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Limitation of energy deposition in classicalN body dynamics
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Energy transfers in collisions between classical clusters are studied with cld$sicaly dynamics calcu-
lations for different entrance channels. It is shown that the energy per particle transferred to thermalized
classical clusters does not exceed the energy of the least bound particle in the cluster in its “ground state.” This
limitation is observed during the whole time of the collision, except for the heaviest system.
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I. INTRODUCTION II. DESCRIPTION OF THE CODE

The question of enerav deposition in nuclei durin Let us start by describing the classidddbody dynamics
q gy dep 9 code used in this paper. The basic ingredients of such a code

nucleus-nucleus collisions is of great importance for nuclear . : . .
are very simple. The dynamical evolution of each particle of

matter studies. The maximum amount of energy that can bﬁ1e system is driven by the classical Newtonian equations of
stored in hot equilibrated nuclei has been studied both ex- y y q

perimentally[1—-6] and theoretically7,8]. Such studies have motion. The two-body _potentlal used_ln the present work'is a
mainly been motivated by the determination of a plateau irfi'd degree polynomial whose derivatives are null at the
the so called caloric curvéthe evolution of the temperature '@nger; and at the distance of maximum deptf,. The
with the excitation energywhich could be a signature of a depth value is/p,i; and the value at=0 is finite and equal
first order liquid-gas phase transiti§,10]. to Vy. This potential has the basic properties of the Lennard-
Experimentally, a lot of work has been done to determineJones potential used in other workss,19: a finite range
the amount of thermal energy stored in nuclei. For centrafttractive part and a repulsive short range part. To follow the
collisions, large energy deposits up to 22.5eV have been dynamical evolution of the system an adaptative stepsize
determined9,11]. Other studies have shown that the excita-fourth-order Runge-Kutta algorithm is usg20]. The main
tion energy in primary products in multifragmenting systemsdifference with other works is that the time st&p can vary:
is around A-4A MeV [3,4,12,13, far below the total avail- if the potential varies stronglyAt is small and when the
able energy in the center of mass frame. This energy does npbtential varies genthyAt becomes larger. This allows a very
seem to evolve strongly with the incident energy. These twanigh accuracy with shorter CPU time than for fixed time step
measurements seem to be in contradiction. Possible limitagigorithms. It requires an additional simulation parameter
tions of energy deposition could result from prompt emissionyhich is adjusted to ensure the verification of conservation
of energetic light charged particles at early times in the rejgys (energy, momentum, angular momenjuwith a rea-
action[14—16. _ - sonable simulation time. The energy difference between the
Theoretically, the maximum energy that an equilibratedyeqinning and the ending simulation time is lower than
nucleus can withstand corresponds to the engwgfempera- 0.001%. This simulation has five free parameters: four linked

ture) at Wh'Ch the sur_fr_ice tension vanishes. This is Qﬁer{o the physicgthe interactiopand one linked to the numeri-
characterized by a critical temperatufg whose value is cal algorithm

around 16 Me\7,8]. This temperature is linked to the equa- Since one wants to study the simplest case, neither long

tion of state of nuclear matter. The main drawback of such L ) ;
studies is that they assume that the system is fully equili_range repulsive interaction nor quantum corrections such as a

brated and hence do not take into account possible limita?@uli potential have been introduc2il]. Additionally, no

tions coming from the reaction mechanism. statistical decay code is applied to the excited fragments
The aim of the present paper is to study energy depositiofPfmed during the collision. The final products have to be
during collisions between finite size systems in a well confégarded as “primary” products which would decay after-
trolled framework. Results from the classi®&body dynam- ~ wards. Although most of the ingredients necessary for a cor-
ics code[17] will be shown and the mechanism of energy rect description of atomic nuclei are missing from this simu-
deposition in classical clusters will be studied. We will con-lation, it should be noted that the reaction mechanisms
sider in this paper the energy transferred to thermally equiliobserved in nucleus-nucleus collisions are seen, and the
brated clusters, which corresponds to the energy that longsroperties of the “ground states” of such clusters are quali-
lived clusters can withstand. The paper is organized agatively close to those of nuclgl7].
follows. In the second section, the classisdbody dynamics In order to avoid any confusion with nuclear physics, the
will be briefly described. The excitation energy in clustersunits used here are arbitrary and called simulation units
will be shown for various systems and incident energies inS.U). The distance will then be in distance simulation units
the third section. The fourth section will be devoted to the(D.S.U), the energies in energy simulation uni&.S.U),
mechanism of energy deposition in clusters. Conclusions wilthe reaction time in time simulation unit3.S.U), and the
be drawn in the last section. velocities in velocity simulation unitéD.S.U./T.S.U).
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TABLE I. Summary of systems.

Ecm /N Eping/N fused  E|casigoungfused E*/N fused

Nprojectile  Ntarg  (E.S.U) (E.S.U) (E.S.U) (E.S.U) Number of events
13 13 25 —73.30 —50.86 35.17 1000
45 55.17 1000
65 75.17 1000
85 85.17 1000
18 50 30 —93.60 —54.64 41.55 1000
60 71.55 1000
90 101.55 1000
120 131.55 1000
34 34 30 —93.60 —54.64 42.04 1000
60 72.04 1000
90 102.04 1000
120 132.04 1000
50 50 30 —98.93 —62.46 41.50 1000
60 71.50 1000
90 101.50 1000
120 131.50 1000
100 100 30 —107.97(*) —65.00(*) 39.03(*) 100
60 69.03(*) 100
90 99.03(*) 100
120 129.03(*) 100

For this study, 16 400 events have been generated. For-a70 (for more information, see Refl17]). The time for a
fixed projectile sizeN,,;, a fixed target sizéN,.y, and a  particle to go through a cluster ranges from 7 to 10 T.S.U. at
fixed available energy in the center of mass,, /N, the the lowest available energiesE{,,/N<30 E.S.U) and
impact parameteb is randomly chosen assuming a flat dis- ranges from 3 to 5 T.S.U. at the highest available energies
tribution between O andma,=r(Nproj) + T (Niarged + 71, (Ecm/N=90 E.S.U). As seen in Ref.[17], fusionlike
wherer(No;) is the mean square radius of the projectile,mechanisms and particle transfer mechanisms are observed
I (Niarged is the mean square radius of the target, epthe  at low E.,, /N values €., /N=<60 E.S.U), while multi-
range of the potential. In the analyses, each event is weightddagment production and neck formation and breakup are
by its impact parameter valuewvgightcb). The systems dominant at highE.,,/N values €., /N 60 E.S.U). As
and the energies studied here are summarized in Table |. Agill be seen in Sec. lll, typical thermalization times for such
can be seen in Table I, the available energies in the center sf/stems ranges from 15 to 20 T.S.U.
mass framée; ,, /N have been chosen in such a way that the
excitation energy of the fused clustéf /N is close to the
binding energy of the fused clusteE(,,/N=90 E.S.U),
close to the energy of the least bound particle in the fused In this section, we will be interested in the energy depo-
cluster E.n/N=60 E.S.U), far below €E.n/N=30 sition in clusters at the simulation timte= 200 T.S.U. At this
E.S.U) or far above E.,/N=120 E.S.U) the binding en-  stage, the clusters are well separated from each other in con-
ergy of the fused cluster. The asterisks for the 2000  figuration space. As will be seen later, these clusters are ther-
system mean that these energies were estimated from theally equilibrated. They can be viewed as primary clusters.
liquid-drop parametrization of the binding energies of theFor this first simple analysis, the clusters have been identi-
clusters[17]. In that case, the energy of the least bound parfied by using the minimum spanning tree methgabeled
ticle is taken equal te-65 E.S.U. For each system, the ex- MST), which assumes that two particles belong to the same
citation energyE¥ ;.4 0f the fused cluster is determined by cluster if they are in potential interaction, i.e., if their relative

distance is below the range of the potential.

IIl. ENERGY DEPOSITION IN FINAL CLUSTERS

?used: Ec.m.+ Ebind( Nproj) + Ebind( Ntarg) - Ebind( NfusecDa

D

whereE;,q(N) is the binding energy of the cluster of sikle
In this unit system, the parameters of the reaction are the In Figs. 1-5 are plotted the evolution of the excitation
following: V=540 E.S.U.,Vyj,=—20 E.S.U.,r,,=10  energyE*/N of the cluster and its parallel velociy for the
D.S.U., andr;=15 D.S.U. Typical mean square radii are whole impact parameter range and for different available en-
around 10 D.S.U. foN~20 and around 15 D.S.U. fdx ergies in the center of mass. The excitation energy of each

A. Variations of the energy deposition with the velocity
of the cluster
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FIG. 1. Excitation energy of clusters versus their parallel veloc-
ity for Nproj=13 onN,=13 collisions at different available en- V// (D'S'U‘/T'S'U')

ergies in the center of mass. On each panel, the full line corresponds

to the expected evolution for a pure binary process, the dashed FIG. 3. Same as Fig. 1, but fo¥,,,;=18 onN,,,=50 colli-
horizontal line corresponds to the energy of the least bound particlsions. On each panel the dashed horizontal line corresponds to the
for N=26, and the circle corresponds to the expected values for thenergy of the least bound particle fiNr=68.

fused system. On each plot, the darkest gray regions correspond to

the highest differential cross section values.
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FIG. 2. Same as Fig. 1, but fod,,,;=34 onN,4=34 colli- FIG. 4. Same as Fig. 1, but fod,,5;=50 onN,4=50 colli-
sions On each panel the dashed horizontal line corresponds to ttsons. On each panel the dashed horizontal line corresponds to the
energy of the least bound particle fidr=68. energy of the least bound particle fiir=100.
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80 80 tween the projectile and the target after interaction. The mass

70k Noroj =100, Nygpg =100 | o of each cluster is proportional to the number of particles

GOE E-n /NSO ESIG T 60 M(N) =MparicleXN where Myapicle=20 S.U. The initial

relative velocity is given by

50F 50

40F o) 40

30 30 my+m

=1/2E . 4

20 20 Urel,max c.m. mom; (4)
= 10 10
n 0 0 The small circle displayed on each panel is centered
W g 80, around the expected values of velocity and excitation energy
Z 70 70 for the fused system. The horizontal dashed line corresponds
E 60 60 to the energy of the least bound p_artiﬂ@easgsoundfor the

50 50 fused systemN=Np5;+ Niarger- This energy is det_ermmed

for the stable clusterg‘ground state” and is defined as

40 40 follows:

30 30

20 20

10 10 ELeastBound™ Max 2 V(rij)}y ()

0 0— j=1N[i7#]

V, (D.S.U.IT.S.U.)

wherer;; is the relative distance between the partidlesd
j andV(rj;) is the value of the two-body potential. As has
FIG. 5. Same as Fig. 1, but fo#;,;=100 onN,¢=100 col-  been shown in Ref17], this energy varies dramatically with
lisions. On each panel the dashed horizontal line corresponds to th, In their “ground states” the clusters are small crystals and
estimated energy of the least bound particle Nor 200. the E| castsoung Value is mainly due to geometrical effects
(number of neighbors of a particle at the surfacBuch
cluster is simply the difference between the total enémy  variations are well known in cluster physif22].
tential plus kineti¢ and the “ground state” energy of the At low E.,/N values €.,/N=25 E.S.U. for the
cluster: 13+13 system andE.,,/N=30 E.S.U. for the othejsthe
points are slightly below the full line. This means that the
E* = E EKn4 E _ V(|Fi_Fj|)_ Eping(N), (2)  excitation energy is strongly linked to the velocity damping.
[ iJi>] In that case, the collisions lead to the formation of excited
Kin - o o projectilelike and targetlike clusters. The small shift is due to
whereE;™" is the kinetic energy of the particiein the clus-  mass transfers between the projectile and the target, and to
ter’s center of masS((|ri—rj|) the potential energy between promptly emitted clusters. The area corresponding to the
the particlesi and j, Ep;hq(N) the binding energy of the fused system is well populated, showing that a complete fu-
cluster, andN its number of particles. This excitation energy sion process occurs. At intermediate energies(/N=45
is determined at the end of the calculation corresponding t&.S.U. for the 13-13 system ané&, ,,,/N=60 E.S.U. for the
t=200 T.S.U. As will be seen in the following section, this others, the distribution of points is roughly compatible with
energy is very close to the one obtained at the separatiotie pure binary process hypothedigrmation of excited pro-
time of the clustergthe smallest time at which clusters can jectilelike and targetlike clustergxcept for cluster velocities
be identified, since in this time range the emission of mono-that lead to excitation energies per particle higher than
mers or small clusters by the primary clustéesaporation  E casigound Nrused (Where Niyseq=Nproj+ Niarged i the
is very weak and the clusters have no time to cool dowmpure binary process picture. For these clustBfSN is al-
significantly[18]. On each panel of the figures, the full line ways smaller tha, ¢ asigound Niused - The complete fusion
corresponds to the expected correlation betwe&fN and  process area, located abokgq.sigound Niused, IS €Mpty.
V| for a pure binary scenario, i.e., the excitation energy isn that case, as will be seen in the following section, incom-
only due to the velocity damping of each partner, withoutplete fusion process occurs. For the two highest energies, this
any particle exchange between them. This excitation energyend is enhanced. Around the projectile and the target veloc-
is then determined by ity the projectilelike and targetlike clusters have an excitation
energy compatible with the pure binary process hypothesis.
_E mymy (2 02 3) Around the center of mass velocity, when this picture would
T2 mytm, relmax Urel): give excitation energies per particle higher than
EleastBound Nfused,» One finds clusters at small excitation
wherem, andm; are the projectile and the target mass, re-energies. The energy of the least bound particle seems to be
spectively,v,e) max the initial relative velocity between the a limit to the excitation energy which can be stored in these
projectile and the target, and,, is the relative velocity be- classical clusters.

*
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FIG. 6. Excitation energy of clusters versNgor N, ;=13 on FIG. 7. Same as Fig. 6, but fo¥,,oj=34 onN,q=34 colli-

Niarg=13 collisions at different available energies in the center ofgjgng.
mass. On each panel, the full line corresponds to the energy of the
least bound particle, the dash-dotted line corresponds to the binding
energy per particle, and the circle corresponds to the expected val-
ues for the fused system. On each plot, the darkest gray regions
correspond to the highest differential cross section values.

C. Variations of the energy deposition with the
impact parameter and the available energy in the center
of mass

Figure 11 shows the variations of the average excitation
energy per particléE*/ N) with the reduced impact param-

B. Variations of the energy deposition with the size
of the cluster

120F N =18 ,N__ =50 [120F

proj targ
This limitation can be more clearly seen when the excita- 100} E.n/N=30 ES.U. .. flOOF Ecn/N=60ESU.
tion energyE*/N is plotted as a function o, as in Figs. sob a0 e
6—10. On each panel, the full line corresponds to the energy -
of the least bound particlé ¢astpoung: IN the cluster and

the dashed line to the binding energy per parti€lg,q/N.

As in Figs. 1-5, the small circle corresponds to the expected—
values for the fused system. At low energy, the area corre-=
sponding to complete fusion is filled and all the available N
energy can be stored as excitation energy. But for higherHJ/

60F
40F £
20,

energies, one can clearly see that for each fragment size€ 120¢ 120
E*/N never overcomek, qasisoung- At intermediate energy, |1y 100f Ecn/N=80ES.U. 0. flOOf Ecn/N=120ES.U.
clusters with sizes higher than the projectile size and the  ggf 80k e

target size can be seen. This area corresponds to an incom-
plete fusion process. For the two highest energies, the plots
are almost identical: there is no more fusidime small circle

area is emptyand the clusters are smaller than the target and
the projectile. One can notice th&® /N never reaches the
binding energyEyi,q/N except for small clusters where
Eping/N andE, casteoung @re equal. The energy of the least
bound particle in the clusté, .,stgoungiS @n upper limit for N

the energy per particle which can be stored in the cluster,

whatever the system size, the available energy in the center FIG. 8. Same as Fig. 6, but fdd,,;= 18 0nN,,q=50 colli-
of mass, and the asymmetry of the entrance channel. sions.
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FIG. 9. Same as Fig. 6, but fo,,,;=50 onN,,=50 colli-

sions.

eterb,.q=b/b,.4 for different available energies in the cen-
ter of mass frameE; ,,/N. The average is calculated for
clusters withN greater than or equal to 3. Each panel corre
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E.m/N values, the triangles td. /N values close to
ElcastBoung: the diamond toE.,,/N values close to
Eping/N, and the circles to the highe&t ,, /N values. As in

the previous figures, the average excitation energy is limited
around 40 E.S.U. except for the 16000 system for which
the maximum energy reached is 50 E.S.UEat,/N=60
E.S.U.

At the lowest energy, for symmetric systemig*/ N) in-
creases wheb,.q decreases down to,.4=0.4, and then is
constant atE*/ N)~40 E.S.U. below. This saturation is due
to the occurrence of fusion: the maximum excitation energy
is reached by the fused system. For the asymmetric system
18+50, saturation occurs at smaller impact parameters. For
intermediate energies, the picture is roughly the same. But
although the available energy is higher, the maximum
(E*I'N) value is almost the same as for the lowest available
energy. In that case, an incomplete fusion process occurs and
the excitation energy of the heaviest cluster is limited by the
energy of its least bound particle, which is well below the
expected excitation energy of the fused system. For the two
highest energies{(E*/N) increases wherb,.q decreases
down to b,.q=0.4 and then(E*/N) decreases wheb,qq
decreases. This effect results from the lower cluster sizes for
the most central collisions, which at these energies produce
several clusters of intermediate sizes. Indeed, the smaller the
cluster size is, the lower the upper limit in energy storage.
Since clusters have a smaller size for central collisions, the

(E*/N) decreases consequently. This evolution does not

sponds to a system. The squares correspond to the lowei§€M (0 depend strongly on the total system size or on the

120F N =100,N__ =100 [20F
proj E e
100} Ec/N=30 £S5 100F Ecm/N=60 ESA3"
80F gof .7
60F ;I TP oo 60F
40 o| 400
—~ 20 20
-

o N 1 N I N 1 1 N 1 N | N 1 N 1
O Q50 100 150 200 O 50 100 150 200
gl/ U
— 120F 120F
= [ e
5] 100F E.n/N=00 E S o[L00f E.n/N=120 £S5

8of gof .

60F §

40K

20

G 1 1 1 1 O 1 1 1 1

0 50 100 150 200 0 50 100 150
N

FIG. 10. Same as Fig. 6, but fo¥,,,;=100 onN,4=100

entrance channel asymmetry.

The same evolution is seen in Fig. 12, which shows the
evolution of the ratio (E*/N)/(E*/N)ynax, Where
(E*/ N) max corresponds to the maximum excitation energy
expected for the fused systems. For low energies, this ratio
continuously increases whén, decreases and is close to 1
below b,¢q=0.4: this corresponds to the occurrence of the
fusion process. This value of 1 is reached Ibpry below 0.2
for the 18+50 system. This difference can be understood
quite easily: for a fixece. ,, /N value, the relative velocity
between the projectile and the target is higher for an asym-
metric system than for a symmetric ofgee Eq.(4)]. This
leads to an interaction time smaller for the asymmetric sys-
tem than for a symmetric one and then to less efficient en-
ergy deposition in the clusters. For higher energies, this value
of 1 is never reached. The maximum value even decreases
whenE. ., /N increases: the relative amount of energy stored
in clusters decreases when the available energy increases.

D. Discussion

These studies show that in classical systems, the energy
storage in clusters is limited. Such a saturation was observed
for two-dimensional classical systeff#3]. This limitation is
only linked to the intrinsic properties of the cluster: the en-
ergy deposition cannot be higher than the energy of the least

collisions. The dashed lines on each panel correspond to the ejdound particle in the cluster.

trapolated values of the binding ener@ypper ling and the extrapo-

lated energy of the least bound parti¢lewer line) for N>100.

This limitation of excitation energy can be understood
quite easily. The least bound particle remains bound to the
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60 N =13, N 13 60 N =34,N 34 60 N =18 N

proj targ ™ proj targ™ proj targ™

FIG. 11. Average excitation energy stored in
the clusters as a function of the reduced impact
parameter. The different lines and symbols corre-
B0 Ny=100, N ;=100 12200 TS.U. spond to different values of the available energy
per particle in the center of mass frame. The
E.m/N values indicated in parentheses corre-
—H— 30ESU.(25ESU) spond to the 1313 system. See text for details.

--A-- 60E.S.U. (45E.S.U.)

A E../N  (13+13)

<E*/N> (E.S.U.)

¥ 90E.S.U.(65E.S.U.)

--©-- 120 E.S.U. (85 E.S.U.)

cluster only if its total energy is negative, i.e., its kinetic them. Once the energy of the least bound patrticle is reached,
energy due to the excitation is below its potential one. If oneunbound particles and/or clusters escape quickly and keep an
assumes that the excitation energy is roughly equally sharegkcitation energy per particle below the energy of the least
over all particles in the cluster, when the kinetic energy balbound one. As a consequence, the highest energy deposition
ances the potential energy of the least bound particle, thiper particle can only be obtainedB&g,,, /N energies close to
particle is no longer bound to the cluster and quickly esE, ..stsound- FOr higher available energies, the system frag-
capes. To be observed for a long titggeater than the ther- ments quickly, leaving rather “cold” clusters around the cen-
malization time, the excited cluster must have an excitationter of mass velocity. The energy in excess is stored in the
energy per particle below the energy of the least bound paikinetic energies of the clusters. A similar mechanism could
ticle. be an explanation of the apparent saturation of primary frag-
The mechanism of energy deposition in classddody = ments’ excitation energies observed for central collisions of
clusters seems to be the following one: the excitation ighe Xe+Sn system when the incident energy increases from
mainly driven by the velocity damping of the two partners 32A to 50A MeV [13,12. This could also be an explanation
and to a lesser extent by exchanges of particles betweefor the limitation of temperature values around 5 MeV by

N,,=13,N =13 N, =34, N =34 N,,=18, N =50

x

@

1S
~ .
=z FIG. 12. Average amount of available energy
= stored in the clusters as a function of the reduced
LLl impact parameter. The different lines and sym-
= N =50.N . =50 N =100.N =100 bols correspond to different values of the avail-
/\ proj T targ proj 1Y targ t=200 T.S.U. . .
> able energy per particle in the center of mass
= Een/N  (13+13) frame. TheE, ,, /N values indicated in parenthe-
EIJ B 30ESU.(25ESU) ses correspond to the £33 system. See text for
V

details.
--A-- 60E.S.U. (45E.S.U)

¥ 90E.S.U.(65E.S.U)

--©-- 120E.S.U. (85 E.S.U)
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N =13,N_ =13

proj targ

E.../N=65 E.S.U.

N_=34,N,_ =34

proj targ

E,,./N=90 E.S.U.

N, =18 N =50

E,../N=90 E.S.U.

0.5

Clusters
Fo-MST
'@ ECRA

. - - FIG. 13. Variation of the ratio E*/N)/
0 50 100 150 200 O 50 100 150 0 50 100 150 200 E| eastBoungWith time for various systems and for
central collisions ,.q<0.1) when the available
energy in the center of mass is close to the bind-
ing energy of the fused system. The open circles
: correspond to the MST clusters and the full
T - circles to the ECRA clusters.

Npro =505 N 10rg=50 | 1.5

E.../N=90 E.S.U.

targ

(E*/N)/E Least Bound (N)

0.5 0.51|:

. P R B oL 1.
0 50 100 150 200 0 50 100 150 200

time (T.S.U.)

using isotope ratio methods or population ratio method$or MST clusters(open circleg very high energies can be
[9,10]. Such a limitation has been observed in the fragmenfound, up to the maximum excitation energy. This means that
tation of uranium projectiles at relativistic energ[dg. This  very excited systems could be formed at the early stages of
limitation was also suggested by the observation of the satuthe collision. But one has to check first if this transferred
ration of the evaporated neutron multiplicity when the inci- energy is equally shared between all degrees of freedom and
dent energy increas¢s]. hence if these intermediate clusters are thermalized.
Provided that this conclusion can be applied in nuclear one way to check this thermalization is to follow the ratio
physics, i.e., if quantum effects and Coulomb interaction dg,etyeen the dispersion of the distribution of the kinetic en-

not modify strongly the above picture, the maximum energyg o of particless(E,;,) in the cluster and its average value
per nucleon which can be stored in thermalized hot nuclea ). For a thermalized system, the value of this ratio is
n/- 1]

fragments would never exceed the energy of the least boun L . .
nucleon. This energy would correspond to the energy of the ell defined: it is equal t0/2/3 in the canonical ensemble,

last populated level. If this assertion is true, it would be inand e%lljs[lzj]o\/(ﬁN—ﬁl)((Sm—l) "E) thef mlc;pclzanqnlc;ﬁl
contradiction with several experimental works in which highensem » WNere is the number of particies in the
energy depositions(up to 20A MeV) were measured cluster. The time_evolution ORiermaiizatior[ o (Exin)/
[11,9,3. This discrepancy may result from the calorimetry<Ekiﬂ>]/‘/(2N_2,)/(3N_1) is displayed in Fig. 14 for the
analyses used in these papers, wheEea\ is directly ex- 34+34 system(first row) and the 56-50 system(second
tracted in this work. ’ row) at the two highesE. ,,/N values(90 E.S.U., left col-

One has to be careful because the observations made hetg'™: and 120 E.S.U,, r.ight CO'U”.‘”“ value cloge o 1 in-
are for a fixed simulation time. At the early stages of the |cate§ that the cluster is thermalized. Let us flrst follow the
collision, higher energy deposition could be reached for sho VOIUt'O_n O_f the ratio for MST clustertopen circles The
times. The following section will be devoted to the evolution tNermalization of clusters is reachedtat50 T.S.U. for both

of this energy deposition with the reaction time. systems atE, /N=90 E.S.U. The excitation energy per
particle of the MST clusters at this tinieee Fig. 13, open

circles is close to or below the energ¥, castzoundg Of the
least bound particle in the cluster. For later times, the ratio
slightly varies around 1, showing that clusters stay thermal-

The aim of the present section is to check to which extenized even if evaporation of light clusters occurs. The same
the limitation of the energy deposition observed for finalconclusion can be drawn & ,,/N=120 E.S.U. for which
(long simulation timesthermally equilibrated clusters is true the thermalization is reached &t 35 T.S.U. when the exci-
during the collision. Since the limitation is linked to the en- tation energy per particle is very closeEQgastzound- From
ergy of the least bound patrticle in the cluster, we will follow this simple study, one can conclude that the highly excited
the ratio of the excitation energy per particle to the energy ofntermediate cluster is not thermalized, and that thermalized
the least bound particleE¢/ N)/E| castsound N) With colli-  clusters have an excitation energy per particle close to or
sion time. below E| ¢astgound-

Such an evolution is shown in Fig. 13 for MST clusters It has been found in earlier works that such systems are
for central collisions 60,,4<<0.1) for all systems aE_,/N indeed composed of several small clusters at early times
=90 E.S.U.(65 E.S.U. for the 1313 system It is seen that  [25,26,19. The size distributions of these clusters have been

IV. EVOLUTION OF THE ENERGY DEPOSITION
WITH TIME

014602-8



LIMITATION OF ENERGY DEPOSITION IN . . . PHYSICAL REVIEW G568, 014602 (2003

R PN e R - is called early cluster recognition algorithtECRA). The
o latter will be used in the present work.
Clusters In Fig. 13 the evolution of E*/ N)/E| castBound With the
o5l 05 -oMST collision time is shown for ECRAfilled circles clusters.
' Ny =30 N =30 2 ECRA Abovet~50 T.S.U. both algorithm&MST and ECRA give
: Eqn/N=90 E.S.U. Eqm/N=120 ES.U. the same results: clusters are well separated in the configu-
é L T I ra_tion space. At thi_s time, clusters do not interact anymore
e with each other: this corresponds to the “freeze-out” con-
mif R P figuration assumed in statistical multifragmentation models
[28,29. One has to notice that this time coincides with the
thermalization time found in the previous paragraph. The
ok 05l thermalization of ECRA clustersee Fig. 14, filled circles
N 50N . =50 is also reached at the “freeze-out” time. After this time, clus-
. IN=50 oL, £ N-120ESU. ters have an excitation energy bel@Ve,sizoung (ratio be-
o L ‘ | L ‘ ‘ low 1). But for earlier times, the configuration is more com-
0 50 100 150 200 0 50 100 150 200

plex. While MST clusters reach very high excitation energies
time (T.S.U.) per particle, the ratio for ECRA clusters is always around or
below 1, except for the 100100 system. Apart for the latter
FIG. 14. Variation of the ratip(o(Eyin)/{ Exin) 1/ V2N/(3N—2) system, the I|m|tat|on observed in th_e_ prepedlng section
with time for the 34-34 system(first raw) and the 5@ 50 system S€€ms to be still true all along the collision time. But what
(second raw for central collisions §,.q<0.1) at the two highest leads to the difference observed for the a0 system?

Ecm/N values(90 E.S.U., left column, and 120 E.S.U., right col-  Indeed, for such a heavy system, preformed clusters re-
umn). The open circles correspond to the MST clusters and the fulmain together long enough to interact strongly. If one of the
circles to the ECRA clusters. particles escapes from one of these clusters, the probability

that it is captured by another cluster is high. In that respect
found to be almost identical to those identified after theirthe clusters are acting as a confining wall and inhibiting
separatior[19]. The problem is how to identify these clus- quick escapes of the most energetic particles. These interac-
ters. In that respect, the MST algorithm is no longer suitedions between preformed clusters prevent their thermaliza-
since particles close to each other at these early stages dien before the “freeze-out” time. It can be seen in Fig. 13
not necessarily bound at later times. Different methods havéhat the maximum value of the ratio is higher for heavier
been developed to identify clusters. One is to assume thaystems. This effect should be reduced when the time during
two particles belong to the same cluster if they are boundwhich clusters interact is reduced, i.e., when the available
i.e., if their relative energy is negative. These clusters havenergy increases. This is observed in Fig. 15, which shows
been labeled Coniglio-Klein cluste(€K cluster$ or MSTE  the evolution of the ratio with time foE, ,,/N=120 E.S.U.
clusters in other works. Another way to define clusters is tqE.,/N=285 E.S.U. for the 13 13 system At this energy,
find at each time step the most bound partition of particles irthe reaction times are smaller and the ratio is always close to
clusters. This algorithm is described in detail in §&fZ] and  or below 1.

N =13,N
proj

=13 N =34,N =34 a N =18, N

proj targ’ 4 proj targ
E.../N=120 E.S.U. 2

=50

targ

E.../N=85 E.S.U. E../N=120 E.S.U.

Clusters
-<MST
ECRA

NV FIG. 15. Variation of the ratio E*/N)/

0 50 100 150 200 O 50 100

150 200 0 50 100 150 200 E| castBoung With time for various systems and
for central collisions 0,,4<<0.1) when the avail-
N =50,N. =50 | 2laa =100,N =100 able energy in the center of mass is close to the
)

proj targ targ

E.../N=120 E.S.U. most bound particle in the fused system. The
? open circles correspond to the MST clusters and

the full circles to the ECRA clusters.

(E*/N)/E Least Bound (N)

L L 1 L L 1 0 L L 1 L 1 L 1
0 50 100 150 200 O 50 100 150 200

time (T.S.U.)
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It could be argued that the observed evolution of ECRAthe following: the excitation energy of clusters is mainly due
clusters is only due to the algorithm of cluster recognitionto the relative velocity damping between the projectile and
used. Since one tries to find the most bound patrtition, thishe target, and to a lesser extent to particle exchanges be-
could minimize the energies of clusters. It is indeed observetiveen them. The excitation per particle of thermalized clus-
that ECRA clusters have an excitation energy below that ofers is limited by the energy of the least bound particle in the
the MST clusters. One can make two remarks. The first oneluster. In the low energy regimeEf ., /IN<E| castBound
is that theE| ¢astBoung NAS Not been used to determine thethe excitation energy increases when the impact parameter

ECRA clusters. There is hence no reason to g, stgound

decreases and reaches its maximum value for the most cen-

as an upper limit for the excitation energy for ECRA clusters.tral collisions (,.q<0.5). For the intermediate energy re-
The second remark is that ECRA clusters with energiegime (E¢m/N~E castBound the picture is almost the same,
higher thanE, ..sts0ung Ca@n be found in some specific casesexcept that for central collisions the incomplete fusion sys-
(see Fig. 13 for the 100100 systemwhen particles cannot tem has an excitation energy per particle close to
easily escape from clusters. The evolutions seen for ECRAE| ¢ast8oung- FOr high energy regimesEg , IN=Eg;nq/N)
clusters are then more likely due to the physics of the collithe maximum energy deposition is found for intermediate

sion rather than to the definition of these clusters.

impact parametersb(.q~0.5), whereas for central colli-

As in Sec. Il, the energy that can be stored in a thermalsions clusters are less excited &t N is always lower than
ized cluster seems to be limited almost throughout the colli€, ..si8oung-
sion time. The detailed analysis shows that the exact value of This limitation of energy deposition is almost verified
this limitation may depend on reaction time and on the systhroughout the collision. High energy depositE*(N

tem size. Before the “freeze-out” time, this limit can be

~1.4E, castBound have been found for ECRA clusters and

higher thanE ¢,st80unqif Clusters are close enough together for heavy systems before the “freeze-out” time, which coin-
for a long time. This has been observed for the heaviestides with the thermalization time of the clusters. This effect

systems and for aB. ,, /N value close to the binding energy

is mainly due to the time scales of the reaction. Above the

of the fused system. After the “freeze-out” time, all clusters “freeze-out” (thermalization time, the excitation energy per

have an excitation energy per particle bel&. 1stzound-
If clusters are excited in a confining “boxtwall, neigh-

particle of free clusters is belo®, ¢ stBound-
This limitation of energy deposition in thermalized clus-

boring clusterswhich prevents quick emission of monomers ters could be an explanation for rather low excitation ener-
and small clusters, very high excitation energies can be degies found in primary fragments in nucleus-nucleus colli-
posited in these clusters: they are artificially bound by thesions. If this limitation is also true for nuclei, this would be
confining wall or the neighboring clusters. If clusters arein contradiction with many experimental works in which ex-

“free” (no confining wall, no neighboring clustérshe en-
ergy deposition per particle cannot excd8d astgound-

V. CONCLUSIONS

The energy deposition in clusters in cluster-cluster colli-

sions has been studied in the framework of clasdichbdy

citation energies well above the binding energy have been
determined. This could shed new light on caloric curve
analyses and on phase transition studies.
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