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The target fragment production cross sections, angular distributions, and range distributions have
been measured for the interaction of 12—16 MeV/nucleon S with ' Ho. The fragment isobaric
yield distribution and the fragment moving frame angular distributions have been deduced from the
data. Symmetry properties of the moving frame angular distributions have been used to establish a
relative time scale for the reaction mechanism{s). No fission fragment moving frame angular distri-
bution is symmetric about 90', suggesting that these products are produced, in part, by a fast, non-
equilibrium process. The range distributions are used to deduce energy spectra, which suggest that
the heavy residues are the result of complete or incomplete fusion and also of an inelastic process
such as deep inelastic scattering.

I. INTRODUCTION

Studies of intermediate energy nuclear collisions are
thought to be interesting because of the "transitional"
character of the intermediate energy regime. In low ener-
gy nuclear collisions, the behavior of the colliding nuclei
is determined by their mean field. In high energy nuclear
collisions, it is the collision of individual nucleons in the
colliding nuclei that determines the outcome of the reac-
tion. The intermediate energy regime (projectile energies
of 10—100 MeV/nucleon) is thought to afford the oppor-
tunity of studying how nuclear reaction mechanisms
change between these two extreme types of nuclear be-
havior.

The study of intermediate energy nuclear collisions has
many aspects. In this discussion, we shall focus our at-
tention on the experimental characterization of the frag-
ments of the heavy target nucleus produced in such col-
lisions. These fragments may be roughly classified by
mass number, i.e., the intermediate mass fragments
(At„( A„, „/3), the heavy residues (A&„)—', A„, „),
and the fission fragments ( A „,s„/3 & A t„s & —', A „,s„).
Interest in this area by experimentalists and theorists has
been quite high, judging from the large number of survey
papers and original contributions' that have appeared
recently. From these many investigations, certain gen-
eral features of the production of the target fragments
have been discerned. They are the following.

(1) The heavy residue production cross sections
represent a significant fraction of the total reaction cross
section (Refs. 5, 7, 12, 23, 24, 27, and 29). The heavy
residues are produced mostly in peripheral collisions at
the higher projectile energies [35 and 44 MeV/nucleon
(Refs. 18, 23, and 30)], although some residues at higher

energies result from more central collisions as do most
residues at lower projectile energies ' where they can
be characterized as evaporation residues. The heavy
residue angular distributions are strongly forward peaked
in all cases. ' ' Their velocities range from very low
(at higher projectile energies where detector thresholds
preclude observation of some residues ) to velocities
exceeding that of the center of mass (indicating the ex-
istence of large nuclear excitation energies). Most of
these fragments are produced in incomplete fusion reac-
tions"' ' ' ' although some are produced in nearly
complete fusion events.

(2) The intermediate mass fragment production cross
sections are substantially lower than those of the heavy
residues. They are predominantly produced with a multi-
plicity of unity in binary events that also yield a heavy
residue. ' ' ' ' The reactions producing them involve
both nonequilibrated and equilibrated sources with the
former being more important (in reactions induced by
carbon projectiles). ' ' ' Incomplete fusion with sub-
stantial preequilibrium particle emission is the dominant
production mechanism. ' ' '

(3) The fission fragments represent those primary heavy
residues that deexcited by fission rather than particle
emission' ' ' and also can represent the result of a spe-
cial nuclear reaction mechanism, fast fission. ' ' ' In
the former case, the ratio of the heavy residue to fission
cross sections increases with increasing projectile energy
due to two effects: (i) the increasing probability of incom-
plete fusion, leading to lower mass and atomic numbers
of the product nuclei, this decreasing their fissionability,
and (ii) the faster time scale of the more energetic reac-
tions favors the intrinsically faster process of particle
emission versus the slower collective motion of fission.
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Whether fission selects the high momentum transfer
events relative to those of lower momentum transfer is a
complicated feature of the deexcitation of a given set of
nuclei.

Recently Aleklett et al. have studied the interaction
of 17 MeV/nucleon S, 32 MeV/nucleon Ar, and 44
MeV/nucleon Ar with ' Au. They observed a fast
nonequilibrium fission process associated with central
collision events in these reactions. This observation
motivated the present study in that we wanted to further
characterize this nonequilibrium fission process. To do
so, we studied the interaction of 16 MeV/nucleon S
with a different nucleus, ' Ho. By changing the target
nucleus to ' Ho, a nucleus that only fissions when made
to rotate rapidly, we hope to observe the effects of a
higher fission barrier, higher angular momentum of the
fissioning system, and a smaller change in deformation in
going from saddle to scission upon this nonequilibrium
fission mode. We were also aware of the existence of a
large amount of data for the interaction of intermediate
energy, lighter projectiles, such as ' C and ' 0, with
165H

II. EXPERIMENTAL PROCEDURES

Inclusive measurements of the target fragment yields,
angular distributions, and differential range spectra for
the interaction of 529 MeV S with ' Ho were made us-
ing radiochemical techniques. The accelerator used in
the irradiations was the Lawrence Berkeley Laboratory
(LBL) 88-inch cyclotron. The measurements were made
using techniques that have been described previous-
ly. ' ' Two irradiations, of duration 1.25 and 6.53
h, respectively, were performed to determine the target
fragment yields (total fluences 2.4X10' and 6.7X10'
ions, respectively). The targets for these irradiations
were —90 mg/cm thick, giving a center-of-target ener-

gy of —380 MeV (-12 MeV/nucleon). Two irradiations
were used for the angular and range distribution mea-
surements of 16.2 and 14.2 h with particle Auences of
2.9 X 10' and 5.4 X 10' particles, respectively. Because
of the thinner targets involved (152 pg/cm Ho deposits
on a 2.95 mg/cm Be backing), the center-of-target ener-
gies were 508 MeV (16 MeV/nucleon).

The angular distributions were measured using the
same techniques used for the 85 MeV/nucleon
' C+' Au, U measurements. ' Target fragments
recoiling from the thin holmium deposits were stopped in
a set of mylar catcher foils arranged in a cylindrical
geometry. Following irradiation, the catcher foils were
divided into ten pieces corresponding to the angular in-
tervals 5.7—7.6', 7.6—18.7, 18.7—24. 2', 24. 2 —32.3',
32.3-43.5', 43.5-62.2', 62.2-83.5', 99.0-117.8,
117.8-133.6, and 133.6—158.2'. These pieces were as-
sayed by gamma-ray spectroscopy beginning a few
minutes after the end of irradiation and continuing for
periods up to two months in laboratories at LBL and
Oregon State University. After identifying the activities
present in each foil and the amount of each radionuclide
present, differential cross sections for each angular inter-
val were calculated.

No correction was made for the finite angular resolu-
tion of the catcher foils because detailed numerical simu-
lations showed the effects were negligible. [The princi-
pal effect ( —5%) is on the first angular interval
(5.7—7.6')]. The effects of nuclear stopping and strag-
gling in the target upon the angular distributions were
evaluated in a manner similar to that used previously '

with a similar conclusion. The conclusion is that stop-
ping of the target fragments in the holmium deposit and
large-angle scattering of the fragments from the berylli-
um target backing or the holmium target material is
negligible. Small-angle scattering of the target fragments
in the holmium target does occur and tends to "smear
out" the measured distributions for the heavy residues.
For the fission fragments, this effect is negligible.

For the range distribution measurements, all target
fragments recoiling into the angular interval from 9.1 to
21.8' were stopped in a stack of eleven mylar foils ranging
in thickness from 0.29 —10.7 mg/cm . The cumulative
stack thickness was 41.7 mg/cm . The stack consisted of
three foils that were -0.3 mg/cm, three foils that were
-0.9 mg/cm, two foils of thickness -3.3 mg/cm, and
three foils that were —10.6 mg/cm thick. Following ir-
radiation, each foil was assayed by gamma-ray spectros-
copy.

Two effects contribute to the resolution obtained in the
measured range distributions: the finite, unequal
thicknesses of the catcher foils used and the range strag-
gling inherent in the stopping process. (We neglect strag-
gling due to catcher foil inhomogeneities and different
path lengths in the target. Numerical simulations show
that the straggling introduced by the finite solid angle
subtended by the cather foils is negligible. ) Numerical
simulations using the LSS stopping power theory ' and
the approach of Hvelplund give a range straggling of
(b,u /U )-0.1, where v is the velocity of an 8.4-MeV

Tm fragment stopping in mylar. (The straggling for
fission fragments is —

—,
' of this. ) Thus some broadening

of the heavy residue spectra is expected, but should not
change the qualitative observations.

III. RESULTS

For the reaction of 12—16 MeV S with ' Ho, partial
and complete angular distributions of eight different tar-
get fragments were measured along with the production
cross sections for 75 different radionuclides. Differential
rarige distributions were obtained for 31 radionuclides.

A. Target fragment yields

The measured target fragment production cross sec-
tions are shown in Table I. We have taken a conservative
approach in this tabulation and have eliminated from the
table all nuclides whose atomic and mass numbers are
such that they could possibly be degraded projectile frag-
ments. In doing so, we have effectively eliminated inter-
mediate mass fragments from our study. We have de-
duced mass yield (isobaric yield) distributions from the
measured formation cross sections. The method em-
ployed in this estimation procedure has been discussed
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TABLE I. Formation cross sections (mb) of nuclides formed by the reaction of 12 MeV/nucleon S
with ' 'Ho. Independent yields are indicated by (I}. By the term "independent yield" we refer to the
yields of shielded nuclides, quasishielded nuclides, and nuclides whose production by precursor decay is
not significant.

Nuclide

42K
43K
4'Sc (P
"Ca
4'Sc (P
48y

Mn
Mn

59Fe
"zn
696,e
73S

'4As
"Se
"Br
"Br

Br
"Kr
81Rb
"Br (P
82Rbm

Rb
Rb (P

86Y

87'
88Y

88Zr

89Zr
90Nb
92Nbm

"Tc
'4Tc
"Ru
95T

Tc (I)
"Ru

Rh

Cross section

9.8+0.5
11.2+0.3
11.5+0.5
1.60+0.06
5.2+0.6

2.26+0.03
1.50+0.01

18+2
10.0+0.3

15+1
11.2+0.9
4.2+0.1

30+2
29.4+0.9
2.5%0.2
14+6
32+2

21+10
18.1+0.9
5.8+0.4
28+4
56+4
39+1
28+2

62.3+0.9
40+2
36+2
51+1
25%2

1.6+0.5
3.3+0.3
10+2

3.1+0.2
18+3

30.6+0.2
18.1+0.7
23.6+0.4

Nuclide

101Rhm

105Ag

111In
123I

'"Xe
124I

126Ba
127C

'"Xe
Ba

129C

132C

135C

139C

145F

146Eu
1496.d
151Tb

152Tb

153Tb

155Tb

1550y
156Tb (I)
1570y
160Er

161Fr
163T

'"Tm
166Yb

'67Tm
169L

170Hf
' 'Hf

Hf
'"Ta
175Hf

Cross section

33+1.0
33+5

30.6+0.7
36+1

15.9+0.8
3.8+0.2
7.7+0.9

14.3+0.54
15+6
25+8

20.2+0.8
10.0+0.6

16+2
6%1

11.2+0.3
7.4+0.4
24+1
18+3
15+2
27+2

37+11
31.3+0.7
5.5+0.2

48.7+0.9
94+6
82+3

94+22
156+23

54%5
76+4
29+1

16.9+0.8
14+1

12.7+0.4
4+2

22+1

previously.
The measured nuclidic formation cross sections were

placed in eight groups accordirig to mass number. These
cross sections were corrected for precursor beta decay,
where necessary, by assuming that the independent yield
cross sections for a given species, cr(Z, A), can be ex-
pressed as a histogram that lies along a Gaussian curve:

measured cumulative formation cross sections for precur-
sor decay.

%ithin each of the eight groups, the data were fit to a
Gaussian-shaped. independent-yield distribution. The
width parameter was found to be constant over a given
range in A. The centers of the charge distributions were

o ( Z, A ) =cr ( A )[n.Cz ( A ) ]

Xexp[ —(Z —Z ) /2Cz(A)],

where Cz( A) is the Gaussian width parameter for mass
number A and Z ( A) is the most probable atomic num-
ber for that A. Using this assumption and the further as-
sumption that o ( A ) varies slowly and smoothly as a
function of A [allowing data from adjacent isobars to be
combined in determining Z ( A ) and Cz( A )], one can
use the laws of radioactive decay to correct iteratively the

Z p(A)

0.433 A + 1.07
0.438A +0.76
0.441 A +0.37
0.439 A +0.70
0.384A —6.20
0.373 A —7.85
0.375 A —7.63
0.362A +9.76

TABLE II. Charge dispersion parameters.

Fragment
Mass number range

42-49
65-79
81-89
90—100

101-124
126-139
145-160
161-175

Cz(A)
0.7
0.7
0.7
0.8
0.9
0.9
0.7
0.3
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adequately represented by linear functions in 3 over a
limited range in A although we expect Z z( A ) to be non-
linear. (Only nuclides with well-characterized beta-decay
precursors and cases where both members of an isometric
pair were observed were included in the analysis. ) The
nuclidic groupings along with the centers and widths of

the Gaussian distributions are given in Table II. The
independent-yield distributions estimated from the mea-
sured formation cross sections are shown in Fig. 1.

The isobaric yield distribution obtained from integra-
tion of the estimated independent yield distributions is
shown in Fig. 2. The error bars on the integrated data
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FIG. 1. The independent yield distributions from the reaction of 12 MeV/nucleon ' S with ' 'Ho. The plotted points are the in-
dependent yield cross sections calculated from the data while the solid lines are the Gaussian charge dispersions used in the calcula-
tion.
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The relative fission cross section in these reactions can
be understood in terms of a correlation between the rel-
ative fission cross section and the angular momentum
transferred to the target nucleus (Fig. 3). The data from
the S+' Ho appear to fit well into the previously es-
tablished correlation.

B. Target fragment angular distributions

~ ~ ~ . I ~ I ~ I ~ I I ~1

0 20 40 60 80 100 120 140 160 180 200
PRODUCT MASS NUMBER A

FIG. 2. Isobaric yield distributions for the fragmentation of
' 'Ho by (a) 12 MeV/nucleon S, solid points, solid line; (b) 17
MeV/nucleon ' 0 (Ref. 35), short-dashed line; (c) 442 MeV ' C
(Ref. 35), long-dashed line.

points reAect the uncertainties due to counting statistics
and those introduced in the charge distribution fitting
process. Morrissey et al. have suggested that individu-
al isobaric yields may have systematic uncertainties, due
to the fitting process, of approximately 25%. Uncertain-
ties due to lack of knowledge of the absolute beam inten-
sity (estimated to be approximately 15%), and contribu-
tions due to secondary reactions (possibly as large as
10%) have been neglected. Also shown as smooth curves
in Fig. 2 are the isobaric yield distributions for the in-
teraction of roughly equivalent velocity ' 0 ions with

Ho (normalized to the S+' Ho total reaction cross
section ) as well as roughly equivalent total projectile en-
ergy ' C with ' Ho. One notes two prominent peaks in
the isobaric distributions, a fission peak (A =50—146)
and a heavy residue peak (A &146). The fission cross
section is enhanced for the S+ ' Ho reaction relative to
the other reactions (of =2060 mb) with especially higher
yields of the heavy mass fission products. The latter ob-
servation is consistent with the larger A value of the
completely fused system in the S+ ' Ho reaction.

1 00.00:

1 0.00:—

C)

1.00 .=

os
0. 'I 0:—

Full or partial angular distributions for 82 different tar-
get fragments were measured. A representative set of
these distributions is shown in Fig. 4. The laboratory
frame angular distributions are all strongly forward
peaked. The heavy residue distributions (A & 146) have
different shapes than those associated with the fission
products. This is consistent with relative momentum
kicks given the primary fragments by fission or sequential
particle emission.

Each fragment angular distribution was integrated
from 0 to n /2 and from m/2 to n to obtain the ratio of
fragments recoiling forward (F) from the target to those
recoiling backward (B}. To extract further information
from the data, the laboratory system angular distribu-
tions were transferred into the moving frame (MF) of the
target residue following the initial target-projectile en-
counter. To do this, we have assumed that the final ve-
locity of the fragment in the laboratory system can be
written as V&,b

= V+0, where the velocity v is the veloci-
ty of the moving frame and V is the velocity kick given
the target fragment by particle emission or fission at an
angle 8MF with respect to the beam direction in the mov-
ing frame. The vector U has components of U&& and v„
parallel and perpendicular to the beam direction. In lieu
of detailed information about U„ the forward-peaked na-
ture of the distributions, and the difficulty of obtaining
information about U„we have assumed U, =0. We have
used standard formulas to make laboratory frame trans-
formations for

der�/d0

and 8.
For the value of rI»(=U»/V) needed to make such

transformations, we have used g» as derived from in-

tegrating the angular distributions. To get the value of
g» from F and 8, we assume the angular distribution of
the fission fragments in the moving frame can be
represented as 1+acos OMF. In this case, it can be
shown that

F=—,'[1+(1+vga/3)rI/(1+a/3)],

8 =
—,'[1—(1+rI a/3)rI/(1+a/3)] .

0.01 I, .I, I

0 20 40 60 80 100
TRANSFERRED ANGULAR MOMENTUM

FICx. 3. Empirical systematics relating the fission probability
to a semiclassical measure of the transferred angular momen-
tum in the reaction. The solid points refer to the interaction
of &2C and i60 with i6sHo the open point refers to ' S+ i65Ho

(this work), and the solid line represents the result of a calcula-
tion using a statistical model for the deexcitation of hot, rotat-
ing nuclei.

These equations were solved by finding the value of g
that minimized (F/8)MF. Previous work has shown
that values of g» deduced in this manner agree with
directly measured values. A representative set of the re-
sulting moving frame angular distributions for the fission
fragments is shown in Fig. 5. (Not enough data was
available at backward angles to meaningfully transform
the heavy residue distributions. } None of the moving
frame angular distributions is symmetric about 90' in the
moving frame (Fig. 6).
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FICx. 4. Representative laboratory frame fragment angular distributions for the interaction of 16 MeV/nucleon S with ' 'Ho.
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FIG. 5. Moving frame angular distributions derived from the data of Fig. 4.

What is the meaning of this lack of symmetry? The
use of g&& derived in this manner tacitly assumes the
moving frame distribution is symmetric about 90 but al-
lows for an anisotropy in the moving frame. The failure
to observe a symmetric moving frame distribution implies
an improper transformation, but the fact that for certain
nuclides no value of g&& will lead to a symmetric distribu-
tion (Fig. 5) implies a more fundamental problem. We
believe that this unique observation suggests the oc-
currence of a fast, nonequilibrium mode of fission (similar
to that previously observed for the reaction of 17—44
MeV/nucleon S and Ar with ' Au. ) However, unlike
the S, Ar+ ' Au reactions where this mechanism was
only discernible in the angular distribution of the heavy
mass Assion fragments, the occurrence of this mechanism
is clearly seen for all fission fragments although it is most

100

~ 0
~ ~

~ ~

1
I I I I I I I

0 20 40 60 80 100 'l20 140 160 180

PRODUCT MASS NUMBER A

FIG. 6. The forward-to-backward ratios (F/B} vs product
mass number for the moving frame distributions shown in Fig.
5.
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prevalent for the high mass number fragments (Fig. 6).
We should remember that the use of the same procedure
to treat the data in the 17—44 MeV/nucleon S,

Ar+ ' Au reaction led to symmetric moving frame dis-
tributions for most fission fragments. Furthermore, the
observation of asymmetric moving frame distributions
does not mean all fission events are "fast." The observa-
tion implies only that a large enough fraction of the
fission events needed to cause asymmetric distributions
occurs.

C. Target fragment energy spectra

The measured differential range spectra were converted
to energy spectra using standard range-energy tables.
A representative set of these data is shown (in Fig. 7).
The energies of the fission fragments are consistent with
what is expected for the fission of composite nuclei fol-

lowing the complete fusion of 16 MeV/nucleon S with
Ho. The ' Er spectrum is typical of those spectra for

fragments with 3 =140—165, showing peaks in the ener-

gy spectra at 0.1 MeV/nucleon and 0.5 MeV/nucleon.

IV. DISCUSSION OF RESULTS

A. Heavy residues

At projectile energies of 12—16 MeV/nucleon, one
would expect that about 15—25% of the reactions in-
volved complete fusion. The success of the Boltzmann
master equation model of Blann in accounting for many
features of intermediate energy heavy ion reactions would
suggest that a large fraction of the reactions would in-
volve preequilibrium emission. We have used the com-
puter program LINDA (Ref. 48) to simulate the produc-
tion of the heavy residues assuming production via (a)
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FIG. 8. Comparison of the predicted heavy residue angular
distributions and energy spectra for an A =170 fragment with
the observed "Hf data.

B. Fission products

None of the fission products had Inoving frame angular
distributions which were symmetric about 90'. This fact
suggests the production, in part, of these fragments by a
fast, nonequilibrium mechanism. Production of these
fragments by a normal, "slow" fission process would be
expected to occur also. A modest contribution of non-

complete fusion or (b) preequilibrium emission as predict-
ed by the Blann preequilibrium emission model. (For this
reaction, two protons and five neutrons were predicted to
be emitted before establishing equilibrium. )

The results of the simulations are compared to the ex-
perimental data for a typical heavy residue, ' Hf, in Fig.
8. The predicted differences between the two reaction
mechanisms are barely discernible. The resolution of the
measured data does not allow one to determine which
mechanism is dominant but the data agrees well with
their prediction.

As noted previously, in addition to the main peak in
the heavy residue energy spectra at -0.5 MeV/nucleon
due to complete or incomplete fusion, there is another
peak at -0.09 MeV/nucleon. Such energies are con-
sistent with the production of these fragments in deep in-
elastic events where Q ——200 MeV. The resulting

. damped projectilelike fragments (A —30) would have en-
ergies —10—11 MeV/nucleon, which is consistent with
the range spectra of fragments such as Mg.

equilibrium fission events to the total fission fragment an-
gular distributions would cause them to be asymmetric.
(In this context, "slow" and "fast" are defined relative to
the time estimated for establishing statistical equilibri-
um in an excited nuclear system of 2 —3 X 10 sec).

A known nuclear reaction mechanism for low energy
nucleus-nucleus collisions, "fast fission" or "quasifission"
(Ref. 28) is a possible candidate for the suggested non-
equilibrium mechanism. In this mechanism, all partial
waves between the l wave at which the fission barrier
vanishes, lz =0, and the critical angular momentum,f
l„;„,go via fast fission. In these events, the fusing system
never reaches a configuration inside the fission saddle
point and the resulting fission event is fast. Experimental
signatures for such events are the lack of symmetry of the
angular distributions in the moving frame and a broader
than normal fission mass distribution (Fig. 2). Unlike the
previous studies of the intermediate energy S,

Ar+ ' Au reactions where it was possible to resolve the
fragment angular distributions into "slow" and "fast"
components, the lack of any distribution being symmetric
in the moving frame precludes such a decomposition. As
a first guess at an alternate decomposition, if one assumes
the slow equilibrium component of the fission cross sec-
tion to be —1620 mb (as observed in the 17 MeV/nucleon
' 0+' Ho reaction where Iz o) I„;,), then one obtainsf
by difference, an estimated nonequilibrium cross section
of 440 mb, which is twice the expected fast fission cross
section. A similar effect was observed by Aleklett et al.
for the reaction of 173 MeV S with ' Au, where the
nonequilibrium fission cross section was estimated to be
2.9 times the fast fission cross section.

The measured fission cross section for the 12
MeV/nucleon S+' Ho reaction seems to fit in well
with a previously established empirical correlation be-
tween the fraction of primary residues that fission and a
semiclassical estimate of the angular momentum
transferred to the target nucleus. We attempted to see if
this apparent empirical correlation observed for the in-

ion of &zC i60, and S nuclei with &65Ho would be
expected from standard statistical-model calculations of
the deexcitation of highly excited nuclei. As our "stan-
dard statistical model" we used the pACE code, an angu-
lar momentum dependent Monte Carlo model. For pro-
jectile energies below 10 MeV/nucleon, we simply treated
the problem as a compound nucleus formation and decay
problem. The fusion cross sections were adjusted to pub-
lished systematics of experimental data. The ratio of
level density parameters a&/a„was taken to be 1.000.
The finite-range rotating liquid drop fusion barriers of
Sierk ' were used in the calculation. For projectile ener-
gies above 10 Me V/nucleon, the distribution of
(E*,J,Z, A) of the target fragments following the primary
nucleus-nucleus collision was calculated using the
Boltzmann master equation model as described previous-
ly. The results of these simulations are shown in Fig. 3.
Although there are some differences between the calcu-
lated and measured fission probabilities in each system,
the calculations generally reproduce the data. While the
fission probabilities shown in Fig. 3 reflect both the



NONEQUILIBRIUM FISSION AND HEAVY RESIDUE. . . 1253

effects of E" and J of the fissioning system, the primary
effect (in the statistical model) is one due to the J of the
fissioning system.

V. CONCLUSIONS

What new information have we gained about inter-
mediate energy nucleus-nucleus collisions from this
study? The use of radiochemical techniques for measur-
ing energy spectra and the use of very thin targets has al-
lowed us to measure the heavy residue energy spectra
down to very low energies. These measurements seem to
indicate the occurrence of deep inelastic scattering as a
heavy residue production mechanism (in the interaction
of 16 MeV/nucleon S with ' Ho).

The fission fragment mass distribution observed in this
work is substantially broader than that observed in the
interaction of equivalent velocity or total projectile kinet-
ic energy ' C and ' 0 projectiles with ' Ho. The angular
distributions show the importance of fast, nonequilibrium

fission processes. The relative dominance of these pro-
cesses when ' 'Ho is the target nucleus compared to

Au could be due to the larger fraction of fission events
taking place at high angular momentum. The previously
established empirical correlation between fission proba-
bility and the semiclassical measure of the transferred an-
gular momentum in the reaction has been shown to be
consistent with a standard statistical model for the deex-
citation of hot rotating nuclei.
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