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Abstract : 

Peripheral Ar reactions induced at GANIL at 44 MeV/u have been analyzed 
in the framework of the high energy fragmentation model. Several 
deviations from this model have been interpreted as due to the 
persistence of some collective effects at this intermediate energy. 

Heavy ion induced reactions in the energy region' between 20 and 100 MeV/u 
appear to be very interesting as one expects a strong evolution in the reaction 
mechanism. A transition from the low energy one body dissipation process to two 
body friction should show up. 

As far as peripheral reactions are concerned it has been shown that at 
20 MeV/u with "light" heavy projectiles CM -S 20) the momentum widths of the 
ejectile were too narrow /I,3/ to be described by the standard high energy 
fragmentation models /4-6/. On the other hand, in the energy range 60-120 MeV/u 
there is a better agreement, the remaining difference with high energy data 
/7-10/ arising from Final State Interactions CF5ID. The latters have been des
cribed in terms of the combined Coulomb and nuclear field between the ejectile 
and the remaining target like nucleus or/and the Coulomb field between the 
ejectile and the cloud of removed protons and other light charged particles 

* This experiment has been performed at the GANIL national facility at CAEN. 
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/10/. The FSI are revealed by a broadening of the transverse momentum distri
butions, as compared to the longitudinal ones /7-8/. In order to further inves
tigate these questions we have initiated Ar induced reactions at 44 MeV/u, i.e. 
in an energy domain not explored so far with this relatively massive type of 
projectile. The fragmentation (or fragmentation-like data) will be compared to 
what has been observed at high energy by Viyogi et al. /11/. The advantage of 
Ar over lighter projectiles lies in the fact that structure effects in the 
projectile are less important. Furthermore the large diversity of ejectile / 
(twelve elements with six or seven isotopes each were recorded in the present 
experiment /12/) makes easier to follow the evolution from the most peripheral 
collisions to some more inner ones. The data related to the mass and charge 
distributions of the fragments have been presented elsewhere /12/. It was con
cluded that at this intermediate energy and for this particular aspect the 
dominant process was fragmentation. The present paper is mainly devoted to the 
energy and angular distributions of the fragments. The deviations from a frag
mentation picture will be emphasized. At 44 MeV/u bombarding energy such a 
simple model assuming a clear cut between participants and spectators does not 
seem to be adequate to reproduce all the observed features. It will be shown 
that quasi elastic exchanges of nucléons take place on the one hand and that 
dissipative phenomena manifest themselves clearly on the other hand. 

The paper will be arranged in the following way. In the first chapter a 
description of the experimental set up will be given, then, in a second part 
a general survey of the data will be made. Finally, analyzing the data in terms 
of a fragmentation model we will be able to stress the agreement with the model 
as well as the deviations. 

I - EXPERIMENTAL TECHNIQUES 

The projectile fragments were detected b>jneans of a time of flight spectrometer 



(TOF) with a 3 meter flight path and a solid angle of 1.3 10 sr. The start 
detector consisted in a thin C foil associated with channel plates /13-14/. In 
order to increase the number of extracted electrons, magnesium oxide was deposi
ted on the carbon foil. Despite of some improvement the detection efficiency 
was shown to depend strongly on the atomic number of the detected fragments, 
ranging from 104 for Z = 6, to SO? for Z = 11 and 80% for Z = 18 and for velo
cities close to the beam velocity. The stop detector was a three member teles
cope made of 100 um, 1000 urn thick surface barrier detectors and a 5 mm thick 
lithium drifted silicon detector. The telescope thickness was large enough to 
stop all the fragments with atomic number larger than Z = 4. 

A time signal was generated by both transmission detectors. The energy 
and time calibrations of the system were made using the elastically scattered 
beam. The time dispersion measured on the elastic peak was found to be 120 ps 
and the energy dispersion less than 5 MeV. The mass resolution (AM/M) determi
ned over the whole energy range of the fragmentation process was better than 
U CFig. 1!) and the Z resolution (AZ/Z) taking into account the mass dispersion 
was about 1.4'». As already mentioned the efficiency of the TOF spectrometer was 
strongly reduced for Z < 10. In such a case and in order to gain better statis
tics, the mass identification was performed using only the (AE). x E 
response (The TOF being simply used for the calibration of this response as a 
function of mass for each element). 

40 The average intensity of the Ar beam from GANIL at the target was 
2.10 ions/s. The beam direction was precisely defined measuring the elastic 
scattering on both sides of the beam. Moreover the reliability of the beam 
current measurement was checked on the Rutherford scattering with the .Au target. 

CO 

The M and Au targets were 1.0 mg and .7 mg respectively. The projectile 
fragments were measured at 3, 4, 5.7, 9 and 12 degrees. The quarter point for 
elastic scattering on Au being measured at 5.7°, for this target data were 



registered both inside and outside the grazing angle. In the case of TJi the 
calculated grazing angle is 2.7 and all the measurements were thus done outside 
this angle. The huge countin&jgte for elastic scattering on Au generated a 
tail which spoiled the neighbours of Ar at 3°, 4° and 5.7°. Such problems were 
never met with the Ni target. 

II - GENERAL CHARACTERISTICS OF THE PROJECTILE - LIKE FRAGMENTS 

An overall picture of the kinetic behaviour of the fragments can be best shown 
in considering contour plots of their invariant cross sections as z function of 
the parallel and perpendicular components of their velocity. A sample of such 
plots is shown for the Ni target at 3° in figure 2. First, the maximum yield is 
always found in the vicinity of the projectile velocity as expected in a frag
mentation process. Then, the shape of the contours evolves rapidly with the 
size of the ejectile. This change can be characterized in two ways : the asym
metry of the distributions and their steepness. The lightest the ejectile, the 
most asymmetric along the longitudinal velocity axis the distribution is. The 
details of these features can be best exhibited on the energy spectra recorded 
at 3° (Fig. 3). At such a small angle the spectra are quite representative of 
the longitudinal dispersion. In addition to a major component essentially 
gaussian in shape there is always a low velocity tail which extends towards 
lower and lower velocity values with the decreasing size of the ejectile. 
Furthermore, the relative importance of this tail grows with the decreasing 
ejectile mass. Such a behaviour, not mentioned at high bombarding energy /6,11/, 
has already been pointed out for other intermediate energy heavy ion induced 
reactions /9/. However, and due to the larger mass of the Ar projectile the 
evolution of the tail can be nicely followed over a broad range of overlap 
between projectile and target. 

The collision time (10~ s if one considers the interaction along a dis
tance of 10 fm), although short, might be large enough to allow exchanges of 



nucléons between the two partners. Such exchanges have been unambiguously 
observed in the detection of 17CI, .gAr and . gK events and are probably 
enhanced for less peripheral collisions when the overlaping region extends 
in size. Another hint for nucleonic exchanges has been found in the shift 

58 of the isotopic distributions when considering Ni and Au targets : ejec-
tiles are systematically slightly more neutron rich in Au interactions than 

58 in Ni ones /"12/. The neutron excess of Au should not show up in the chopped 
projectile unless there is some nucleonic transfer in addition to a strict 
abrasion ablation process. 

This first outlook of the data indicates in addition to a dominant 
fragmentation process, some clues for a reminiscence of the low energy regime. 
As expected, collective effects show up much better when the projectile 
nucleus penetrates more and more the target nucleus. 

Ill - ANALYSIS OF THE DATA IN TERMS OF A FRAGMENTATION Î-DDEL 

The data shown in figures 2 and 3 exhibit clearly some distortions from what 
is expected in a simple fragmentation process. However the bulk of the data 
remains dominated by such a process and the analysis in terms of the Goldhaber 
model /4/ was tried. The first indication to do so was found in following 
the location of the maximum of the velocity spectra for different masses of 
the ejectile (Fig. 4). This was done at 3° i.e. as close as possible from 
the beam direction in order to sample fragmentation type events not strongly 
perturbed by the combined Coulomb and nuclear fields of the nuclei in the 
exit channel. The location of this maximum was determined as the centroid at 
half maxiiium of the distribution in order to be less sensitive to the low 
velocity tail. 

Starting from ejectiles with masses and velocities close to that of the 
projectile there is a regular decrease of the velocity down to mass 20 or so. 
There, only 94S of the initial velocity is found in the ejectile. This conti-



nuously slowing down of the fragments can be simply explained by the amount 
of binding energy of the removed nucléons at the expense of the kinetic 
energy of the remaining part of the projectile. It costs on the average 8MeV 
in order to pull out a single nucléon, so that a very naive picture leads 
to the following velocity relative to the beam velocity for an ejectile of 
mass A : 

v A/v p = [(44 A- CAp - A) 8] / 44 Ap J Up/A J CI 3 

where A„, v p stand for the mass and velocity of the projectile, 44 for the 
energy per nucléon of the projectile. As shown in figure 4 there is a satis
factory agreement between this rough estimate and the data down to mass 20. 
The small difference between the Ni and Au data cannot be explained in terras 
of the above picture. 

Below mass 20, there is a strong dispersion in the experimental data 
with velocities always much larger than the ones expected in the previous 
scheme. This is best seen for C, whose velocity is about the same as for 
nuclei of masses ranging between 30 and 35. The ejection of C at such velo
cities implies another mechanism less costly in energy than the removal of 
free individual nucléons. A possible explanation could be the splitting of 
the projectile into two (or even more) massive pieces as already observed in 
Kr, Xe /15-17/ and Ni /18/ induced reactions slightly above 10 MeV/u. Other 
clues in favor of this multifragmentation process can be found in the obser
vation of an increase of inclusive cross sections for masses below A = 18 
/12/. But only exclusive experiments could confirm the occurence of such 
splittings. 

Coining back to the early fragmentation picture we have investigated the 
momentum distribution P(p) assuming a gaussianshape IM : 

- 6 -



PCP) « exp - |7p - p 0 \ 2 / 202! m 

where p Q is the momentum corresponding to the maximum of the distribution, 
and the dispersion about this value, 5" is given by : 

0-2 = ffgA (Ap-A)/(A p-l) C33 

and (7n
2 = < p 2 > / 3 (4) 

? 
where < p" > is the mean square value of the single nucléon internal momen
tum in the projectile. 

The comparison between the experimental widths and the computed ones 
is given in figure 5. A satisfactory agreement with the parabolic law (3) 
is obtained for masses between 16 and 35 taking for ff„ the value of 112 MeV/c 
directly derived from the electron scattering data /19/. In the same figure 
are also drawn parabolas with <Tn = 112 MeV 
limits compatible with the data precision. 

Below mass 16 or so the velocity spectra are so asymmetric and the lew 
velocity tail becomes so important that it is no longer reasonable to compare 
the data with the Goldhaber picture. At this stage some collective effects 
should be included. 

On the other hand, for ejectiles of masses close to that of the projec
tile there is a clear evidence that quasi elastic transfer processes between 
projectile and target do also take place. The comparison between velocity 
spectra of several S isotopes for the Ni and Au targets is quite significant 
(Fig. 6). In principle, the choice of the detection angle relative to the 
grating angle (3.7° and 2.7° for Au and Mi respectively) makes easy to dis
criminate between transfer and fragmentation processes. Let's first consider 
f.S which corresponds to a removal of an a-particle. 



At 3° the spectrum is narrow and peaked close to the beam velocity for both 
targets : the measurements are performed inside (Au) or close to the grazing 
angle (Mi) and the transfer process is probably dominant. Then at larger 
angles the spectra evolve in different ways. The transfer process remains 
important on Au at 5.7° whereas it seems to have completely disappeared on 
Mi, as 5.7° is far off the grazing angle for Mi. The intermediate measure
ment at 4° stresses this rapid decrease in cross section above the grazing 
angle for Mi. For Au the cross sections remain very similar inside the 
grazing angle (Fig. 6). 

The situation is more ambiguous as one considers lighter and lighter 
S isotopes (Fig. 6). For example 3 3 S is sufficiently far away from the pro
jectile so that a direct transfer of many nucléons is unlikely. Indeed the 
comparison with S shows that inside the grazing angle (Au) for ^S the 
decrease of the cross section with the angle is more rapid whereas outside (Ni) 

the decrease is less rapid. There is still some difference in the evolution 
36 33 

of the angular distributions for Mi and Au but from S to S this diffe
rence vanishes gradually. 

For the sake of comparison the velocity spectra of "T>Ig are presented 
in figure 7. When there is no direct transfer process at all it is seen 
that the evolution with detection angle is quite identical for the two targets. 

These few examples demonstrate the existence of transfer type reactions 
in addition with fragmentation at 44 MeV/'u bombarding energy. And it is 
mainly the angular evolution of the cross sections which carries this inior-
mr.tion, since for the two processes the spectra peak close to the projectile 
velocity. The energy resolution of our apparatus (about 5 MeV) was not suffi
cient to single out the different levels at which transfer reaction lead. 
Nevertheless it is shown in figure 5 that the global widths for M » 34 are 
generally more narrow than the ones expected from a pure fragmentation pro-
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cess and this is an additional hint for transfer reactions. 

Taking into account these strong mixtures of fragmentation and transfer 

for the ejectiles close to the projectile on the one hand and the existence 

of large dissipation for the ejectiles below mass 16 on the other hand, 

one cannot say that the parabolic law, a consequence of the fragmentation 

model is fully verified. At the best it can be stated that in the range of 

medium mass fragments, the observed momentum dispersions are in agreement 

with the expectations. However it is in this region that the dependence with the 

ejectile mass is the weakest. 

When compared to the 213 MeV/u data /11/ or the 1 "ieV/u ones /6/ the 

average ij-Q deduced from the present experiment is 15 to 20*. larger. Since 

at 3° FSI should not play an important role the observation of this large 

value of 0"0 might be related to the energy damping. Then, the better agree

ment with the Fermi momentum distribution deduced from electron scattering 

/19/ (ffij = 112 MeV/c) might be considered as accidental. 

In figure 8 some of the angular distributions for the integrated spectra 

(including the low energy tail) are compared with the ones predicted in the 

fragmentation scheme considering isotropic emission in the reference frame 

of the projectile. 

In the laboratory system the angular dependence can be obtained through : 

where A is the fragment mass, E, the kinetic energy, Ê its most probable 

value as deduced from the experiment and <7" is given by (3) with c Q = 112MeV/c, 

3 being the laboratory amission angle. 

The experimental daca are always much broader than the computed ones. Part 

of the discrepancy has been interpreted /",10/ as due to FSI which leads to 



a transverse momentum distribution larger than the longitudinal one. There 
is nevertheless in the present data an additional effect which is well 
stressed in figure 9 when considering different bins of the velocity spectra 
for Ne. A large dissipation is associated with a broad angular distributicn. 
Since in figure S the events were summed over their energy range it is 
obvious that part of the angular braodening is correlated with the energy 
damping. This is more important for ejectiles of mass far off the projec
tile mass i.e. for inner collisions, the ones for which damping effects 
are expected to be more effective. 

IV CONCLUSION 

In summary, an important part of the projectile-like fragments exhibit the 
features of high energy fragmentation : they are focused close to the beam 
velocity and their momentum width reflects essentially the Fermi distribu
tion of the nucléons in the projectile. 

However measurements performed inside the gracing angle show quasi 
elastic transfer reactions of a few nucléons which could be easily confused 
with fragmentation events. They are very similar as far as their "lean energy 
is concerned but they deviate from each other in two ways. First for transfer 
reaction the momentum widths appear to be more narrow, then, the angular 
distributions are rather flat inside and close to the grazing angle and steep 
outside. The maximum is thought to be close to the. grazing angie whereas for 
fragmentation it is in the beam direction. 

A second deviation from the high energy fragmentation picture is seen 
in the momentum distributions which are never fully gaussian. There is always 
a low momentum tail which grows in relative importance with the decreasing 
size ot the ejectile. This is a signature of some interaction between the 
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overlaping region and the remaining part of the nuclei. In other words, 

there is still some, although weak, collective behaviour during the interac

tion. The more the nuclei overlap, the stronger this effect manifests itself : 

it is for the lightest observed ejectiles that the damping can be the most 

severe. This persistence of collective effects has been also deduced from 

the comparison of the isotopic distributions for the two targets. 

Finally, the observation of very energetic ejectiles with masses smaller 

than half the mass of the projectiles is strongly in favor of a multifrag-

mentation process. This reaction channel should deserve further attention 

in forthcoming experiments. 
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FIGURE CAPTIONS 

Fig. 1.- Typical mass distribution deduced from TOF and energy measurements 
without efficiency correction (See Text). 

Fig. I.- Contour plots of invariant cross-sections for different ejectiles 
as a function of parallel and transverse velocities normalized on 
the beam velocity d^O" / dv are expressed in CIO mb/MeV sr) • 
CMeV/c)" 1. 

Fig. 3.- Invariant cross sections measured at 3° as a function of the ejectile 
velocity (normalized on the beam velocity), The solid lines are 
determined following the fragmentation model with arbitrary adjustment 
of the centroids (See Text). 

Fig. 4.- Comparison between experimental and calculated most probable 
fragment velocities as a function of their mass. 

Fig. 5.- Experimental and calculated longitudinal momentum widths as a func
tion of the fragment mass. 

Fig. 6.- Velocity distributions (relative to light velocity) for several 
sulfur isotopes produced on Ni and Au at different angles 
(3° heavy solid lines ; 4° thin solid lines ; 5.7° dashed 
lines). 

Fig. 7.- Same as figure 6 for " Mg. 



1 
Fig. 8.- Angular distributions for fragments produced in Ar + Ni (open 

symbols) and Ar + Au (closed symbols) reactions. 
The solid line is the calculated fragmentation distribution, norma
lized on the 3° data pciits. 

71 

Fig. 9.- Evolution of the angular distributions of Ns as a function of 
the fragment velocity. 
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