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1. INTRODUCTION 
The avai labi l i ty of intermediate energy heavy ion beans gives the opportu

nity to investigate nuclei at temperatures which were out of reach until 
now. Indeed low energy heavy 1on beams do not allow excitation energies 
per nucléon exceeding approximately 3 MeV. High energy beams deposit energy 
in a localized spatial region such as the f i rebal l and lead to temperatures 
exceeding by far that necessary for nuclear disassembly. More and more theore
tical 1*2,3,4,5 approaches predict that nuclei cannot accomodate excitation 
energies larger than a l imit ranging between 3 and 12-15 MeV depending upon 
the theoretical model. Above this l imit phenomena such as multlfragmenta
t ion 1 » 2 »* or phase transitions 5»^» 7 should lead to nuclear disassembly. 

For light projectiles such as protons, alpha rays and C 1 2 nuclei Impinging 
on heavy nuclei i t has been shown8»9.10 that the relative amount of transfered 
linear momentum to the target decreases steadily as a function of Incident 
velocity. This decrease leads to a limitation of the energy which can be 
deposited In a target per incident nucléon. The possibility to deposit increa
sing amounts of excitation energies in the target is therefore linked to 
the Increase of the mass of the projectile. In the following we shall report 
on a number of measurements made with different projectiles ranging from 
12c to *°Ar. In most cases the target was 1 2 *Sn . In this case the reported 
results were obtained by off line Y counting of series of catchers allowing 
mass and velocity measurements of the quasi compound or quasi target 
recoi ls 1 1 . We shall also refer to some other results using conventional 
counter techniques and either l ighter 1 2 ,13 0 r heavier targets 1 *» 1 5 » 1 ^. We 
shall f i rs t examine the cross section for quasi fusion. We shall then adress 
the question of the limit of momentum transfer and that of the Inference 
of excitation energies from recoil energies. Finally we discuss the possible 
observation of a threshold In the excitation energy that nuclei can support 
without breaking apart. 



2. FROH CONPLETE TO PARTIAL FUSION 
At low energies, S M I I Impact parameters and for non fissile compound 

systems the dominant Mechanism Is complete fusion followed by evaporation. 
F1g.l shows a typical case where complete fusion was observed using a 1 4 N 
beam and a 1 2 4 S n target 1 1. The Figure shows a two dimensional plot of the 
differential cross section 353^ as observed In a solid angle of * 10° 
around the beam direction. It can be seen on the figure that the most probable 
velocity of the residues lies very close to the center of mass velocity 
VCM* Vp Ap/(Ap + A T ) where Ap, *r are the mass numbers of the projectile 
and target respectively and vp t N projectile velocity. The most probable 
residual mass AR > 128 allows a determination of the average excitation 
energy n necessary for removing one nucléon since 

A R - (Ap + A T) -E*/n 
from E* » 153 NeV 
one gets n « 15.3 HeV 
which Is close to the value of around 14 NeV obtained from an evaporation 
calculation. 
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FIGURE 1 -
Mass-velocity plot of 
the residue cross-section 
observed at 10° from 
the beam. System : 
I«N • 12*Sn. 
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The Integrated cross section for fusion amounts to U13 mbarns to be 

compared with that obtained from the fusion critical angular momentum model 1 7 

of 1470 mbarns. 
The agreement Is fair If one considers that residues at angles larger 

than 10* were not detected and that some fission might occur. 
The selection of reaction products within t 10° with respect to the beam 
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direction appears to be also a selection of snail impact parameters. 

With increasing incident energies one expect three phenomena to take 

place : 
a) A decrease of the critical fusion impact parameters due to the Increase 

of the projectile velocity and the energy independent nature of the fusion 
critical angular momentum 

b) Even for central collisions full momentum transfer might not occur 
due to such phenomena as pep's or preequilibrium emission. 

c) Non central collisions products should more and more be focused forward 
as the grazing angle decreases. 

Examples of this behavior is shown on Fig.2 where the mass-velocity plots 
of forward emitted residual products of 1 2 4 Sn bombarded by 30 NeV/N He. 
1*N and ^Ne as well as 27 HeV/N *0*r projectiles are displayed. 
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FIGURE 2 
Same as F1g.l for different systems and energies. 
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In all cases one can see a peak In the cross-section located at velocities 

VqF ranging between 0.8 van and 0.7 van. In Itself the existence of this 

peak shows that a range of Impact parameters lead to the same momentum trans

fer from the projectile to the target. It seems, therefore, natural to consi

der these cross-section maxima as produced by central collisions and find 

their counterpart In the compound nucleus formation process at lower energies. 

However since they do not show full momentum transfer we define this peak 

as the quasi fusion component. 

The experimental evidences discussed above follow from direct measurements 

of the residual nuclei velocities and masses. For fissile nuclei such determi

nations are not possible. The substitute method amounts to the detection 

of two fission fragments and determination of their correlation angle. Using 

such methods quasi fusion has also been observed for heavy targets such 

a $ 232 T h, 238u and " 7 A U 1 M 5 . 1 6 . 

Similar findings were also made using direct detector measurements of 

systems such as ^ A r + ^ Z n 13, «Oflr + 27 Ai 12. One difficulty of these 

measurements 1s that a large fraction of the residual products 1s emitted 

close to the beam direction and therefore not directly measurable. 

For systems where the projectile Is lighter or equal than 1 2 C a systematic 

behavior of the ratio ^ £ has been established1**»19

 a n d is usually plotted 
vein v o p 

as shown on Fig.3. The velocity ratio -çjj 1s transformed Into a momentum 

ratio -jp where Ptr ** t h « wst probable momentum transfered to the target 

by a prdjectlle with momentum, fQ during central collisions. One can also 

evidently Interpret the rat1o-j-£ as the ratio of the most probable momentum transfer per nucléon to the incident momentum per nucléon. It should be 

pointed out, however, that the transformation of the ratio - ^ Into the 

ratio -jr^ Is only justified 1f the whole target mass takes part 1n the 

format10% of the residue. 
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FIGURE 3 -
Systematlcs of the most 
probable Momentum Trans
fer In central collisions. 
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It Is convenient to give an analytic representation of the variation 
vqF 

of -yTjji as a function of the incident energy per nucléon. A good approxima
tion for assymetric systems with the lightest nucleus being at most as heavy 
as l^C is given by 

2SE . i for / EI ' BC < 2 vcm \ AI 

a n d g.^- 1 . i6-0.08 / 5 3 5 f o r , / X 5 >2 

vcm Pj yj S ^ V V ^ (l) 
where Ej Is the projectile energy, Ap its mass and Be, the lab. Coulomb 
barrier. 

This paramatrisatlon can be considered to be the maximum average momentum 
per nucléon which can be transfered in heavy ion central collisions. It 
can be seen that already around 30 MeV/Nucleon heavier projectiles are sligh
tly less effective than 1 2 C in transfering momentum. 

Before commlng back to the question of momemtum transfer we examine the 
quasi fusion cross sections. 

3. QUASI FUSION CROSS SECTIONS 
Some quasi fusion cross sections obtained by integration of the quasi 

fusion peak are shown on Table 1. 
We compare the experimental values to those obtained using the critical 

fusion angular momentum formalism^. In order to show clearly the trends 
of the experimental resuTts we also show normalized experimental values 
where the normalization was set to oe the calculated value for 1 4 N + l 2 4Sn 
at 10 A MeV. It can be seen on the Table that the experimental cross sections 
decrease more slowly as a function of Incident energy than those calculated 
using the critical fusion angular momentum. They are also larger than those 
calculated if one assumes that quasi fusion only occurs when the impact 
parameter 1s smaller than the difference between the target and projectile 
rad11. This is equivalent to the assumption that the participant zone Is 
totally reabsorbed Into the heaviest spectator20. It 1s therefore clear 
that mean field effects are still very effective 1n using nuclei 1n the 
energy range considered here. The fusion critical angular momentum, although 
being a mean field model 1s even not effective enough. One reason for this 
lack of effectiveness 1s that the critical angular momentum model 1s a two 
nuclei Interaction model and makes the hidden assumption that nuclei are 
almost impenetrable. 
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In order to overcome these limitations we are developing the gluebal! 
model 2 1 and give now the first results using a crude version of this model. 
The results deal with quasi fusion cross sections but the model has many 
other possible applications. The details of the current version of the model 
are given In Appendix I. In the following we give the foundations of the 
model. 

The glueball Model 
The model starts from the standard high energy description of heavy Ion 

reactions which distinguishes one participant and two spectator zones. It 
Incorporates the Interactions between the spectators and the participant 
zone. These Interactions are of surface, Coulombic and frictional origin. 

The model distinguishes two phases during the collision. The Initial 
phase corresponds to the coalescence of the two nuclei which reach their 
maximum overlap configuration. The relative kinetic energy of the participant 
projectile and target nucléons 1s supposed to be used in order to overcome 
the congressional energy and to create heat in the participant zone. 

In the second stage the two spectators and the participant are assumed 
to slide with respect to one another. In our first approach we assume that 
the three zones are non deformable solids. The contact surfaces between 
the zones decrease giving rise to a resistive force. On the contrary the 
Coulomb energy decreases and give rise to an accelerating force. Finally 
friction is active along the separation surfaces and 1s, of course, resistive. 
In the appendix friction 1s taken to be of the window type?*. The projectile 
and target spectators act 1n opposition on the participant zone. The net 
force acting on the participant zone 1s therefore small and even vanishes 
«or symétrie systems. In the appendix we make the simpHfing assumption 
of uniform motion of the participant zone. 

Quasi fusion will occur If neither the projectile fragment nor the target 
fragment kinetic energies measured In the participant frames are sufficient 
to overcome the combined effects of friction and net binding. The results 
given by the model for quasi fusion cross sections are shown on Table I. 
The calculated cross sections show a rather slow decrease with energy. They 
are reasonably close to the experimental values but too large for 12c+124$n 
at 49 MeV/N. It Is seen that the calculation 1s rather sensitive to the 
assumption made on the type of surface rearrangement taking place. For high 
energies and heavy projectiles the sudden hypothesis Is more likely to be 
justified. The model seems to overshoot significantly the observed cross 
sections 1n the *°Ar + 124$n system. Hcwever, In this case, due to the possi
bly high excitation energies involved, fission may have to be taken Into 
consideration. 
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4 EXCITATION ENERGY DEPOSITED IN QUASI-FUSION 
I t Is usually assumed that the partial momentum transfer Is due to a 

partial mass transfer from the (smaller) projectile to the (larger) target, 
each Lransfered nucléon having, on the average, the same momentum. With 
this assumption i t Is easy to obtain the excitation energy per nucléon of 
the quasi-fusion nucleus. I t Is straightforward to show tha t 1 2 

e " * V e R e p " e P < 2 ) 

where e : : 1s the excitation energy per nucléon of the quasi fusion nucleus, 
e R Its recoil energy per nucléon and ep the projectile energy per nucléon. 

This expression Is, however, true only under the assumption that the 
transfered projectile nucléons have the average projectile momentum per 
nucléon. Such an assumption Is hardly justified on theoretical ground. The 
pep's model, for example 2 3, predicts that transfered nucléons should have 
less than average momentum since only fast nucléons can escape. On the other 
hand one dimensional TDHF calculations?* s e e m to Indicate that nucléons 
escaping from the target have lower velocities than the projectile. 

Furthermore the derivation of momentum ratios from velocity ratios is 
made assuming in general that the whole heavy partner participates In the 
partial fusion. This assumption, obviously lacks symmetry and Is certainly 
wrong for almost symmetric systems. In Itself It has no influence on the 
validity of equ.2. However it has clear influence on the calculation of 
the re 1dua1 masses. 

In the following we shall evaluate the Importance of the two main simpli
fying assumptions just cited. We shall use the system *°A + 124$ n as an 
example. We first recall the basic formulae valid in the standard approach. 
We shall then study a symmetrized approach where the captured nucléons are 
still supposed to have the average velocity of the projectile or the target 
depending upon the nucleus they originated. Finally we shall drop this last 
assumption, although still In a restricted manner. 
4.1. The standard way 

The measured quantities we consider are the residual mass AR of the quasi-
fusion nucleus, and its velocity. More precisely we define the ratio 

v R v R A p + A T , . 
vcM VP A P 

The excitation energy per nucléon of the quaslfuslon compound 1s given 
by equ.2. The standard approach assumes that a fraction u • 1 - j - of 
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the lightest partner fuses with the heaviest one. I f AL = Ap one deals with 
the so-called direct cinematic while i f A|_ * Ay one deals with the Inverse 
cinematic. The two cinematics are easily transformed into each other by25 

A v' 
o- . 1 • ^ ( 1 - a ) - - B - (4) 

T v ' 
1 V C M 

where the primed quantities relate to the normal cinematic i f the unprimed 
ones relate to the inverse one and vice-versa. 

Relation (4) is always valid irrespective of the model and we can, hence
forth work with the normal cinematic in which the projectile Is assumed 
to be smaller or at least equal to the target. Then 

v- 1- f 

and the rat io of momenta 1s 

P c _ (A T • A p - a) v„ 

(AT + Ap) v £ cM V"T "?' ¥cM 

c being the quasi-fusion pre evaporation nucleus. 
On the other hand momentum conservation gives : . , 

A + A 
P c ' (A T + Ap - a) V R » (Ap - a) Vp . ( A p - a ) - ^ r - ^ v c M 

Finally 
A n + A, a , , . P T 

Tp * f 1 " » ) A p ^ - oAp 

(5) 

where we recall that a Is the number of "escaping" projectile nucléons. 
Replacing a by I ts value one gets 

P c - A T
 "C , A ?, 

* 5 " T? VP - vc T A T * ^ ' a > A P 

Recall that this formula Is wrong for symmetric systems. „ 

(6) 

In most cases the quantity a is measured and the ratio -w$- is plotted. 
Doing so one has to be aware of the assumption made. 

The residual mass is readily obtained by 

cM 

m R " < A1 + A2 " a> ^ ' T] ( 7 ) 

n being the average energy carried away per evaporated nucléon which 
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ranges typically between 12 and 20 MeV. 
Applying these formulae for ^Ar + 1 2*Sn at 27 MeV/nucleon we start with 

V R 
- p - = 0.7 and E D = 0.78 MeV 
vcM R 

Therefore e " s 3.83 MeV where we have neglected the Q of the reaction. 
We obtain : a * 13. 
The number of captured nucléon Is therefore equal to 25 (67X of the projec
t i l e ) and the quasi-fusion nucleus has mass 149 and 570 MeV excitation energy. 
A simple evaporation code then gives n * 14.8 MeV and ITIR * 110. 
The most probable measured residual mass is mR * 115. 
Finally the estimated value of ^- * 0.64. 

pcM 
4.2. The symmetrized simple way 

In a symmetric system it 1s clear that if a projectile nucléons escape 
fusion than, the same number of target nucléons escape it also. In fact 
one may think that such an equality should hold over a rather extended range 
of assymetry. Indeed we can imagine that a window opens at the beginning 
of the collision through which projectile nucléons penetrate into the target 
while target nucléons penetrate into the projectile. On the average the 
two fluxes almost equalize except for the motion of the window Itself which 
starts to move faster Inside the small projectile than Inside the large 
target. This effect should be small, however, for the faster nucléons which 
give rise to pep's. 

Furthermore this effect is sensitive to the ratio of the nuclei radii 
which 1s only around 1.4 in the ̂ A r + ^Hn case. It seems therefore reaso
nable to make the hypothesis that the number of escaping nucléons 1s the 
same for the target as for the projectile. The escaping nucléons from the 
projectile are still supposed to have the projectile velocity while those 
escaping from the target are supposed to be at rest In the laboratory. 

The excitation energy per nucléon Is the same as above (equ.Z). 
However the velocity ratio a 1s now related to the escaping projectile 

nucléon number by 
A p + A T A p - a 

a * "~Kp" A p+A T - za 

and a „ n . AP » AT (8) ap-" ( 1" a) A p+A T -T2aAp 

that 1s a » 18.2 
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The number of fuslonnlng nucléons is thus significantly reduced. The 

mass of the quasi compound becomes 127.5 and i ts excitation energy 491 MeV. 

The residual mass becomes 

n»Rs (Ap + A T - 2 a ) ( l - ^ ) * 94.7 

This Is in clear disagreement with the experiment. 

We have now to examine the consequences of relaxing the assumption of 

unchanged velocity for the escaping nucléons. We do not apply this extension 

to the standard calculation since this approach gives relatively satisfactory 

results and does not seen to require to be improved although its foundations 

appear highly questionable. 

4.3. The generalized symmetric way 

Me now suppose that the £ projectile nucléon escapa the compound with 

average velocity vp + AV while the escaping target nucléons are emitted 

with velocity - AV rather than at rest. The quasi compound momentum 1s 

then 

PC = Ap Vp - a(V> + AV) + a AV = (Ap - a) Vp . 

I t is therefore unchanged by relaxing the unchanged velocity requirement 

provided the symmetry in the escaping particles is kept. 

For this reason the velocity ratio is also unchanged (see equ.8) 

However the excitation energy of the quasi compound 1s decreased and 

is now equal to 

E- » \ Ap V2 - \ a [ (V p > AV)2 + AV2] - \ (Ap - a) V2 - aAV (V p + AV) 

which leads to the excitation energy per nucléon 

rrr d 2 a
 AV n . AVJ 

with 

mR » (Ap + A T - 2 a ) ( l - ^ ) 

Considering again the case of *^Ar + 12*Sn, the knowledge of the experimental 
C" 

value of IDR » 115 allows to obtain -yj- • 0.1 which leads to a wery much depres

sed value of c5:»1.3MeV s t i l l disregarding the Q value of the reaction. 

We then obtain 
f - 0 . 3 
VP 

In order for this calculation to make sense we have to check that this 
AV 

value of 7Î Is not 1n contradiction with the value of a - 18.2 
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fe may assume that the projectile nucléons escaping capture are the fastest 
ones. We see that they amount to approximately half the projectile. Therefore 
AV should compare to the average velocity of the fastest half of the projec
tile in the projectile frame. The average velocity of the fastest half of 
a nucleus with fermi velocity Vp is 

<V>i/2 • 3/8 Vp = 3 cm/ns 
while AV - 2.1 cm/ns 

These numbers compare favorably. The result depends upon the value taken 
for the excitation energy carried per evaporated nucléon, which is not a 
wry well known quantity since, in particular» one does not know the spin 
distribution of the quasi-compound nuclei. 

Table TI shows a comparison between the standard calculation results 
and those obtained using the symmetrising technique. The standard assumption 
allows a calculation of the energy carried away per evaporated nucléon which 
can be compared to the one given by an evaporation code. 

It is seen that the standard assumption works suprisingly well even for 
the system &A + *^Ar which Is close to symmetry. 

If this success 1s not fortuitous It is very surprising. A sharp transition 
in the behavior of the reaction would then be expected, close to symmetry, 
leading to a sudden decrease of the mass of the residual nuclei. 

It has been advocated^5 that the relevant parameter for incomplete fusion 
1s the relative velocity of the nucléons with respect to the final composite 
system. This is certainly true In the critical angular momentum model. However 
it 1s harder to justify in central collisions since it assumes that the 
nuclear potentials come to rest with respect to one another but not the 
nucléons. 

The symmetrised calculation gives reasonable value of the velocity shift 
of the escaping nucléons. However it suffers from a lack of additional measu
red observable. One such observable would be a measurement of the evaporated 
nucléons energy spectra and multiplicities. 

In any case the comparison shows that one has to be extremely cautious 
in deriving excitation energies from recoil velocities and residual masses 
alone. This is particularly true for the highest temperatures cla1med(^»13), 
which have been observed 1n systems which were not very assymetric. Discrepan
cies of more than a factor of 2 are observed for the excitation energies 
calculated 1n the two different assumptions. 

These remarks should be kept 1n mind 1n what follows. 
In both calculations it 1s seen that the fraction of captured projectile 

mass decreases with mass assymetry. This behavior is especially marked in 
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the symmetrized calculation. Note also that In this case the average value 
AV 

of rr- seems to cluster around 0.20 to 0.25. 
F 

5. THE DISAPPEARANCE OF THE QUASI-FUSION PEAK AND ITS SIGNIFICANCE 
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FIGURE 4 

Same as F1g.l with different systems and energies 

Fig.4 shows the mass velocity plots observed for the reactions *°Ar + 1 2*Sn 
at 44 NeV/Nucleon and 2 0Ne + 1 2 4 S n at 49 MeV/nucleon. The quasi fusion peak 
Is not any more visible on those plots. A similar disappearance of the quasi 
fusion peak has been observed with Ar projectiles and fissile targets (14,16). 
A beautiful example of this behavior Is shown on F1g. 5(14) where the folding 
angle distribution of the two fission fragments Is displayed. While the 
peripheral collision peak Is visible and almost unchanged for the four ener
gies studied, the central collision peak disappears between 31 MeV/Nucleon 
and 44 NeV/Nucleon. Recently the disappearance of the quasi fusion peak 
has also been observed 1n the reaction 40*,. + 27 A 1(26) b e t Ween 27 and 40 
MeV/nucleon. The only cases where quasi fusion seems to persist at energies 
exceeding 44 MeV/Nucleon Is provided by 1 2 C Induced reactions and lighter 
systems. We deal, here, with a rather dramatic behavior of heavy Ion 
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collisions which show distinctive characteristics of a sharp transition. 

FIGURE 5 
Folding angle distribution of two coincident 

fission fragments. From Ref.** 

The Interpretation of this disappearance depends upon the validity of 
the standard assumption. Under such a validity the first guess one can make 

1s that quasi coumpound nuclei reach disassembly temperatures(15). To under

stand why this occurs for, approximately, the same Incident projectile veloci

ties, Irrespective ot the quasi compound mass, one has to rely upon a varia

tion of the disassembly temperature with mass. This type of variation has 

been pred1cted(3) with the suitable magnitude. 

However the disappearance of the quasi-fusion peak 1n the 2 0 N e + 1 2 4 S n 

at 49 HeV/nucleon contradicts this type of explanation. Using eq.(l) It 

Is possible to evaluate the maximum average excitation energy which the 

Ne projectile could deposit Into the quasi compound. This energy could not 
» 

exceed approximately 4 NeV. More precisely applying the formulas of section 
ûp 

4 we find for an Initial value of s? " 0.6 : 

e D - 0.37 MeV/Nucleon 

e" - 3.88 

Although the cross section has not disappeared around IDR • 95 and VR • 0.85 

I ts shows no clear quasl-fuslon peak. The expected excitation energy Is 

not larger than that corresponding to the quasi fusion peak of *°Ar + 1 2 4 Sn 

at 27 MeV/Nucleon. Therefore we deduce that the washing out of the quasi-

- i « 0.63 
cm 

mR - 9 5 and 

vR - 0.85 cm/ns 
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fusion peak In the case of Ne Is not a temperature effect. 
Host probably this remark holds over the whole range of systems studied. 

The fact that the quaslfuslon cross-section shrinks above 30 MeV/Nucleon 
1s therefore, probably not a fortuitous circumstance and should be related 
to the reaction mechanism Itself. 

These conclusions are not contradicted by using the symmetrized approach. 
On the contrary this approach leads to low excitation energies per nucléon 
whith exclude the possibility to reach the disassembly temperature in the 
system studied. 

The Interpretation In term of a reaction mechanism transition 1s itself 
not straightforward. For this transition to occur it fs not only necessary -* 
for the incident velocity to exceed a threshold between 30 and 40 MeV/Nucleon 
but also that the mass of the projectile exceeds at least that of 1 2 C . Clearly 
the projectile cannot be considered as a collection of Independent nucléons. 

The requirement of both a threshold 1n the velocity of the perturbation 
and 1n Its intensity 1s reminiscent of the properties of solitons. 

A more trivial explanation for the possible increased transparency observed 
for projectiles heavier than ^C may be an increasing efficiency of Pauli 
blocking for massive projectiles and targets. In this respect one has to 
recall that Pauli blocking should be effective for projectile nucléons inside 
the target but also for target nucléons inside the projectile. More diffuse 
light projectiles lead to weakened Pauli blocking. This effect may be expected 
to become important at energies where collisions between nucléons become 
the dominant factor in forming the quasi-compound system. 

6. CONCLUSION 
Central collisions 1n heavy ion collisions around the Fermi energy present 

some Interesting and unexpected features. 
Below 30 MeV/Nucleon the quaslfuslon cross sections are Important and 

point to a lasting Influence of surface energy and friction in the reaction 
process. These high cross-sections may be related to the observation of 
accelerated target-like or decelerated projectile-like nuclei with moderate 
excitation. The glueball model which Incorporates the Interaction between 
the spectators and the participant zone seems, at least qualitatively* able 
to account for these features. 

For the time beelng the momentum transfer mechanism b^ween the projec
tile and the quasi compound system Is not well understood. The pure massive 
transfer assumption which Is usually made meets a good success in accounting 
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for the existing experimental evidences. However 1t Is certainly incorrect 
for almost symmetrical systems and has weak conceptual foundations In general. 
The study of almost symmetric systems should shed some light on this question. 
Most of all direct determination of the excitation energy per nucléon of 
the quasi compound, for example by neutron measurements would be extremely 
helpful. 

Finally one observes for projectiles heavier than 12c a sharp decrease 
of the quasifusion cross-section between 30 and 45 MeV/Nucleon. Such a de
crease does not seem to be easily attributed to a temperature effect such 
as the crossing of a nuclear disassembly temperature threshold. 

It seems more likely that a transition in the reaction mechanism takes 
place for large enough velocity and intensity of the nuclear disturbance, 
which is reminiscent of the conditions for the apparition of soli tons. 

In any case we deal here with a new and probably important phenomenon 
which deserves further and more detailed studies. 
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TABLE I 
1 System MeV/N Experiments» 

Quasi Fusion 
cross sect. 

(mb) 

Geometrical 
Fusion 
cross sect 

(mb) 

(1) 

Critical 
angular 
Momentum 
calcula
tion mb 

(2) 

Glueball 
calcula
tions 

(mb) 

(3) 
a b 

Calculatedl 
reaction | 
cross sect I 
(mb) I 

|14N +124SN 10 1113 t 50 
(1440)* 

341 1440 1617- 1490 2527 I 

|1*N +124 S n 20 970 ± 50 
(1254) 

437 720 1421- 1066 3231 I 

|l*N +124Sn 30 750 ± 80 
(970) 

468 480 1147- 727 3466 1 

|l2c +124 S n 30 635 i 50 
(821) 

515 516 1151- 812 3386 I 

|l2c +124 S n 49 300 t 50 
(388) 

542 316 819- 641 3563 1 

|20Ne+124sn 20 863 ± 70 
(1116) 

335 600 1332- 956 3416 I 

!20 N e +124 Sn 30 568 ± 60 
(734) 

360 400 1027- 623 3669 I 

|40Ar+124sn 24 708 t 60 
(916) 

161 366 1015- 527 4060 1 

|40Ar+124Sn 27 460 ± 50 
(595) 

164 326 867- 371 4130 I 

* The bracketed values are normalized to the calculated cross section 
at 10 MeV/N for the 1 4 N • !24sn system and using the critical fusion 
angular momentum model 

(1) Calculated from 

(2) Calculated from 

a(l) ' VKfTTÇ) 

a<2> • ° R ( W 

(J) Calculated from the glueball model 
(a) Sudden surface rearrangement hypothesis 
(b) Slow surface rearrangement hypothesis 
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TABLE II 
EXPERIMENT ASSYMHETRÎC TREATMENT 

1 System Energy 
MeV/N 

mR 
eÀ : 1 a 

1 (1) 
^A cale. 
(2) 

evap. 1 
(3) 1 

|12C +124 S n 30 0.81 1 1 5„x 2.0 1 9.5 14.3 13.5 1 |12C + 1 2 4 S n 49 0.73 1127 2.95 1 8.5 19.05 14.5 1 
|12C + 1 2 4 S n 49 0.73 105(7) 2.95 1 8.5 14.2 14.5 1 
|20 N e+124 S n 20 0.8 121 1.97 1 15.5 14.9 14.3 1 
|20Ne+124sn 30 0.73 112 2.73 1 14. 14.5 14.5 1 
|18Ar+124sn 24 0.81 115 3.80 1 30.5 14.9 14.8 i 
118Ar+124sn 27 0.7 113 3.82 1 25.6 15.6 14.8 ! 
|14N +124 S n 20 0.83 121 1.54 1 11.4 14.5 14. 1 
|14N +124 S n 30 0.75 115 2.11 1 10.2 14.7 14. 1 
|2?A1+ 4 0 A r 12 27 0.80 30 5.9 1 19. 12. 14.9 1 
|40 A r +232 T h 14 31 0.72 210 2.93 1 27.5 15.4 14. 1 

SYWETRIC TREATMENT 
1 System Energy ns, % 

es a 1 IHr AV/VF a/Ap | 
(6) 1 MeV/N evap.(4) s (1) 1 (5) 

a/Ap | 
(6) 1 

|l2c +124 Sn 30 13.5 1.6 9.3 1 131 0.22 0.77 1 
|12C +124 S n 49 13.02 1.6 8.2 1 128.5 0.39 0.68 1 
|12c+124 S n 49 14. 2.6 8.2 1 128.5 0.14 0.68 1 
|20Ne+124sn 20 12.9 1.22 14.9 1 133.7 0.20 0.74 1 
|20Ne+124sn 30 13.5 1.9 13.2 1 130.5 0.20 0.66 1 
118Ar+124Sn 24 14.5 2.5 27.5 1 138.5 0.20 0.68 1 
|18 A r +124 S n 27 13.5 1.5 21.8 1 127.5 0.21 0.54 1 
|14 N +124 S n 20 13.9 1.18 11.1 1 132.3 0.24 0.79 1 
114N + 1 2 4 S n 30 13.1 1.49 9.8 1 129.7 0.24 0.7 | 
|27 Ai + 4 0 A r 12 27 11.5 2.07 11.8 1 36.6 0.13 0.43 1 
|40 A r +232 T h 14 31 13.5 1.86 25.8 1 243.6 0.22 0.64 1 
(1) Transfered mass from the projectile. 
(2) Calculated from the experimental data in the pure mass transfer assump

tion. 
(3) Obtained from an evaporation code with the excitation energy per nucléon ey 
(4) Same as above but with e» 
(5) Quasl-fuston mass. s 

(6) In the symmetric calculation. 
(7) The cross-section shows two peaks : the main heavier one may come from 

peripheral reactions. 
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APPENDIX 

Ue consider a projectile A p, Zp with velocity vp Incident on a target 

nucleus Aj, Zj. Let b be the distance between the centers of the two nuclei 

In the configuration of maximum overlap. In a first simplifying approach 

we suppose that the projectile participants a p correspond to the volume 

of the spherical segment of radius Rp and height x p 

Rp - x p » R p - (b-R-r) = R p + RT - b 

Rp and Rj being the projectile and target radii respectively. Therefore 

£ - i <» - îç>" <l • $ 
and similarly the number of target participants is given by 

a T i x T 2 x-

with XT - b - Rp 

The kinetic energies available in the participant frame are therefore 

K<PF> - \ (Ap - a p) V* ( i - 4 L - ) 2 

for the projectile fragments and 

*(")._! (AT . aT) Vj ( _ 4 P _ )
2 

for the target fragments. 

A.I.I. SURFACE ENERGY 

Considering as an example the projectile fragment - participants system 

we can make two extreme assumptions concerning the rearrangement of the 

surfaces. 

The contact surface between the glueball and the projectile fragment, 

In the maximum overlap configuration Is 
x 2 

while the free surface of the projectile fragment 1s 

2ir Rp* (1 + / ) 

In the sudden approximation the projectile fragment behaves like a solid 
and the surface separation energy 1s then 

S p

S u d d e n ) « 2w R* T(1 - £ ) w 1 t h T * 1 MeV/Fn»' 

In the slow approximation one allows for rearrangement of the projectile 
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fragment Into a spherical nucleus. The surface separation energy then becomes 

sr* =. «H^1 • K ( 2 - £ ' / , + ( 1 - f> "2(1 * &J 
It can be shown that .(Sudden) . «.(Slow) 

*P - a P This means that the sudden assumption will 1n general Increase the quasi 
fusion cross section. In Table I the results are shown for the two extreme 
approximations. 

The sudden approximation gives larger cross sections by approximately 
30%. For massive projectile like Argon or Krypton the Sudden approximation 
may be more realistic while the reverse might be true for light projectile 
like Carbon or Nitrogen due to the Inertia Involved in the surface rearrange 
ment. 

A.1.2. COULOMB ENERGY 
The change In the Coulomb potential was osculated using the dlpole appro

ximation. Considering, for example, the split of the projectile,the Coulomb 
potential Is divided Into two contributions : 

a) The Coulomb Interaction between the protons of the projectile belonging 
to the spectator and those belonging to the glueball. 

b) The Interaction between the projectile fragment and the target. 
The Initial distances between the charge centrolds 1s 

x 0 2 Px2 /, . " V , 

and 

m 3 / ' < 1 ' V ( 1 * V \ 
\(2 - / ) (2 • A I «••vjyv *p 

the final distances are obtained assuming a displacement of the fragment 
centrold by %l 

1 . 2 R, <!--£> Kp 

and i j f ) . y i p ) • 12 

1<f> - \!W7? 
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Therefore the projectile fragment Coulomb potential variation Is approxi
mated by Z p a 

Cp**) = 1.44 (,£) ( A p - a p ) a p 

viP 'IP 7 

r i \ i 2 p i 2 p / 

and similarly for the target fragment with the Interchange of P and T. 

A.1.3. FRICTION FORCES 
The friction force acting on the projectile fragment 1s treated 1n the 

spirit of the one body window formal 1sm22. if $(z) Is the surface common 
to the projectile fragment and to the participant zone (glueball) while 
Z 1s the relative distance travelled by the fragment from the maximum overlap 
configuration, the window formula gives the rate of momentum loss by the 
projectile fragment : 

dP p , 
-g£ - -J <v> m S(Z) u 

For glueball temperatures smaller than about 20 MeV/Nucleon a good approxi
mation for <v> Is 

<v> * 3/4 vp 
where vp it the Fermi velocity. 

During the reaction the total transfered momentum Is 

AP 

Therefore 

t t 

/

max /max 

u •'o 

/

.nax 
S(Z) dZ 

.. 
AP 

io r 
'0 

Is Independent of the fragment velocity. 
The contact surface 1s assumed to be the Intersection of two circles 

i x 5 

of radius R. V 1 . JP. the center of which are distant by Z. the maximum 
v R 2 

K p 

value of Z, 
7i v XP Z__ - R B V i - J. 
R Snax "P 0 2 

P 


