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Abstract

The incomplete fusion-fragmentation model is modified to confront with the
ALADIN muitifragmentation data of the projectile remnant in reaction of 600
MeV /nucleon Au bormbarding with different targets. Since the incomplete fusion-
{ragmentation model includes hoth the dynamical formation and the statistical dis-
assembly of hot nucleus. all of the ALADIN obserables can be reproduced quite well
as if the model parameter concerning excitation energy is somewhat adjusted due
to the mean multiplicity of intermediate mass {ragment as a function of total bound
charge.

PACS number(s): 25.70.Np

1 Introduction

The multifragmentation of hot nuclei and the Intermediate Mass Fragment (IMF) in
energetic nucleus-nucleus collisions are one of the most widely investigated issue both
experimentally(1-7] and theoretically{8-30]. Multifragmentation of hot nucleus is char-
acterized by emission of more than two intermediate mass fragments. IMF stands for
the fragment with charge number 3 < Z, < 30. IMF is difined for studying the on sct
of multifragmentation decay mode of hot nucleus, instead of charge {mass) number of
referential fragment introdiced in [27-30]. The theoretical studies of multifragmentation

can be mainly cataloged into the following branches: the dynamical approach{14-16],the

"mailing address.

statistical model[8-13. 27}, the percolation model{17-20] and the combination of statistical
and dynamical calculations[21-26].

Although the dynamical simulation is very powerful in describing the space-time evo-
lution of reaction system and the particle production ctc., it is not able to reproduce
the yield of IMI's. The statistical model, on the other hand, has had great successes
in describing the various distributions (e.g. mass, charge and energy distributions) of
fragments and the yield of IMFs. In fact, all of those successes could be regarded as the
evidence of that the nuclear system has reached a certain state of thermal equilibrium.
That fact is not commonly accepted, however, since the thermal equilibriumn is one of
the basic assumption of the statistical model. Whether the nuclear system approaches
the thermal equilibrium during the later stages of intermediate energy nucleus-nucleus
collisions, remains a debating subject anyways{31].

Recent published ALADIN data of correlations among the charges of fragments emit-
ted from the projectile remnant in the reactions of 600 MeV/nucleon Au projectile on
different targets[32-36] support stongly the establishment of the thermal equilibrium in
the fragmenting nucleus (hot nucleus) before break-up. That has attracted, of course,
great interest among theorists. Those correlations include the mean multiplicity of IMFs,
the average charge of the largest fragment (Z,.,,), the ratio of charge moments (7,), the
asvmmetry of largest to second largest charge (a,2) and the three-body asymmetry param-
eter (a1,3) as a [unction of the Zy,ung (which is the sum of the charges of fragments with
Zy 22). All the aforementioned correlations are almost independent on the targets(33-
35], the bombarding energies{36] and the mecasured techniques[37]. That evidences the
thermal equilibrium of fragmenting nucleus before break-up.

There are a lot of attempts to analyse ALADIN data with the statistical model or
combination of dynamical and statistical calculations or the hybrid dynamical-percolation
approach(33-41]. Since the presently available dynamical model do not allow for an unam-
biguous determination of the break-up condition of fragmenting nucleus and the excitation
energy, which always extracted extremely high. the dynamical simulation is nothing to
do with the reproducing of ALADIN data at the moment{35,42]. In Ref. 39 it was
proved that if the input parameters of statistical calculations, i.e. the mass number and
the excitation energy of fragmenting nucleus, were determined by adjusting them so as
to reproduce the mean IME maltiplicity as a function of average Zioune, the remains of
ALADIN data could be well reproduced by the statistical model itself. A better way to
reproduce the ALADIN data was then introduced in Refs. 35, 38, 10 and 41. That is the
calculation which starts from dynamical simulation (internuclear cascade in Ref. 38, BUU
in 35,10 and 1) and turns into statistical or percolation calculation (Moscow version of

Copenhagen model in Ref. 38, Berlin-Beijing model in Ref. 10 and percolation model in



Ref. 11) once the mass number and the excitation energy of fragmenting nuclens have
been properly defined from the dynamical simulation. However, where it was required
that one needs first to fit the correlation of < Myyp > vs. < Zyouna > by adjusting the
excitation energy {in Refl. 35 and 40) or the definition of source (in Ref. 38).

In this paper the proposed Incomplete Fusion-Fragmentation Model(IFFM)[22-23. 13-
44}, which has already had successes in describing the disassemply of hot nucleus in
intermediate energy nuclear collisions, has been improved somewhat to confront with
ALADIN data of the disassembly of projectile remnant (hot nucleus) in reaction of (600
MeV/nutleon)Au + Cu, for example. Since IFFM is a hybrid dynamical-statistical model,
it is turned out that only if the model parameter concerning the excitation energy of
fragmenting nucleus is adjusted a little bit due to the correlation of < Miye > vs.

< Zpound >, the other observed correlations are all reproduced quite well.

2 Model description

The experimental systematics of the logitudinal momentum transfer[45] have already iu-
decated that complete fusion gives way to incomplete fusion if the incident energy exceeds
8-10 MeV/nucleon. In the model it is assumed, therefore, the formation of hot nuclei in
intermediate energy nucleus-nucleus collisions is a dynamical incomplete fusion process.

Experiments also show that the fragments close to the target are formed in the periph-
eral interaction and the low mass fragments in the more central collisions. That enlightens
us to relying on the participant-spectator picture in describing the formation of hot nu-
clei. One might assume that the projectile remnant (one of the hot nuclei) is composed
of a part of projectile nucleons locating outside of the overlopping region between the
target and the projectile nuclei under given impact parameter. The target nucleons and
the remains of projectile nucleons form the target remnant (another hot nucleus). The

projectile nucleons located inside the overlopping region can be calculated as follows:
Np(b) = p(,/dvom,, — =+ (b= y) + )Ry - (27 + yH)V/2, (1)

where py=0.16 fm~" refers to the normal nuclear density, 8 stands for the step function,
7, and R, are, respectively, the radius of projcc.tile and target nuclei and b is the im-
pact parameter. If one assumes further that the ratio of the charge number to mass
number of the projectile remnant is equal to the corresponding ratio of the projectile nu-
cleus, as did in Rel.35 and 38, the mass and charge numbers of the projectile and target
remnants(Ap, Zp, Ar and Zr) are then decided.

Since the incident eneray is quite high in comparing with the energy of Fermi motion

or the energy of nucleon interaction. it is reasonable to assume further that in the initial

reaction stage the projectile spectator nucleons (missing mass, A% — Vp, A% refers to the
mass number of projectile nucleus) escape as a whole (projectile remnaat) with beamn
velocity. The reaction energy Q) can then be calculated in vertue of mass balance. From
the energy and momentum conservations, the kinetic energy deposited in the reaction
system (projectile and target remnants) can be derived as well. The sum of the deposited
energy and the reaction energy is regarded as the available reaction energy of the system
Np o AY

Eavun = 0T T
A‘;; /lgv + .‘\/p

Ein + Qw (2)

N
where A% stands for the mass number of target nucleus, Ej, refers to the incident energy.
Above available reaction energy is then shared among the projectile and target remnant
nucleons with different weight parameters of fp and fr{(=1+(1 - fp);"‘—f), respectively.
The projectile remnant takes a share of
Ap .
Ep = fp———FEsuai. 3
P fPAp o 3)

The excitation energy of projectile remnant can then be assumed as
E;;ZCP*EP, (4)

where Cp is the fractional factor describing the part of energy Ep which turns into exci-
tation energy. Since a certain portion of Ep should go to the expansion and the preequi-

librium emission, Cp is less than one. The excitation energy per nucleon is then
& = Ep/Ap. (5)

As usual. one assumes that after expansion the aforeformed projectile (target) remnant
approaches to the [reeze-out state, which is described as a sphere with radius parameter
Ry (h=P or T) greater than ro=1.18 fm. The R and Cf = fp x Cp are regarded as the
model parameters.

The Berlin-Beijing model{10] is then used to describe the disassembly of the projec-
tile remnant at freeze-out. In this model it was assumed that the projectile remnant
(hot nucleus) disassembles promptly into a configuration described by a set of variables
(VN {ALZ ), P Y e 5 1 {510 Here N, refers to the number
of charged fragments including prompt protons. V¥, stands for the number of prompt
and evaporated nentrons. {A,,Z; )Y, {F1Ve {pi} Y and {e;} are the set of mass and
charge numbers, position. momentum and internal excitation energy of charged fragments.
{71 and {7} are the set of position and momentum of neutrons.

The confignrations allowed by the mass, charge, momentum and energy conservations

were assumed to conform to a distribution of canonical or microcanonical ensemble{10].



By the means of the Monte Carlo method and the corresponding Metropolis pass a large
number of allowed configuratious (10°%, say) were generated and the physical observables

could then be claculated as a statistical average.

3 Results and comparing with data

In Table 1 are given the results of Np, Np, Ap, Zp, Envar, Ep, L3 and ¢p from the
calenlation of IFFM. The impact parameters here are the same as those in Rel. 35. 10
and 41. It should be mentioned that the excitation energies per nucleon exhibited in Tab.
1 are the results from the adjustment to fit the observed correlation of < M;yp > vs.
< Zhound >. The corresponding parameter C/P (=fp*Cp =0.1%0.57) is equal to 0.057.
What shows in Fig. 1 is the €} as a function of impact parameter b.

Fig. 2 shows the correlation of < Miap > vs. < Zpouna >, where the open circles refer
to the ALADIN data and the full squares stand for the results of the incomplete fusion-
{ragmentation model calculations (same labels are used in Fig. 3«7 as well). One learns
from this figure that the mean multiplicity of IMF increases first with the decreasing of
< Ziound > {1.e. with the strength of violence of collision) and then turns to decrease after
reaching the maximum at < Zypu.g >~40. It evidences the coexistence of variety decay
modes of hot nucleus and the turning over of decay modes from the pseudoevaporation
(or/and pseudofission) mode to the multifragimentation mode and then to the vaporization
mode[27-30.16].

The distribution of < Zna: > vs. < Zigyna > is shown in Fig. 3. Perfect agrecment
between the ALADIN data and the calculations can be seen here. Fig. 3 exhibites that
the < Z... > decreases rapidly with the decreasing of < Zy,ung >. It means that the
charges are shared by more light fragments if the collision is more violent.

Fig.4 gives the asymmetry of two largest fragments

qur ’_‘ ZI 6
a =
12 Zmaz + ZZ ())

as a function of < Zyguaa >, where Z; relers to the charge of the second largest fragment.
The calculated results agree satisfactorily with data. What shown in the Fig. 5 is the

same story for the second to the third largest fragments

Z2— 7 -
A guite good agreement is also obtained.
The result of three-body asvmmetry
VU az= < Z 5P 4 (Zy= < Z >V + (Za— < Z >)2)
a3 = (3)

Vi< Z >

]

is given in Fig. 6, where
1
<7 >= Ti(zmur +Z, + 7;) (‘))

It varies smoothly with < Zyoune > and reproduces the correspoding ALADIN data very
well.

~,, the ratio of charge moment, is defined as
2

T < Z>?

L (10)

72
and shown in Fig. 7. In above equation o2 is the variance of the charge distribution
within the event and < Z >? is the mean charge of the event. 7, approaches to its
lower limit of one when all fragments have same charge. That might be corresponding to
the pseudoevaporation or the vaporization decay mode of the disassembly of hot nucleus.
The mean value of v, indecates the size of the charge fluctuations. Fig. 7 shows that the

ALADIN data of y; are reproduced nicely.

4 Discussion and conclusion

First of all it should be mentioned that the equation (3) exhibits the relation between the
excitation energy of projectile remnant and its mass number. It is resulted from adjusting
the model parameter (Cf) to reproduce the correlation of < Myyp > vs. < Zyouna >-
We are pleased that the unified value of the C¥ = fp * Cp = 0.1 + 0.57 = 0.057 is fitted
for all of the calculated projectile remnants. That is better in comparing with making
adjustment for every projectile remnant as did in Ref. 38-40.

[t should be pointed out that the Cp=0.57, defined as a part of the parameter C/P
and refered to the fraction of the projectile remnant energy going into excitation energy,
is somewhat less than corresponding ones (~ 0.6 — 0.8) used in Rel. 22-23 and 43-44.
That is reasonable since the incident energy here is larger and the hot nucleus considered
is the projectile remnant. The factor of fp=0.1is close to the value of the rolling friction
coefficient[47] in magnitude. This means that the process of the available reaction energy
transfering into projectile remnant might be regarded as a result of rolling friction when
projectile nucleus and target nucleus pass through each other. 1t is quite consistent with
the participant-spectator picture adopted.

In summary, it is turned out that the IFI'M is not only good for describing the various
distribution of fragments in disassembly of hot nucleus but also good for reproducing
the ALADIN multifragmentation data. even though the dvnamic involved in the IFFM is
quite simple, It is because that the statistics plays more important role than the dynamics

for the description of the behaviours of the final fragments.
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Figure Captions

Fig.1 The mass nnmber and the excitation energy of projectile remnants
as a function of impact parameter.
Fig.2 Correlation hetween the average multiplicity of IMF (Myap) and the

average total charge bounded in fragments with charge number Zy >2. Open

circles : the ALADIN data of the disassembly of projectile remnant in the
reaction (600 MeV /nucleon)Au + Cu. Fuil squares: results of IFFM.

Fig.3 The same as Fig.2 but for the correlation between < Z.,; > and
< Zhound >+

Fig.4 The same as Fig.2 but for the correlation between the asymmetry of
two largest fragments and the < Zyound >

Fig.5 The same as Fig.2 but for the correlation between the asymmetry of
second and third largest fragments and the < Zyouna >

Fig.6 The same as Fig.2 but for the correlation between the three-body
asymmetry and the < Zyoung >-

Fig.7 The same as Fig.2 but for the correlation between the ratio of charge

moments,y2,and the < Zyouna >.

Table Captions

TABLE 1. The characteristics of projectile remnant in
reaction (600 MeV /nucleon)Au + Cu calculated from
the Incomplete Fusion-Fragmentation Model

b NT Np l\p ZP Ewm‘ Ep E;a 6;:
(fm) (GeV) (MeV) (MeV) (MeV/nucleon)
1 63 130 67 27 2545 6558 3738 5.58
2 63 123 74 30 2499 7l14 4055 5.48
3 63 108 &9 36 23.85 816.3 46353 5.23
4 60 90 107 43 22229 9173 5230 4.90
5 50 72 125 50 20.23 9728 5545 4.44
6 40 5¢ 143 537 17.52 9634 549.1 3.84
7 29 38 159 64 14.28 873.4 49738 3.13
8 18 24 173 69 1047 696.7 4027 2.33
9 10 13 184 74 6490 459.3 2618 1.42
10 4 5 192 77 2785 205.6 117.2 0.61
10
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