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Abstract The isospin effect and isoscaling behaviors in projectile fragmentation reactions have been system-

atically investigated by a modified statistical abrasion-ablation (SAA) model. The normalized peak difference

and reduced isoscaling parameters are found to decrease with (Zproj—Z)/Zproj 0F (Nproj —N)/Nproj exponen-

tially and have no dependence on the size of reaction systems. It is pointed out that the reduced isoscaling

parameters can be used as an observable to study excitation extent of system and asymmetric nuclear equation

of state in heavy ion collisions.
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1 Introduction

The process of projectile fragmentation has been
studied extensively for investigation of reaction mech-
anisms in heavy ion collisions at intermediate and

7]

high energies[lf . It is also one of the most im-

portant methods to produce exotic nuclei. Recent
advances in experiments using radioactive ion beams
with large neutron or proton excess have lead to the

% Since then in-

discovery of the halo structure®
terest in the study of very neutron-rich and proton-
rich nuclei has grown due to their anomalous struc-
tures. In addition, the study of isospin physics has
become a very popular topic in nuclear physics. The
isospin effects of various physical phenomena, such
as multifragmentation, flow, pre-equilibrium nucleon
emission, etc., have been extensively mpor‘ced[10 1,
The studies have shown that isospin effect exists
in nuclear reactions induced by exotic nuclei but it
may disappear under certain conditions. Our pre-

vious calculations by using the modified statistical
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abrasion-ablation (SAA) model have demonstrated
that the fragment isotopic distribution shifts toward
the neutron-rich side for neutron-rich projectile, but
the shift decreases with the increase of the parameter

(Zowosj — 2)] Z,

pro] oroj O the violence of the nuclear re-
action. This isospin effect of fragmentation reaction
on the fragment isotopic distribution will disappear
When (Zyso; — Z)/ Zpro; becomes larger than 0.5 7).

Recently, isoscaling behavior for light fragments
produced in the multifragmentation of very hot
source has been extensively investigatedpo*%]. The
scaling law relates ratios of isotope yields measured in
two different nuclear reactions, 1 and 2, Ry (N,Z) =
Ya(N.2)/Yi(N, Z).

such ratios are shown to obey an exponential depen-

In multifragmentation events,

dence on the neutron number N or proton number

Z of the isotopes or isotones characterized by three
parameters «, 3 and cP.

R21(N,Z)moexp(aN+ﬁZ). (1)

Here C is an overall normalization constant. In the
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grand-canonical limit, o and § will have the form,

a:w&A g ’ _46(& g 2_ g ’
T A T AJ, AJ,
(2)
and
5 4Cum o\ [(VVT] _4Cun [(NY? (VY
T A T A, AJ, ’

(3)
where Cy,n, is symmetry energy coefficient (MeV),

Z\* N\?
(A) or (A) (1=1,2) means the square of Z or

N over A for system 1 and 2. T is the temperature of
the system in MeV. This behavior is attributed to the
difference of isospin asymmetry between two reaction
systems in similar nuclear temperature. It can be
used to probe the isospin dependent nuclear equation
of state by the studies of isoscaling[miw]. So far, the
isoscaling behavior has been studied experimentally
and theoretically for different reaction mechanisms.
However, most studies focus on the isoscaling behav-
iors for light particles with Z=2—38. A few studies on
the heavy projectile-like residues in deep elastic colli-
sions and fission fragments have been reportedmim].
In this paper, we will present our studies on system-
atic behaviors of the isospin effect as well as isoscaling
features for projectile-like fragments in the framework

of statistical abrasion-ablation model”.

2 Model description

The statistical abrasion-ablation model can de-
In the SAA

model, the nuclear reaction is described in two stages

scribe the isotopic distribution welll™.

which occur in two distinctly different time scales.
The first abrasion stage is fragmentation reaction
which describes the production of the pre-fragment
with certain amount of excitation energy through the
independent nucleon-nucleon collisions in the overlap
zone of the colliding nuclei. The collisions are de-
scribed by a picture of interacting tubes. Assuming a
binomial distribution for the absorbed projectile neu-
trons and protons in the interaction of a specific pair
of tubes, the distributions of the total abraded neu-

trons and protons are determined. For an infinitesi-

mal tube in the projectile, the transmission probabil-
ities for neutrons (protons) at a given impact param-

eter b are calculated bym
ti(r—b) =exp {—[Df(r—b)ank—&—Dg(r—b)opk]} , (4)

where DT is the thickness function of the target,
which is normalized by J'd27“D;F =NT and szng =
Z7T with NT and Z7T referring to the neutron and pro-
ton number in the target respectively, the vectors r
and b are defined in the plane perpendicular to beam,
and oy is the free nucleon-nucleon cross sections (k/,
k=n for neutron and k', k=p for proton). The thick-

ness function of the target is given by

DE(?")_Foo dzpi((r*+2%)'?) (5)

]

with py being the neutron (proton) density distribu-
tion of the target. So the average abraded mass at a
given impact parameter b is calculated by the expres-

(AA(b)) = Jd2’f’D§ (r)[1—tu(r—0)]+

szferP (r)[1—t,(r—0b)] . (6)

The excitation energy of projectile spectator is esti-
mated by a simple relation of E* =13.3(AA(b))MeV
where 13.3 is a mean excitation energy due to an
abraded nucleon from the initial projectile estimated
by the particle-hole pair model®. In the second
evaporation stage the system reorganizes due to ex-
citation, which means it deexcites and thermalizes
by the cascade evaporation of light particles. By in-
troducing in-medium nucleon-nucleon cross section
and optimizing computational method proposed by
our group given in Ref. [18,19,36,37], it can give
a good agreement with the experimental isotopic

distributions!*® % #7

. The isospin effect and its dis-
appearance in projectile fragmentation for 34°Ar at
intermediate energies have been predicted by this
model and confirmed by experimental datal'”. In
the SAA model, there is no direct information of
But the ap-

proximation and treatment of the nuclear collision

the nuclear and symmetry potential.

in the model include the effect of the potential. In

this model, different density is used for neutron and
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proton. The collision processes of neutron and pro-
ton are treated separately and locally. Thus it will
give a more realistic mass and charge distribution for
the produced fragments and better description for the
isospin effect and isoscaling phenomena. Since the
symmetry energy is related to the isoscaling parame-
ters according to Eqgs. (2) and (3), so it is still possi-
ble to obtain some reasonable conclusions through the
combination of experimental data and calculations by

the SAA model.

3 Calculation and discussion

In order to do a systematic study of the isospin ef-
fect in projectile fragmentation, reactions of °/36Ar,
48/40031’ 64/58Ni’ 86/78Kr7 124/112Sn and 129/136Xe on
1281 at 60AMeV are simulated by the SAA model.
The isotope distributions for selected charge numbers
after evaporation from '?*/1'28n+'12Sn are shown in
Fig. 1.

topic distribution for a fixed charge number Z shifts

The model predicts that the fragment iso-

towards neutron-rich side for the neutron-rich pro-
jectile. The shift becomes small with the increase
of the charge difference between the produced iso-
tope and projectile. We extract the peak position
by Gaussian fits to the fragment isotopic distribu-
tion for each charge number Z. The normalized
difference of the peak position from two projectiles
AAcar/AA,o; as a function of (Z,,.0; — Z)/ Zpeo; are
shown in Fig. 2. Here AA,,.; is the mass number dif-

ference between the two projectiles with the same Z

proj

and AA, ..k is the peak position difference of the frag-
ment isotopic distribution produced by these two pro-

jectiles. The parameter (Z,.0; —
(19]

Z) ] Z o5 can reflect
the violence of the collision For cold fragments
after evaporation, AA,c../AAp.; exponentially de-
Z) | Zyro; which is
the same as our previous conclusions. The depen-
dence of AA ca/AApe; 00 (Zproj — Z)/ Zproj shows

a slight difference among different size projectiles

creases as the increase of (Z,.0; —

when (Z,,0; — Z)/ Zproj is small. For comparison, the
same plot but for hot fragments before evaporation is
shown in the inset. In this case, AA cu /AA,,o; de-

Z) | Zro; which is mostly

proj

creases linearly with (Z,,0;—

resulted from the geometrical effect and their val-
ues among different size projectiles show no signif-
icant difference. It looks that the evaporation ef-
fect plays an important role for the final projectile-

like fragment and breaks the AA,,,; scaling at lower

proj

(Zoroj — Z) | Z oy slightly.
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Fig. 1. The isotope distributions of selected
charge numbers for cold fragments from
124/112 112 .
Sn+""“Sn. The open circles are for
11291 and the solid circles are for 2*Sn. The
lines serve to guide the eye.
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Fig. 2. The normalized peak difference

AApear/AAproj of the fragment isotopic dis-
Z)] Zproj af-
Different symbols are used

tribution as a function of (Zprej—
ter evaporation.
for projectiles with different Z. The solid lines
are the fitted results by an exponential decay
function. The inset is the plot for hot frag-
ments before evaporation.

To study systematic behaviors of the isoscaling
phenomena, the yield ratios Ry (N, Z) are made us-
ing the convention that index 2 refers to the more
neutron-rich system and index 1 to the less neutron-
rich one. As an example, Fig. 3 shows the yield ratios
Ry, (N, Z) of cold projectile-like fragments as a func-

tion of neutron number N for selected isotopes from
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124/112G1 4 1128y reactions in log-scale. From Fig. 3,
we observe that the ratio for each isotope Z (from
38 to 49) exhibits a remarkable exponential behav-
ior. For each isotope (Z), an exponential function

form Cexp(aN) is used to fit the calculated points

and the parameters « are obtained for each isotopes.
Analogous behavior is observed for each isotone (N),
an exponential function form C’exp(8Z) is used to
fit the calculated points and the parameters 3 are

obtained for each isotones.
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Fig. 3. Yield ratios R21(N,Z) of fragments from the reactions of 124/112g)y 4 11281 at 60AMeV versus N for
the selected isotopes (left panel ) and Z for the selected isotones (right panel). Different symbols are used for

different isotopes and isotones as shown in the legend. The lines represent the exponential fits. For details

see text.

In Fig. 4, we present the extracted slope param-
eters a (upper panel) and |3| (lower panel) of the
exponential fits as a function of (Zy0; — Z)/Zproj OF
(Nproj — N)/Nypo; for the cold fragments. Here N,,.;
refers to the neutron number of the less neutron-
rich projectile. In Fig. 4, o and |3| show a decreas-
ing trend with the increasing of (Zy0; — Z)/Zpro; OF
(Nproj — N)/Nppoj. But the values of o and |f] are
quite different from different reaction systems. For
hot fragments shown in the insets, a slower decrease
trend is also observed. The excitation energy and
evaporation effect are the main reason for the de-
crease of the isoscaling parameters in our calculations.
For cold fragments, the dependence of the isoscaling
parameters on Z is different with the data in Ref. [30],
but is similar with the results in Ref. [38]. In the
experimental data at 600A MeV in Ref. [38], projec-
tile fragmentation is the main reaction mechanism.
While the results around 254 MeV in Ref. [30] are
mainly from deep inelastic collisions. Our calcula-
tions are performed at 604 MeV, but we have found
that there is almost no incident energy dependence
for the isoscaling parameters in projectile fragmen-

tation. So our calculated results are similar to the

projectile fragmentation data at high energy.
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20 F oRr = 1o
. A Sn 0'5 L
s 15 - E i 7% ‘
o *I 0 0204 0608
| AR5 A (Zoroi =2 Ziwoj
05 x
0k
25 |
20 | %
g 1.5 I | L ::‘—"
oL 0.2 0.4 0.6 0.8
(Nproy™N)/ N
0.5 |
0 . ) "-" “"“""a_ i

1
0 0.2 0.4 0.6 0.8 1.0

(ZowoiZ)! Zyoj OF (Nproi—N)/ N

Fig. 4. The same as Fig. 2 but for the isoscaling
parameters « as a function of (Zproj—2)/ Zproj
(upper panel) and |3| as a function of (Nproj—
N)/Nproj (lower panel).

According to Egs. (2) and (3), o and || depend
on A[(Z/A)?] or A[(N/A)?]. Since this parameter is
dependent on the reaction system, we divide «(|3])
by A[(Z/A)?] (A[(N/A)?]) to remove the system
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isospin and size dependences and call them reduced
isoscaling parameters. The results are given in Fig. 5.
After the reduction, a/A[(Z/A)?] of different reac-
tion systems demonstrates almost the same depen-
dence with (Z,10i—2)/ Zpros- B/A[(N/A)?] also shows
similar behavior. Egs. (2) and (3) are deduced from
the grand-canonical limit for multifragmentations of
hot source. But for projectile-like fragments, the
same behavior is observed in the SAA model. Thus
a/A[(Z/A)?] (B/A[(N/A)?]) may be used as a sensi-
tive observable for measuring the excitation extent of
projectile-like fragments during the collisions. In the
insets, the reduced parameters are different among
different size reaction systems which mainly stem
from the nonequilibrium effect of the pre-fragments
before evaporation. As we can see, the reduced
isoscaling parameters 3/A[(N/A)?] show some differ-
ences when (Np,0;—N)/Npwo; is small. Because in our
calculations projectiles with the same Z is used, col-
lisions to produce isotopes with the same charge in
the two reaction systems will have similar impact pa-
rameter or temperature. It satisfies the condition for
isoscaling. But the collisions to produce isotones with
the same neutron number in the two reaction systems
will have some difference in impact parameter or tem-
perature. So some difference for the reaction system
dependence exhibits. It suggests that projectiles with
the same Z are more suitable for investigation of the
isoscaling behavior for isotopes than isotones.

Of course, we shall point out that the first abra-
sion stage is mostly a fast geometrical abrasion stage
and no equilibrium can be expected for the pre-
fragments. These fragments are only intermediate
stage products and will decay due to their excita-
tion. However, in order to investigate the evapora-
tion effect, we can do similar analysis as the isoscaling
analysis for cold fragments after evaporation which is
principally more strict in physical condition, such as
the requirement of equilibriumm].

To investigate dependence of the reduced isoscal-

Z)/mej or ( proj— )/ proj
more quantitatively, an exponential decay function

ing parameters on (Zp,5—

is used to fit the extracted points from all reac-

The results and the fitted functions
From the

tion systems.
are shown as the solid lines in Fig. 5.
figure we found a good exponential dependence of
a/A[(Z/A)] (B/AIN/A)?]) on (Zosej = Z)/ Zprai X
((Nproj = N)/Nproj)-

80

cold o Ar T 60
ACa
60 NN 40
= oKr g 59
=~ aSn 3 -
E 40 + o Xe 0 & 1 L 1 L
g [ 0 0204 0.6 0.8
3
20 |- (Zproi—2) Zo
0 K
60
<
E 40 1 I
d 0 020406 08
Q.
20 [ (Nproj N)/ proj
0, I 1 1 I
0 0.2 0.4 0.6 0.8 1.0
( proj Z)/ proj Ol’( proj N)/ proj
Fig. 5. The same as Fig. 4 but for the re-

duced isoscaling parameters o/ A[(Z/A)?] (up-
per panel) and 8/A[(N/A)?] (lower panel).
The solid lines are the fitted results by an ex-
ponential decay function.

From the above discussions, we find that
A peue/ DAgeos and af A[(Z/A)?] (B/A[N/AY]) de-
Z)/mej (( proj — )/ PYOJ)
an exponential function. But the latter one decreases
slower than the first one. It means that o/ A[(Z/A)?]
(B/A[(N/A)?]) is more sensitive to the isospin effect
of the projectiles. Since a/A[(Z/A)?] (B/A[(N/A)?])

crease with (Z,,0; —

sym

is related to , thus it can be used as an observ-

able to study the excitation and asymmetric nuclear

equation of state in heavy ion collisions.

4 Summary

In summary, systematic behaviors of the isospin
effect and isoscaling of projectile-like fragments from
40/36 A 48/40(Yy  64/58Nj.  86/T8Ky  124/112Gn  and

) b b )
129/136X e on *2Sn at 604 MeV have been studied by

a modified statistical abrasion-ablation model. The
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peak positions of each isotopes and isotones

are extracted. = The normalized peak difference
AApca/AA,; for different reaction systems shows
Z)/Zpos-  The

isoscaling parameters o and [ are extracted for the

similar dependence with (Z,.0; —

pre-fragments and final fragments and they show that

different system has different value. But the reduced
isoscaling parameters a/A[(Z/A)?] and 8/A[(N/A)?]
for cold fragments show the same dependence with
(Zynoi=Z) Zyrog 0% (Nyeoj—
tems. The evaporation effect on the isospin effect and

N)/N,yo; for different sys-

isoscaling parameters are discussed.
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