
VOLUME 53, NUMBER 23 PHYSICAL REVIE% LETTERS 3 DECEMBER 1984

Reaching the Capacity of a Composite Nucleus for Energy and Spin Containment
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The reaction 1080-MeV Ar+"'U has been studied via correlated fission fragments and
He particles. Between T and —,

' of the reaction cross section goes into fusionlike events to

form composite nuclei excited to 500—800 MeV. The probability for such high-energy con-
tainment drops dramatically for Ar projectiles between 27 and 44 MeV/u. Evaporative He
particles for fusionlike events (multiplicity = 1.5) have been found to arise predominantly
from the massively excited composite nuclei.

PACS numbers: 25.70.Gh

The new GANIL (Grand Accelerateur National
d'Ions Lourdes) facility at Caen has been designed
to deliver a wide variety of heavy projectiles in the
energy range of (for example) 20-80 MeV/u for

Ar. Over this span of energies one expects to see
a rapid decline of the fusionlike nuclear reactions
that epitomize slow collective rearrangements in a
mean nuclear field. ' In their place at higher ener-
gies, one expects an increasing dominance of fast,
nucleon-nucleon collision cascades. Indeed, for
the reactions 44-MeV/u Ar+ Ni or ' Au, a
dramatic change has been observed in the yield pat-
terns of projectilelike fragments produced in pe-
ripheral collisions. ' The X/Z distributions indicate
that fast fragmentation reactions (44 MeV/u) have
mostly replaced the deeply inelastic reactions (at
& 10 MeV/u).

In this work our particular interest (and that of
several complementary studies~ s) has involved a
search for the upper bounds of energy (and spin)
that can be contained by a relatively long-lived ther-
malized composite nucleus. We have chosen the
reaction 1080-MeV Ar+ 238U which, for complete
fusion, would produce excitation energies of = 800
MeV. The observation of binary fission, subse-
quent to fusion, provides a well-established bench-
mark for the formation of such a "long-lived"
composite nucleus. We do observe a large proba-
bility for fusing collisions, and we establish that
evaporative He is abundantly emitted by the com-
posite nuclei.

Measurements were made of the correlated fis-
sion fragments ' and their additional correlations
with He particles. " ' This technique has proved to
be very useful for getting an overview of the oc-
currence of various reaction types and their time
scales. ' The experimental arrangement (sketched
in Fig. 1) consisted of three silicon detectors, any
one of which served as a fission-fragment trigger.
In addition, a position-sensitive avalanche detector
(sweeper) was used to record the in-plane and out-
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FIG. 1. Energy spectra for He in triple coincidence
with a trigger fragment at 40' or 60' and a sweeper frag-
ment in the position-sensitive avalanche detector.
Smooth curves are from simulations for evaporation
from fully accelerated fragments (short dashed line),
from the composite nucleus (long dashed line), and their
sum (solid line).

of-plane angles of the correlated fission fragment.
Light charged particles were measured in five tele-
scopes, each comprised of three Si detectors (of
thickness 50-150, 500-1000, and 5000 p, m). In
this Letter we will mainly consider the information
from double coincidences between the fission frag-
ments and from triple coincidences between two
fragments and a He particle. (Even though He iso-
topes were not always separated, ) 85% of them
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FIG, 2. Number of events vs folding angle 0+
(0„;as„+0,„„~,for the two fission fragments): (a) 44-
MeV/u 4 Ar+Th (Ref. 5); (b) 27-MeV/u Ar+U (this
work); (c) 8.5-MeV/u 4aAr+U [Ref. 14 and M. Kildir
et al. , Z. Phys. A 306, 323 (1982)l. Additional data from
the authors of Ref. 5 indicate the absence of a peak for
very large momentum transfer. The symbols in (b) are
for different trigger angles: 40', open circles; 60',
squares; 100', triangles and inverted triangles.
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were 4He. )
The fragment-fragment correlations from this

work are shown in Fig. 2(b) as one combined pro-
jection on the in-plane folding angle Hq. Qualita-
tively the broad peak at OF =110' corresponds to
very large momentum transfers to the composite
nucleus followed by binary fission (i.e., a fusionlike
process). This fusion peak is very similar to that
observed at much lower beam energies [as shown in
Fig. 2(c)]. The narrower peak at HF = 170' corre-
sponds to sequential fission of the targetlike nu-
cleus after a glancing collision and departure of a
projectilelike fragment; hence there is very little
momentum (and mass) transfer to the fissile nu-

cleus. For complete fusion followed by isotropic
evaporation, the average value of oF should be
=96' (100' for uniquely symmetric fission) in-
stead of 110'. In addition, the fusion peak is very

broad. A straightforward Monte Carlo simulation'
shows that this fusionlike peak cannot be accounted
for by complete fusion even after considering the
mass and energy distributions of the fission frag-
ments and the evaporated particles. There must be
some additional particle emission during the very
first steps of the interaction. By comparisons to the
simulations we estimate that, on average, about ten
mass units and =200 MeV have escaped in a
forward-peaked, light-particle spray.

An integration of the folding-angle distribution
between 80' and 130' provides a measure of the
limits for the fusionlike cross section. The lower
and upper limits are given respectively by the as-
sumption of isotropic or 1/sin0, angular distribu-
tions for fission. An important part ( —,

' to —,') of
the reaction cross section' is found for the fusion
process; this implies the involvement of a large
number of I waves in the entrance channel (0 to
260t or 330t). For 8.5-MeV/u 4aAr the fusion
process also comprises =

&p
of the reaction cross

section and spins of 0-124t [Fig. 2(c)].'
The overall features of the folding-angle distribu-

tions are very similar for 8.5 and 27 MeV/u, in par-
ticular the form of the fusionlike peak. These
correlation functions also strongly resemble the
data obtained with lighter projectiles at similar and
lower velocities ( ( 30 MeV/u). 6 to's On the con-
trary the present data (27 MeV/u) are dramatically
different from those of Pollaco et al. 5 obtained with
4 Ar of 44 MeV/u. Figure 2(a) shows the markedly
changed correlation function for 44 MeV/u; this
difference must signal an important change in the
nature of the nucleus-nucleus interaction mecha-
nism. The distinct fusionlike peak (8.5 and 27
MeV/u) indicates that the bulk of the projectile was
harnessed by the mean field of the composite nu-
clear system for a time period long enough for this
object to exchange many particles and collectively
deform into binary-fision-like decay. In fact,
for the reaction 1080-MeV "Ar+ U, more than
= 700 MeV must have been removed from the
translational motion, and long-lived composite nu-
clei of 500-800 MeV of excitation must have been
formed. Furthermore, this process comprises en-
trance channel l waves of 0 to = 300h.

The disappearance of this fusion peak'8 over the
relatively small velocity increase from 27 to 44
MeV/u indicates a rapid collapse of the capacity of
the nucleus for energy and spin containment. In-
stead the fusion-binary-fission mode has largely
disappeared and the intermediate reaction complex
must have lost much of its mass and energy into
exit channels of many smaller particles or clusters.
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Evidently the wall of the mean nuclear field has
been broken down for the major fraction of the
reactions. The growth of leaks in this wall may also
be reflected by the massive increase of direct He
emission as discussed below (approximately twenty-
fold for a change of 8.5 to 27 MeV/u in Ar ener-

Turning now to the triple-coincidence study of
He, we show an interesting feature by plotting the
differential multiplicities versus folding angle as
shown in Fig. 3. Forward-directed He production
arises from the whole range of momentum
transfers, but with a distinct preference for
intermediate-momentum-transfer collisions (Fig. 3,
curves a and b), i.e. , at the HF value for minimum
abundance in Fig. 2. (Possibly the copious ejection
of prompt particles has reduced the fissility of the
residual nuclei. ) By contrast, the He production at
backward angles is decidedly disfavored in pe-
ripheral collisions. Evidently the massive energy
deposition that characterizes fusionlike reactions
strongly enhances the probability of this evapora-
tionlike emission.

In Table I we give total multiplicities for He as a
function of the transferred momentum. The in-

plane multiplicities are rather well determined; in
the absence of out-of-plane measurements we as-
sume out-of-plane isotropy. (Strictly speaking,
these multiplicities should therefore be designated
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FIG. 3. Differential He multiplicity vs 0j; for various
angles HH, .
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TABLE I. Multiplicities for He vs fractional momen-
tum transfer.

P projectile

Total
He

Evaporative
He

Forward-peaked
He

0.25
0.50
0.75
1.0

1.46
2.50
2.70
2.75

0.22
0.70
1.30
1.60

1.24
1.80
1.40
1.15

as upper limits. ) Similarly, multiplicities have been
deduced for the evaporationlike He particles from
the data at backward angles. For the fusing col-
lisions (p~~/p, «,«„„=0.6—I) we see that larger
momentum transfers correspond to lower multipli-
cities for direct (or forward) emission and to higher
multiplicities for evaporation. (Compare the slopes
in Fig. 3.) It is likely that direct He production
(along with n and '2 3H) can account for most of
the missing momentum in fusion. This cannot be
true for the most peripheral collisions as the ob-
served multiplicity of direct He actually decreases;
here a "projectile residue" must carry away a siz-
able fraction of the initial momentum. '

For fusionlike fission the average multiplicity for
evaporative He emission is about 1.5, a value about
15 times that observed' for 340-MeV "Ar+ U
(and comparable to that" for 720-MeV '2C+ 23sU).

Clearly a threefold increase in the deposited energy
strongly enhances the evaporative He emission.

Another interesting aspect is shown by the He
spectra in Fig. I; reaction simulations'4 (to be dis-
cussed in detail in a forthcoming paper) are also
shown. Figure 1 indicates that evaporation from
the composite nucleus can account for the bulk of
the data and that an upper limit for the fraction
evaporated from the fully accelerated fragments can
be set. at = 25%. However, for spherical composite
nuclei with spins & 100h the calculated evapora-
tion spectrum has a long high-energy tail that is not
compatible with the data. This result is due to the
very appreciable spin-off energies that would
characterize evaporation from rapidly rotating
spherical composite nuclei. ' As we do not observe
such a high-energy tail in the He spectra, we had to
invoke a rather extensive deformation, i.e., a
principal-axis ratio of & 1.5 for prolate deforma-
tion. Such a large distortion of the composite nu-
cleus reduces its rotational velocity and thus elim-
inates the high spin-off energies for 4He. These
evaporative processess thus provide an interesting
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constraint on the properties of the emitters.
We conclude that composite nuclei of relatively

long lifetime and = 500—800 MeV of excitation en-
ergy have been formed in central collisions of
1080-MeV oAr with U. The formation of such
long-lived composite nuclei at 27 MeV/u consti-
tutes —,

'-
—,
' of the reactions but then drops to a

much smaller value for 44 MeV/u. 5 The fusionlike
collisions for 27 MeV/u are generally associated
with several forward-peaked, light particles includ-
ing = 1.4 He. However, the maximum probability
for direct He (=1.8) occurs for =50% momen-
tum transfer. The maximum probability for evap-
orative He (=1.5) occurs for 75-100% momen-
turn transfer; most of this evaporative He arises
from the massively excited composite nuclei. Fur-
ther studies of these evaporated particles can be
expected to give even more detailed information
(average spin, temperature, size, and/or shape)
concerning these very hot, long-lived composite nu-
clei, ' near to their limit for energy and spin con-
tainment.
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