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The dramatic lowering of fission barriers with increasing angular 
momentum has provided a firm bridge between the fields of fission and of 
heavy-ion-induced reactions. The purpose of this review paper is to explore 
problems of current interest at the intersection of these two fields.

Theoretical considerations of fission of systems with high angular 
momenta are usually made in the framework of the rotating liquid drop 

model. The most stringent tests of this theory involve studies of excita­
tion functions for evaporation residue products. At present there is no 
evidence for the survival of any rotating system which is predicted not to 
have a fission barrier. The extent to which the vanishing fission barrier 
imposes a limit on evaporation residue cross sections will be discussed 
with reference to several cases, ranging from very light systems, such as 

+ 12C to medium mass systems, such as ^Kr + ^Cu.

The prevalence of deeply inelastic processes in heavy ion reactions 
poses a problem for arriving at an operational definition of heavy-ion- 
induced fission. This in turn makes it difficult to define fusion of
complex nuclei. While some yield at symmetric mass divisions is usually *

h
observed and while the products in this region often have fission-like s 

kinetic energies and even angular distributions, indications are that in 
most cases tails of strongly damped distributions are involved, rather 
than the fusion-fusion process. This point will be illustrated with 
reference to the Ne + Ni and Kr + Bi reactions. In some cases, there is
strong evidence for the existence of a separate and distinct fission com­
ponent. Reference will be made to the Ar + Au and Xe + Fe cases.

When excitation functions for both evaporation residue products and 
for well-characterized fission fragments are available, it is possible to 
carry out a statistical model analysis and extract values of the fission 
barrier. Beckerman and Blann have carried out such analyses for systems 
ranging from ^C1 + ^2Ni to ^C1 + ^Sn and concluded that liquid drop

* 5c £■
£

■a
(5

S I'

fission barriers must be reduced by ^40% to reproduce experimental results.

A critical appraisal of this conclusion will be given. New results will be
153 20 133introduced for the compound nucleus DJTb* obtained from uNe + JCs and 

12C + ^Pr reactions. These data allow a very stringent test of the 

theory of angular-momentum dependence of fission barriers.
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1. Introduction

The rapid lowering of the fission barrier with increasing angular 

momentum was first discussed more than 15 years ago [1], and detailed 

calculations in the framework of the liquid drop model were published in 

1974 [2]. It was emphasized [2,3] that the fission barrier is predicted to 

become zero for all nuclei provided that the angular momentum is sufficiently 

high; thus, at angular momenta greater than about 100/fi, no nuclei are 

expected to have a finite fission barrier. Since angular momenta of 100 

are easily achieved in reactions with heavy ions from present-day facilities, 

the consequences of the lowering of with increasing angular momentum have 

aroused considerable interest in recent years. Among the possible conse­

quences, we may consider the following: First, heavy-ion-induced fission 

may be observable for nuclei in all mass regions; second, cross sections for 

evaporation residue (ER) products may be limited by the angular-momentum- 

dependent fission competition; and third, the vanishing fission barriers may 

imply a limit on the probability of compound nucleus formation and/or on the 

probability of fusion of the heavy-ion nuclei with those of the target.

In this review paper we shall discuss some of the above effects with 

reference to experimental results. We shall also discuss quantitative 

aspects of the angular-momentum dependence of fission barriers, including
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the extraction of values from experimental data on heavy-ion-induced 

fission. In section 2 fission-imposed limits on evaporation residue products 

will be considered. In section 3 we shall address the question of charac­

terization of heavy-ion-induced fission, and, finally, fission barriers will 

be discussed in section 4.

2. Cross Section Limits for Evaporation Residue Products

In some sense, comparisons of measured cross sections aER for evapora­

tion residue products with theoretical predictions constitute the most 

stringent tests of the theory of the angular-momentum dependence of fission 

barriers. This is due to the fact that such tests are essentially indepen­

dent of the reaction mechanism giving rise to the ER products. Thus if aER 

for any given case were to be found to exceed substantially the predicted 

B.p = 0 limit, nuclei predicted to be unstable against fission would have had 

to deexcite by particle emission rather than by fission. Such a situation 

would certainly imply a serious quantitative discrepancy between theory and 

experiment.

Before reviewing experimental results, we wish to comment on quantita­

tive limitations of the rotating liquid drop theory. As was pointed out in 

Ref. 2, the liquid drop calculations have been made under the assumption of 

axial symmetry. This approximation, however, is believed not to lead to 

serious error, since most of the shapes under consideration are either very 

elongated or are, in fact, predicted to be axially symmetric (see Ref. 2).

A more serious problem can be raised by questioning the validity of the 

liquid drop model in general. The first point we wish to make in this 

regard is that the lowering of fission barriers with increasing angular 

momentum is relatively independent of model assumptions. The basic require­

ment is that the moment of inertia of the saddle-point shape be significantly
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greater than that of the rotating ground state and that this situation 

persist with increasing angular momentum. Since rotational energy varies 

inversely with the moment of inertia, the total energy of the saddle-point 

shape will increase more slowly with increasing angular momentum than the 

energy of the rotating ground state. Thus the fission barrier, which is the 

difference between the energies of the two shapes, will decrease. Since the 

saddle-point shapes are believed to be very elongated in the case of most 

nuclei and since there is no reason to believe that this situation changes 

as the angular momentum is increased, the above condition is very probably 

satisfied.

The second point to be made regarding the validity of the liquid drop 

model refers to conditions under which single particle effects may dominate. 

These conditions may apply in the case of systems with relatively few nucleons, 

where the description of nuclei in liquid drop terms may be inappropriate, 

as well as in the case of very heavy systems, where shell effects may strongly 

influence the value of the fission barrier.

In addition to keeping in mind the points mentioned above, it is

necessary that we examine only those cases where is not limited by

entrance channel conditions. All these constraints lead us to the region of

medium mass nuclei as being the most favorable for comparison between experi-
86ment and theory. In Fig. 1 results are shown for Kr bombardments of 

65Cu [4]. Theoretical curves were obtained by means of statistical model 

calculations [5-8] in which angular-momentum dependent fission barriers are 

included [2], The experimental points are seen to fall between two extreme 

assumptions of the approximate statistical model calculation. (In one case 

evaporated particles are assumed not to change the angular momentum dis­

tribution, while in the other case each evaporated neutron decreases the 

angular momentum by 2 ii, each proton by 3 fi, and each ^He by 10 fi [8].)
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Thus agreement between experiment and theory for this system is good.

Similar good agreement is obtained in a number of other cases, including the 

^9Ag + 4^Ar reaction of Britt, et al. [9].

If we consider very light systems in spite of the reservations ex­

pressed above, we find that values often approach the liquid drop limit 

[10-11]. In a recent study, Stokstad, et al. [12-13] investigated the 

deexcitation of ^A1 formed in the reactions + ^0 and + ^N. Their 

results [13] are shown in Fig. 2. While the differences between the two 

reactions are beyond the scope of this paper, it is interesting to note that 

both reactions exhibit a remarkable decrease in as a function of energy

at exactly the B^ = 0 limit predicted by the rotating liquid drop model [2].
26Given the low mass of the Al compound nucleus, this striking agreement is 

perhaps better than one might have expected.
"I C

Another interesting case involving the relatively light system 0 + 

^Ca was investigated recently by Vigdor, et al. [14]. The values were 

found to be essentially constant near 1150 mb over an energy range from 

40 MeV to 214 MeV. At the highest energy, the ER cross section reached the 

value calculated to correspond to the B^ = 0 limit. Recently, measurements 

on this system were extended to 316 MeV by Britt, et al. [15], and from 

preliminary results it appears that the ER cross section is considerably 

lower than 1150 mb. The decrease is consistent with the predicted Bf = 0 

1imit.

We are not aware of any case in which the measured a^p values exceed 

substantially the calculated B^ = 0 limit; nevertheless, caution must be 

used when calculations with liquid drop fission barriers are used to predict 

evaporation residue cross sections. Such predictions are reasonably 

reliable only when the non-rotating barrier, B^°, is considerably larger 

than typical particle binding energies. This point is illustrated in
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Table I for the reactions ^Cu + ^Kr and + ^Kr [4]. The compound

nucleus ^Tb* has a calculated value of B^° ^ 33.5 MeV, while for ^^Bi*,

Bf° % 11.7 MeV. It can be seen that in the ^Cu + ^Kr case calculated

orn values are relatively insensitive to the choice of a^/a , the ratio of

the statistical model level density parameter for fission to that for

particle emission. On the other hand, the calculated ER cross sections are

very sensitive to the value of the level density parameter ratio in the 
1DQ Rfi

Ag + Kr case, and since the af/^v values in the table all fall within 

a reasonable range, it is not reliable to use calculated fission barriers 

and the statistical model to predict for such a relatively high-Z case.

Thus we may conclude that the liquid drop theory of angular-momentum- 

dependent fission barriers predicts absolute limits on ER cross sections 

which are not known to have been exceeded. Furthermore, provided that the 

non-rotating fission barrier is considerably larger than the particle 

binding energy, and, provided that entrance channel effects do not limit the 

fusion cross section, the rotating liquid drop theory gives reasonable pre­

dictions for total ER cross sections. Finally, the liquid drop model appears 

to work even for very light systems such as N + C, at least as far as the 

limit on is concerned. In these light cases, is often observed to

be close to that corresponding to the calculated B^ = 0 limit.

3. Characterization of Heavy-Ion-Induced Fission

In this section, we will attempt to categorize heavy-ion-induced fission 

and fission-like phenomena. In early studies of heavy-ion-induced fission, 

the question of definition of the fission process did not pose a problem.

In the systems studied, fission was induced with relatively light heavy ions 

ranging from C to Ne [15-21], and fission products constituted a well-defined 

and separated peak in the mass and kinetic energy distributions of reaction
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products. The peak in the mass-yield distribution was found to be centered 

at symmetric mass divisions, and the angular distributions of the fission 

fragments followed a 1/sin 0 functional form. The kinetic energies were 

understood in terms of Coulomb repulsion between the elongated nascent frag­

ments at the time of scission, and it was concluded from all indications 

that fission followed compound nucleus formation. Empirically, the four 

observable conditions characterizing fission are: (i) a distinct peak in 

the mass (or charge) yield distribution of products that is centered at 

symmetric mass divisions; (ii) a 1/sin e angular distribution; (iii) a 

predictable fragment kinetic energy distribution [22]; and (iv) full momen­

tum transfer from the projectile to the fissioning system (as determined by 

angular correlation measurements [16,20,23]).

Conceptually, fission following compound nucleus formation is cer­

tainly a well-defined process. Target and projectile nuclei fuse with each 

other, the system equilibrates in all degrees of freedom while undergoing 

several rotations, and fission finally takes place during the deexcitation 

process if it has successfully competed with particle emission. In prac­

tice, compound nucleus formation may be difficult to achieve in systems with 

very high excitation energies and angular momenta, since the composite 

system of target and projectile is likely to have a short lifetime and may 

begin to deexcite by particle emission even before equilibrium in all 

degrees of freedom has been achieved. We shall refer to the fission of a 

fused composite system as fusion-fission (FF). Thus compound nucleus 

fission, CNF, is a special case of FF; namely, one in which equilibrium in 

all degrees of freedom has taken place prior to fission. While FF in 

general may satisfy all of the fission conditions listed above, a statis­

tical model treatment is applicable only to CNF.
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Before giving examples of experimental results, we would like to des­

cribe one more reaction category which may give rise to fission-like 

products, namely, deeply inelastic collisions, DIC. These have been very 

successfully described in terms of diffusion models. In many cases, when 

the collision time is sufficiently long, diffusion processes may involve 

sufficient mass and charge transfer so that DIC products can be observed in 

the same mass region as FF products. Since the time associated with the 

tail of the DIC distribution may be similar to the time relevant to FF, the 

distinction between FF and the DIC tail may be only academic. It is unlikely, 

however, that DIC will result in a peak in the mass distribution centered at 

symmetric mass divisions (except, of course, in those cases when the target 

and projectile have nearly equal masses), and thus distributions of products 

resulting from DIC will in general not satisfy fission condition (i) listed 

above.

By way of illustrating the above discussion, we shall first consider 

fission events resulting from reactions with relatively light heavy ions 

such as Ne. An example of raw data in which the fission products stand out 

clearly is shown in Fig. 3 for the case of *^Ne + ^^Nd [24]. The fission 

events form a separate peak at relatively high values of AE and medium 

values of E. From the kinetic energy measurement and from studies of 

similar systems, it can be concluded that the fission peak shown in Fig. 3

is definitely a result of FF and is very probably due to CNF.
20A quite different picture emerges for the case of Ne + Ni [25]. In 

Fig. 4 the overall charge distribution of the lighter reaction products is 

shown. Since the composite system has Z = 38, symmetric charge divisions 

correspond to Z = 19, or about 2 units of charge less (Z = 17) if evapora­

tion from the composite system and/or from the products is taken into 

account. It is clear that there is no hint of a peak at symmetric
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charge divisions. On the other hand, other conditions characterizing fission 

are satisfied. For example, the angular distributions shown in Fig. 5 are 

given in terms of da/de^, and thus a constant distribution implies a 1/sin 0 

functional form. It can be seen that for products with Z > 15 this condi­

tion is satisfied. In Fig. 6, the kinetic energy of the observed reaction 

products is plotted as a function of Z. Theoretical predictions for kinetic 

energies of fission fragments, derived from the work of Davies, et al. [22], 

are indicated by the curve. When the theoretical calculations are corrected 

for particle emission from the excited fragments, the open circles are

obtained. For Z > 15, the calculated fission fragment energies are in
20excellent agreement with measured values. Thus the case of Ne + Ni con­

stitutes a typical example of a system in which the tail of the deeply 

inelastic products extends to the region of symmetric charge divisions, and 

in which the characteristic properties of the near-symmetric products, such 

as angular distributions and kinetic energies, are identical to those expected 

for FF. As was discussed above, whether or not these events are due to DIC 

or FF is perhaps a matter of personal preference, since on the one hand the 

near-symmetric events display fission characteristics, while on the other 

hand, these characteristics evolve smoothly from the deeply inelastic proper­

ties. It is unlikely, however, that compound nucleus formation was involved 

in this case, and thus the events observed are very probably not due to CNF.

An intermediate case between the CNF of Ne + Nd and the DIC of Ne + Ni 

is the case of Ne + Ag [26]. The charge distributions at several angles and 

at two bombarding energies are shown in Fig. 7. At the lower bombarding 

energy there appears a peak at near-symmetric charge splits, but it is not 

well separated from the deeply inelastic events. At the higher energy, the 

peak is even less distinct. Babinet, et al. [26] have interpreted the data 

of Fig. 7, in terms of the diffusion model, but in view of the fact that at



9

near-symmetric charge divisions the kinetic energies and angular distribu­

tions of the products satisfy the FF criteria, and since a distinct peak 

in the charge yield curve does exist, it is possible that products with 

Z * 16 consist of a mixture of DIC and CNF events. The washing out of 

the peak in the charge distribution with increasing bombarding energy is 

consistent with this point of view.

Turning to reactions with heavier ions, it is possible, once again, to

find examples in which a distinct fission component appears, as well as

examples where yield at symmetric mass or charge splits may be associated

with tails of distributions of DIC products. In Fig. 8, a mass-energy

distribution is shown for the reaction 201-MeV ^Ar + ^^Au [27]. The

various types of reaction products are identified in the figure, and it can

be seen that fission events form a well-defined peak, separated from other
84 209events. This case may be contrasted with Kr + Bi data shown in Fig. 9 

[28]. Mass distributions derived from coincidence measurements are shown at 

34° and 59°. Once again, there is no peak at near-symmetric mass divisions, 

and the yield in that mass region appears to be due to a tail of the DIC 

events. The reason that the yield at symmetric mass division appears only 

at 59° and not at 34° is probably due to the fact that events appearing at 

59° involve longer reaction times than those appearing at 34° and allow more 

mass transfer. This view is supported by the somewhat lower total kinetic 

energy associated with the 59° data (275 MeV, compared to 290 MeV at 34°), 

which implies a greater degree of energy damping.

The final point we wish to make in this section concerns very fissile 

systems, in which the total fission cross section exceeds the = 0 limit.
on

Two such examples are the Ne + U system studied by Viola, et al. [23]
132 56using the angular correlation technique and the Xe + Fe system of 

Heusch, et al. [29]. In both of these cases the fission events satisfy
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all criteria for FF listed earlier in this section, and in both cases the FF 

cross section exceeds substantially the = 0 limit discussed in section 2. 

The three possible conclusions that can be drawn from these results are:

(i) while all of the fragments observed result from FF, only some are the 

products of CNF; (ii) compound nuclei with = 0 are able to exist; and 

(iii) the calculated B^ = 0 limit is inaccurate, and the true B^ = 0 limit 

corresponds to a higher fission cross section. Of the three alternatives 

given above, (iii) seems unlikely to be correct in view of the considerations 

given in section 2. On the other hand, alternative (i), namely, that not 

all observed fission fragments result from CNF, is very likely to be true, 

and thus the description of a "new type of strongly damped collision" evolved 

in Ref. 29 to explain the Xe + Fe data may not be necessary.

We conclude this section by pointing out that if we wish to restrict 

our attention to compound nucleus fission we should consider only fission­

ing systems with 130 < A < 210, and only those cases in which fission was 

induced by ions with A < 40.

4. Fission Barriers from Heavy Ion Reactions

In this section we examine problems associated with the extraction of 

fission barriers from excitation functions for heavy-ion-induced reactions.

In view of the discussion of the previous section as to which cases consti­

tute CNF, it is clear that considerable care must be exercised in choosing 

appropriate fissioning systems. First, systems to be used for the deter­

mination of fission barriers must not be dominated by DIC products. This

excludes such light systems as the Ne + Ni case discussed in section 3, as 
35well as the Cl + Ni case considered by Beckerman and Blann [30]. Systems 

in which target and projectile masses are similar are also unsuitable.
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since it is not possible in these cases to separate CNF from DIC products.
c c pc

An example of such a case is the Cu + Kr data of Ref. 9. This same 

difficulty applies to cases in which fission-like events consist of a 

mixture of DIC and CNF products and in which the separation into two dis­

tinct components is ambiguous. Examples of such cases are the Ag + Ne data
40 109discussed in the previous section, as well as the Ar + Ag data of

Britt, et al. [9], which were used by Beckerman and Blann [30] to deter-
149mine the fission barrier of the compound nucleus Tb. Finally, very 

fissile systems such as the ^Ne + 0f viola, et al.2^ are also not 

appropriate. While they almost certainly involve FF, it is probable that 

not all of the events result from CNF, and thus they do not lend themselves 

to a statistical model analysis. With all of the above constraints, we are 

restricted to cases in which fission is induced by relatively light heavy 

ions such as C and Ne and to systems in the mass range 130 s A < 210.

The most important region of the fission excitation function for the 

purpose of extracting fission barriers is, not surprisingly, the steep part 

of the excitation function in the threshold region. This point is discussed 

and illustrated in Ref. 31 and has been confirmed from an examination of a 

large number of systems for which data are available. It was found that the 

value of B^: is determined primarily by the slope of the function and that

poor fits at higher excitation energies did not affect extracted B^ values. 

It was also found by Moretto, et al. [32] that for ^He- and proton-induced- 

fission, fits to entire excitation functions can be obtained over a wide 

energy range, provided that level densities are based on realistic single 

particle schemes and that energy-dependent pairing effects are included. 

Fission barriers extracted by Moretto, et al.[32], however, do not differ 

substantially from those extracted by Khodai-Joopari [33] on the basis of a 

statistical model using Fermi gas level densities.
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In this work, we have used Fermi gas level densities, and the angular 

momentum variation of the fission barriers (but not their absolute values) 

was assumed to be that given by the rotating liquid drop model [2]. The 

procedure of obtaining statistical model fits to heavy-ion-induced fission 

excitation functions allowing B^°and a^/av to be free parameters has been 

described earlier [3,30]. In Refs. 3 and 30 the computer code ALICE [34] 

was used in this type of analysis. Here, we shall use a recently updated 

version of the code, ORNL ALICE [7]. Since ALICE-type calculations essen­

tially divide the compound nucleus cross section into its evaporation 

residue, and fission, a^, components, measured values of are needed 

along with values. By assuming that + a^, it is then possible

to apply the statistical model treatment.

Finally, in order to isolate angular momentum effects and in order to 

provide a stringent consistency check, it is desirable to obtain excita­

tion functions for two systems leading to the same compound nucleus. This
12 14 ?n 133motivated us to study the systems C + Pr and Ne + us, both lead-

153ing to the compound nucleus Tb [35]. The fission data for these systems 

were dicussed earlier [3], but it is only recently that we have succeeded in 

measuring the values needed for an unambiguous statistical model 

analysis. The measurements indicate that for Ne + Cs is approxi­

mately equal to the geometric cross section, while for C + Pr is equal 

to about 63% of the geometric cross sections.

The fission excitation functions for the two systems are shown in Fig. 

10. The effect of the increased angular momentum in the Ne + Cs case is 

clearly reflected in its enhanced fissility. As was stated above, the 

fission barrier for the non-rotating system, B^°, is determined from the 

slope of the op function. This is shown in Fig. 11. A number of different 

fits has been made to the data point at the lowest energy, with B^° values
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ranging from the liquid drop value to 0.7 B^0^. The corresponding

a^/av values needed to obtain the fits ranged from 0.985 for 0.7 B^0^

to 1.245 for B^0^. It is clear that a fission barrier of 80% of the liquid

drop value best fits the observed results. For 0.8 B*0. n, a^/a was found
t,LL) t v

to be 1.06. In Fig. 12 a fit with 0.8 B*0, n and a^/a = 1.0 is shown for
3 f,LD f v

20 133the Ne + Cs case. It can be seen that the fit is excellent, and, as in 
12 141the case of C + Pr, it was also found to be unique. Thus it seems

153reasonable to conclude that the fission barrier of the Tb compound 

nucleus is 80% of the liquid drop value. This conclusion is consistent with 

the calculations of Krappe and Nix [36].

One troublesome feature of the above fits is that the value of a^/a
t V

is not the same in the two cases; whereas it might have been expected to be 

identical. The reason for this may be due to errors arising from the 

values used in the calculations. In our recent work, it was found that the 

ratio aj:R/ageometric ^or + 18 aPProximate^y equal to 1.0, while for C

+ Pr it is equal to 0.63. The corresponding ratio of a^/a^ for C + Pr to

that for Ne + Cs is 1.06. In Ref. 3, in which aER/^geonietric was assumed t0 

be 1.0 for both systems, the ratio of a^/a^ for C + Pr to that for Ne + Cs 

was found to be 0.97. Thus neither here nor in Ref. 3 was a^/a found to be
T V

the same for the two systems studied, but while it was calculated to be 

smaller for C + Pr than for Ne + Cs in Ref. 3, the reverse appears to be 

true in the more recent work. In any case, it is gratifying that the same 

conclusion was obtained in Ref. 3 as was obtained here: the fission barrier 

of ^Tb is 80% of the liquid drop value. The fits obtained in Ref. 3 are 

shown in Fig. 13.

The kinds of problems that may emerge when we attempt to fit data that 

consist of a mixture of CNF and DIC products are illustrated in Fig. 14 for 

the case of Ne + Ag [3,37]. Attempted fits to the lowest energy data point
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are shown with B^° values as low as 60% of It is clear that it is

not possible to obtain a fit to the data over a reasonable range (about 25 

MeV) of excitation energy. (An earlier fit reported by Beckerman and Blann

[30] to the Ne + Ag data made use of reported [3] values that were 

recently found to be in gross error [38].) The reason for this failure is 

almost certainly that the DIC component, which has been shown to be present, 

does not vary with excitation energy at the same rate as CNF, and thus the 

data are not suitable for B^° extraction.

In Ref. 30, Beckerman and Blann have concluded that, based on an 

analysis of five different systems, fission barriers appear to be 50-70% of 

the liquid drop values. This discrepancy seems surprisingly large, and it 

is necessary to examine each system involved individually to determine its 

validity. We have already pointed out that in the case of three of the five 

systems, namely. Cl + Ni, Ne + Ag and Ar + Ag, there is a strong DIC com­

ponent present that makes the analysis ambiguous at best.

We have examined in some detail the case of ^C1 + ^^Sn, one of the 

two remaining systems of Ref. 30. The data are shown in Fig. 15 together 

with the MB-II fit of Ref. 30, in which final angular momentum states were 

treated explicitly (solid curve). While in ALICE calculations angular 

momentum is treated only approximately, it can be concluded from Ref. 30 

that adequate fits can nevertheless be obtained with ALICE. This is also 

shown in Fig. 15 (dashed curve), and we shall thus continue to use ALICE to 

illustrate the following point. In Ref. 3 it was pointed out that a possible 

severe source of error in the case of relatively light systems may be the 

sharp cutoff approximation. In Fig. 15 we show the results for a diffuse 

cutoff in the angular momentum distribution of the deexciting compound 

nuclei (dash-dot curve). It can be seen that this calculated fission excita­

tion function lies above the sharp cutoff ALICE result, but that the slope
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is changed only slightly. This implies that a diffuse cutoff does not lead 

to significantly different values of B^°. This same conclusion was reached 

by Blann [39] and co-workers.

Also shown in Fig. 15 is the result using a Monte Carlo-type program

PACE, which does take final angular momentum states specifically into account

[40] (dotted curve). Since all of the calculations of Fig. 15 involve the

same parameters, the relatively large difference between our Monte Carlo-

type calculation and that of Ref. 30 is not understood. Since the slope of

our calculation is less steep than that of the fit of Ref. 30, it is possible

that, if our results are correct, the B^° is not as low as the MB-II

calculation would imply. The final point to be made is that the Cl data

considered by Beckerman and Blann span a rather narrow range of excitation

energy (about 12 MeV), compared to an excitation energy range about twice as 
153large for our Tb system.

In concluding this section, we wish to observe that, based on the study 
153of the Tb system formed in two different Wciys and over a fairly large 

range of excitation energies, the fission barriers in this mass region are 

probably lower than those calculated from the liquid drop model, but only by 

about 20%, and not the 30-50% deduced earlier.

5. Concluding Remarks

We have shown that the rapid decrease of fission barriers with increas­

ing angular momentum has important implications for heavy-ion-induced fission. 

Currently, there appear to be no cases in which measured evaporation residue 

cross sections appreciably exceed the B^ = 0 limit. This gives us considerable 

confidence in the quantiative aspects of current fission theory. The charac­

terization of fission is complicated by the fact that experimentally it is 

impossible to distinguish between fission following fusion in general, and
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the fission of compound nuclei specifically. Furthermore, tails of deeply 

inelastic reactions may extend into the fission region, and these two types 

of products may also be indistinguishable from one another. Thus caution 

must be used when fission barriers are extracted from heavy-ion-induced
'X/

fission data. However, we have concluded that, in the region of A ^ 150, 

fission barriers have values of about 80% of the liquid drop values and not 

the 50-70% indicated earlier.
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Table I. Effects of Level Density Parameter 
Variation of Calculated Evaporation 
Residue Cross Sections.

af/aT v

65Cu + 86 Kr 
(mb)

109Ag + 86Kr 
(mb)

1.0 245 76.1

1.01 243 59.1

1.05 216 8.70

1.10 173 0.0024
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Figure Captions

Fig. 1.

Fig. 2.

Fig. 3. 

Fig. 4. 

Fig. 5.

Fig. 6.

Fig. 7. 

Fig. 8.

Fig. 9.

Fig. 10

Experimental and theoretical excitation functions for evapora­
tion residue products from the system ^Cu + 8^Kr. The 

difference between the two theoretical curves is discussed 
in the text. An estimate of the total reaction cross
section aD is also shown. From Ref. [4],

k 16 10
Fusion cross sections vs. 1/E for the systems 0 + B

1412 cm
and N + C. The steeply sloping solid line appearing at
1/E values of s 0.02 MeV”^ corresponds to the predicted 

cm
liquid drop limit for = 0. From Ref. [13].

' 150 20
aE vs. E map for the system Nd + 175-MeV Ne. The prin­
cipal reaction-product groupings are labeled. From Ref. [24]. 
Production cross section vs. Z for the system Ni + 164-MeV 
20Ne. From Ref. [25].

Production cross sections vs. e for various elements from
20 cm

the system Ni + 164-MeV Ne. Flat distributions for Z >15 
in this plot indicate an angle-equilibrated 1/sine functional 
form. From Ref. [25].
Experimental and theoretical kinetic energies for products

20from the reaction Ni + 164-MeV Ne. The filled points are 
the experimental single-fragment kinetic energies in the center- 
of-mass system; the theoretical curve is derived from Ref. [22]; 

the open points are the theoretical results corrected for 
evaporation. From Ref. [25].
Production cross sections vs. Z at various laboratory angles

20
for the system Ag + Ne. From Ref. [26].
Kinetic energy vs. mass contour diagram of products from the 

197 40system Au + 201-MeV Ar. Principal reaction-product
groupings are labeled. From Ref. [27].

209Relative mass yields for DIC products from the system Bi +
84600-MeV Kr at two laboratory angles. Average kinetic 

energies of products detected at 34° and 59° are 290 MeV and 
275 MeV, respectively. From Ref. [28].

153Fission excitation functions for fission of the Tb com­
pound nucleus produced in two different reactions.
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Fig. 11.

Fig. 12.

Fig. 13.

Fig. 14.

Fig. 15.

Experimental and theoretical fission excitation functions for 
141 12the system Pr + C. The curves, which are fit to the lowest 

energy point, are labeled with the fraction of the liquid-drop 

fission barrier used in the fit (see text). The best fit was 
obtained with 0.8 ^ and = 1.06.
Experimental and theoretical fission excitation functions for 

133 20the system Cs + Ne. The theoretical curve is fit to the
lowest energy point using 0.8 LD and a^/a^ = 1.0.

Experimental and theoretical fission excitation functions for 
153fission of the Tb compound nucleus produced in two different 

reactions. The fits are those from Ref. [3] with the assump­

tion that aER/ageonietric = 1*0 'For both systems (see text). 
Experimental and theoretical fission excitation functions for 
the system ^Ag + ^Ne. Theoretical curves, fit to the lowest 

energy data point, are labeled with the fraction of the liquid- 
drop fission barrier used in the fit (see text). Experimental 
data are from Refs. [3,37].
Experimental and theoretical fission excitation functions for 
the system ^Sn + ^C1. The data and the solid curve (a fit 

using the program MD-II) are from Ref. 30. The dashed curve is 

a fit using the program ALICE, and the dash-dot curve shows the 
result of using a diffuse cutoff in the angular momentum distri­
bution. The dotted curve represents a calculation using the 
program PACE of Ref. 40.
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