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ABSTRACT 

Inclusive energy spectra and angular distributions of projectilelike fragments 
in reactions induced by a 44 MeV/nucleon ' Ar beam bombarding Al and Ti targets 
show many of the features of high energy fragmentation. However, several aspects such 
as energy dissipation and production of fragments heavier than the projectile are reminis
cent of a low energy behaviour. 



INTRODUCTION 

For bombarding energies E/A less than % 10 MeV, heavy-ion reactions are 
1-2) dominated by col lect ive effects . Transfer and inelastic channels are l imi ted to 

the most peripheral collisions. Under the action of one-body f r ic t iona l forces, i t is 

possible to convert total ly the kinetic energy and the angular momentum of relat ive 

motion into internal excitat ion energy and intr insic angular momentum of the projec

t i le - target system which may either separate into two massive fragments (deeply 

inelastic reactions) or form a compound nucleus. In this energy regime, experimental 

observations are well accounted for in the framework of the mean f ie ld theory. 

For bombarding energies E/A greater than "•> 200 MeV, the landscape of 
3-4) heavy ion collisions is strongly modified *" . The interact ion t ime becomes shorter than 

the relaxation t ime of the various intr insic degrees of freedom. The reduced wavelength 

of a nucléon o f the projecti le (or target) becomes shorter than the intranucleonic distance. 

One-body dissipation gives way to nucleon-nucleon two-body collisions. Reactions are 

dominated by fast processes, in which the region of overlap betwen project i le and target 

leads to the format ion of a hot zone of nuclear matter ("f i rebal l") , whereas the remaining 

fragments of project i le and target are only sl ightly perturbed. The main features of the 

mod« 
6-7) 

reaction mechanisms are often described in terms of part icipant spectator models or 

in the framework of Glauber's theory by intranuclear cascade calculations 

The energy range betwen 10 MeV <E/A<200 MeV, wi th the advent of new 

heavy-ion fac i l i t ies has only recent ly opened up to experimentalists. This energy regime 

is fascinating in several aspects : i) This is obviously a region where the nature of nu

clear collisions is expected to change from low energy to high energy behaviour. However, 

how rapidly this transit ion occurs is s t i l l an open question, ii) Interact ion times become 

comparable to or even shorter than relaxation times of the intrinsic degrees of freedom. 

Thus one expects non-equilibrium phenomena to increase in importance, i i i ) The velocity 

of the project i le becomes comparable or greater than characterist ic velocit ies in the 
8) nucleus suchasthe sound velocity (E/A ^ 18 MeV) and the Fermi veloci ty (E/A ^30 MeV). 

By passing those di f ferent thresholds, qual i tat ively new mechanisms may be expected to 

occur. 

Earl ier studies of fragments from O projectiles seemed to indicate 

that for project i le fragmentation, the high energy regime was already attained at 20 MeV/ 

nucléon. However, a new analysis of these data and recent measurements with 

various projecti les suggest that this l im i t may rather be reached around 40-45 MeV/nucleon. 



In order to follow the evolution of the reaction mechanisms in this transition 
region, we have studied energy spectra and angular distributions of projectilelike fragments 
from an Ar projectile bombarding Al and Ti targets at 44 MeV/nucleon. Projectile -
like fragments detected in the angular range from 2.5° to 15° were identified by their 
atomic number and their mass by A E-E and time of flight measurements respectively. 

In the next section we describe the experimental arrangement. The experimen
tal results will be presented in section III. In section IV, these results will be discussed in 
connection with what is known of the reaction mechanismsat lower and higher energy. 
Finally, in section V, conclusions will be drawn. 

H EXPERIMENT 

The experiment was performed at the new heavy ion facility GANF| at Caen. 
40 2 

A 44 MeV/nucleon Ar beam was used to bombard ^ 1 mg/ cm thick selfsupporting 
Al and Ti targets. Depending of detection angles, beam intensities ranged from 
9 10 

10 to 10 particles/sec in order to keep counting rate at a reasonable level. 
The experimental set-up, schematically presented on fig.l was installed in a 

big , 3 m long, 3 m in diameter scattering chamber called NAUTILUS. Cryogenic pumping 
maintained an hydrocarbon-free vacuum of ^ 10 torr. 

Beam position was constanly monitored through the relative counting rate 
into two solid state detectors located symmetrically on each side of the beam at 2.55 meters 
from the target, and from the signal delivered by a beam profiler with a 0.5 mm spatial 
resolution in the x -and y-direction. 

2 
After passing through a 50 JU_m thin , 300 mm area silicon AE-detector 

located at 60 cm from the target and delivering a start signal for time of flight measure
ments, the projectilelike fragments were stopped 240 cm downstream from the target into 

2 
a multi-dement telescope consisting in four 300 mm area silicon detectors, 300 U-m, fiuo u.m. 
2000/J- m and 4500JU- m thick respectively. The first of these detectors delivered the stop 
signal for the time measurement. The telescope, the thickness of which was sufficient to stop 
7 -5 

Be ions having beam velocity, subtented a solid angle of 2.5 x 10 sr. The whole system 
was mounted on a 2.5 m long moving arm which could rotate from -30° to •• 30° relative 
to the beam direction. The good definition of the beam ( ̂  4 mm in diameter at the target 
position) enabled us to make measurements down to 2.5°without difficulty. For smaller 
angles, the start detector was intercepting the beam. 
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The resolution A Z/Z = 2% of the telescope permitted a complete separation 
in Z of the projectilelike fragments as illustrated by fig. 2a). A time resolution of 130 ps 
in time of flight measurements, resulted in a mass resolution AM/M =1.2% and was suf
ficient to separate the fragment mass by mass (fig. 2b). The detection efficiency was 

12 close to 100 % for fragments heavier than C. For lighter fragments having a velocity, 
close to the beam velocity, the energy deposited in the start detector was insufficient 
to give a start signal, resulting in a loss of efficiency for the time of flight measurements 
and a correction has to be applied. 

3 
Light particles (p, d, t, He and a£) were detected into two telescopes consis

ting each of 2 AE (300/JLm and 4000 U,m thick) silicon detector and a E(5 cm in diameter, 
10 cm long)INa detector. These telescopes were mounted 15° apart at 80 cm from the tar
get on the same moving arm and were used to explore the angular range between 5° and 
60° in 5° steps. 

In the following only the results (still preliminary) relevant to the projectilelike 
fragments will be presented. 

m EXPERIMENTAL RESULTS 

Some of the general features of the projectilelike fragments observed in this 
experiment may already be seen in figs 2-4. The distribution of produced fragments is 
very broad and extend from the projectile down to light particles. At the most forward 
angles, fragments with Z and A greater than those of the projectile are observed ( figs. 2-3). 
As in high energy fragmentation, the energy spectra (fig. 4) are peaked at an energy 
slightly lower than the energy corresponding to projectile velocity. However, these spectra 
are asymmetric with a low energy tail which is not observed at higher energy. 

Typical angular distributions for few elements produced in the reaction 
40 27 

Ar + Al are shown in figr- 5- They are strongly forward peaked for elements near the 
projectile and broaden as the Z of the fragment decreases. The evolution of the Z distri
butions of the projectilelike fragments as a function of detection angle is shown in fig. G 
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for both reactions Ar Al (fig. 6a) and Ar + Ti (fig. 6b). The Z - distributions 
for both reactions are very similar and show very closely the same angular dependence. 
An odd-even effect is clearly seen from the data. At 2.5? Ar is produced more abundantly 

nat 27 
wi th the Ti target than with the Al target. This can be imputed to the difference in 

16) 4 0 ' ? " 
grazingangle between the two reaction ( 9 . , , = 1.1° for Ar + 'Aland 9 - i / 4 j a b

 = 

1.7° for 4 0 Ar + n a t Ti).Thus, at 2.5°, the Ar excess, in the case of the n a t T i target is 
due to inelastic scattering of the projectile. For fragments with Z greater than the Z of 
the project i le, the production yield decreases rapidly wi th increasing Z. The mass d is t r i -

40 ?7 
butions are very similar in both reactions and only the results for the Ar + Al reac

tion are shown in f ig.7. There again, the production yields drop sharply for •'••'gments with 



^ 4 

masses greater than the mass of the projectile. At all angles, the mass distributions show 
a peak near masses 15 - 16. The origin of this peak is not clear. One possible explanation 
may reside in the splitting of the projectile into two almost equal fragments, the remnants 
of which are both detected. This peak may also be related to the structure of the nuclei in this 
mass region (Q - value effect). 

After integration over energies and angles, the Z distributions from both reactions 
are show in fig. 8. It appears that within a factor of 2, all elements from argon to beryllium 
are produced in almost equal abundance. The mass distribution integrated over energies and 

40 27 angles for the reaction Ar + Al is shown in fig. 9a. Fig. 9b showsthe ratio of the mass 
yields between the two reactions. 

Production of projectilelike fragments exshausts ^ 70% and 80% of the reaction 
cross-sections 0"_ = 2.5b and (T_ = 3b for the Ar + Al and Ar + n a t Ti reactions 

K K „ 

respectively. The reaction cross-sections have been calculated using the reaction parameters 
of WQckeetal. 1 6). 

In fig. 10, we compare our results for the <N> / Z ratios of the fragments as a 
17 18) function of their Z, to the values obtained by Guerreau et al. ' in the bombardment of 

58 197 
Ni and Au targets. As a way of comparaison, we have indicated on top of fig. 10, the 

N/Z ratio for the projectile, the target and combined system, projectile plus target. In 
the picture of fast abrasion, the N/Z ratio of the fragments is expected to reflect the N/Z 
ratio of the projectile and to be independent of the target. On the other hand, it is known 
from the study of deeply inelastic reactionsthat the N/Z ratio is one of the degrees of freedom 
which equilibrates the more rapidly. At full equilibrium, the N/Z of the fragments should 
be comparable to the N/Z of the combined system (projectile + target). Although the 
data are in the sequence expected from an equilibration of the neutron to proton ratio 
between projectile and target, the experimental ratio are much smaller than the expected 
ones in particular for the gold target. This may indicate that either, the interaction time 
is too short to reach full equilibrium or the primary fragments have enough exci
tation energy to emit few neutrons, thus leading to secondary fragments close to the 
valley of stability, thus having N/Z ratio smaller than the expected one. In fact, both 
effects may be present. 

IV INTERPRETATION AND DISCUSSION. 

A - Cross - sections -
Many features of the data are reminiscent of the fast abrasion mechanism 

observed at relativistic energy. In this process, it is assumed that the overlap region 
between target and projectile is sheared away from the target and projectile whereas 
the abraded projectile almost preserves its initial direction and velocity and carry 
an amount of excitation energy which is proportional to the surface difference between 
the deformed abraded nucleus and a spherical nucleus of same volume. The excitation 
energy is then dissipated bv nucléon evaporation (ablation stage). In this picture. 
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the mass distribution of the fragments is only governed by geometrical conside
ration and is directly related to the impact parameter . In fig. 9a), the experimental 

40 27 
mass distributions for the reaction Ar + Al are compared to the primary mass 

19 20) distribution predicted by the clean-cut abrasion model ' . The calculated ratios 
40 27 40 nat 

of the mass yield? between the Ar + Al and Ar + Ti reactions are compared 
to the experimental ones in fig. 9b. In this comparaison, no normalization coefficient 
has been applied to the calculation. Considering the simplicity of the model and some 
of its approximations which should be only valid at relativistic energies, the agree
ment with the data is surprisingly good in the intermediate mass region Ov 20 to ^ 35). 
For fragments close to the projectile, the excitation energies calculated with simple 
minded surface consideration in the framework of the liquid drop model are to small, 
thus prohibiting those fragments to decay by particle emission. This leads to an 
excess yield for the heaviest fragments. For light fragments, they may be produced by va
rious mechanisms and the disagreement between the calculation and the data does not 
necessary imply a defect of the model. Obviously, the model cannot reproduce the 
cross-sections for fragments heavier than the projectile. 

B - Velocity of the fragments -

In fig. 11, we have reported the most probable kinetic energy E p (in MeV/nucleon) 
of the fragments as a function of their mass. Two trends can be distinguished in the 
data : a general linear decrease of the energy Ep with the mass of the fragments 
and, for fragments with a given Z a much charper decrease of the energy E„ with 
the mass of the isotope. In relativistic heavy ion collisions, the velocity of the 
fragments is only slightly shifted down from the velocity of the projectile. This shift has 

21) been imputed by Hiifner et al. to a frictional force resulting from the binding 
energy of the nucléon abraded from the projectile. In the present case, we assume 
that the slowing down of the fragment is simpiy due to the energy necessary to se
parate the abraded zone from the fragment. Assuming that in the projectile frame, 
the sum of the momenta taken by the fragment and the abraded zone is zero, 
the laboratory energy E p of the fragment is given by the relation 

lab lab 
F F ° ' 

F p P " x 
F p ( P + T) 

P = a + F 

•> 
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where, P,T,F, and a are the masses of the projectile, of the target, of the fragment and 
lab of the abraded zone respectively. E is the laboratory energy of the projectile. 

Sp is the energy necessary to separate the projectile into fragments a and F. 
Taking for S the ground state Q - values, which supposes that the fragments 

f DO 

emerge cool from the collision, one gets the solid curves of fig. 11. The isotypic 
effect seen in the data is nicely reproduced but the energy loss is too small. In 
order to get a better agreement with the data we need to put some excitation 
energy into the fragments. In order to do so,in the abrasion picture we now assume 
that the separation energy S is the energy necessary to separate the abraded 
zone from the fragment and is given by the relation 

Sp = 2 /ft s (2) 
where'S = 1 MeV/fm is the nuclear surface tension, s is the area of the inter
face between the abraded zone and the fragment and was taken as the intersection 
between a sphere and a cylinder. Part of this energy is deformation energy and will 
appear as excitation energy in the projectile. The result of the calculation are given 
by the dashed curve of fig. 11. The general agreement with the data has 
greatly improved. We tend now to overestimate the energy loss. However the curve 
should be corrected for nucléon evaporation by the now excited fragments which 
should brink the calculation in better agreement with the data. Obviously the iso-
topic effect has been lost as no shell effects have been included into the calculation. 

C - Shape of the energy spectra 
22) At relativistic energies , in the frame of reference of the projectile, the 

momentum spectra of the projectile fragments are will described by gaussian distri
butions of the form 

*" 2 
%— = C exp ( - pJ- \ exp 
d 3

P I 2 < T 2 

- < P / / - Pp) 

2 C 2 

Z U / / 

(3) 

where C is a normalization constant, p// and p x are the fragment momenta in the 
directions parallel and perpendicular to the beam respectively, p is the average 
momentum of the fragments in the projectile frame of reference. 07, and (7[ are the 
variances of the momentum distributions in the directions parallel and perpendicular 
to the beam respectively. In the relativistic energy regime CT = 0"//, i.e., the 
curves of constant invariant cross-sections are circles centered on p . The variances 

o 
(T and 0"// then obey the relation : 

0-2 - „•« - F ( P - F > 0 - 2 • <4» 
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where F and P are the masses of the fragment and of the projectile respectively 

(T0 is a constant, the significance of which may be interpreted into two dif-
23) ferent ways . In the fast abrasion model, 0" o reflects the Fermi momentum 

of the nucléons inside the projectile 

2 P 2 

5 
with P p = 250 MeV/c , one gets O*0 = 112 MeV/c which is slightly higher than 

the observed experimental value of t» 90 MeV/c. In an other explanation, after the 

collision, the projectile comes to an equilibrium excitation energy at temperature T 

and then decays by particle emission. Then 0" reflects the temperature T through 

the relation o p _ i 
<T0 = _ m 0 T (6) 

where m Q is the mass of a nucléon. The data yield T = 8 MeV, remarkably close to 
the mean nucléon binding energy. 

Relations 3 to 4 seem to hold down to bombarding energy of ^ 200 MeV/nu-

cleon . At lower bombarding energies ' , it seems that the projectile trajec

tory is perturbed by the combined effects of the coulomb and nuclear fields of the 

target, which leads to an increase of (T. relative to 0"//. This effect of orbital 
25) 

dispersion was taken into account by K. Van Bibber et al. by rewritting the va
riance CT in the following form 

<£ s F J P ^ F L o-02 • ULzlL <TD

2

 ( 7 ) 

p - 1 P ( p - l ) 

where the first term is identical to relation (4). The second term results from the 

deflection of the projectile by the target. 

Relation 3 can be transformed in the laboratory frame of reference to 

get the double differential cross-section : 

.2 1/2 
V = N 0 (2FE p ) exp 

dEdn. 

2 * 9 1 / 2 1 
/ E p sin 9 Ep c o 5 > 0 _ (EpË) cos9 +Ë \ ! 

; F h ? - * $ )| 
Which can be directly compare to the laboratory energy spectra. In this expression, 

F and E p are the mass and the kinetic energy of the fragment respectely, Ê is the most 

probable kinetic energy, NQ is a normalization constand and Q is the laboratory detec

tion angle. 
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As it has been mentioned earlier, in both the Ar + Al and Ar + Ti 

reactions, the energy spectra (fig. 4) display a low energy tail which cannot 
be explained in the framework of the pure fragmentation model, in the following an
alysis, it has been assumed that only the high energy component of the spectra may 
have its origin in fragmentation. In order to extract values of 0"// , the energy spectra 
were fitted using relation (8) in which 0"// and I were considered as free parameters. 
To minimize the effect of the transverse momentum $ , only the most forward angle 
(2.5°) were considered. The fits were started on the left of the spectra at an energy 
corresponding to 80% of the maximum value. The results of these fits are shown for few 

40 27 
fragments from the Ar + Al reaction by the light drawn curves of fig. 12. The ex
tracted variances 0" // are shown in fig. 13 as a function of the fragment mass. Taking 
PQ = 87 MeV/c, the variances • 0"// are in average will described by the parabolic 
law given by relation 4 and repressented by the full drawn curve of fig. 13. A similar 

40 nat »-
agreement is obtaind for the reaction Ar + Ti. Fig. 14 shows the evolution of O^ 
with the projectile energy expressed in MeV/nucleon. Is sems that at ^ 40 MeV/nucleon 
0" is just reaching its saturating value. 
D - Angular distributions -

After integration over energy, relation 8 can be used to fit the angular 
distributions of the fragments. To do so, it has been assumed that 0"// was given by 
relation 4 with 0" = 87 MeV/c, whereas (Jj was considered as a parameter to be 
adjusted to fit the data. When considering the whole measured angular range, it was not 
possible using relation 8 to get a good fit to the experimental angular distributions. This 
suggests again that other mechanisms than fragmentation may contribute to the produc
tion of projectilelike fragments. Thus we have limited the fits to the most forward 
angles (4- 6°) where fragmentation should dominate. Few examples of those fits are 
shown in fig. 15. The fitted angular distributions have been used to extrapolate to 
zero degree when integrating over angle. In fig. 16 we presents the extracted values 
of Or_as a function of the fragment mass. In sharp contrast with relativistic energy 
data, for a given fragment, 0", is much larger than 0"// as it has been observed 
in the fragmentation of O at 90 and 120 MeV/nucleon . Thus taking into account 
the orbital dispersion of the projectile in the combined Coulomb and nuclear fields of 
the target, we try to reproduce the data using relation 7 which worked well for the 

1 fi fragmentation of O. However, as illustrated by fig. 16, it is not possible to find a 
value of the variance 0" (due to orbital dispersion) which permit to reproduce the 
data. 

Finally another difference with higher energy data has to be noted. In 
27) effect, it has been observed for different projectiles at E/A = 100 MeV/nucleon 

that for fragments with the same mass but different atomic number Z. the variance 
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(Tj_ decreases slightly but systematically as Z increases. This effect was imputed 
to a Coulomb final-state interaction between the fragments and the protons disso
ciated from the projectile. In the present case for fragments wiht mass greater 
than 20, exactly the opposite effect is observed and seemed difficult to explain with 
a Coulomb final state interaction. 

V. SUMMARY and CONCLUSIONS. 

Energy spectra, mass , Z and angular distributions of the projectilelike fragments 
from a 44 MeV/nucleon Ar projectile bombarding Al and Ti targets have been me
asured. 

Many features of the data reminiscent of a fast fragmentation process, with 
fragments having velocities close to the projectile velocity and momentum width close 
to the saturation value observed at relativistic energies. 

However several deviations from pure fragmentation model are observed, the 
most probable energy per nucléon decreases linearly with the fragment mass. This slowing 
down of the fragments is well reproduced if one take into account the energy necessary 
to abrade the projectile. Target independence is not completely satisfy. In particular, the 
isotopic distributions of the fragments still show at least partial equilibration of the N/Z 
ratio between projectile and target. The energy spectra are asymmetric with a low energy 
tail indicative of dissipatives phenomena. Taking into account orbital dispersion, the widths 
of the angular distributions show a mass and Z - dependence which are difficult to unders
tand in standard fragmentation models. Finally exchange of nucléon between target and 
projectile still exists as manifested by the presence of elements with mass and Z greater 
than those of the projectile. 

We would like to aknowledge the Ganil staff for their strong support and for 
delivering a high quality beam. 
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Fig. 1 - Experimental set-up. 
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Fig. 2 - Projectilelike fragments Z - and A - distributions for the reaction 
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Ar + Al at 2.5° integrated over all energies. 
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Fig. 3 - distributions of the ppojectilelike fragments in the Z vs M - plane at 2.5° in the 

reaction Ar + A l . 
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Fig.4 Sample of energy spectra in the laboratory for few isotopes produced in the 
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reaction Ar + Al. The arrows represent fragment energies corresponding 
to the incident projectile velocity. Notice the presence of a low energy tail 
and a broadening of the spectra when the mass of the fragment decreases. 
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Fig. 5 - Angular distributions for some Z of the fragments 
40 27 produced in the reaction Ar + Al. 
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Fig.6 - Z - distributions of the fragments as a function of detection angle for the 
40 27 40 nat 

reaction Ar + Al (a) and the reaction Ar + Ti (b). The error bars, 
statistical only, when not indicated are smaller than the data points. An odd-
even effect is clearly seen in the data. 
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Fig. 7 - M - distributions of the fragments as a function of detection 
4f) 27 

angle for the reaction Ar + Al . Notice the excess yield near 

masses 15 - 16. 
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Fig. 8 - Z - distributions of the fragments, integrated over energies 

and angle for the reaction 4 0 A r + n a t T i «>) and the reaction 

Ar + Al ( • ) . 
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Fig. 9 a) M - distributions of the fragments, integrated over energies and angle for the 
40 27 

reaction Ar + Al. The dashed line is the M - distribution predicted by 
a clean-cut abrasion calculation. The full light drawn curve is the excitation 
energy (right scale) of the fragments predicted by the calculation. 

b) Ratios of the mass yields between the Ar + a Ti and Ar * Al reactions. 
The full drawn curve is the prediction of the clean-cut abrasion calculation. 
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Fig. 10 - <N>/Z ratios for projectilelike fragments from a 44 MeV/nucleon 
40 53 197 

Ar projectile bombarding ' Ni and Au targets (refs. 17,18) 
and Al and Ti targets (this experiment). The N/Z ratios of 
projectile, target and combined system projectile plus target are 
indicated on the top of the figure. 
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Fig. 11 - Most probable energy of the fragments in MeV/nudeon as a function of their mass. 

The beam energy is indicated by the horizontal line on the top of the figure. The ful-1 
drawn line is the result of a linear least square fit to the data. The solid lines labelled 
by the Z of the fragments were obtained using relation (1) with Sp = Qgg. The dashed 
curve was obtained with Sp - 2 ^ 3 (see text). 
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,n Fits to the 2.5 energy spectra using relation (8). The fits were started on the 
left side of the peaks at ^ 80% of the maximum. Deviation from relation (8) 
are clearly seen in the low energy side of the spectra. 
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Fig. 13 - Longitudinal momentum variances as a function of the fragment mass. The ge
neral trend of the data is well represented by the parabolic law (4), taking 

0"o = 87 MeV/c. 
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Fig. 14 - Evolution of (T0 with the priojectile energy in MeV/nucleon. The fragments used 

in determining Œ are indicated. The full drawn curve is just to guide the eye. The 

data were taken from : Ne + Au (réf. 11), 1 6 0 + Pb (réf. 9,10), Be + Au réf. 15), 
2 0 N e + Ta (réf. 12), 1 2 C + 1 2 C (réf. 26). The bars indicates the range of values me

asured at 213 and 2100 MeV/nucleon. 
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Fig. 15 - Angular distributions of projectilelike fragments after integration over 
all energies. The curves are fits to the data using relation (8). The fits 
were limited to angles smaller than 6°. 
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Fig. 16 - Transverse momentum variances (7̂  as a function of the fragment mass. 

The curves are the predictions of relation (7) using different values ofa", 
the variance of transverse momentum due to the deflection of the projectile. 


