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Target fragment distributions were measured using radiochemical techniques for 48 different
fragments (28 < A < 185) from the interaction of 85 MeV/nucleon '2C with 2®U. The laboratory
system angular distributions are forward peaked and generally flat beyond 90°. When compared to
similar distributions from the 85 MeV/nucleon '2C + '’ Au reaction, the U target fragment distribu-
tions are less forward peaked, consistent with lower momentum transfer. The (A =80—120) fission
fragment distributions were symmetric about 90° in the moving frame, indicative of a “slow” pro-
cess in which statistical equilibrium has been established. The average fissioning system angular
momentum was deduced to be 25—35#. The observation that the fragments with low N /Z showed
more anisotropic distributions than fragments with high N /Z was accounted for in firestreak model
calculations as being due to a single reaction mechanism with varying amounts of deposition energy.
The lightest ( A <60) and heaviest ( 4 =139—169) members of the central fission-like bump in the
mass distribution had moving frame angular distributions that were asymmetric in the moving
frame. Furthermore, the heavy fragment complement of the *Sc distribution was similar in shape
to the 8Gd distribution, suggesting these fragments were produced in a new intermediate energy re-

action mechanism, a fast, non-equilibrium, very asymmetric fission of a heavy nucleus.

I. INTRODUCTION

In recent years intermediate energy heavy ion reactions,
i.e., reactions in which the projectile energy ranges from
10 to 200 MeV/nucleon, have been studied extensively.
Such reactions are interesting because of (a) unusual phe-
nomena predicted to occur in these reactions, such as nu-
clear liquid-gas phase transitions and (b) the possibility of
observing the transition from nuclear reaction phenomena
dominated by “mean-field” behavior (E,.,; <10
MeV/nucleon) to those reactions characterized by in-
teractions between individual nucleons (E,,;>200
MeV/nucleon). Experimental studies of these reactions
have been aided by relatively recent accelerator develop-
ments at CERN, MSU and GANIL that have made avail-
able intense heavy ion beams in this energy region. The
goal of many experimenters working with these reactions
is to understand the mechanisms of the nuclear reactions
that occur. In this report we shall present evidence con-
cerning the time scale and character of some of these reac-
tion mechanisms.

One of the simple observables of any nuclear reaction is
the spatial distribution of the reaction products, i.e., the
product angular distributions. One of the most important
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characteristics of a nuclear reaction is its time scale, i.e.,
how fast does it occur, how long does any intermediate
(mono- or di-nuclear) species formed in the reaction exist.
This observable and this fundamental reaction charac-
teristic are related, in that one can show that for any
moderate or highly excited, long-lived, intermediate
species the angular distribution of emitted particles (or
breakup products) in the frame moving with the velocity
of the intermediate species must be symmetric about a
plane normal to the direction of motion of the intermedi-
ate system. By the term “long-lived” we mean that the in-
termediate species lives long enough that the statistical as-
sumption concerning level densities is valid, i.e., a statisti-
cally large number of overlapping levels with randomly
distributed phases is populated so that interferences be-
tween them will cancel. The time for this equilibration
process to occur had been calculated' to be <2—3X%
10~2 sec. An example of the application of this idea is
the study of fragmentation processes in high energy p-
nucleus collisions in which the time scale of processes
leading to fragments with A, < %Am,ge, was shown to
be “fast” by virtue of having asymmetric fragment angu-
lar distributions in the moving frame.? In addition to this
fundamental relationship of the fragment angular distri-
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butions and a gross measure of the time scale of the reac-
tion, the angular distributions are also useful in defining
certain features of the reaction mechanisms. With these
ideas in mind, we report herein the results of measuring
the angular distributions of 48 different target fragments
in the interaction of intermediate energy (85
MeV/nucleon) ?C with 2*U.

When this work is viewed in the context of relevant
previous work, certain studies stand out. The first of
these is a study of the fragment an%ular distributions in
the interaction of 85 MeV/nucleon '“C with another high
mass target, '’Au.’ In this work, we established that the
angular distributions of light fragments (A4, < 60) were
asymmetric in the moving frame indicative of their pro-
duction in a fast process without the establishment of sta-
tistical equilibrium. The fission fragments showed angu-
lar distributions that were symmetric in the moving
frame. For the heaviest fragments (A > 145), which are
mostly spallation products, the experimental evidence was
not clear. It was not possible to find a moving frame in
which the fragment distributions were symmetric about
90°, but for many cases the range of moving frame veloci-
ties included values that were so large as to cause ambigu-
ous, double-valued results for the laboratory to moving
frame transformation. In these cases the transformations
could not be made and no definitive conclusion could be
reached about the symmetry of the moving frame distri-
butions.

For the reaction studied in this work the isobaric yields
of the target fragments (Fig. 1) have been measured previ-
ously.* From examining this isobaric yield distribution,
one concludes that there is a large probability for fission
(50< A <160) with a much smaller probability for
spallation-like events (A >200). The fragments with
160 < 4 <200 appear to originate as either fission frag-
ments or spallation products. Detailed alkali metal isoto-
pic yields for this reaction have also been reported.’
These distributions have been analyzed in terms of two
components: a neutron-rich component attributed to low
excitation energy peripheral reactions, and a neutron-
deficient component attributed to more central collisions
followed by fission and/or spallation. The average
momentum transfer for all events leading to fission is 1.2
GeV/c® with the average momentum transfer for events
that produce light fragments (Z <20) being ~2.0 GeV/c.

In this work we use activation techniques to measure
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FIG. 1. The isobaric yield distribution for the reaction of 85
MeV/nucleon >C with 2*U. From Ref. 4.

the target fragment angular distributions for the reaction
of 85 MeV/nucleon '2C with 2%U. Because of the good
detection sensitivity of such techniques, we are able to
measure complete (7—151°) angular distributions for many
(48) different fragments including fragments with
A > 160, whose detection would be difficult using counter
techniques. By using a 233U target rather than the '’Au
target used in our previous work,> we are better able to
study the effect of fragment N /Z upon the angular distri-
butions. Furthermore, by comparison of these results
with those obtained with a !’Au target, we can identify
some of the effects of target (Z,A4) upon reaction mecha-
nism.

For the reaction of 85 MeV/nucleon ?C with 233U, we
observe the majority of fission events to be due to “slow”
processes with symmetric angular distributions in the
moving frame. For the light fragments (A4 <60) which
may result from a very asymmetric “fission”, we observe
their production mechanism to be “fast”, leading to asym-
metric moving frame distributions. However, these distri-
butions are far less forward peaked than those in the re-
action of 85 MeV/nucleon '?C with '°’Au, indicative of
their production in events of lower momentum transfer.
The variation of fission fragment angular distributions
with fragment N /Z is smooth and continuous with the
high N /Z fragments having less forward peaked distribu-
tions. The distinction between neutron-rich and neutron-
deficient fragments, however, seems only to be due to
differences in de-excitation mechanisms rather than re-
flecting any differences in primary formation processes.
Finally, we find the angular distributions of the heaviest
fission fragments (4 > 130) to be asymmetric in the mov-
ing frame, indicative of a fast non-equilibrium production
mechanism. Some evidence is discussed that indicates
these fragments may be the complements of the light
fragments.

II. EXPERIMENTAL

The experimental methods used in this work to measure
the fragment angular distributions were identical with
those previously used® in the study of the reaction of 85
MeV/nucleon 2C with '’Au. (The two studies were ac-
tually performed concurrently.) An integral particle flux
of ~6.7x 10" ions/936 min of 85 MeV/nucleon '2C ions
from the CERN SC synchrocyclotron was used in this
study. The absolute magnitudes of the differential cross
sections were determined by integrating them and normal-
izing the resulting fragment production cross sections to
previously measured values.*> As in the previous study,
two thin U targets, one facing forward and one facing
backward, consisting of evaporated deposits of UF, on a
13.4 mg/cm? Al backing, were used. The Al backing was
sufficiently thick to stop any fragments from the “for-
ward” target traveling backward and vice versa. The
“forward” and “backward” 2*®U deposit thicknesses were
determined by a counting to be 783 and 804 pg/cm?
respectively. The catcher foil geometry was identical to
that used previously except that the backward angle
catchers subtending 143—153° and 153—166° were com-
bined into a single catcher subtending 143—166°. The
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TABLE 1. (Continued).

151°
1.02 + 0.13
2.50 + 0.08

133°

114°

71°

5T°
1.15 + 0.30
277 + 0.08
152 + 0.01
0.96 + 0.02

440
1.00 + 0.18

20° 32°
293 + 005

0.98 + 0.30
2.90 + 0.19

Nuclide

0.98 + 0.05
2.58 + 0.08
1.36 + 001
0.99 + 0.03
091 + 0.14
0.70 + 0.08

0.97 + 0.10
2.63 + 0.08

1.03 + 028
239 + 0.05
1.31 ¥ 001
092 + 0.04
0.92 + 007

112 + 021
0.61 + 0.04

293 t 0.14

* IZSSb

1311

3.17 + 043
1.56 + 0.07

1.38 + 0.06

0.95 + 0.12

1.35 + 0.06
0.97 + 0.06
0.97 + 0.15
0.67 + 0.02

169 + 0.14  1.52 + 0.10

1.66 + 0.13

132Te
tlJJI

1.15 + 0.06
125 + 0.13
0.87 + 0.07
241 + 0.16

112 + 0.09

1.13 + 0.08
135 + 0.42
0.86 + 0.08
3.14 + 0.14

093 + 0.10

1.18 + 0.10
0.78 + 0.06

145 + 0.26
0.89 + 0.10
2.87 + 0.09

* l}JBam
IJGCS
139Ce

140,

0.65 + 0.04

1.04 + 0.05

1.19 + 0.08

1.01 + 0.08
140 + 0.1

1.30 + 007
128 + 0.03

1.96 + 0.10
1.54 + 0.05
1.71 + 001
3.85 1+ 0.21

135 + 0.07

1.33 + 0.04

1.38 + 0.07

1.64 + 0.04

1.57 + 0.08
1.82 + 0.06

1.57 + 0.10
1.59 + 0.10
11.80 + 0.70
1.19 + 0.13
4.10 + 1.00

1.52 + 0.11

129 + 0.15

141 + 0.10

1.57 4+ 0.16

1.78 + 0.20

143Ce

1.31 + 0.06

0.99 + 0.09

101 + 0.16

0.97 + 0.06
0.16 + 0.06
0.97 + 0.53
0.08 + 0.01

5.87 + 0.33
0.74 + 0.22

8.42 + 0.42
0.86 + 0.17

195 + 0.26

150 + 1.8

* 146Gd
149G d

3.60 + 1.00

0.86 + 0.17

* lSSGd
169Yb

2.03 + 0.32 1.08 + 045 0.96 + 0.06 0.89 + 0.44
0.18 + 0.02

0.43 + 0.08

350 + 1.20
1.16 + 0.10
18.0

0.88

0.97

1.60

4.10

9.40

26.40

* 185()s

K. ALEKLETT et al.

*Denotes cross section in arbitrary units, not mb/sr.
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off-line y-ray spectroscopy to identify the nuclides present
in the catcher foils was carried out as described previous-
ly.> The reader is referred to Ref. 3 also for discussions of
angular resolution and the influence of fragment scatter-
ing upon the results.

III. RESULTS

The laboratory frame angular distributions for the 48
target fragments measured in this work are tabulated in
Table I in the form of absolute differential cross sections.
To simplify the discussion of these results, we have select-
ed a representative subset of these data for a detailed
analysis. The measured angular distributions for the 14
members of this subset are shown in Figs. 2—S5.

The “light” (A4 < 60) fragment angular distributions are
strongly forward-peaked with relatively constant differen-
tial cross sections at backward angles (Fig. 2). The fission
fragment angular distributions are less forward-peaked
than the light fragment distributions, and among them-
selves, have similar shapes. The degree of forward-
peaking decreases with increasing fragment N/Z (Figs.
3—4). The angular distributions of the heaviest fragments
are very strongly forward-peaked with the degree of for-
ward peaking generally increasing as the fragment A4 in-
creases (Fig. 5).

0af Y N ]
Mg
0.3} :

0.2} 1

do/da mb/sr)

©c o o o
N & O &

g
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© © = =
& o NN O
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e

60 180

lab

FIG. 2. Representative “light” target fragment angular dis-
tributions for the interaction of 85 MeV/nucleon >C with 23¥U.
The solid lines are to guide the eye through the data, the dashed
line shows the angular distribution (normalized at 114°) for the
same fragment produced in the '"’Au (85 MeV/nucleon '*C, X)
reaction.
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FIG. 3. Representative fission fragment angular distributions
for the interaction of 85 MeV/nucleon '>C with 2*5U. The solid
lines are to guide the eye through the data.
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FIG. 4. (a) Measured angular distributions (normalized at
114°) for the Sb isotopes from the interaction of 85
MeV/nucleon 2C with 2**U showing the effect of fragment
N/Z upon the distributions. The lines are to guide the eye
through the data. The maximum uncertainties in the data are
shown. (b) Firestreak model calculations of the 22Sb and '2!Sb
angular distributions.
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FIG. 5. Representative “heavy” fragment angular distribu-
tions from the interaction of 85 MeV/nucleon '*C with 23%U.

Each fragment angular distribution was integrated
from O to 7/2 and 7/2 to 7 to obtain the ratio of frag-
ments recoiling forward (F) from the target to those
recoiling backward (B). To extract further information
from the data, the laboratory-system angular distributions
were transformed into the moving frame of the target
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FIG. 6. Moving frame angular distributions of ¥, the kick
given the primary target fragment by fission or particle emission
for representative “light” fragments. The solid lines are to
guide the eye through the data.
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residue following the initial projectile-nucleus encounter.
To do this we have used the well known two step vector
model in which it is assumed that the final velocity of the
fragment in the laboratory system can be written as vy,
= V +v, where the velocity v is the velocity of the moving
frame and V is the velocity kick given the target fragment
by fission or particle emission at an angle Oy with
respect to the beam direction in the moving frame. The
vector v has components of v, and v, parallel and per-
pendicular to the beam direction. In lieu of detailed infor-
mation about v,, the general strong forward-peaked na-
ture of the distributions, and the difficulty of obtaining
information about v,, we have assumed v, =0. We have
used standard formulas’ to make laboratory to moving
frame transformations for do/dQ) and 6. For the value
of 1, (=v,,/¥) needed to make such transformations, we
have used 7, as derived from integrating our angular dis-
tributions, where 7,=(F—B)/(F+B). The results of
these transformations are shown in Figs. 6—9.

The moving frame angular distributions for the light
fragments (Fig. 6) are asymmetric, indicative of their
production in a “fast” process assuming, of course, that
the laboratory to moving frame transformation has been
carried out correctly (see Section IV for discussion). The
fission fragment moving frame distributions (Fig. 7) are
symmetric in the moving frame, characteristic of a “slow”
reaction process, while the distributions for the heaviest
fragments are grossly asymmetric in the moving frame
(Fig. 8).

For those nuclides with symmetric moving frame distri-
butions (such as those shown in Fig. 7), a conventional
representation of the angular distributions in the moving
frame is

e = =

o o w
(
A

w o w
<
\

do/da(arb. units)
QO = -

= =

S o
T T
1

e
[3,]
T
"

0 30 60 90 120 150 180

Owe

FIG. 7. Same as Fig. 6 except the fragments have
84 < A < 103. Here the solid lines represent fits to the data us-
ing moving frame distributions of the form

a +b cos?0

w6 =
() a+b/3

]
)
T
g ]
<
s
(-]
©
~N
5 N
6 159Yb E
3L ]
0 30 60 90 120 150 180

Oue

FIG. 8. Same as Fig. 6 except 139< A4 <169. The dashed
line for the '*Gd distributions represents the angular distribu-
tion expected for the fission fragment complement of “Sc.

14(b/a) cos® Oy
w = .
Grer) 14+b/3a )
It can be shown® that the laboratory system angular distri-
bution can be expressed in terms of 7, and b/a as:

1 + (b/a) cos® [ 6, + sin~ (7, sin 6)]
14+ b/3a

[m) cos 6, + (1 — m sin™2 6)']?
x 172

FL(GL) =

(1 — 'qﬁ sin? 6
2

Either Equations (1) or (2) along with values of 7, deter-
mined above were used to determine the “best fit” values
of (b/a) for each nuclide (Table II). Typical fits to the
data are shown in Fig. 7. The data are well represented by
these formulas with b/a >0. (This finding reinforces a
point made earlier’ that the most popular version® of the

two-step vector model used to analyze thick-

—~ 102 T T T T T T T T3

-} E

E ¢t 84AMeV '2C +™Au ]

2 [ ]

2

5

2

L

©

2 -

5 100 1 1 1 N | 1 1 1
40 48 56 64 72 80 88 96 104

Product Mass Number A

FIG. 9. Portion of isobaric yield distribution for interaction
of 84 MeV/nucleon '>C with '*’Au showing light fragment and
fission fragment yields. The solid line is a possible guide for the
eye through the data. From Ref. 10.



33 FAST AND SLOW PROCESSES IN THE FRAGMENTATION OF . .. 891

TABLE II. Deduced fragment characteristics for 85 MeV/nucleon '>C423%U.

Fragment Ul b/a Fragment 7 b/a
Mg 0.418 H4ppm 0.140 0.36
46Sc 0.266 15¢cd 0.0656 0.15
4Sc 0.209 17gp™ 0.170 0.51
Fe 0.166 19T em 0.236 0.7
As 0.175 120gpm 0.175 0.64
3Se 0.159 0.67 2lpem 0.183 0.5
BRb 0.176 0.41 12gp, 0.131 0.40
8Rb 0.179 0.38 12451 0.111 0.18
8y 0.220 0.55 1241 0.159 0.50
8y 0.189 0.67 1265 0.0567 0.15
897y 0.191 0.50 1255p 0.0226 0.05
91Sr 0.0427 0.10 RD | 0.0308 0.11
SZr 0.0469 0.17 132T¢ 0.0266 0.27
Zr 0.0496 0.10 1331 0.0281 0.10
Ru 0.225 0.74 133ga™ 0.109 0.30
%Mo 0.0532 0.25 136Cs 0.0729 0.0729
0IRp™ 0.229 0.6 139¢3 0.299

103Ru 0.0690 0.23 140Ba 0.0459 0.0459
105Rh 0.0851 0.27 43Ce 0.0591 0.13
105A ¢ 0.217 0.7 146Gd 0.637

1064 g™ 0.215 0.45 9Gd 0.514

H0p gm 0.139 0.5 18Gd 0.379

B 0.227 0.78 199yp 0.736

li2pq 0.0405 0.15 1850s 0.764

target—thick-catcher recoil data is not appropriate for use
in intermediate energy heavy ion reaction studies. This
version assumes b/a =0. This assumption can lead to
serious errors even for events in which the reaction has a
“fast-slow” character.)

IV. DISCUSSION

A. Comparison with previous measurements

It is interesting to compare the shapes of the observed
distributions with previous work. The angular distribu-
tions of the light fragments “Sc and **Fe from the in-
teraction of 85 MeV/nucleon '?C with 38U (this work)
and "”Au (Ref. 3) are compared in Fig. 2. The U target
fragment distributions are less forward-peaked than the
Au target fragment distributions. A possible explanation
for this observation concerns the mechanisms for the pro-
duction of these fragments. In U target fragmentation,
this group of fragments appears to be part of the low
mass tail of the fission mass distribution (Fig. 1) suggest-
ing a very asymmetric binary division of the nucleus is in-
volved in their production. For the fragmentation of
197Au by 85 MeV/nucleon '2C, the situation appears to be
more complicated. The light fragments (A4 <60) do not
appear to be part of the central fission related peak in the
mass distribution'® (Fig. 9) but are partly (or wholly) due
to processes other than fission. Such “fragmentation”
processes are known in higher energy reactions!! to have
energy thresholds that are much greater than the thresh-
olds for fission. All of these arguments point to the need
for a greater energy deposit in a Au nucleus to produce

these light fragments which in turn would cause a mere
forward-peaked distribution. Even if one were to argue
that these fragments were produced by a very asymmetric
fission of either Au or U, it has been shown® that the
average momentum transfer leading to fission events in
the less fissionable Au nucleus is 1.6 GeV/c compared to
1.2 GeV/c for U fission induced by 85 MeV/nucleon '*C.

Our fragment angular distributions can be compared to
similar ones observed in p-nucleus collisions. For exam-
ple, one can note that the anisotropy (0°/90°) of the '33Ba™
distribution in this work is 1.61 compared to anisotropies
of 1.09 and 1.04 for 3'Ba and **Ba™ in the interaction'?
of 0.8 GeV p+2%U. (In comparing p-nucleus and
nucleus-nucleus fragmentation for this projectile energy, it
has been shown’ that one should compare studies in
which the total projectile kinetic energies are similar.)
This observation is consistent with the observations!® at
higher energies in which it was found that in nucleus-
nucleus collisions the momentum imparted to the target
nucleus is far greater than that observed in p-nucleus col-
lisions.

Thus we would conclude that insofar as such compar-
isons are possible, our observations are consistent with
other observations of similar properties in p-nucleus and
nucleus-nucleus collisions.

B. Comparison with firestreak model

One striking feature of the fission fragment distribu-
tions is the variation of the anisotropy with the fragment
N /Z ratio (Fig. 4). The more n-deficient fragments have
more strongly forward-peaked distributions. Assuming
that the fission fragment kinetic energies vary relatively
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slowly with A4 for the Sb isotopes (i.e., as ~ A4 —173) the
data of Table II would indicate that the n-deficient species
result from interactions with significantly greater linear
momentum transfer than the n-rich species (greater 7))
and have more anisotropic moving frame distributions
(greater b/a). We thought it would be interesting to see if
a frequently used phenomenological model for target frag-
mentation, the nuclear firestreak model,'* could predict
the observed behavior. (The details of this model and its
application to target fragmentation studies has been
described elsewhere.>*) In Fig. 3(b) we show the predicted
angular distributions for '228b and !2%Sb fragments from
the interaction of 85 MeV/nucleon '2C with 23%U. It is
clear that the predicted distributions agree qualitatively, if
not quantitatively, with the observed distributions.
(Within the model, the differences in the angular distribu-
tions for n-rich and n-poor species arise strictly from the
momentum transfer in the initial part of the reaction since
the moving frame distributions are assumed to be isotro-
pic.) If one takes the firestreak model predictions serious-
ly in this case, then one concludes that both n-rich and n-
poor fragments result from a single mechanism, fission,
occurring after varying amounts of energy are deposited
in the target nucleus in the initial projectile-target en-

|

Wiy _o(0) =

3m)(2J +1) exp [—(J +7)* sin® 6/4K]]

counter. A similar conclusion has been reached' in
evaluating the fission of 2**U induced by 0.7 GeV protons.
While it is possible to analyze the isotopic distributions of
fission fragments such as these in terms of separate n-rich
and n-poor components,> the meaning of such analyses is
questionable in light of our findings.

C. Moving frame angular distributions

The moving frame angular distributions of the average
fission fragments are symmetric about 90° and adequately
represented by the simple form of Eq. (1) (Fig. 7). Thus
the majority of these fragments result from conventional
fission processes involving a “slow” step with the estab-
lishment of statistical equilibrium. Because such informa-
tion will be valuable in examining the properties of the
other members of the fission distribution, we attempted to
extract some crude estimates of the angular momenta of
these systems.

Huizenga et al.'® have shown that the angular distribu-
tion of an excited fissioning system with angular momen-
tum J (and projection on the beam axis M =0) can be
written as:

27 (37'/%) (2K3)%erf [(J ++)/(2K3)'/?]

where J is the zero-order Bessel function with an imagi-
nary argument, and erf[(J + +)/2K}] is the error function
defined by

erf(x) =

o } J exp(—2dt . @

K (2) is the mean-square projection of J upon the nuclear
symmetry axis. For a Fermi gas K3 is given as

K§ = LygaT/# (5)

where ;54 is the rigid-body moment of inertia of the fis-
sioning system and T is its temperature. To use Eq. (3) to
calculate the moving frame fission-fragment angular dis-
tribution, we would need to know the J and E* distribu-
tions for each fissioning system, K3 for each system, and
be assured that M =0 along with appropriate averages
over all fissioning systems. None of these conditions are
fulfilled in the present case. However, Eq. (3) can be used,
with certain assumptions, to make a crude, “ball-park” es-
timate of the average angular momentum of the “average”
fissioning system in the reaction under study. For exam-
ple, this procedure can be applied to angular distribution
data'’ for the complete fusion of 291 MeV “°Ar with 238U,
where the temperature of the fissioning system is known,
to deduce a value of the average J of the fissioning system
that is in good agreement with the average J value de-
duced from the measured ¢.,;, for the system.

From firestreak model calculations, we can get an esti-
mate of the excitation energy of the “average” fissioning

Jol i(J ++)*sin? 6/4K5] 3)

I

nucleus of E*~345 MeV. Using the relations
E*=aT?—T and I=+r34°” with ry=1.25 fm and
a =A /10, we can calculate K3 ~529. Using Egs. (3)—(5)
we fit the moving frame fission fragment angular distri-
butions (84 < 4 <110) to extract a best fit value of J, i.e.,
(J)=25-35%. (The firestreak model predicts the “aver-
age” fissioning system angular momentum to be 274, in
good agreement with the deduced “ball-park” estimate.)

The moving frame angular distributions of the light
(A <60) fragments and the heavy fragments (A4 >139)
are grossly asymmetric with respect to a plane normal to
the beam axis (Figs. 6 and 8). This is indicative of pro-
duction of these fragments in a “fast” process without the
establishment of statistical equilibrium. We have
searched over a wide range of 7, values (0.1-0.99) and
did not find any value that properly symmetrized any of
these distributions.

Asymmetric moving frame distributions for the 4 <60
fragments were observed previously for the 85
MeV/nucleon '>C + '"’Au reaction. Lynen et al.® did
show that for the C + Au reaction, these fragments were
produced by a binary breakup mechanism. In Ref. 3, we
showed that an “equilibrium” very asymmetric fission
mechanism, first suggested by Moretto,'® was not playing
an important role in this reaction. We also searched for
the heavy fragment complement of the light fragments,
but due to the large yield of heavy fragments from
spallation-like processes, we were unable to find any evi-
dence for the existence of these complementary fragments
from a binary breakup.
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With a U target, however, the situation is potentially
different. The target fragments that can clearly be identi-
fied with spallation-like processes appear to be restricted
to 4>200. Thus we thought it might be interesting to
search for the heavy fragment complement of *°Sc. We
show (in Fig. 8) the general similarity between the '“°Gd
moving frame distribution and the calculated distribution
for the complementary fragment to *Sc. It would be
indeed fortuitous in an experiment such as we have per-
formed, to find among the half dozen or so heavy frag-
ments whose angular distribution we have measured the
exact kinematic complement of a light fragment distribu-
tion. Furthermore, a single-particle inclusive experiment
such as this is not the best way to look for kinematic com-
?lementarity. Nonetheless, the similarity between the
%Gd distribution and the calculated ““*Sc-complement”
distribution is quite striking. Further support for this
idea is seen in Fig. 1 where we show the 4 =46 and
A =146 fragments to occupy approximately complemen-
tary positions in the fission-like portion of the mass yield
curve.

Another parameter that should also be indicative of
kinematic complementarity is 1, (=wv,/¥). The values
of ol for 1%Gd and “éSc are 0.64 and 0.27, respectively.
If *Sc and *Gd came from the same asymmetric fission
event, we would expect v, to be the same for both frag-

ments, with Vgq = V'(46/146)Vs.. Thus if 7, = 0.27
for *Sc, we would expect 7, for 'Gd to be 0.48 instead
of 0.64. But we also must be aware that 7, is quite sensi-
tive to modest changes in fragment N/Z. Thus we are
somewhat reassured to note that 7, for *Gd is 0.51, in
reasonable agreement with that expected for the kinematic
complement of *6Sc. (Unfortunately the measured angu-
lar distribution for *Gd is not well enough defined to
make the type of comparison made in Fig. 8 for *Sc and
146Gd.) Therefore, we conclude that due to: (a) the ap-
parent complementarity of 4 ~46 and A ~146 in the
mass-yield curve, (b) the similarity between the shapes of
the 1*Gd moving frame distribution and that of the heavy
fragment complement of 6Sc, and (c) the fact that the )
values for *Sc and '*°Gd are consistent with complemen-
tarity, it is plausible (but not proven) that these fragments
are kinematic complements.

Thus it becomes interesting to speculate that we may
have observed a new intermediate energy heavy ion reac-
tion mechanism, a “fast” non-equilibrium very asym-
metric fission. (The actual process could very well be
characterized by a very broad symmetric mass distribu-
tion that is “hidden” under the more abundant average
fission distribution and only becomes visible to us in the
low and high mass tails of the distribution.)

Two fission processes with “fast” characteristics have
been noted as occurring in different energy regimes. At
lower projectile energies, a number of observers have re-
ported a significant increase in the width of the fission
mass distribution when the angular momentum of the
projectile-target composite system exceeds the rotating
liquid drop model limit, £ » i.e., when the fission barrier
becomes zero due to angular momentum. Current
theories'® of this “fast fission” process point to a system
where the total interaction potential has a pocket (Z,-Z,

<2500—3000) and ¢ B, < ¢ < i where €., is the criti-

cal angular momentum for fusion. While the first condi-
tion (Z,-Z, <2500) is satisfied in the reaction under
study, the second is not,”® in that ¢, = 61# while
‘p , = 78#. Thus there are no “bound” partial waves

that exceed £ x

If A~46 and A4 ~146 fragments are complementary
fragments, then a large amount of mass has been “lost”
from the system in the fission process without disturbing
the two body kinematics. Similar types of “fast” fission
processes with large mass loss prior to fission and broad
mass distributions have been observed in high energy p-
nucleus collisions.?"?? In these events the fission frag-
ment kinetic energies were observed to be larger than
those expected for fission. But these fragments were also
observed to have large transverse momentum and be pre-
ferentially emitted at 90° to the beam axis, a condition not
observed in our studies.

Thus we conclude that our results are suggestive of a
new intermediate energy reaction process, a fast, non-
equilibrium, binary division of the nucleus unlike process-
es seen at lower or higher projectile energies. The process
is apparently accompanied by a large mass loss. Since the
interaction potential has pockets for partial waves up to ¢
= 61 and the average fission event involves lower partial
waves (based on the previous estimate of the mean J of
the fissioning system), one is further tempted to associate
this process with the higher “bound” partial waves.

V. SUMMARY

What have we learned about target fragmentation in the
interaction of 85 MeV/nucleon '*C with 2**U from this
work and that of others? Most target-projectile interac-
tions result in fission of a uranium-like species. The aver-
age fission event is a “slow” process with the establish-
ment of statistical equilibrium. Such events are character-
ized by a modest ({J) ~25—35#) fissioning system angu-
lar momentum and result from a partial transfer of pro-
jectile linear momentum to the target nucleus. The trend
of increasing fragment anisotropy with decreasing frag-
ment N /Z appears to result from a single mechanism for
the initial projectile-target encounter with differing
amounts of deposition energy. A small fraction of events
are “fast” in character without the establishment of sta-
tistical equilibrium. They may be fission-like events (with
only the most asymmetric of these events being detected
in this study). These unusual events, which have not been
observed previously in intermediate energy heavy ion reac-
tions, appear to involve large mass loss (A4 ~50) without
disturbing the two-body kinematics of fission. Such
events resemble qualitatively, but are crucially different
from similar processes observed at lower and higher pro-
jectile energies. Comparison of this work with similar
studies of Au target fragmentation reveals important
differences in the observable outcome of the fragmenta-
tion processes in these nuclei of differing fissionability.
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