ratio, the steeper the slope. Values of af/a,
greater than 1 have the effect of increasing the partial
width for IMF emission as a function of the excitation
energy, thereby enhancing the IMF cross sections as a
function of excitation energy. The slopes of the excitation
functions as calculated by GEMINI appear to have little or
no sensitivity to as/a,, only an overall enhancement in
the size of the calculated cross sections. In short, if one
employs the YEFRN barriers, neither the standard sim-
ple procedure [9] nor the more detailed statistical model
calculation from GEMINI is able to provide a satisfying
description of the yields and excitation functions.

C. Competition with light particles

The third approximation of this analysis is that the
IMF’s are produced in competition with light particle

emission in the ER spin range. As discussed above we
can be confident that most light IMF’s are indeed as-
sociated with the ER reaction group. The calculations
shown in Fig. 3, e.g., indicate a significant but decreasing
contribution for fission below the empirical sharp cutoff
value of 75A. In the approach used here one is assigning
to IMF production that part of the overall fission process
which occurs for J < 75A. In this way one is consistent
in the statistical model treatment of competition between
light particles and IMF’s (the latter being themselves the
relevant fission fragments produced for J < 75k). For
composite nuclei with spins > 75A, the fission barrier is
expected to vanish and serious calculations for fragment
production will require a full dynamical model. Such cal-
culations are beyond the scope of this work.

In addition to the above considerations of spin-
dependent moments of inertia, multiple-chance fission,
and competition with light particles, the IMF excitation
functions have been fitted with the Sierk barriers by us-
ing the spin range as a fitting parameter. This approach
has been adopted to test whether a reasonable spin range
along with the Sierk barriers could be consistent with the
IMF yields. As discussed in Appendix B, the derived spin
range is much too narrow to be believable.

V. SUMMARY AND CONCLUSIONS

Asymmetric fission barriers have been obtained from
an empirical analysis of IMF excitation functions. The
spin range employed in these calculations 4°Tb* was
taken to be 0A-75h as inferred from the cross section
for ER’s. We make the following observations and con-
clusions.

(1) Values of the asymmetric fission barriers derived
from the IMF excitation functions are significantly larger
than those predicted by the YEFRN model. It would ap-
pear that the YEFRN model underestimates the barriers
by overestimating the stabilization due to the nuclear
force via some of the empirical parameters in the model.

(2) Previous work [9] claims agreement between empir-
ical IMF barriers for ">Br* and the calculated YEFRN
model. This very similar analysis of the IMF excitation
functions did not include “He competition in the sta-
tistical model calculations. Such additional competition
might well change the extracted barriers and the values
of af/a, in order to maintain the good fits to the IMF
excitation functions, but this should be reexamined.

(3) The statistical model code GEMINI, with YEFRN
barriers, fails to account for the IMF excitation functions.
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APPENDIX A: FINE STRUCTURE AND SHELL
EFFECTS

One should note that the extracted barriers in Fig.
5 do not vary smoothly with mass asymmetry parame-
ter. Carbon has the lowest barrier, which follows from
its large cross sections; fluorine, on the other hand, has
the largest barrier. Barriers calculated from the RLDM
and YEFRN model vary smoothly with asymmetry pa-
rameter because these models assume a continuous mass
distribution of uniform charge to mass ratio. By con-
trast, these experimental cross sections and many others
(e.g., [22]) seem to reflect “shell or pairing effects”that
are observed as fine structure in the IMF charge distri-
bution.

These cross section irregularities suggest that the bind-
ing energies of the fragments themselves, and not just the
barriers, play a role in driving the IMF yields, at least
for the lighter IMF’s (Z < 9). This fact suggests that
the primary IMF yields are frozen in at configurations
that possess final-fragment character, e.g., somewhere
between the saddle and scission points. This seems to
be the case also for fixation of the total kinetic energy
released in fission [2,13,17]. The combined observations
of pre-scission emission of *He [5,20,21], large pre-scission
neutron multiplicities [23,24], and high-energy «y rays [25]
strongly indicate that the fission process does indeed pro-
ceed slowly, giving time for the possibility of nucleon ex-
change in the descent from saddle to scission points. In
this context, an emerging fragment with an even Z may
be less inclined to surrender a proton to its partner than a
developing fragment of odd Z. Presumably the closer the
nucleus is to the scission point, the stronger is the role of
these pairing and/or shell effects. If the IMF yields are
not frozen in at the saddle point, as these fluctuations
suggest, then we should remain critical of the concept of
a preeminent role of the saddle-point nucleus in statisti-
cal model predictions [i.e., Eq. (2.3)].

APPENDIX B: AN ANALYSIS THAT ASSUMES
VALIDITY OF YEFRN BARRIER VALUES

Experimental IMF cross sections may often be fitted
by using YEFRN model barriers if the spin range of the
emitters is taken as a free parameter. Here we give a
statistical model analysis using barrier values taken from
the YEFRN model; they are ~ 37% smaller than the
empirical set in Table I. These lower barriers generate
much larger calculated IMF cross sections, which call

TABLE II. Asymmetric fission barriers that match

YEFRN barriers.

Zimr YEFRN Jeme Jmax as/an
4 23.4 4 6 1.153
5 25.6 7 10 1.150
6 27.7 28 36 1.118
7 29.0 25 33 1.117
8 30.0 30 38 1.116
9 30.6 25 32 1.118
10 31.0 32 40 1.115
11 31.7 42 49 1.100
12 31.7 49 55 1.090
13 31.6 49 55 1.090
14 31.5 51 57 1.090
15 31.5 53 59 1.085

for smaller values of the maximum emitter spin. Indeed
production of IMF’s is much less competitive with light
particle production at lower spins, as shown in Fig. 1;
therefore a reduction in the allowed spin range will lead
to a strong nonlinear reduction in the calculated cross
sections. With this approach, fits to the excitation func-
tions can be obtained that are almost identical to those
shown in Fig. 4. Upper limits to the spin ranges used for
these fits (Jmax) as well as the values of J;ms and af/a,
are listed in Table II.

This analysis requires a dramatic reduction in the al-
lowed spin zone, i.e., the Jpax values in Table II are
all significantly smaller than 75%4, the empirical value
for ER production. It is difficult to imagine a justifi-
cation for such a restricted spin range. The qualitative
trends shown in Figs. 1-3 would have to be arbitrarily
rejected. Furthermore, such low spins are not easily rec-
onciled with the large observed anisotropies in the IMF
angular distributions [5]. The anisotropies for the IMF’s
are larger than those measured for “He from the same
reactions [5,17] and appear to follow a nearly 1/sinf, .
angular dependence, the classical limit for emission from
a nucleus with a large angular momentum. In short, it
does not seem plausible to conclude that only a low-spin
portion of the ER spin range is responsible for IMF pro-
duction.

An additional attempt has been made to reproduce the
experimental cross sections and YEFRN model barriers
while at the same time retaining 754 as the maximum
angular momentum. In this procedure we varied the ratio
of level density parameters af/a,, employed. However, no
single value of this ratio is able to reproduce a given IMF
yield over the studied range.
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