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Intermediate-mass fragments of 4 <2 <17 have been studied from the reaction 640 MeV
8Kr+%Cu. Inclusive energy and angular distribution measurements have been made as well as
coincidence measurements with fissionlike fragments of 18=<2Z=<40. The -coincidence
configuration was such that two-body exit channels were excluded; nevertheless, heavy fragments
were recorded both in plane and out of plane with respect to light fragments of 4 <Z < 10.
Three mechanisms have been identified for intermediate-mass fragment production. The dom-
inant pathway for all intermediate-mass fragments is a two-body breakup of fission or evapora-
tionlike character. A second pathway for Z < 10 is intermediate-mass fragment ejection from the
composite nucleus followed by sequential fission. The third path is a simultaneous ternary break-

up for 4 < Z <9 that resembles ternary alpha-accompanied fission at low energies.

The formation of intermediate-mass fragments (IMF’s)
with atomic numbers of ==3-15, is of great current in-
terest.! This interest stems largely from the expectation
that simultaneous multi-fragment emission might be a
new reaction mechanism in violent heavy ion collisions.
However, it is not easy to make a clearcut identification
for such a multi-fragmentation process as distinct from
sequential binary breakups, especially at high incident en-
ergies with a wide range of energy depositions. One can
expect that the mechanisms for IMF formation will be
more easily separable for relatively low energies, near the
onset of their production, and where essentially complete
fusion is the major reaction class. In an earlier study? of
the reaction 336 MeV “Ar+"Ag— '“Tb* (E* =194
MeV), we found cross sections of ~2-10 mb for evapora-
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tionlike (or fissionlike) fragments of Z=3,4,...,9.
These small cross sections indicated IMF production at a
near-onset excitation energy. In this work we have chosen
the matched reaction 640 MeV 36Kr+ % Cu— ¥Tb*
(E* =194 MeV). With reversed kinematics the IMF’s
have higher kinetic energies and higher counting rates,
while the reactions with largest energy deposition still fol-
low essentially complete fusion.

The experimental setup consisted of one small gas ion-
ization telescope (GT), two similar, but larger gas tele-
scopes’ (GASP’s), and four Si solid state telescopes
(SST’s). Intermediate-mass fragments (4<Z=<17)
were detected in the gas telescopes in singles and in coin-
cidence with fissionlike fragments (18 < Z =< 40), and
with 'H and *He in the SST’s. In this work we wiil focus
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FIG. 1. Primary arrangement of the gas ionization detectors
for intermediate-mass fragments (4 < Z < 17) and fission frag-
ments (18 < Z < 40).

on the inclusive and exclusive data for IMF’s and heavy
fragments as recorded by the gas ionization telescopes.
Results for fragment-particle coincidences and the light
particles (inclusive and exclusive) will be published else-
where. These data indicate that both IMF’s and light-
charged particles are largely produced after essentially
complete fusion into a composite nucleus. In the primary
configuration, shown in Fig. 1, each telescope was placed
at 6, =35°, two in the horizontal plane (% 35°) and one
in the vertical plane. Subsequently, the table was rotated
to obtain inclusive angular and energy distributions.
Measurements were also made with a C target to test for
the possible role of impurities on the Cu target. Energy
and solid angle calibrations were based on elastic scatter-
ing of 142 and 158 MeV ?°Ne beams by a thin Au target
and on alpha-radioactive sources. Individual Z values
were resolved for 4 < Z < 17, and fusion fission or fission-
like fragments were recorded as one group of 18<Z2
= 40.

In Fig. 2 we show inclusive c.m. kinetic energy spectra
for IMF’s of 10 <Z <15 as obtained from detectors at
61ab=35°. Final product Z values were uniquely identi-
fied, and the average primary Z and A4 values were es-
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FIG. 2. Inclusive energy spectra (c.m.) for primary frag-
ments (multiplying factors in paranetheses) corresponding to
the observed Z values of 10-15 (815 =35°, all detectors). Aver-
age primary masses were estimated to be 23.2, 26.7, 29.0, 31.3,
33.6, and 35.8u. The dashed curves are fitted Gaussians.
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timated from the separate determination of 'H and “He in
coincidence with the IMF’s.4 The major property of these
energy spectra is their broad, near-Gaussian shape with
standard deviations of = 20% of the mean value. These
spectra were also used to deduce total kinetic energies in
two-body breakup, as discussed below.*

In Fig. 3 we show both inclusive and exclusive spectra
for 4 =Z < 9. No fragment-fragment coincidences were
observed for the IMF’s of 11 < Z < 17. First, look at the
solid histograms that give the singles spectra. We see that
the shapes deviate from the Gaussian form rather strongly
at low energies. There is a distinct low-energy shelf that
becomes increasingly important with decreasing Z. The
short-dashed and long-dashed histograms show IMF spec-
tra recorded in coincidence with a heavy, fissionlike frag-
ment (HF) of 18 < Z =< 40, first in plane (GASP 1,2) and
then out of plane (GASP, GT) with each detector at 35°
(see Fig. 1). An essential point to realize about all of
these fragment-fragment coincidence spectra is that they
do not correspond to two-body exit channels. The vector
diagram in Fig. 4(a) shows that typical recoil angles are
=< 10° for the hypothetical heavy-fragment partners of
two-body breakup. These recoil angles are all much too
small to be accepted by the configuration shown in Fig. 1.
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FIG. 3. Energy spectra (c.m.) for primary fragments for ob-
served Z values of 4-9 (6ip=35°). Solid histograms for in-
clusive data; short-dashed for in-plane coincidences (GASP
1,2); long-dashed for out-of-plane coincidences (GASP, GT).
Average primary masses were estimated to be 9.5, 11.8, 14.1,
16.3, 18.6, and 20.9, respectively. For each Z the boundary be-
tween groups is indicated. For differential multiplicities from
the coincidence data we show

d’M/d Qyr(an)dE IMFem.)
=(d’0/d Quraab)d QiMFe.m)dE IMFe.m))/(do/d QiMFem)) .



41 THREE PATHS FOR INTERMEDIATE-MASS FRAGMENT . ..
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FIG. 4. In-plane vector diagrams for Z =6: (a) two-body
breakup and (b) post-fission emission of Z =6 fragment from
fully-accelerated, mass-symmetric fission fragments. Average
velocity vectors are indicated for the IMF, the c.m., and the
detected heavy fragment HF;. Asymmetry in the HF vectors in
(b) results from kinematic selectivity of the detector geometry.

Therefore, we must be observing three (or more) body re-
actions in these fragment-fragment coincidences. Chance
coincidence corrections have been subtracted. By moving
the edge of one GASP detector to 7.5°, we did observe the
two-body breakups, but could not measure their cross sec-
tions directly.

It is particularly interesting that the shapes of the in-
plane coincidence spectra (4 < Z < 10) are very similar
to the broad, high-energy peaks in the singles spectra,
while the out-of-plane spectra seem to reflect the low-
energy shelf observed in the singles. This contrast sug-
gests the possibility of two separate mechanisms so we
have divided the IMF’s into two groups of low and high
energy, with the boundaries indicated in Fig. 3. One can
examine these groups with an eye towards four mechanis-
tic paths for IMF production: (a) simple two-body break-
up, (b) IMF ejection from the composite nucleus followed
by fission, (c) IMF ejection in a three-body simultaneous
breakup, and (d) IMF ejection from fission fragments
after their formation and acceleration.

Pathways (a) and (b) are the most simple to consider;
in both, the IMF’s are expected to exhibit total kinetic en-
ergy (TKE) values driven by the Coulomb repulsion of
very asymmetric, two-body, fissionlike breakup.?> Figure
5 compares the mean TKE values (inclusive data, high-
energy peak only) to values calculated from a macroscopic
model.>® It is clear that there is a rather close correspon-
dence that suggests ejection of the IMF’s from the com-
posite nucleus. The strong similarity of the singles spectra
and the in-plane coincidence spectra (Fig. 3) suggests that
these coincidences (in-plane only) correspond to IMF
ejection followed much later by fission.

Additional evidence for this conclusion can be obtained
from the observed multiplicities for fission products HF
(18 = Z =< 40) with respect to the IMF’s. Table I gives
values for preliminary multiplicities (PM) for each energy
group, defined as follows:

PM-Zﬂ(dZO'/dﬂlMFdQHF)/(dO'/dQIMF). ¢))
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FIG. 5. Average total kinetic energy TKE vs primary frag-
ment Z: A, calculated upper limit from a macroscopic fission
model, Ref. 5; ®, calculated lower limit from a macroscopic
fission model, Ref. 6; O, experimental values from this work for
the high-energy group only.

We term these preliminary multiplicities because the fac-
tor 2z (i.e., 47 sr/2 fragments) has been used to give
crude angular integration for a hypothetical isotropic
fission process in the c.m. For the high-energy group of
IMPF’s there are two important results given in Table I:
(a) the ratio of in-plane to out-of-plane coincidences is

TABLE 1. IMF-fission fragment multiplicities (PM) and an-
gle integrated cross sections (PM)o).

PM? PM? (PM)oims®
Z\mr (in plane) (out of plane) (mb)
High-energy group
4 0.12+0.02 <0.02 0.36
5 0.08 £0.01 0.02+0.01 0.26
6 0.11+0.01 0.02+0.02 0.68
7 0.10+0.02 <0.01 0.27
8 0.07 +0.01 0.03+£0.04 0.29
9 0.05%+0.01 0.01 £0.01 0.10
10 0.07 £0.01 0.01 = 0.01 0.22
Low-energy group
4 0.03 +0.01 0.16 £0.04 0.14
5 0.05+0.02 0.24 +0.07 0.10
6 0.05+0.02 0.19+0.03 0.16
7 0.02 +0.01 0.16 +0.04 0.07
8 0.03+0.02 0.14+0.03 0.06
9 0.07 £0.03 0.15%0.04 0.05
10 0.06 +0.03 0.09 +0.03 0.03

aFrom Eq. (1).

®PM) is the average of in-plane and out-of-plane values; oM is
the inclusive cross section for the relevant IMF group. Relative
uncertainties are shown for the PM values; absolute uncertain-
ties depend on the crude angular integration and may reach a
factor of 2.
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very large and (b) the average multiplicities (PM) are
small, =< 10%, and tend to decrease with increasing Z.
These low average multiplicities indicate that only a small
fraction of the high-energy IMF production is accom-
panied by fission fragments of 18 < Z < 40. Therefore,
the bulk of the inclusive IMF’s can be attributed to very
mass-asymmetric two-body breakup. The strong in-plane
preference for fragments and high-energy IMF’s suggests
that both the IMF breakup and the fissionlike breakup
occur preferentially perpendicular to the spin of the com-
posite system. And, again, the similar inclusive and ex-
clusive energy spectra indicate that the IMF is emitted
prior to fission and is essentially unperturbed by its later
occurrence.

Turning now to the low-energy IMF group in Fig. 3 and
Table I, we see very different behavior. These low-energy
fragments have preferred emission out of plane with
respect to the fission products. Their average multiplici-
ties seem to be larger than those for the high-energy group
and they are roughly constant with increasing Z. This be-
havior suggests that the low-energy IMF production does
not occur prior to fission, and one should consider simul-
taneous or post-fission ejection. The vector diagram in
Fig. 4(b) has been drawn to illustrate the expected kine-
matics for in-plane coincidences in post-scission IMF ejec-
tion. Clearly this kinematic behavior shown in Fig. 4(b) is
completely at variance with the data. The post-fission
IMF’s would be preferentially detected in plane and with
velocities larger than the prefission IMF’s.

What about simultaneous ternary breakup into an IMF
of Z =10 and two fission products of 18 <Z < 40? If
this process is similar to ternary fission (i.e., alpha-particle
accompanied fission) at low energies, then the IMF’s
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FIG. 6. Inclusive energy spectra (c.m.) vs average c.m. angle
for primary fragments corresponding to final Z =6 (C).
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FIG. 7. Angular distributions for final Z=6 (C); O, high-
energy group with Ecm = 24 MeV; O, low-energy group with
16 < Ecm =< 24 MeV. Solid line follows 1/sinf.m; dashed line is
a guide to the eye.

would be expected to be emitted mainly perpendicular to
the scission axis.” % For the geometry of this experiment,
detection of such emission would be favored for the out-
of-plane configuration in Fig. 1 and strongly disfavored
for the in-plane configuration. Also, the average energy of
the IMF would be smaller than that for prescission emis-
sion because the Coulomb forces from the two heavy frag-
ments would partially cancel in their action on an IMF in
the middle.” ~® Figure 3 and Table I do indicate both low
energies and out-of-plane preference for this second group
of IMF’s. Therefore, we associate the low-energy IMF
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FIG. 8. Angle integrated cross sections vs final fragment Z; m,
inclusive cross sections (thresholds shown in Figs. 2 and 3); e,
high-energy group produced in two-body breakup only; ¢;
high-energy group in coincidence with sequential fission
(18 <Z =40); a, low-energy group emitted in simultaneous
ternary breakups.
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group with a simultaneous ternary breakup mechanism.

In this experiment we also made inclusive IMF mea-
surements (in GASP 2) at several angles as shown in Fig.
6 for one case. The shapes of these spectra indicate a
growth in the importance of the low-energy shelf as one
moves from forward angles toward 90°. Again, we have
divided the differential cross sections into high- and low-
energy groups, and their angular distributions are shown
in Fig. 7. The high-energy group has the characteristic
forward-backward peaking (approximately 1/sinf., ) of
strongly spin driven fission or evaporation processes. This
is consistent with a predominantly binary breakup, unas-
sociated with fission (18 =<Z =<40). The low-energy
group seems to exhibit a preference for sideways emission
in the c.m. These differential cross sections were taken for
16 = E.;m < 24 MeV, and are much more subject to ex-
perimental errors than are those for the high-energy group
(E.m.= 24 MeV). Nevertheless, the qualitative feature
of sideways emission is strongly suggested. If these low-
energy IMF’s were predominantly emitted perpendicular
to the forward-backward-peaked fragments of 18<2Z
= 40, then they would be side peaked. It is not possible
for us to take this suggestion further now because our an-
gular coverage was rather limited. Another experiment
has been designed to pursue this point. '°

In Fig. 8 we summarize the IMF cross sections from
this experiment. The inclusive cross sections are rather
flat at =6 mb for 4 < Z < 10, with the commonly ob-
served enhancement for Z =6 and deficiency for Z =9.
Then they gradually increase with Z as one moves toward
symmetric fission. In contrast, there is a substantial de-
crease with increasing Z for the cross sections of both
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high-energy and low-energy groups in coincidence with
fission (18 < Z =< 40). Here the relative coincidence cross
sections are much more indicative than the absolute
values because of uncertainties in the crude angular in-
tegrations. Nevertheless, it is clear that the predominant
path for IMF production is a binary breakup without any
associated fragment of 18 <Z < 40. In fact, no three-
body exit channels were observed for Z > 10.

To summarize, in this study we have identified three
mechanisms for IMF production in the reaction 640 MeV
8Kr+ %Cu. The dominant path for 4 < Z < 17 is a sim-
ple two-body breakup with fission or evaporationlike char-
acter. There is also IMF formation for 4<Z <10 in
coincidence with fissionlike fragments of 18 < Z =< 40.
We have divided these IMF’s into a high-energy group
and a low-energy group. The former is attributed to ejec-
tion from the composite nucleus prior to scission; the
latter is attributed to simultaneous ternary breakup.
These separate processes offer very interesting probes for
the dynamics of reactions involving large spins and ener-
gies.
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