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Abstract 

Energy spectra and angular distributions of intermediate mass frag
ments were measured in 20Ne interactions with Ag and Au targets at 20, 
30, 40, 50 and 60 MeV/nucleon incident energies. Assuming two pre
vailing origins, fragmentation and evaporation (or fission), the measured 
energy spectra and angular distributions are reproduced by emission from 
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two moving sources. The dependence of the pararnet -s extracted for 
the sources on the fragment charge and on the incident energy is dis
cussed. The distinctive role of fission in the case of the gold target is 
stressed. Xuclear fragmentation cross sections deduced from the moving 
source analysis are given and discussed for the two systems. 

1 Introduction 

The study of intermediate mass fragments (IMF), emitted in nucleus-
nucleus interactions in the energy range from 20 to 100 MeV/nucleon 
where the relative velocity is commensurable with the velocity of sound 
and Fermi velocity in nuclear matter, has been of particular interest in 
the last few yearsjl]. In this energy domain, the emission of complex frag
ments, in the range 5<Z<20. in processes different from binary fission, has 
been the subject of intense theoretical investigations. At present, there is 
no consensus as to the origin of these fragments: however their production 
is expected to depend on the bombarding energy, the mass of the system 
and perhaps on other dynamical quantities, and to be connected with the 
most dissipative reactions at intermediate and central impact parameters. 

Statistical as well as dynamical models have been proposed to explain 
the emission mechanism of IMF [1], These models differ in rather basic 
assumptions concerning the size, density, internal excitation and degree of 
thermalization of the emitting system as well as in the way this emitting 
system breaks or decays. 

In order to get evidence of the change in fragmentation regime, it was 
considered necessary to systematically and consistently study with good 
statistics the dependence of inclusive complex fragment cross sections on 
the bombarding energy. This is performed here for an intermediate mass 
(Ne+Ag) and a heavy mass (Ne+Au) system in a large incident energy 
range covering 20 to 60 MeV/nucleon. These broad-base data shed light 
on the possible mechanism(s) for the emission of complex fragments as a 
function of the available energy and the size of the system. 
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2 Parametrization with moving sources 

The energy spectra at the measured angles were parametrized for each 

fragment assuming two moving sources: a fast source simulating nuclear 

fragmentation and a slow source reproducing the yield from evaporation 

and fission of target-like nuclei. 

One should in principle have added a third source to fit the contribu

tion from the de-excitation of projectile-like nuclei at very forward angles. 

This contribution was taken into account for fragments lighter than the 

projectile by introducing a cut in the high energy tail of the spectra mea

sured at the most forward angles (Θ <25 deg.). Secondary de- excitation 

processes which mainly contribute to the production of light nuclei with 

Z<5, are neglected in this analysis, concentrated on Z- separated heavier 
fragments. 

·* 

2.1 Fi t t ing procedure 

The energy spectra at the various angles of fragments having a given Ζ 
are fitted by the following expression: 

#σ(θ) = #σ(θ) ά2σ(θ) 

düdE düdE{f) düdE{evf)
 [ } 

where (f) stands for fragmentation and (evf) for evaporation and fission. 
All processes different from these latter relaxed ones are thus considered 
as fragmentation. 

Ineq. (1), 

*m rF ρ «( E - ^(/) + g*/j - 2(£ - E^y*Encase 

(2) 
represents a non-relativistic Maxwell-Boltzman-type distribution of prob
abilities for finding a fragment of mass A, charge Z, with lab. energy E, 
at lab. angle θ in dE and dQ(0) intervals, as a function of the source 
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«Λ-i^V Ο) 

temperature Τ}/) and velocity v^f) with 

2ES 

and mo=931.478 MeV. £<.</) is a Coulomb correction to the lab. energy 
accounting for the repulsion from the target remnant charges in the frag
mentation process. 

The second term of eq. (1) is given by: 

ά2σ{θ) = E*exp 
U 

(evf)l L 
1 + exp ( -^-g 

- 1 

(4) 
dQdE(eVf) 

with 
V = E + Es(evf) - 2E*E\tvf)cos6 (5) 

which is similar in shape to eq. (2), with T^evf) being the temperature 
of the nucleus which undergoes fission or evaporates nucléons (and light 
nuclei) while 

(2Es{evf)y-

" * " > = l^imT"] (6) 

is its recoil velocity. The Coulomb term £"c(ev/) iS n o t substracted from 
E as in eq. (2) but is introduced in a subthreshold penetration coefficient 
having a width D taken as 1 MeV. 

Complete and incomplete fusion being most probable in central col
lisions [2], the source allowing for evaporation and fission (having At0t 
nucléons and Ztot protons) can be expected close in size to the compound 
or target nucleus (both are considerably heavier than the projectile in the 
present case). -Εφ«/) should then approach the Coulomb barrier: 

. ^Z{ZM - Z) 
t"{m") - r0[AÌ + (AM - ÄJIj ( " 

between two touching spheres, while Ec^ could be lower, as a result of a 
possible small number of remnant charges. 

The parameter Ρ in eq. (1) determines the relative intensity of the 
two sources. Normalization to the data gives absolute cross sections for 
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each source. Seven parameters (T ( / ), u(f), £ c ( / ) , T(ev/), U(evf), Ecievf}, P) 
are therefore necessary to fit the energy spectra of one fragment at the 
different angles with eqs. (1),(2) and (4). An example of fit to the double 
differential cross sections is given by solid curves in fig. 1. 

2.2 Intermedia te velocity source 

In fig. 2a. the temperatures Tj^ of the intermediate velocity source in 
Ne+Ag and Ne+Au as a function of the charge (size) of the fragment 
are compared at different energies. For the two targets, the temperature 
shows a constant or increasing trend for Ζ < Ζ^ατη followed by a rapid 
fall-off for higher Z- values. 

It is now accepted that the parameters T(f) extracted from the slopes of 
kinetic energy spectra do not provide good measurements of source tem
peratures [3]. Moreover these slope parameters which decrease with the 
mass of the fragments may appear at variance with the idea of an equi
librated emitting system unique for all fragments. The slopes of the en
ergy spectra are however related to the true temperature because a linear 
dependence results from momentum conservation between the measured 
temperature and the fragment mass, if the source has a limited number 
of nucléons. According to ref. [3], if Γ is the temperature of a system of 
Atotai nucléons, one should measure an apparent temperature I}/) which 
can be approximated, for fragments having a large enough mass A by: 

Applying eq. (8) to the variation of X(/) for Ζ > 10 observed in fig. 2a 
source sizes of ~75 nucléons in Ne+Ag and ~130 nucléons in Ne+Au can 
be estimated. True temperatures of 25 and 20 MeV are further extrapo
lated for the reactions on silver and gold, respectively. 

The observed decrease versus Ζ of the slope parameter has been pre
viously explained by assuming that heavier fragments could be emitted at 
a later stage of the cooling down when the source has reduced degrees of 
freedom for decay or that the source could evolve through an expansion 
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Figure 1: Energy spectra of Z=U fragments from Ne+Ag at 40 Mev/nucleon as a func
tion of the lab. angle. Solid curves show fits with two moving sources. The dashed lines 
represent the only evaporation component. 
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Figure 2: Temperature and velocity parameters of the intermediate-velocity source as a 
function of the fragment Ζ for Ne+Ag and Ne+Au between 20 and 60 MeV/nucleon. 
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inside the target spectator (accretion): more nucléons being progressively 
involved in the source, the temperature would decrease and larger frag
ments be emitted. 

The source velocity appears in fig. 2b similarly decreasing as a function 
of Ζ for both targets, even for light fragments. If one relates the source 
velocity to its dimension by simply using momentum conservation[4], the 
light fragments which are assigned to a source half as fast as the projectile 
would thus originate from a set of equal number of target and projectile 
nucléons, whereas the source for the heaviest fragments, found two times 
slower, would be roughly double in size. The hypothesis of accretion[4] 
could thus appear to successfully account for the decreasing trend of both 
temperature and velocity with Z. 

A better explanation may be given by considering impact parame
ters: one may expect that the large velocities and temperatures, associ
ated with the lighter fragments are related to small impact parameters 
i.e. large momentum and energy transfers from the projectile. Heavy-
fragments, in the same view, would be coming from more gentle collisions 
involving smaller momentum transfers. In very asymmetric reactions like 
Ne+Ag and Ne+Au. the source size can be expected independent of the 
impact parameter till the latter reaches some value[2]. Beyond this limit 
binary processes which are dominant in central collisions (e.g. fusion + se
quential evaporation or/+ fission) would compete with fragmentation into 
light nuclei. As the impact parameter increases further (with reduced en
ergy/momentum transfer), less fragments having greater sizes would re
sult from fragmentation, ending with only two fragments indistinguishable 
from those of the simple fission induced in peripheral collisions. In sup
port of this scheme, arguments can be given from simple geometry which 
predict enlarged sources for greater impact parameters[2]. Reduced tem
peratures and velocities then follow. The present data are unfortunately 
limited to Z<24 and therefore can only suggest that the source parameters 
found for the heavier fragments could reach values which, in the following 
subsection, will characterize equilibrated sources. Thus the reliability of 
the impact parameter explanation cannot be fully established. 
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2.3 Evaporation/Fission source 

The parameters of the slow sources for fragments coming from evaporation 

and fission have been found, in the analysis, rather insensitive to the 

fragment charge (fig. 3); the temperature furthermore appears insensitive 

to the beam energy. This is in sharp contrast with the strong dependence 

on Ζ of the previous mid-velocity source parameters. 

Slow sources associated with evaporated light nuclei of fission frag
ments from the Ne+Ag system, have a nearly constant temperature of 
4.2 MeV (fig. 3a-right side) and a velocity which is significantly lower than 
the c m . one: from jjiVm. at 20 MeV/nucleon to luc.m. at 50 MeV/nucleon 
(fig. 3b). Incomplete fusion is a possible explanation in the case of evap
oration of light nuclei. With regard to the heavier fragments in this ex
periment (1S<Z<24) which may originate from fission as welTas from 
evaporation, one can remark that they can be emitted in anyone of these 
processes after a large primordial emission of fast particles and light nu
clei. This is characteristic of central collisions where a great amount of the 
deposited energy is carried away by a large number of energetic forward 
emitted nucléons. A nucleus of reduced size and speed remains having, as 
one can anticipate, a large deformation leading to an increased probability 
for asymmetric fission. 

With the gold target, the temperature is nearly 4.3 MeV at all incident 
energies, and the mean velocity is equal to the cm. velocity (β= 0.02c, 
0.025c, 0.03c at 20. 40 and 60 MeV/nucleon, respectively) (fig. 3). There 
are possible indications of smaller velocities for the fragments with Ζ > 18 
(the fits for Z=24 at 20-40 MeV/nucleon give hints for u ( c v / ) values 20% 
lower than the c m . velocity). 

The contribution of the slow source in energy spectra is illustrated on 
fig. 1 in the case of Z = l l fragments for Ne+Ag at 40 MeV/nucleon. This 
contribution amounts to nearly all the yield at the backward angles (see 
spectra at 112.5° and 127.5°). It is still important in the low energy region 
at intermediate angles and is almost negligible at forward angles. 
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Figure 3: Temperature and velocity parameters of the evaporation/fission source as a 
function of the fragment Ζ for Ne+Ag and Ne+Au between 20 and 60 MeV/nucleon. 
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2.4 Coulomb corrections 

The dependence on Ζ of the Coulomb correction terms Ec(evf) a Q d &c(f) 
is shown in fig. 4. For the two studied targets, one observes an approx
imately linear increase of both these parameters with Z, but apparently 
too weak increase for a unique fission-evaporation/fragmentation source 
to be relevant for all fragments. 

As an example, the parameter of the slow source, £φυ/)> is for the 
lightest fragments very close to the Coulomb repulsion between two spheres 
in contact including all the nucléons and charges of the reaction i.e. using 
eq. (7). It is what one would expect in central collisions from fusion-
evaporation processes. Eq. (7) applied to the heavy fragments predict for 
both targets a too large Coulomb correction (see dashed curves in fig. 4b 
at 20 MeV/nucleon). By assuming a pre- emission of about 15 energetic 
nucléons at the projectile velocity, one gets a better agreement for silver 
(dash-dotted line). A similar fit to the gold data would require 50 nucléons 
to be removed by pre-equilibrium emission, which is not acceptable. 

In asymmetric fission, fragments are released at increased distances by 
deformed nuclei. Deformation could thus better explain the small values 
of Ec(evf) found for the large fragments of gold in this analysis. Solid lines 
in fig. 4b show predictions according to Viola[5] for both targets: for the 
heaviest fragments of silver, Ec values extracted at 20 MeV/nucleon are 
fairly well approximated while, for gold, an agreement appears possible 
only if preliminary nucléon emission is again assumed. 

The Coulomb term of the intermediate velocity source, JE^/), is, for 
light nuclei. 40% lower than the above slow source term. Contrary to evap
oration, fragmentation in the case of a simultaneous break-up can occur 
at distances shorter than the summed radii of the fragment and remnant 
nuclei. For instance, if a nucleus (Ag or Au) breaks into three clusters 
of equal sizes when at the same time a fourth light fragment is emitted, 
the kinetic energy gained by the latter from the Coulomb repulsion can 
be smaller than what is predicted in the case of successive evaporation 
events taking place at the nuclear surface. The reduced Coulomb terms 
observed in this analysis are consistent with a multifragmentation of the 
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whole target [6,7]. The non-sequential nature of the process yielding mid-

velocity fragments can be evidenced by measuring the relative velocities 

of correlated fragments[8]. 

For the heaviest fragments. E^f) gets close to the slow source value. 
One indeed can predict smaller number of fragments in the case of large 
Ζ values and thus reduced differences between fragmentation and fission 
in Coulomb effects. Proportionality to a part of the charge Ζ is again 
observed. Possible explanations are an expansion of the nucleus prior to 
its fragmentation or a deformation as above in the case of fission. 

As a whole, despite larger uncertainties and a somewhat smoother 
trend for gold at 50 and 60 MeV/nucleon. the two Coulomb parameters 
show nearly complete independence on beam energy, as it was already the 
case for the temperature and velocity parameters. 

2.5 Angular dis tr ibut ions 

The angular distributions in the laboratory are all strongly forward peaked 
in particular for the lighter elements and for the higher energies. A de
tailed analysis can be found in ref. [9,10,11]. Examples of unfolding into 
components from a fast and a slow source are presented on fig. ô. As 
shown by dashed Unes in fig. 5. the fast source gives a forward peaked 
component with a rise on approximately three decades for silver and two 
decades for gold in the studied angular range. On the contrary, the evap
oration/fission source component (dotted lines) is rather flat with only a 
small increase of a factor of 2 to 4 in the same angular domain. Comparing 
the different energies, one sees that the angular distribution is dominated 
by a fast source component at high energy (see for example Ag and Au at 
60 MeV/nucleon in fig. 5), whereas the evaporation component becomes 
important even at angles as small as 50° at low energy. This proves how 
necessary such an unfolding is, since no clear boundaries appear between 
the various reaction mechanisms even in an intermediate angular range 
(e.g. from 50° to 80°). 

Since fission is much more probable for gold than for silver a larger 
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equilibrateci component is found for gold which makes the angular dis

tributions smoother than those of silver. Even at 60 MeV/nucleon one 

observes a small detectable fission component which is almost absent for 

silver. 

2.6 Cross sections for the nuclear fragmentation process 

The cross section for each fragment was obtained by integrating the angu

lar distributions of each fragment. The systematics of the cross sections 

for Z-separated fragments, integrated in the angular range 0°< θ <180° 

are shown in fig. 6 for both reactions by dots (for more details see ref. 

[9,10,11]). 

Cross sections for nuclear fragmentation are plotted versus Ζ in fig. 6 
for both reactions (crosses). In the case of silver small differences are 
found with full angular range integrated cross sections. Exceptions occur 
for very light fragments owing to evaporation. Large discrepancies are on 
the contran* observed for gold beyond Z=10, especially for lower energies, 
making of the highest importance to remove the fission contribution from 
total cross sections. The evaporation- and fission- corrected total cross 
sections of fig. 6 appear distributed over Z-values in an almost energy 
independent way between 20 and 60 MeV/nucleon. To emphasize this 
important result all curves of fig. 6 have been parametrized in the form: 

σ{Ζ) oc Ζ'τ (9) 

where r is an apparent (i.e. energy-dependent) exponent. If an increase 

of the beam energy is favoring the yield of the heaviest fragments , r 

should decrease. Eventually it may have a minimum value. This is the 

trend predicted under the assumption of a phase transition in nuclear 

matter[12] or in percolation models[13]. In fig. 7 r values extracted from 

Ne+Au uncorrected total cross sectionsfll] are plotted as a function of 

the largest available energy per nucléon calculated as $*£*• » \TA^· They 
are decreasing from 20 to 40 MeV/nucleon whereas fragmentation cross 
sections for the same reaction give a nearly constant τ in the same domain. 

This shows that the decrease of τ at low energy is due to equilibrated 
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contributions (evaporation and fission). For Ne+Ag, from corrected and 
uncorrected [11] cross sections a small minimum hardly appears. 

A further result is the important role of the target size since the asymp
totic value of τ is larger for silver than for gold. One can indeed expect a 
smoother mass distribution (r smaller) with a heavier target since a larger 
range of masses is available to the emitted fragments} 14). 
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3 Conclusions 

The inclusive IMFs obtained from the interaction of 2 0Ne, from 20 to 

60 MeV/nucleon incident energy, with silver and gold targets, enable us 

to make the following statements regarding the nature of their production. 

Besides a strong projectile component at small angles (Θ <30 deg.) for 

Ζ <10, a contribution from evaporation exists with the silver target which 

decreases with energy. Most of the IMFs can be referred to nuclear frag

mentation. Ne+Ag is a good reaction to choose for further investigation 

of this process. 

For gold, in addition to the three above kinds of fragments there is an 

important component from asymmetric fission, the tail of which extends 

to lower Z-values with decreasing energy. 

Some interesting features were found in the attempt to separate the 

fragmentation process from more relaxed mechanisms: 

• A significant insensitivity of the process to the incident energy. This 

insensitivity made it possible to parametrize the fragmentation com

ponent at high energy where its contribution is dominant in the total 

cross section, then to reproduce in detail energy spectra and angular 

distributions at lower energies by adding to this high energy compo

nent increasing contributions from evaporation and fission. 

• The same insensitivity to the beam energy is again evidenced by the 

fragments distributions through the constant value of r, the expo

nent from the power law fit. This contrancy seems typical of the 

fragmentation process as soon as enough energy is available in a nu

clear system to make it observable in an isolated investigation. 

• Differences exist between Ne+Ag and Ne+Au reactions which em

phasize the role of the size of the system: with the silver target the 

temperature of the fragmentation source decreases more strongly with 

the charge Ζ of the detected fragment and the asymptotic value of r, 

the exponent from the power law fit, is larger. 
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