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How the reaction mechanisms behave with projectile mass and-energy? What jifA/ 
are the limits of the complete fusion? Can we heat the nuclear matter up to \ n 
the boiling point? At what energy the projectile fragmentation require occurs?___J 

Some data have been obtained recently which give some insights on these 
questions, and will be discussed in this lecture. 

But first of all, what is the transition energy region? The comparison of 
few parameters shown in fig. 1 allows to determine qualitatively the different 
energy regimes which take place in the nucleus-nucleus collisions 1). The 
different energy thresholds are plotted versus some characteristic lengths of 
the nucleus. At low energy (< 10 MeV/u) the de Broglie wave length (# B) and 
the mean free path (mfp) are of the sime order of magnitude.of the nuclear 
radius. Then, nucléons from projectile "feel" the target nucleus as a whole 
and the reaction mechanisms are dominated by the mean field dynamics. At high 
energy (> 250 MeV/u), *B is smaller than the intérnucleon distance and fur
thermore the mfp is smaller than the nuclear radius. Then reaction mechanisms 
are dominated by a succession of independent nucleon-nucleon (n-n) collisions. 
The bridge between these two extremes is called the energy transition region 
where all these distances are similar and so collective and non collective 
effects coexist. 

Most of the experiment, I will show to illustrate my subject,have been 
achieved by a Saclay group and collaborations : 

Y. Cassagnou - DPh-N/BE (Saclay) R. Legrain - DPh-N/BE (Saclay) 
M. Conjeaud - DPh-N/BE (Saclay) H. Oeschler - TH Darmstadt (IFK) 
R. Dayras - DPh-N/BE (Saclay) E. Pollacco - DPh-N/BE (Saclay) 
S. Harar - DPh-N/BE (Saclay) F. Saint-Laurent - GANIL (Caen) 
G. Klotz - TH Darmstadt (IFK) C. Volant - DPh-N/BE (Saclay) 

I. SATURNE - protons, deutons, alpha : 35 à 1000 MeV/nucleon 
II. GANIL - Argon : 44 MeV/nucleon 



In order to characterize the reaction mechanisms, we measure the linear momen

tum transfer (LMT). This quantity is accessible by the determination of the 

correlation angle between the fission fragment (FF). As illustrated in fig. 2, 

6(F lF 2) is equal to 180° for zero momentum transfer and has a fixed value for 

full momentum transfer (FMT). Between these two limits there is a momentum 

distribution as shown in the right part of the figure from Sikkeland 2). De

tailed informations on the experimental method can be found in ref. 3). 

A. LIGHT PROJECTILES 

During the last few years, we used systematically this method to deter

mine the LMT induced by light projectiles from 35 to 1000 MeV/u |jef."J]. 

Angular correlations are presented in fig. 3 : arrows indicate FMT while 

vertical lines, the location of zero momentum transfers. The transition from 

low energy behaviour to the typical high energy domain is well observed for 

the o induced fission. At low energies, most of the reactions lead to complete 

fusion and the shoulder at 180° represents the peripheral reactions. At 

35 MeV/u the maximum of the correlation function is no longer at the FMT lo

cated and at 70 MeV/u, the maximum moves to larger opening angles and only 

half of the available beam momentum is transferred to the target. At even 

higher energies, the maximum is close to 180° and only a small fraction of the 

available beam momentum is transferred, which is a typical behaviour for high 

energies. 

1 • ôï?C!9S-Y.a.lye.-9f-t?3I 

The average momentum per nucléon projectile versus the projectile energy 

per nucléon is presented in fig. 4. The FMT is indicated by the full line. We 

can distinguish several regimes :. 

- At energies lower than 10 MeV/u, the FMT corresponds to the most probable me

chanisms. It is the region of complete fusion and deep inelastic collisions. 

- Between 10 and 100 MeV/u, incomplete momentum transfer is observed and de

creases to 50 " of the incident value. The missing momenta are probably carried 

away by fast nucléons emitted during the first step of the interaction. We can 

notice that LMT are proportional to the projectile masses. 

- Above 100 MeV/u, one observes a saturation which depends on the projectile. 

While the momentum transferred by protons continues to increase with energy, 



the LMT induced by deuterons and alpha particles drop with different slopes ; 
the scaling observed at lower incident energy is lost. 

In performing intra nuclear cascade calculations around 400 MeV/u, Porile 
Q-ef.5)] deduced the empirical relation between LMT and excitation energies 
deposited in the fissioning nuclei : 

_L> 3 0.75 %u-
ECN PCN 

(Eç N and P ^ indicate the corresponding values for complete fusion). By 
choosing Ê* = 160 MeV it is possible to fit the data reasonably well, above 
250 MeV/u (solid curves in fig. 4). However between 100 and 250 MeV/u, the n-n 
regime is not reach and the efficiency per nucléon to transfer momentum in 
nucleus is higher for proton than for alpha particles. One possible explanation 
is the break-up of the projectile in the beginning of the interaction. This 
pattern is accentuated for heavy ions ; thus for X 2 C , the saturation occurs 
around 30 MeV/u while for 1"N it .is not get the case. 

Then in summary of this section, increasing energy of light projectiles 
don't allow to deposit large amount of energy because nucléons are emitted in 
the first step of interaction. The use of heavy ions is more promising because 
for a given amount of energy their speeds are lower than those of light pro
jectiles. 

It is possible to select high P;/ imparted to nuclei by using lighter target 
nuclei. But they have higher fission barriers than Th, U, we expect thus a 
lower fission cross section corresponding to more violent collisions. Recent
ly 6), angular correlations of fission fragment from a at 250 MeV/u on several 
targets have been achieved at Saclay (fig. 5). The shapes of the angular cor
relations show clearly a strong selection with the mass target and also a sa
turation since the trends for Ho and Ag target are similar. The mean forward 
momenta are presented in the table as well as the missing masses and the exci
tation energies derived from the Porile expression. Only half of the incident 
momentum (2900 MeV/c) can be transferred in average to the system, correspon
ding to excitation energies of about 360 MeV. In average, 8-9 MeV are carried 
away by each missing nucléon without specifying if they are emitted by fission
ing nuclei prior to fission or by the fission fragments themselves. These 



energy values are lower limits since in fact jets of light particles can be 
emitted in the first step of interaction with higher energies. 

In fact, the shapes of the angular correlations represent the momentum 
distributions which are produced in the primary interactions. In order to ex
tract such informations it is necessary to take into account nucléon evaporation, 
mass asymmetric fission, experimental angular resolution which smeared out the 
angular correlations. They have been unfolded taking into account the experi
mental out-of-plane width with a method described elsewhere in detail"). Momen
tum distributions are presented in fig. 6 at two incident energies for the 
a • 2 3 2 T h system. They are compared to intra-nuclear cascade calculation 
using the two-step model developed by Yariv et Fraenkel 7). In the first step 
the INC code (ISABEL) calculates the nucleon-nucleon collisions leading to a 
residual nucleus distribution indicating their states (excitation energy, an
gular and linear momenta). Then in a second step, a statistical de-excitation 
code (EVA) is used to treat the decay of these nuclei. For the comparison with 
our data, we have to select the reaction chains which end by fission. At 
1000 MeV, the calculated momentum distribution agrees fairly well with the 
data. However, at 280 MeV, the predicted distribution under-estimates the 
observed inelasticity, showing clearly that at this energy the nucleon-nucleon 
collisions are not yet predominant. Collisions involving collective effects 
remain important at 70 MeV/nucleon. 

An important quantity is the probability of the full momentum transfer 
(FMT) which is the necessary condition for a complete fusion-like process. These va
lues have been extracted from the unfolding method mentioned previously as 
shown in fig. 6 (FMT correspond to P///Pi =1 at ± 5 %). The FMT probability 
versus energy is shown in fig. 7 ; it corresponds to 100 % at 10 MeV/u and 
it decreases linearlyupto 70 MeV/u for which it. becomes negligible. This is the 
first FMT systematic study in the transition energy region. Recently, some 
data have been published for the 1*N + 2 3 8 U system 8). The general trend is 
similar that for lighter mass projectiles but for the same speed, the FMT for 
U N ion is half of the one measured for a particles. Systematic studies are 
necessary to try to deduce what are the influence of the nature of the pro
jectile on the fusion like process at these energies. 



B. HEAVY ION 

1 • t lïî§̂ !I_™î25îÊDïy?î_î!r*!î5 f ers _a t _GAN IL 

In January 1983, GANIL delivered for the first time an argon beam at . 

44 MeV/u (1760 MeV total energy) which has been .used to bombard 2 3 2 T h and 
1 9 7 A u targets. In performing these experiments, our main objective was to de

termine the highest LMTand excitation energies to the target nuclei. In fact 

E* = a T 2 = A T 2 and T <v 8 MeV then E* = 1600 MeV for A * 200. To reach such 

high excitation energy for example with a particle, 400 MeV/u are at least 

necessary. But then the dynamics of the collision are dominated by n-n inter

action with a limited amount of energy deposit in the target nucleus. In 

contrary with Ar 44 MeV/u, such high excitation energy might be transferred 

but the problem which has to be faced is the probability for such transfer 

because of the fragility of heavy ions when the incident energy overcomes the 

nucléon binding energy in projectiles. 

So, to deal with low probability phenomena, it is necessary to have a 

rather accurate experimental method. We decide then to use the LMT technique 

but in measuring precisely the velocities, energies and masses of both FF at 

each angular correlation. By performing an event-by-event analysis, the kine

matic reconstruction yields the recoil velocity of the fissioning nuclei and 

the speed of the FF in the center of mass (fig. 8), assuming that FF mass ratio 

before and after evaporation are equal. 

Some of the most prominent results are shown in fig. 9. The widths and 

mean values were obtained from a statistical analysis of the appropriate 

event-by-event spectra. For both systems, the in-plane angular correlations 

(fig. 9a), are peaked at low momentum transfer, approximately 7 % and 15 % of 

the incident momentum P̂  = 11.5 GeV/c, for 2 3 2 T h and 1 9 7 A u respectively. This 

difference can be attributed to the different fission barrier heights. 

The peaks in the angular correlations correspond to a weak target mass loss 

(about 12 a.m.u. see fig. 9c) and hence are related to peripheral collisions 

where a small amount of energy and mass is transmitted to the target. It is 

stressed that while the fission correlations have maxima at low momentum 

transfer we attach significance to the data at high momentum transfer. 

In fig. 9b, for 2 3 2 T h , the half relative speed of the two fragments 

V f f/2 is compared with that given by Viola systematics along the valley of 

stability. The agreement is stricking considering that Viola predictions were 



derived from data at much lower bombarding energies. Further the Viola syste-
matics shows a measurable variation in Vy» for a relatively small change in 
neutron-proton ratio of the fissioning nucleus. Thus the agreement strongly 
suggests that, for the range of momentum transfer studied, the fission of the 
residual thorium target occurs at thé valley of stability. 

From the analysis, the spectra of the parallel and transversal recoil 
velocity were constructed. The mean value of V,, decreases almost linearly with 
8- f as a consequence of the near constant V*-. Now multiplying V,, by My gives 
a lower limit of the momentum transfer for a given 8 « since My represents 
the detected mass of the fissioning nucleus after mass evaporation. Thus 
conservative values of the maximum measured momentum transfer is 4.9 GeV/c for 
Th ( 8 f f = 100°) and 6.5 GeV/c for Au ( 8 f f = 87.5°). However it can be argued 
that those values represent an overestimate since the measurement at the 
smallest 6-- could be the result of nuclei being propelled by nucléon evapora
tion. But assuming this to be true and using the 12° FWHM out-of-plane mea
surements of Leray et al. 9), one expects V«/2 to decrease by approximately 
10.% relative to Viola's systematics for the smallest 8 ~ which is not observed 
experimentally. 

Recoil-angle 8« spectra are symmetric about 0° and in fig. 9d the half 
width at half maximum W is plotted as a function of 6f.. At weak momentum 
transfer or peripheral collisions, the spectra are broad, typically W = 40° 
and decrease with momentum transfer to a saturation value W = 10°. Interpreta
tion of the results can be made by performing simple two body kinematics. At 
low momentum transfer, ©« and hence W is expected to be high (* 30°) for 
modest amount of energy and mass transfer and small angular deviation (^5°) 
of the projectile-like-fragment. On the other hand for small 8-- the effect 
on W is explained in terms of a picture where with increasing momentum trans
fer, larger and larger factions of the projectile fuse with the target, thus 
giving rise to a focussing seen in 8«. The effect of evaporation is to increase 
W. Assuming that the fissioning nucleus is excited to 900 MeV (see below) a 
calculation shows that the evaporation contribution to W is typically 12° wich 
is not inconsistent with present results at high momentum transfer. 

The plot of My versus Qff fig. 9c) suggests that : for both Au and Th 
the drop in My with increasing momentum transfer is a result of an increase 
in the violence of the reaction. However in order to exploit this relation
ship, we determine the minimum fraction (f) of the projectile which must fuse 



with the target in order to reproduce the observed recoil velocities (fig. 9e). 

Thus for a given value %, corresponds a number of nucléons transferred to the 
target and hence an excitation energy E*, reached in the recoiling nucleus. 

Furthermore assuming that this energy can be dissipated via nucléon evaporation 

at a fixed mean energy per nucléon I*, then one obtains a relationship between 

If, and Hj. The table 1 gives the value for 7 / / f K p PR and E* for ë = 12 MeV/u 

and 15 MeV/u and shows that a large amount of energy can be deposited into the 

target by this mechanism. In fig. 9c, the predictions of this calculation are 

shown by the solid lines. It is seen that this over-simplified description 

fits the data reasonably well if one is prepared to consider that ë can vary 

between 10 to 15 MeV/u ; this is partly justified since with increasing exci

tation, ë is expected also to increase. 

Recently Borderie et al. 1 0) studied the heavy residues emitted after the 

Ar + Ag collision at 27.4 MeV/u. Precise measurements of masses and velocities 

have been achieved using the chamber time-of-flight of GANIL. Central colli

sions withAP/P. * 70 % are observed (fig. 10) withan important cross section 

(a -v 350 mb). The fact that velocities of residual fragments decrease when the 

masses inrease are characteristics of evaporation processes for which particles are 

emitted isotropically in the center of mass of the decaying nuclei. Further

more,events (66*M*77) with velocities corresponding to the FMT are observed. 

They might correspond to complete fusion events ; then the fusion nuclei have 

excitation energies of the order of 750 MeV and temperatures of about 6 MeV. 

Angular distribution are peaked around 15° lab and displayed in a wide 

angular range, which means that a large energy is deposited in the compound 

like nuclei. 

3» ÊêCiE!!2Êr§l_C§§Ç.£i2n.§ 

A transition in the reaction mechanism of peripheral reactions is expected 

in the range between 10 and 100 MeV/u. Deep inelastic collisions and quasi-

elastic reactions observed at low energies are expected to disappear in this 

energy range while projectile fragmentation would become dominant at higher 

energies. 



I report here briefly on some results obtained recently at GANIL 1 1» 1 2) and 
SARA 1 3). The energy spectrum of projectile-like fragments measured at GANIL 1 1) 
by bombarding a nickel target by *°Ar at 44 MeV/u is presented in fig. 11. A . 
component peaked at a velocity closed of the projectile velocity is observed. 
Different reaction mechanisms can contribute to this quasi-elastic peak such 
as projectile fragmentation, transfer to continuum,absorptive break-up,etc... 
Coincidence experiments are necessary to determine their relative contributions. 
But in order to allow a comparison with the data obtained at relativistic 
energies where the fragmentation mechanism is the dominating process, the 
high energy peak was parametrized with a gaussian distribution in the momentum 
space. In the framework of the fragmentation model 1 1*), the momentumspectrim is 
fitted by the ^-y * exp -Qp-P 0)*/2a 23 expression,where p Q is the momentum 
corresponding to the maximum of the distribution and the dispersion a is given 
by a 2 = o* F(P-F)/P-1 (where P and F are the projectile and fragment masses respec
tively, and a reflects the Fermi momentum of the nucléon inside the projectile). 

Since the energy spectra are not symmetric (fig. 11), there is different 
way to fit it. The a values presented in fig. 12 are derided by fitting only 
the high energy side of the peaks. 

o values indicate that the fragmentation regime is reach at 44 MeV/u. 
Furthermore the "fragmentation" cross sections represent 60 to 80 % of o„ at 
these energies. But energy spectra are asymmetric and also fragment isotopic 
distributions depend on the mass target indicating dissipative phenomena. 

In summary, weareinavery likely situation concerning the production of 
very hot nuclei and the study of their deexcitation. GANIL energies 
(20-100 MeV/u) are dearly in the transition energy regime which will allow 
in a near future to study persistence or disapearance of collective degree of 
freedom in nuclei. 
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Table 1 

Recoil velocities, excitation energies and residual total masses of the compos
ite system versus the projectile mass fractions thermal ized for l*°Ar + 1 9 7 A u . 

a V// 
(cm/ns) 

E* 
(MeV) 

M^a. m.u.) P 
GeV/c 

a V// 
(cm/ns) 

E* 
(MeV) e=15 MeV e=12 MeV 

P 
GeV/c 

0.1 0.18 172 189 186 1.12 
0.2 0.36 338 182 177 2.28 
0.3 0.53 497 176 167 3.43 
0.4 0.69 651 169 159 4.56 
0.5 0.85 799 164 150 5.72 
0.6 1.0 941 158 142 6.85 

E* s E
 p t r * T + A1 

'tr "CN p. A T + A tr 
Ay •*• target mass 
A.,- •*• projectile mass 

fraction of the transferred 
incoming projectile mass 

P i = 11.5 GeV/c 
E C N * 1500 MeV 
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Fig. 1 - The mean free path X and the #g de Broglie wave length performed when 
considering the relative motion of one-projectile nucléon and another one of 
the target nucleus. EQ, Ep, F ï ï and Etfff are respectively the sound, Fermi, 
pion production and nualeon excitation energies, R, d and rg are respectively 
the radius of the nucleus, the inter-nucleon distance and the nucléon radius. 
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Ft£. 2 - Large momentum transfer corresponds to small Qp.p- and vice-versa. At 
right, calculated angular correlation for different mass transfer2). 
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F£<7. 3 - i4ngu£ar correlations from Saint-Laurent et al. ) . Arrows indiaate the 
correlation angles for full momentum transfer. 
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Ft£. 4 - Average momentum transfer per projectile nuoleon versus 
nualeon 
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Fig-, £ - Momentum distribution. Experi
mental and calculated in solid and 
dashed histograms respectively. 

Fig. 7 - Full momentum probability 
versus incident energy. 
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Fig. 8 - 7eZ<3£?itj/ diagram of a 
fission decay event. At each 
correlation angle Qff, the 
velocity (Vf™) ana energy of 
both fragments are measured. 
Their masses are deduced as well 
as the velocity and the emission 
angle of the fissioning recoil 
nucleus (see text). 
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Fig. 10 - Velocity spectra for different mass bins 
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