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Abstract : Energy spectra and angular distributions of 
projectile-like fragments have been measured in the vicinity of the 
grazing angle for the 4 0Ar+ 4 0Ca and 4 0Ar+ 2 0 8Pb reactions at 
44MeV/nucleon.Measurements of the Ar+ Ca system at 2?MeV/nucleon 
and Ne+ Pb reaction at 44MeV/nucleon at one angle have also been 

i 

performed.For fragments with charge mass close to the projectile 
numerous deviations from the standard fragmentation model have been 
observed including rapidly changing shapes of the angular 
distributions with the fragment mass.Moreover the isotopic 
distributions and mean fragment velocities are strongly dependent or. 
detection angle.A surface transfer reaction component dominant at the 
grazing angle can be separated from a second component which cannot be 
entirely accounted for by a simple fragmentation mechanism. 
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1 INTRODOCTION 

The study of inclusive spectra of projectile-like fragments(PL?) 
is the necessary first step towards the understanding of peripheral 
heavy ion reaction mechanisms at all incident energies. At lew 
bombarding energy (E<10MeV/nucleon> PLF are mainly interpreted in 
terms of quasi elastic [1] and deep inelastic [2] reactions while at 
relativistic energies projectile fragmentation [3] becomes the 
dominant process[4].The first studies pertaining to the recently 
accessible energy range of 10 to 100 MeV/nucleon have indicated the 

presence of several competing mechanisms.A pioneering study [5] 
40 of Ar induced reactions at 44MeV/nucleon concluded that a large part 

of the cross section is due to reactions presenting analogies with 
high energy fragmentation although the persistence of quasi elastic 
transfer and a certain amount of energy dissipation was 

12 observed.However fragments produced by 30MeV/nuoleon C projectiles 

do not present any features of a standard fragmentation 
process[6].More recently the characteristics of PLF produced by 
27MeV/nucleon 4 0Ar bombarding a Zn target[7] gave evidence for a 
transfer mechanism populating fragments close to the projectile 
coexisting with the fragmentation process observed in ref[5]. 

To gain a deeper insight into these intermediate energy reaction 
mechanisms we have measured the charge, mass, energy and angular 
distributions of PLF from the 4 0 A r + 2 0 8 P b and 4<>Ar+ 40Ca reactions at 
44MeV/nucleon in the vicinity of the grazing angles(respectively 5.5° 
and 1.5 in the laboratory) of the two systems.For the sake of 
comparison two short runs were performed for the 4 0Ar + 4 0Ca system at-
27MeV/ nucléon and the 20N e +208pb reaction at 44MeV/nuoleon at one 
angle near the grazing. In this paper we will concen-crata en the 
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products with mass and charge close to those of the projectile and 
study both the angular distributions and the angular dépendance of the 
isotopic distributions and velocity spectra of the fragments.We will 
show that high- energy fragmentation models fall far shor-t of 
explaining the data, both for fragments close to the projectile mich 
shall be attributed mainly to direct transfer reactions as for those 
resulting from larger mass losses. 

2 EXPERIMENTAL METHODS 

2.1 Set Op 

The experiment was performed by bombarding lrag/cm Ca and z 0 8Pb 
targets with the 44Mev/nucleon' beam from the GANIL accelerator.The 
fragments were detected in a 2.8 meter long time of flight 
spectrometer consisting of a gridless channel plate detector [8] 
yielding the start signal and three independent DE-E(150mm, 
2000(jm)telescopes as stop detectors. 

The overall time resolution was lOOps yielding a mass resolving 
power of M/DM=120.The mass spectrum'-of f ig. 1 confirms that the 
background between masses is negligible, even for fragments with 
masses close to the projectile mass.The DE-E telescopes yielded an 
unambiguous charge separation except for some high energy light 
fragments(2<10) which were not stopped in the E detectors. Each 
telescope had an angular aperture of 0.1° The angular separation 
between adjacent telescopes was 0.2°.Thus a precise determination of 
the slope of the angular distribution was obtained for each serting cf 
the time of flight spectrometer.The energy calibration was carried out 
by degrading the beam energy with berrylium absorbents.The overall 
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energy resolution measured on the elastic peak was approximately 3 
MeV. 

In the case of the short 2 0 N e + 2 0 8 P b run the PLF were detected in 
a three stage( 500jj.ra, lOOOjjm and 4000um)solid state telescope which 
yielded a high quality charge and mass separation up to approximately 
M=25. 

2.2 Data Analysis 

For each event three parameters DE, E and time of flight were 
written on tape along with a code identifying which telescope had 
fired. The analysis was carried out off-line at the ARIEL computer 
facility at Orsay. Absolute cross sections and the normalization of 
different runs to each other were determined using the measured 
elastic scattering and the optical model parameters of ref.[9].This 
normalisation was also checked by solid state monitor detectors placed 
at 81ab=S° on each side of the beam. 

The detection efficiency of the channel plate system was 
determined for each atomic number Z and", for each DE-E telescope by the 
ratio of channel plate-telescope coincidences to the number of counts 
recorded in the stop telescope.This efficiency was larger than 95~ for 
Argon nuclei but dropped to about 50?S for Neon and the necessary 
corrections were applied to the results. For a given charge no 
significant variation of the efficiency wi-h the PLF energy was 
observed. 

3 FRAGMENT VELOCITY SPECTRA - COMPARISON WITH FP.AGMENTATION MODELS 
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3.1 Most Probable Fragment Velocities 

At high energies in a simple fragmentation picture the spectator 
fragment will be expected to retain the velocity of the incident 
projectile. However even at relativistic energies the most probable 
fragment velocities were shown to be slightly shifted downwards from 
the beam velocity [4].This shift provides a :ough measurement of the 

inelasticity of the reaction. A similar shift has already been 
40 observed in several reactions induced by 44MeV/nucleon Ar 

projectilesC5, 11].The most probable velocities were shown to decrease 
slightly with decreasing fragment mass.Here the variations of these 
velocities with target mass and PLF detection angle will'be studied. 

The most probable fragment velocities, expressed in terms of 

percentage of the beam velocity are displayed in fig. 2a,b)for both 
40 targets at different angles and also for the Ca target at 

27MeV/nucleon and Slab= 2.5! It is important to note that the 
eventually present sequential deexoitation of the PLF by isotropic 

particle evaporation would not significantly modify the mean PLF 
velocities. The general trend confirms a decrease of the velocity with 
fragment mass.This feature can be qualitatively understood in the 
framework of fragmentation by taking into account the frictional 
phenomenon resulting from the fact that the bonds between the 
projectile and the abraded nucléons must be broken [12].The PLF will 

then loose a kinetic energy proportional to it's abraded surface,The 
resulting velocities in the case of a clean cut abrasion are shown by 
a solid line cr. fig2a, b).The genersl pattern of the mass dependence of 
the. PLF velocities is thus accounted for but such a calculation can 
neither reproduce nor explain the significant differences of the 
velocity values observed between the two targets and the different 
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measured angles.In the case of the 2 0 8Pb target (9graz=5.5°)the PL? 
velocities, measured in the vicinity of the grazing angle, are not 
significantly angle dependent for the largest fragment masses.The 
lighter fragments are however much slower at the largest measured 
angle.This velocity decrease corresponds to an additional SOMeV 
kinetic energy loss for PLF of M=20 between Slab=4° and 6° . For the 
*°Ca target the velocities are less mass dependent but a larger 

energy dissipation is also observed at the largest measured angle. 

At 27MeV/nuoleon and 91ab=2.5°the velocities are on average lower 
than those measured at a comparable angle at 44MeV/nucleon 
(fig.2a).Nevertheless the general trend is not affected which seems to 
indicate that no abrupt reaction mechanism change takes place between 
27 and 44MeV/nucleon .This point will be discussed further in the next 
sub-section. 

It is interesting to compare these results with those obtained at 
low incident energies(Elab<10MeV/nucleon).In this case completely 
relaxed deep inelastic reaction products exhibit a velocity 
corresponding to the exit channel Coulomb repulsion.However when 
measurements are performed in the vicinity of the grazing angle total 
damping is not observed , as shown on fig.2c)for the Ar-t- Pb system 
at HMev/nucleon[10]. Note that a decrease of mean fragment velocity 
with mass is observed here as well as at higher energies. 
Nevertheless at this low energy fragment velocities are strongly Z 
dependent, thus demonstrating the importance of the final state 
Coulomb interaction which is not observed at higher energies. 
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Although no definite conclusions can be drawn from the preceeding 

study of fragment velocities it is clear that nuclei emitted at angles 

larger than the grazing angle have undergone a process including a 

significant dissipation of kinetic energy which is not well described 

in the standard fragmentation picture. Even though the major par-c of 

the PLF cross section is concentrated in a very small angular range 

the detection angle seems to remain an important parameter for the 

study of intermediate energy heavy ion reactions. 

3.2 Momentum Widths 

The energy spectra measured in all of the studied reactions 

exhibit similar features.They are peaked at an energy per nucléon 

slightly below the beam energy and exhibit a large tail on the low 

energy side of the peck which is another signature of the presence of 

energy dissipation mechanisms.Several examples of energy spectra are 

shown in figs.4,5 and 7. 

The fragmentation model[3] predicts the following expression for 

the double differential cross section of PLF in the laboratory frame 

d2a/d£2dE = (2AE)" 2 exp <(-A / 2)(E-2E
1/2a cos 0 * a2)) (1) 

where E is the fragment kinetic energy, Ac it's mass, 0 the dszaozicv. 

angle and a a parameter allowing to adjust; the 310 s t probable energy of 

the distribution. a is related to che nass of the PLF by a parabolic 

law 

° 2 = %2-Af<Ap-Af)/(A-1) ( 2 ) 
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where An is the projectile mass and a,2 = p_ /5 ; P„ being 

the mean square value of the nucléon momentum in the projectile.Many 

experimental results covering a wide range of projectile masses and 

bombarding energies have been analysed in this framework using the 

reduced momentum width cj0 as a free parameter. The best fit values of 

a are compiled in fig.3 taken from ref [13].A smooth dependence of 

a on bombarding energy was up to now observed, interpreted as a 

continuous transition . between a low • energy regime valid below 

lOMeV/nucleon and a high energy regime reached near 40 MeV/nucleon 

bombarding energy. 

For the sake of comparison with these data we have fitted the 

measured spectra using formula (1) down to 80% of the maximum cross 

section on the low energy side of the peak. This cutoff is the 

standard procedure to avoid taking into account the low energy tail 

always present at non relativistio bombarding" energies. The first 

result is that the parabolic law (2) holds only for- fragments with 

Z^15 in the Argon induced reactions. These fragments will be 

discussed in section 3.2.1 while thœse with Z>15 will be studied in 

\ 
3.2.2. 

3.2.1 Comparison Between Different Systems -

In the 44Mev/nucleon Ar induced reactions the data for Ẑ 15 is 

satisfactorily fitted using the parabolic law (2) with a parameter a 

equal to 85MeV/o(see fig.4a), thus confirming the results of ref[5, 

11].This value of a0 is approximately independent of the detection 

angle over the measured angular range and no significant target 

dependence is observed.Variations of a of up to 20% from this mean 

value have been measured for some fragments but no systematic trend 
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can be extracted. 

The first surprise comes from the Âr-1- °̂Ca reaction aï 

27Mev/nucleon where a mean "o value of 95MeV/c is necessary to fit 

the data for PLF with Z<15 while the systematica of fig. 3 predict a 
31 

factor two smaller reduced momentum width. Fig.4b)shcws the ? 

spectrum along with fits using a0 =95MeV/c aud a =45MeV/c.It is clear 

that, although different fitting procedures may give rise to slightly 

different momentum widths, a reasonable fit to the 27MeV/nucleon data 

with a =45MeV/c is impossible.In fact the shape of the spectra at 

both incident energies are very similar. 

Moreover fig.5 demonstrates that for the 44M^v/nuoleon °Ue 

induced collisions a much smaller reduced momentum width of 

approximately 45MeV/c than for Ar induced reactions at the same 

incident velocity is found.This aQ value for 2 0Ne is comparable to 

the one obtained with the same projectile at 30MeV/nuclecn[14J. 

These new results show that the momentum widths of PLF spectra at 

intermediate energies depend not only on the bombarding energy per 

nucléon but also on the projectile mass^However, before concluding to 

a dependence of the reaction mechanism on projectile cass one must 

seriously question the relevance of the reduced momentum width a as 

a parameter to follow the reaction mechanism evolution at energies 

between 10 and 100 MeV/ nuciecn.Nevertheless all the preceding results 

tend to show that no reaction mechanism trar.si-ion occurs between 27 

and 44Mev/nucleon. 

3.2.2 Momentum Widths Of Z=16 Fragments -
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For ejeotiles with nuclear charge removed by one or two units 
from the projectile a strong mass dépendance of the reduced momentum 
width o was observed in ref[7]as shown on fig. S. The sharp nar-cwir.g 
of the momentum spectrum between S and 3 6S was interpreted as a 
signature of the coexistence of two different rsac-icn 
mechanisms :i)projectile fragmentation responsible for fragments with 
M^35 and indirect surface transfer reactions which populate ejectiles 
with M>36. This surprising reduction of the momentum widths is 
confirmed by our measurements of the 40Ar+ *°Ca reaction at 27MeV/ 
nucleoctfig.7). At 44MeV/nucleon however, this narrowing is not as 
pronounced although a significantly smaller reduced width is measured 
for 36s spectra at all studied angles on both targets. If one admits 
that the narrow momentum widths are a signature of dinct transfer 
reactions, as was first proposed in ref[15], alpha particle tr-̂ nsfer 
would be mainly responsible for the production of ~°S, even at 
44MeV/nucleon.0ne must however beware of conclusions based on this 
type of qualitative argument. Since all fragments produced with a 
20Ne beam exhibit momentum widths much smaller than the high energy 
limit at both 30[14] and 44MeV/nucleon (fig.5)the preceding argument 
would imply transfer dominated 2 0Ne induced reactions at least up to 
4AMeV/nucleon which seems very unlikely.In the following section we 
will discuss more conclusive evidence showing the importance of 
transfer reactions but first an alternative explanation for the 
mcaen-cum width reduction shall be proposed. 

3.2.3 Kinematical Cut-off -
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An analysis of the width of the momentum distribution of PL? 

having lost only a few nucléons must take in"o account limitations in 

momentum space due to momentum and energy conservation.In order tc 

avoid spurious kinematical reductions of the momentum width one must 

insure that 

< pf> + °f * p£ max
 ( 3 ) 

where <p > is the experimentally measured most probable momentum, a f 

the expected momentum width and p. the maximum p value allowed by 
"rmax 

energy and momentum conservation.As shown in the appendix for a given 

reaction with a projectile P- impinging a target T leading to a 

measured fragment F and a set of other undetected fragments X the 

maximum linear momentum for F is given by the equivalent two body 

reaction in which all the members of X recoil with the same velocity 

vector. Thus, using simple two body kinematics , P_ can be 
fmax 

expressed for a fragment travelling near the beam direction as 

A £ A A-A A A Q 1 /, 

\ 
with A=Ap +At where A f , A p and Ac are respectively the mass 

numbers of F, P and T , p. and Ti are the incident momentum and 

strongly on two parameters : the Q-Value of the considered channel ar.d 

the mass of the recoiling(participatir.g)target nucleus.For example in 

the case of a transfer reaction Q is equal to the mass excess of ^he 

two body reaction and A^ is the total target mass.Fcr an ideal 

fragmentation process Q is approximately equal to A*E b where A is the 

number of participating nucléons and E, = 10 Mev is the mean nuclscn 
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binding energy.In this case A c is the mass of the target participants 
equal to the mass of the projectile participants in the case of a 
symmetric system.The maximum allowed fragment momentum p" fer a 
fragmentation process is thus always lower than that of a transfer 
reaction. 

Fig. 8 presents 

< P f M x - < " f > > ( < A p - D / V - V V " 1 7 * ( 5 ) 

(i.e. the position of the kinematioal cut-off of the Goldhaber 
momentum distribution) for the Ca reaction at 44 Mev/A and 
eiab=1.5.° The value £ is scaled according to eq. 2 in order to allow a 
direct comparison with the reduced width a 0 .As an example the hatched 
region on the left hand side of fig.8 shows the kinematically 
forbidden region for S PLF produced via a fragmentation 
mechanism.The kinematical cut-off for a fragmentation process induces 
a strong reduction of the momentum distribution for masses greater 
than 36.This reduction is pafeticularly pronounced for 
Af=36.Consequently the kinematical cut-off could furnish an 
explanation for the observed width reduction. However exclusive 
experiments will be necessary to determine the relative importance of 
the kinematical restrictions and transfer-fragmentation competition in 
the momentum width reduction. 

4 IMPORTANCE OF SURFACE TRANSFER REACTIONS 
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4.1 Fragment Production 

4.1.1 Pick Up Reactions -

Table 1 gives the differential cross section d a /do, for certain 
specific fragments with mass and charge cî -sc to those of the 
projectile.The remajkable feature is that the yield of reactions 
leading to Z=19 fragments , which cannot be accounted for in a simple 
fragmentation process, are particularly large in the case of the Ca 
target at small angles.At 81ab=l.5°there is only a factor 4 between P the yields of Z=17 and Z=19 nuclei.This ratio represents an upper 
limit since PLF resulting from nucléon transfers from the target 
towards the projectile will tend to de-excite by particle evaporation 
and contribute to the cross section' for fragments of lower charge and 

40 40 mass.Since the Ar+ Ca entrance channel is nearly symmetric a 
significant fraction of the cross section for elements lighter than 
the projectile must also be due to transfer reactions. 

4.1.2 Isotopic Distributions -

In this section we shall concentrate< on fragments with charge 
Z-16 and 17 .Ejectiles with lower charges follow the patterns already 
observed in ref[16].Fig.9a shows the isotopic distributions on both 
targets integrated over the respective measured angular ranges.As 
already pointed out in ref[16] these yields show a significan-
enhancement of neutron rich produces in the case of the neu-rcr. 

208 , n 

richer Po target.However a close comparison shows that for the ^uAr 
40 •r Ca reaction studied here the distribution is slightly shifted 

towards neutron rich isotopes compared to the ^Ar+ 5 Mi collision 
reported in ref[16].This apparent discrepancy can be understood from 
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fig.9b) where the isotope distributions for chlorine fragments 
produced on the Ca target are displayed at two different angles.The 
large angle distribution (&lab=3.5,>) shows an approximately gaussian 
shape while the results near the grazing angle exhibit a marked shift 
towards neutron rich isotopes and a departure from the gaussian 
pattern through a strong enhancement of the yields of CI and CI 
nuclei.Since our ^2a measurements were performed at smaller angles 
than the '°Ni ones of ref[16] we have observed a neutron richer 
distribution due to the strong variation of che isotopic yields with 
detection angle. 

The shift of the isotope yields for fragments of all Z towards 
neutron rich PLF when a heavy target is used is the signature of the 
existence of nucléon transfers which were not observed at higher 
incident energies. Moreover a non gaussian shape of the isotope 
distributions for Z=16 and Z=17 PLF is observed at all measured angles 
on the 2 0 8 P b target (fig. 9a) corresponding to a strong enhancement 
of 3 6 S , 3 7 S , 3 7C1, and 3 8C1 yields .This feature which is observed at 
angles near the grazing angle on both light and heavy targets is an 
important point in favour of the presence of direct transfer reactions 
mainly responsible for the production of these nuclei in the vicinity 
of the grazing angle. 

4.2 Angular Distributions 

The s*rcng angular dependence of fragment velocities and iso^ccpic 
distributions discussed above indicates the relevance of angular 
distributions for the study of intermediate energy reaction 
mechanisms.The angular distribution measurements at 44MeV/ nuclecn 
will now be presented. 
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4.2.1 Experimental Results -

In the case of the MCa target angular distributions for all of 
the product nuclei decrease exponentially in the range 1.3°<01ab<3.5 
as displayed on fig.10.Their slope becomes progressively weaker as 
more nuclei are removed from the projectile.The angular distribution 
prediction from the Goldhaber model [3] can be obtained by integrating 
eq(l) over the energy Variable .The results of such a calculation 
arbitrarily normalised to the data at 6^ab=l. 3° (heavy lines on fig.10) 
reproduce qualitatively the slope variation as a function of fragment 
mass.However the calculated distributions exhibit systematically 
steeper slopes than the experimental results.This broadening of the 
transverse momentum width aj_ has been attributed to orbital 
deflection of the projectileC18], to final state interactions between 
the PLF and the participant nuoleons[19] or to deformation of the 
nucléon momentum distribution in the nuclei due to multiphonon 
excitations[20]. 

The situation is totally different in the case of the 2 0 8Pb 
targettfig.11) where potassium isotopes (which once again cannot be 
produced by a fragmentation process) exhibit a clear maximum at an 
angle slightly smaller than the gra2ing angleffig.11a,b) while nuclei 
far removed from the projectile all show monotonously decreasing 
distributions.(fig.Ilk,1). Chlorine isotopes (fig.11 o,d,e,f) all 
exhibit a maximum which levels off and tends to disappear as the 
fragment mass becomes smaller.This trend is confirmed by the study of 
sulfur isotopestfig.llg,h,i,j).It must be noted that even though 3 3S 

34 and S do not present a maximum they exhibit a slower fall off than 
the lighter PLF which indicates the importance of the Coulomb 
deflection even for these isotopes. 
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An interesting observation is the similarity between these 
features and those observed at low incident energies arcund 
lOMeV/nuoleon. Quasi elastic transfer reactions induced by medium 
energy, heavy ions en heavy targets **re known to peak in the vicinity 
of the grazing angle while more central deep inelastic collisions 
exhibit forward peaked distributions (fig.12)[10]. On lighter targets 
( *°Ca for example) all angular distributions are forward peaked with 
a slope decreasing with increasing relaxation[17]. 

It is important to examine which reaction mechanism could be 
responsible for the observed evolution of the angular distributions.A 
fragmentation process during which a few nucléons are abraded and the 
remaining fragment is deflected by the combined coulomb and nuclear 
field of the target could conceivably account for the observed 
maxima[18].A sscond hypothesis would be the coexistence of two 
reaction mechanisms:surface transfer reactions giving rise to the 
potassium nuclei and inducing the maxima in the angular distributions 
for chlorine and sulfer isotopes and another mechanism presenting 
certain analogies with high energy fragmentation, in particular 
forward peaked angular distributions.This second mechanism would be 
responsible for nuclei far removed from the projectile but also 
contribute to the production of Z=16 and Z=17 PLF.In order to discuss 
if the side peaked angular distributions are compatible with a 
fragmentation mechanism abrasion calculations on classical 
T:rajec-cries[19] will new be performed on the 4 0 Ar+ 2 0 8 ?b sysrem at 
44Mev/nuc1eon. 

4.2.2 Abrasion Calculations -
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He will discuss herein PLF removed by only a few mass units from 
the pro/ectile. In order to calculate the deflection function rhs 
potential was chosen as the sum of a real Wood-Saxon(W.S.)nuclear 
potential and of the Coulomb potential of a uniformly charged 
sphere.The parameters of the W.S. potential were taken from the 
analysis of the elastic scattering of the same system reported by 
Barrette et al.[9], i.e. depth of the potential V =-73MeV, radius 
r=1.2 «A 1^ fa and diffuseness a=0.S3fm.The resulting deflection 
function is plotted on fig.-13b and can be considered valid down to 
b slC. 5 fm where the S matrix becomes sero(fig.13a)[223•The potential 
in the non-elastic exit channels is of course not known but since PLF 
removed by only a few mass units from the projectile are discussed it 
can thus be considered in a first approximation that nucléon transfers 
or escape do not modify in an appreciable way the average classical 
trajectories of the fragments. 

The impact parameter ranges leading to different fragment masses 
will now be calculated in the framework of two abrasion raodels:one 
using uniform densities[.2i] and the other diffuse densities. In the 
first picture the part of the projectile éiyerlapping the target during 
the collision is abraded and thus to each impact: parameter corresponds 
a well defined exit channel fragment mass.The number of abraded 
nucléons has been calculated for each distance of closest approach d 
corresponding to a given impact parameter b with the formulae cf 
rsf.[23] supposing here two uniform spheres having the same reduced 
radius as the W.S. potential.Note that in usual abrasion calculations 
a larger reduced radius is adopted in order to reproduce the total 
reaction cross section.Such a procedure would not be consistent with 
the trajectory calculations and it will be shown that the introduction 
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of a smooth density distribution allows the reproduction of the "cctal 
reaction cross section.In all the calculations the same reduced radius 
of .r =1.2fm will be used. The dcc'ed curve in fig. 13c shows the number 
of abraded nucléons N a as a function of impact parameter. A 
subsequent ablation stage has been neglected since the excess surface 
energies[24]for fragments close to the projectile are only of the 
order of a few MeV(E*=4MeV for M=38 for example). 

It is clear from fig.13 that in the framework of the sharp 
cut-off. abrasion model very small mean deflection angles are predicted 
because a large density overlap of the two nuclei implies a strong 
deflection of the projectile by the attractive nuclear potential. 

In order to check the influence of the diffusenevs of the nuclear 
density we have performed a simplified first chance cascade 
calculation using Wood-saxon densities of reduced radius r0=1.2fm and 
diffuseness a=9.63 for the projectile ( p ) and the target( p ).Fcr an 
incident nucléon on a classical trajectory with a distance of closest 
approach D the scattering probability is 

P (R) - /!Io (D* Zk) a dk (6) 

D = Xi_ + Yj 

where k ?s the incident direction and o has the dimension of a 
cross-section. This probability is sez ecuai to 1 when integrals ) is 
larger than 1 since in such a case "he incoming flux is completely 
absorbed. The number of abraded nucléons N for each distance of 

a 
closest approach d is then given by 

N (d) = f + °° p ( D ) p (D - d) <JD (?) 
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The total reaction cross-section then reads 
d °R 

°R = ;„ 2 7 t b TT d b < 8 ) 

where b is the impact parameter associated with the trajectory of distance of 
closest approach d and where 

d °R • , if N (d) > 1 
TT- = 1 

(9) 
and 

-j-r̂  = N (d) if N (d) < 1 

The parameter a has been normalized to the toral nucleus-nucleus 
cross section taken from ref[9J and the results are plotted as a 
dashed line on fig.13c.For a given number of abraded nucléons the 
corresponding. impact parameter is larger than in the sharp cut-off 
model. ^ 

Formulât6) does not take into account the dynamical loss of flux 
along the trajectory. This can be remedied by calculating Ps usir.g the 
differential equation 

d P 
- = (1 - s; o p t (10; 

d z 

The réduit of this calculation is shown by the solid line in 
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fig.13c.It is important to note that except in the region of few 
nuclecn abrasion the three calculations yield similar slcpes for the 
N a (b) functions.This can explain the success of the very simple sharp 
cut-off abrasion model in reproducing the mass yields of various 
experiments[11,20,21, 23]. 

The comparison of the three calculations(fig.13c) shows that the 
inclusion of the diffuseness mainly affects the mean impact parameter 
values associated with a small number of abraded nucléons.Nevertheless 
even in this case only one or two nucléon abrasion can be associated 
with grazing trajectories. 

Consequently the abrasion model cannot lead to the measured side 
peaked angular distributions which show a Coulomb dominated deflection 
for PLF having lost up to seven nucléons.Despite the obvious crudeness 
of the• above calculation this means that the major part of the cross 
section for fragments close to the projectile are due to a much more 
peripheral L.ochanistn than predicted by the abrasion model. This 
mechanism must be analogous to those present at low incident energies, 
i.e. direct surface transfer reactiops and/or inelastic excitations 
followed by projectile decay. 

5 SUMMARY AMD CONCLUSIONS 

The mass, charge , energy and angular distributions of ?L7 
produced in several intermediate energy heavy ion reactions have been 
measured. 
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All the PLF energy spectra are peaked slightly below the beam 
velocity prolonged by an important low energy tail indicative of a 
substantial amount of energy dissipation. The most probable PLF 
velocities show a significant variation with detection angle , larger 
angles corresponding to larger energy losses.Moreover the isotopic 
distributions show a ?hift towards neutron rich products when a 
neutron rich target is used.These features demonstrate the inadequacy 
of a high energy fragmentation picture for reproducing the data. An 
energy dissipation mechanism and nucléon exchanges must be invoked. 

Mean fragment velocities measured as a percentage of the beam 
velocity and isotopic distributions are similar at both studied 
incident energies (44 and 27 MeV/nuoleon) in the 4 0Ar+ 2 , 0Ca 
system.Moreover the momentum widths of the PLF spectra measured both 
with 2 0Ne and 40Ar beams do not exhibit any significant bombarding 
energy dependence between 27Mev/ nucléon and 44MeV/nucleon, these 

20 widths being significantly narrower for Ne induced collisions at 
both studied energies.Consequently no evidence was found for any 
dramatic reaction mechanism change for peripheral reactions between 30 
and 45Mev/nucleon, contrarily to what hfes been recently observed for 
more central collisions[25]. 

At 27MeV/nucleon the momentum widths of PLF close to the 
projectile exhibit a significant reduction compared to the average 
widths for lighter fragments.At 44MeV/nucleon isotopic distributions 
for Z=1S and Z=17 PLF exhibit a strong detection angle dependence, the 
heavier fragments being preferentially populated near the grasing 
angle where a large cross section for 2=19 PLF , which cannot be due 
to an abrasion mechanism, is also observed.On the 2 0%b target the 
angular distributions of Z=19 fragments. as well as these of the 
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heavier CI and S isotopes are peaked at an angle slightly smaller than 
the cl?ssical grazing angle.The distributions of lighter PLJ produced 
on the same target are forward peaked.Such a pattern exhibits a 
striking similarity with low energy results.These side peaked 
distributions observed here for the first tims at intermediate 
energies are incompatible with the abrasion model where a density 
overlap large enough to produce particle ejection by two body 
collisions is supposed.All the preceding features point to the 
presence of a strong direct surface transfer reaction component 
responsible for the production of the heaviest PLF.The lavge 
differential cross section for such a side peaked transfer component 
is highly encouraging for future spectroscopic studies using 
intermediate energy heavy ion beams. 

From this study it can be concluded that at 27 and 44 MeV/ 
nucléon the dominant mechanism observed in the vicinity of the grazing 
angle for PLF exhibiting small mass losses is a direct few particle 
surface transfer. For these nuclei the forward peaked fragmentation 
component is small.However, even for these specific reaction channels 
several predictions of standard fragmentation models , for example 
bell shaped energy spectra peaked near the beam velocity and angular 
distributions on light targets, are fulfilled as well as in channels 
leading to smaller PLF. This means that some features generally 
considered as proof of the fragmentation eschar 3m are cnly "he 
reflexion of the kinematical conditions dus to the high incident 
velocity and are independent of the involved microscopic process. 
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A component presenting several features of high energy 
fragmentation has been isolated but no decisive proof of the 
microscopic mechanism has yet to be given in this bombarding energy 
region.On the contrary numerous strong deviations from the standard 
fragmentation models have been observed and most of the studis-
parameters (momentum widths ,mean velocities, Jcannot yie d 
definite conclusions.He have however demonstrated that angu.ar 
evolution measurements are essential for precise reaction mechanism 
studies in the intermediate energy r~.nge. 
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APPENDIX 

He shall demonstrate that for a given n-bcdy reaction: 

P+T->F-rX (X=set of n-1 particles a £ ) 

the maximum linear, momentum for the fragment F is given by the 
equivalent two body reaction (when all the members a^ of X recoil 
with the same velocity vector). 

We thus calculate the maximum energy of F compatible with the 
fundamental conservation laws, cf linear momentum and total energy.In 
the centre of mass of the reaction P+ T energy conservation yields 

E„ = E„ - Q + % E. (AI) 

total kinetic energy in the entrance channel and Q the Q-value of the 
n-fcody reaction.Momentum conservation reads 

\ 
(AZ) 

p and p. being the momenta of particles F and a..E given by (A1) 
must be maximized taking into account the three constraints given by 
the three projections of (A2) .Thus we introduce three Lagrange 
multipliers a , a , a (= a) and freely maximize the 
energy 2 

E. (a) = E_„ + Q - E — + a * (p. + £ p.) (A3) 
f " t o t i 2.. v ~ l-i 
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If the z axis is aligned on p f eq.(A3) reads 

E, fa) = N + a „ (i/ISlf * I p ï ) t a (Z p?) + o dp?) (A4) 

< P V + ( p y , 2 + ( p î ) 2 

2m. 

p 
E f f a ) i s maximal when 

SE. 
i = o - - • 

(A5) 

5p? m. z m. ( 2 S ) ' / 2 

T7 " ° - -— - . " — A ^ - (A6) 
op. m. 

<5E, P? a /m^p? 

«P? m. X m. (2N) 1 / 2 

which r e d u c e s t o \ 

h'm. = «,' <•* ~\/™l I ( 2 N > ' / 2 <A7) 

Consequently when the energy of F is maximum the velocity vectors of 

the n-1 particles â  are equal . 
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TABLE CAPTION 

TABLE 1:Differential cross-sections for Z=19 and Z=17 
fragments produced in the *°Ar+ 4 0 Ca reaction at 
E, . =44MeV/nuoleon and 8, ̂  =1.5°. lab lab 

\ 
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FIGURE CAPTIONS 

40 40 
1. FIG l:Mass distribution for the 'Ar+ Ca reaction at 

Elab=44MeV/nucleon and 01ab=2.5° .The elastic peak has been 
suppressed. The mass distribution is not corrected for 
channel plate efficiency. 

2. FIG2: a) Fit of the most probable velocities expressed as a 
percentage of the beam velocity plotted as a function of PLF 

40 40, mass for the Ar+ Ca reaction measured at various angles at 
Elab=27MeV/nucleon and Elab=44MeV/nucleon.The solid line is 
.the result of a fragmentation calculation for 
Elab=44MeV/nucleon(see text) 

40 208 b) Same as a) for the Ar+ Pb reaction at 
44MeV/nucleon. 

o) Most probable velocities expressed as a percentage of 
the beam velocity for fragments emitted at eiab=25° (Sgraa=28°) 

in the -36Ar+ 2 0^b reaction at Elab=llMeV/nucleon. 

3. FIG3: Compilation of o 0 values extracted from several 
experiments plotted as a function of incident energy per 
nucleon(taken from ref [13J ). The solid line is an eye 
guide.The error bars on the data points of this work indicate 
the range of fluctuations observed between different 
fragments emitted from the same system. 

4. FIG4:31 P energy spectra from the 40Ar+40Ca reaction at 4-:MeV/ 
nucleon(a) and 27MeV/nucleon(b). The arrow indicées the 
beam velocity. Solid lines are the results of the fit using. 
eq.(1){see text). 
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FIG5: l 60(a) and , 2C(b) energy spectra from the 2 0 N & + 2 0 8 P b 
reaction it Elab=44MeV/nucleon.Solid lines are fits using 
eq. 1 with two different a 0 values. 

FIG6: o 0 values extracted for Sulfer fragments measured in 
various 4 0Ar induced reactions plotted as a function of 
fragment mass. 

FIG7: 3 3S(a) and 3 6 S(b) energy spectra measured in the 4 0 A r 
+*°Ca reaction at 27MeV/nucleoq.Solid lines are fits using 
eq.1 with different ° 0 values. 

FIG8:Kinematical cutoff. Maximum allowed momentum for sulfer 
and Chlorine fragments calculated with eq. 3 for the ^ A r + ^ C a 
reaction at Slab=1.5 correctly normalized (eq.2) to be 
compared with a gaussian distribution of width 
P =85MeV/c.The ordinate of each point represents the 
position of the kinematical cutoff of the expected 
distribution which is represented on the left hand side of 
the figure.Solid lines are for transfer reactions and dashed 
lines for fragmentation processes (see text) .No kinematical 
cutoff is expected for lighter fragments. As an example the 
hatched region represents the kinematically forbidden momenta 
for S PLF produced by a fragmentation mechanism. 

FIG9:a)Sulfer and chlorine isotope distributions integrated 
over the measured angular ranges for the Ar+ Ca and 
40 208 Ar+ Pb reactions at Elab=44MeV/nucleon. 

b)Chlorine isotope distributions measured at two angles 
40 40 in the Ar + Ca reaction at Elab=44Mev/nucleon. 
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10. FIG10:Angular distributions of several projectile like 
40 40 fragment? emitted in the • )Ar+ Ca reaction at 

Elab=4--„-!eV/nucleon. Thin lines are exponential fits to the 
data and thick lines are the prediction of the Goldhaber 
fragmentation model arbitrarily normalized to the data at 
Qlab=1.5-. 

11. FIG11 : Angular distributions of several projectile lik>= 
fragments emitted in the- ^Ar+ 2 0 8Pb reaction at 
Elab=44MeV/nucleon.Each symbol represents one setting of the 
time of flight spectrometer (see text). T;.pi cal statistical 
error bars are shown. 

12. FIG12:Angular distributions for three fragments emitted in 
the Ar+' T b reaction at Elab=llMeV/nuoleon.Solid lines are 

' eyeball fits to the data. 

13. FIG13:a)dashed curve:S-matrix for the 
Elab=44MeV/nucleon[21] 

solid ourve:deflection function derived from this S 
niatrix[9]. \ 

b)Deflection function calculated as explained in text 
for the Ar+ 2 0 8Pb reaction at Elab=44MeV/nucleor. 

c)Number of abraded nucléons as a function of impact 
parameter: Dotted curve : standard abrasion model 

dashed curve:abrasion model using diffuse densities 
solid curve:abrasion model using diffuse densities 

and flux absorbtion (see text). 
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