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Violent collisions have been extensively studied at incident
energies lower than 10 MeV'/u '. They occur for a rather large
range of impact parameters and lead to fusion of the incoming nu
clei. Complete fusion has been shown to be dominant in this ener
gy range where incomplete fusion processes just begin to appear "
Khen raising the incident energy, one can wonder whether such pro
cesses will still occur, as the fusion nuclei will receive more
and more linear momentum and excitation energy. A rather large set
of data has already been obtained with projectiles ranging from
He tc \'e between 10 and 30 MeV/u, and with '-C projectiles at ener
gies up to 84 MeV/u "'"'. Most of theseworks concern heavy systems
(target masses larger than 200) , and are focused on the measure
ment of the linear momentum distribution of the fusion nuclei. If
one restricts to central collisions, the most probable value of
the linear momentum transfer decreases from 93 to 80 » of the pro
jectile momentum as the energy increases from 10 to 30 MeV/u.
It means that for this energy range incomplete fusion becomes the
dominant process for central collisions. Actually the term "incom
plete fusion" does not imply a unique
reaction mechanism ; one
can imagine several processes. The projectile may break up in the
Coulomb field of the target, and part of it fuses with the target.
Alternately the total projectile may fuse and then several high
velocity nucléons escape, before the fusion nucleus reaches equi
librium. In the following, we will call "fusion-like nuclei" the
heavy products formed in central collisions, wether fusion has
been complete or incomplete.
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The new GA.NIL facility in Caen has provided
the first Argon
Deans between 20 and 60 MeV/u. As one can expect to transfer more
linear momentum and excitation energy with these projectiles be
cause of their substantial mass, these Ar beams seem well suited
to aJJress the following questions :

Does the linear momentum transfer (LMT) follow the systematics observed for lighter projectiles ?
Do

fusion processes still occur ?

Is there a limit to the temperature, or the excitation energy (or both) that a nucleus can achieve ?
IVe will report on two experiments performed in our group
using the 2? MeV/u Ar beam. The first one concerns an intermediate mass system, Ar • Ag. For the second one a heavier fissile
system, Ar + U, was chosen.
For Ar + Ag,informat ion about fusion requires the measurements
of evaporation residues and fission. The masses and velocities of
the residues were measured by means of a time of flight telescope
(carbon foil associated with channel plates - solid state detector). The flight path was 1.25 m. The same telescope was used to
derive the characteristics of one fission fragment, while the
coincident partner was detected in a large area (20 x 20 cm') position sensitive parallel plate detector.
In the Ar + U reaction, most of the collisions lead to fission. The violence of the collision is therefore determined from
the correlation angle of the coincident fission fragments. These
fragments were detected on one side by four solid state detectors,
and on 'he other side by a position sensitive parallel plate detector. More insight into the reaction mechanism was gained by
studying light charged particles emitted in coincidence with the
two fission fragments. Six three member solid state telescopes
were located between 15° and 160° to record them.
I. LIS'EAR MOMENTUM TRANSFER
A) For the Ar + Ag system, fusion-like reactions are expected
to produce primary residues with mass ranging from 130 to 150.
It was shown at lower incident energies that their subsequent deexcitation proceedspartly through particle evaporation and partly
through fission. For instance at 8.5 MeV/u, the cross sections for
evaporation residues and for fission are roughly equal . In the
experiment reported here, we got only a preliminary indication
that abundance of fission is smaller than that for evaporation
41
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Figure 1
Mass-velocity spectrum
of the products measu
red at 6° in the 2"
MeV/u Ar+Ag reaction.
The projected mass and
velocity spectra cor
respond to the residue
:one (1) only. The ar
row indicates the full
momentum transfer velo
city.
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A mass velocity spectrum measured at 6° is shown in fig. 1.
Heavy residues from violent collisions appear clearly in the re
gion labelled 1. At this angle the average residue mass is equal
to 89 and their average velocity is v = 1.40 cm/ns. Kith increa
sing
detection angle, both VR and the average mass decrease.
At very forward angles, the most probable velocity of the residues
can be related to the most probable parallel linear momentum trans
fer. This was done by considering one possible picture of incom
plete fusion which will be kept throughout this paper : it is as
sumed that part of the projectile Cm nucléons), with its initial
velocity v , fuses with the target. The recoil velocity of the
fusion-like nuclei is then
R

p

l

R

m

and their linear momentum

In these equations the subscripts p and t refer to projectile and
target, and p- is the total projectile linear momentum.
From the most probable velocity VR = 1.40 ±0.1 cm/ns measu
red at 6°, we deduce the most probable linear momentum of the re
sidues _.p\| = 3.72 MeV/c or ip^/p^ ;.. 0.6-1 i 0.06. Iv'e should however
regard this value as a lower limit, as we know that heavy residues
are not representative of all the violent collisions. Reactions
ending up by fission should be taker, into account. Preliminary
results on the distribution of correlation angles between the two
fission fragments indicate that on the average, the fissioning
nuclei have received a larger momentum than the residues. Indeed
this is not surprising as the fission barriers are rather high in
this mass region. Therefore, only the heavier nuclei, with the
larger excitation energies will deexcite by fission
. This ef
fect may even be enhanced if there is some particle evaporation
prior to fission.
he therefore infer that the most probable linear momentum
transfer ip for central collisions in the 27 MeV/u Ar + Ag reac
tions is between 61 and 80 % of the incident value.
N]

B) As for the Ar + U system, most of the heavy nuclei formed
in fusion-like reactions are expected to deexcite through fission.
Information about their recoil velocity is derived from the mea
surement of the angular correlation between the two fission frag
ments.
The correlation angle (9pp) distribution measured for the Ar
+ U system at 27 MeV/u is displayed in fig. 2 '. This distribu
tion has been integrated over the out of plane angle. 5-p = 180°
corresponds to fission of a cold target nucleus, whereas the cor
relation angle for symmetric fission after full momentum transfer
i< cpp = 100°. The distribution exhibits two bumps, separated by
a deep minimum. The bump located around 8p i. 166- can be associa
ted with peripheral collisions, and the one at 5FF ^ I' ' with
central collisions.
F
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For each correlation angle, and assuming a symmetric mass di
vision, the recoil velocity of the fissioning nuclei bas been calcu4
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Figure l
Angular correla
tion distribution
of fission frag
ments measured
for 2 7 MeV/u Ar
induced reactions
on 238u.
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lated. Then the linear momentum transfer is obtained from ec. I.
The folding angle distribution is therefore transformed into a
linear momentum transfer distribution Cfig. 3a). The clear separa
tion between central and peripheral collisions makes it easy to
deduce the most probable linear momentum transfer for central col
lisions ip /Pi "- 80 % Cip = ".2 GeV/c).
M

M

IVe found therefore very similar values of the most probable
linear momentum transfer corresponding to central collisions for
the two systems Ar + Ag and Ar + U. This indicates that dp is
essentially independent of the target mass.
M

CI How does the most probable linear momentum transfer measu
red in Ar induced reactions compare with results obtained with
lighter projectiles at the same energy per nucléon ? IVe show in
fig. 4 the systematic pattern of values found for ip\|/pj as a
function of the relative velocity of the incoming ions ^. U ener
gies around 30 MeV/u ( v
% 4.8), the values of ip^/pj are
around O.S for all projectiles between He and Ne. Therefore the
values reported here for the two studied systems are very close
to
the previous ones, allowing an extension
of the systematics
r e l
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Linear momentum
transfer distribu
tions for a) the
Ar • U svsterr. a'
27 MeV/u' (ref J-*)
and bj Ar » Th
system at 44 MeV/u
(ref. ").
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Fig. 4 : Systematica of the energy dependence of the most probable
linear momentum transfer measured in reactions induced by
various projectiles on actinide targets (open symbols,
ref. 2-3,5-11] and on non-fissile targets (bla^k symbols,
ref. 12). The lines are to guide the eye.
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to projectiles as heavy as . °Ar.
Let us look now at the overall trend of the systematics. The
most probable linear momentum trar.sfer remains close to 100 o up
to about 10 MeV/u, and then decreases when the incident energy in
creases, which reflects the growing contribution of incomplete fu
sion processes. The decrease of lp\i/pj is approximately linear
with the relative velocity. Up to 30 MeV/u, a large variety of pro
jectiles contributes to the systematics (He to Ar) . Most of the da
ta concern fissile targets, but besides our point from Ar+Ag other
results from residue measurements are also available'''-) [black
symbols in fig. 4). The systematics below 50 MeV/u show therefore
that to first order, ipy[/pi is dependent on one parameter, the rela
tive velocity ; neither the projectile nor the target mass seem to
be of major importance. Above 50 MeV/u the only known data are
from
reactions induced by He and '-C. The value of Ap„/p. seems
to keep decreasing in a monotonous way.
A possible explanation of this behaviour has been proposed by
Grégoire and Scheuter '. The decrease of the LMT is predicted by
considering the evolution of the dinuclear system (projectile •
target) in its momentum space, and the transition from one-body to
two-body dissipât ion.The independence of reaction system would refer
to the basic momentum properties of the nucléons inside the nucleus.
16

Recently some surprising results have been obtained by a
French group''. The linear momentum transfer distribution was mea
sured for the reaction Ar + Th at 44 MeV/u (fig. 3b). It differs
strongly from the one obtained at 2" MeV/u. Indeed only one bump
is visible, corresponding to peripheral collisions. For central
collisions the systematics shown above predict a value
ip /Pi -v. 65 1 ( v
= 6.2) .
M

rel

\'o maximum is visible arount this value, the distribution re
mains flat in all the region which would correspond to central
collisions. This is, to our knowledge, the first system for which
this effect appears in the energy domain 10-100 MeV/u.
Obviously the limitation of the linear momentum transfer des
cribed above is not sufficient to explain these data. But one
should remember that above 30 MeV/u, only He and '^c projectiles
have been considered. The Ar projectiles being much heavier will
bring more excitation energy to the system, and possibly too much
for the fusion-like nuclei to absorb.
How is the excitation

energy correlated with the linear momentum transfer
described in the following section.

This will be

II. EXCITATION ENERGY OF THE FUSION-LIKE RESIDUES
The excitât ion'energy of the fusion-like residues is expected
to increase with the momentum transfer. Data obtained at CERN on
the C + U, Au systems between 3U and 84 MeV/u made it possible to
derive a more quantitative relation between both quantities'^. In
this experiment the masses of the final fission fragments were measured. The mass
loss with respect to the fissioning nuclei is
directly related to the excitation energy. IVe show in
fig. 5 the measured mass loss versus the LMT. We observe that at
a given incident energy the excitation energy increases with LMT;

50

•

84 McV/u

Û

SOMtV/u

O

30 MiV/ u

I
PIGeV/c)

liii

Mass loss deduced from the measurement of the final fission fragment masses in the reactions induced by C on U
at three energies, as a function of the linear momentum
transfer. The lines are to guide the eye.

also for a given momentum, it increases with the incident energy.
This is in agreement with incomplete fusion processes where less
and less nucléons of the projectile are involved in the transfer
process. Ke indeed demonstrated that there was a very strong correlation between the experimental mass loss and that calculated
in the incomplete fusion picture described above (fig. 6).
Can we apply the same description to the reactions induced by
-" MeV/u Ar projectiles ?
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Figure 6
Calculated amount of
evaporated nucléons
compared to the experi
mental mass loss dis
played in fig. 5.
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A) Let us consider first the Ar+Ag system. In fig. " are re
presented the velocity spectra for four mass regions. For masses
between 66 and 99, the most probable velocity remains close to 1.41.3 cm/ns ; on the contrary it is much lower for the highest mass
region, indicating that these residues probably arise from more pe
ripheral collisions

; they were therefore not included in the fu

sion-like nuclei. For each average recoil

velocity we can calcula

te the mass of the fusion-like nucleus (eq. 1) and its excitation
energy

; the latter is shown on fig. 7, where we indicate also the

mass loss (number of emitted nucléons) . The mass loss increases
with momentum transfer, as expected if the excitation energy in
creases. Another argument showing the increase of excitation ener
gy with the LMT is derived from the width of the velocity spectra
for different mass regions.Along with the increase of the recoil
velocity, one observes a broadening of the velocity spectrum, as
can be expected if more and more particles are evaporated.
We have also indicated in fig. 7 the average energy removed
per emitted nucléon. It decreases when the excitation energy in
creases. This is understood as an enhanced emission of a particles
and possibly heavier clusters at high excitation energy. This be
haviour is reasonable for the neutron-deficient fusion-like nuclei
considered here.
Finally, the characteristics of heavy residues formed in the
2" Me\'/u Ar + Ag reactions are consistent with a process in which
large excitation energies, up to "SO MeV, are brought to the
fusion-like nuclei.
B) he turn now to the Ar + U system. Information on the exci
tation energy of the fissioning nuclei was derived from the studv
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Fig. " : Velocity spectra measured at 6" for four mass regions.
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*//
Fie. S : Invariant cross sections in the velocity plane of aparticles measured in coincidence with fission fragments
in the 27 MeV/u Ar + U reactions. The solid lines represent the experimental iso cross section levels. The dashed circles correspond to isotropic emission from a
source moving with the velocity of the compound nucleus
CM •
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of the s-particles emitted in coincidence with the two fission
fragments •*~> . By
appropriate gating on the correlation angle
of the fission fragments, we selected a-particles emitted in cen
tral collisions. Iv'e first look at the data presented as invariant
cross sections in the velocity plane Cfig. 8 ) . This is a conve
nient representation to look for possible isotropic emission
sources. At backward angles and down to "- 60", the iso-invariant
cross-section contour lines follow circles centered on the beam
axis ; the velocity of the emitting source thus deduced is
v = 1 : 0.15 cm/ns, very close to that of the compound nucleus.
The ridge of maximum cross-section corresponds, in the source sys
tem, to an a-energy equal to 24 MeV. Both the source velocity and
the position of the maximum of the a spectra are strong arguments
to state that these particles are emitted by heavy nuclei resul
ting from complete or almost complete fusion of the incident ions.
Therefore we conclude that these particles are emitted by the
fusion-like nuclei prior to fission, as was found previously for
other systems'=>-"). The temperature deduced from the slope of
the exponential tails of the spectra at backward angles reflects
therefore the excitation energy of the fusion nuclei. In figure 9
are represented the a particle spectra measured at different angles
The dashed lines result from a calculation assuming isotropic eva
poration from fusion-like nuclei which have received 80 â of the
momentum transfer. The corresponding calculated temperature,
T = 4.5 MeV, and a barrier to evaporation equal to 19 MeV- ) were
used. The agreement with the experimental spectra at backward an
gles is excellent, which confirms that the fusion-like nuclei emit
ting these particles had a high excitation energy.
1

1

The variation of the particle multiplicity with the correlation
angle of the fission fragments gives additional information on the
evolution of
excitation energy with LMT. It was indeed shown
that the multiplicity of these particles emitted prior to fission
increased with the excitation energy ^). If we consider first the
backward emitted particles (fig. 10), we observe a strong increase
of the multiplicity when the correlation angle decreases, i.e.
with increasing LMT. It should be noted that beyond 100°, which is
the correlation for symmetric fission after full momentum transfer,
the multiplicity remains constant. This confirms that this part of
the correlation distribution corresponds to full momentum transfer,
the broadening ari.-ing from the mass distribution of the fission
1
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Fig. 9 : Experimental a-particle spectra measured at different an
gles in coincidence with fission fragments, gated on cen
tral collisions only. Spectra calculated assuming Maxwellian isotropic evaporation from fusion-like nuclei (see
textj are shown bv the dashed lines.
fragments and the large number of evaporated nucléons. Therefore
the evolution of particle multiplicity reflects the increase of
the excitation energy with LMT, up to the maximum energy E* = 300
MeV which is reached after full momentum transfer.
A surprising effect is observed when looking at the variation
of the multiplicity of the particles emitted in the forward direc
tion. Although this point does not directly concern the central col
lisions, we feel it is worth discussing here. Instead of rising

Figure 1Q
Differential multi
plicities for protons
and a particles mea
sured at different
angles versus the cor
relation angle of the
coincident fission
fragments.

continuously with the LMT, the differential multiplicity exhibits
a maximum for 6
^ 140° ; if we look back at the correlation dis
tribution (fig. 2), we notice that it corresponds to collisions at
intermediate impact parameters, for which the subsequent fission
probability is minimum. A possible explanation for these observa
tions has been suggested from the study of light fragments <.Z = 512 1 emitted in the Ar » Ag reactions at 2" MeV/u-- . For these
intermediate impact parameter collisions, the projectile would
take away part of the target and form with it a hot participant
zone. The tar jet remnant would therefore be a nucleus much less
fissile than U, which would explain why fission is not the main
exit channel for reactions at intermediate impact parameters. The
deexcitation of the hot participant zone proceeds via break-up or
f F

1
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emission of a large number of light charged particles and heavier
fragment, focused in the forward direction due to the high veloci
ty of the emitters. This can explain the high a particle multipli
city observed.
III. TOWARDS THE LIMITS IX TEMPERATURE OR EXCITATION ENERGY OF A
NUCLEUS
Ke have now shown that very large excitation energies, or
temperatures can be reached by fusion-like nuclei. It is interes
ting to compare these values to some possible limitations of the
excitation energy that a nucleus can receive ; recently Campi et
al. have compiled a large set of experimental data obtained at
energies above 500 MeV/u- '. They noticed that the mass yields
o(Ap) of heavy target remnants (with masses greater than half the
target mass) exhibit a nearly exponential behavior. They establi
shed a connection between the value of the slope and the number
of nucléons lost by the target i.e. the excitation energy per nu
cléon, s*, of heavy residues. IVith increasing bombarding energy,
the slope of ~t'AjJ first decreases, and then reaches a limiting va
lue.
3

This means that there exists a maximum excitation energy per
nucléon that a nucleus can receive without breaking. The given
limit is •:' = 3 MeV/u, or a temperature of 5 MeV if the level
density parameter is taken equal to A/8.
IVe can test this predicted limitation with the results dis
cussed in this paper.
In the following table we have listed , for different sys
tems, the values of different parameters related to the calculated
excitation energy (E* =(p-/2m). &n /m+m ) + Q , with the same nota
tion as in equations 1-2). The calculation was made for the most
probable value of the LMT, and for
• full momentum transfer when
it was shown to occur, even with a small probability.
t

t

For the first three systems, C * 0 at 30 and e>0 MeV/u, and
Ar - U at 2" MeV/u, the excitation energy per nucléon remains smal
ler than 3 Me'. .If we reconsijernow the Ar + U system at 44 MeV/u,
we have seen that, from systemat ics, the expected ip\|'pj would be
around 0.63.
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System

E

lab

C * U

50

C*

iP/I'i
(McV/c)

M«\7u
0.66

156

,1
C • U

60

0.5

167

1
Ar • U

27

O.S

181

1

MeV/u

T(MeV)

E- (McV)

a " A/S

0.9

2.65

21 7

1 .3

3.2

319

1.5

3.45

363

2.65

4.6

661

2.5

4.5

674

2.9

4.8

800
(950)

Ar * U

44

CO.65)

(185)

C5.6)

(5.4)

Ar * Ag

27

0.73

162

4.3

S.85

600

5.05

6.35

746

1

The corresponding calculated value of the excitation energy
per nucleoi would then be t •• 3.6 MeV. I'.'e have seen that there was
very little FF (seen via Bpp) corresponding to central colli
sions. In the light of the above prediction, we can think that the
heavy residues formed in these collisions cannot hold such a high
excitation energy, and therefore explode into several pieces much
smaller than fission fragments. But let us now examine the last
system, Ar - Ag at 2? MeV/u. Here the average excitation energy
per nucléon is 4.5 MeV (for the most probable LMT), which is much
higher than what was expected in the previous system. Nevertheless,
we do observe heavy remnants with the characteristics of fusion
like residues. IVhy should these last two systems behave different
ly ? A possible reason can be found if we look at the total exci
tation energy of the heavy nuclei. It is only about 600 MeV for
Ar + Ag (up to ^50 for full momentum transfer), and it would reach
almost 1 GeV for Ar + U at 14 MeV'/u. Therefore, we may think that
if a limit exists, it is not on the excitation energy per nucléon
(or the temperature), but on the total excitation energy that a
nucleus can receive. This is sketched in fig. 11 where we have
plotted the rr.ost probable LMT for central collisions, ip\|/m ver
sus the excitation energy. Fusion-like reactions could occur with
a large probability in the region located inside the solid curve.
p

For excitation energies smaller than 800 MeV and momentum
transfer above the most probable value, they still occur but with
a strongly decreasing probability. Finally for very high excitation
energies the target nucleus could explode under the impact of the
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pro.iectile, and no momentum transfer can be defined for these cen
tral collisions.

r
200 i-

>
<

250

500

750

1000
E IMeV)

Ziii

11 : Most probable linear momentum transfer for central col
lisions versus the calculated excitation energy of the
fusion-like nuclei. Fusion-like reactions were shown to
occur inside the region limited by the solid curve.
he would like to thank the authors of references 13 and 1-t

for making available their most recent data prior to publication.
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