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Isospin effect of fragmentation reactions induced by intermediate energy heavy ions
and its disappearance
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The fragments produced in the reaction of18O19Be at 60 MeV/nucleon were measured experimentally. The
isotopic distribution of the fragmentation reaction products was well reproduced by using a modified statistical
abrasion-ablation model. This model predicts that the fragment isotopic distribution at a fixed atomic number
Z shifts towards the neutron rich side for the neutron-rich projectile. This isospin effect will decrease with
decreasing the fragment atomic numberZ and disappear when (Zproj-Z)/Zproj becomes larger than 0.5. It was
shown that the disappearance of the isospin effect of fragmentation reaction is induced by the geometry effect
in abrasion stage and the evaporation effect later.

PACS number~s!: 25.70.Mn, 24.10.Pa
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Recently the development of the radioactive ion be
~RIB! technique has stimulated the research of the nuc
reaction induced by exotic nuclei both experimentally a
theoretically. The studies using RIB demonstrated tha
large enhancement of the total reaction cross sectionsR in-
duced by neutron-rich nuclei was found in some experime
which was interpreted as neutron halo~such as11Li, 11,14Be,
19C, etc.! and neutron skin~such as6He and8He) structure
@1–4#. The discovery of these unusual phenomena evo
further theoretical and experimental research on proton h
and proton skin, e.g., whether8B has proton halo or not ha
been investigated extensively@3,5,6#. The most important
experimental base of this research is the production of R
with high intensity and good quality. In the past decades,
projectile fragmentation~PF! reaction has proved to be on
of the very efficient ways to produce RIB. The characterist
of PF reaction have been researched in detail, while the
otic nuclei used to measuresR are almost produced by P
method. The investigation of the fragment isotopic distrib
tion in the fragmentation reaction induced by heavy ions
intermediate energies can provide not only a valuable ins
into the reaction mechanism but also a good reference
producing neutron- or proton-rich exotic nuclei. The study
the characteristic of nuclear reaction by using RIB, e.g., is
pin effect on nuclear reaction, etc., also has great sign
cance. In this paper, we present the experimental meas
ment of the fragment isotopic distribution in th
fragmentation reaction of18O19Be at 60 MeV/nucleon.
Comparison with a modified statistical abrasion-ablat
model calculation was made. Isospin effect and its disapp
ance for the fragment isotopic distribution in a fragmentat
reaction are also discussed within the framework of t
model.

The experiment was performed at the Radioactive
Beam Line in Lanzhou~RIBLL ! using a beam of 60 MeV
nucleon18O delivered by the Heavy Ion Research Facility
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Lanzhuo~HIRFL! bombarding on a Be (370 mg/cm2) target.
After the first focal plane RIBLL can be used as a magne
spectrometer. The target was mounted at the first focal p
of RIBLL where nuclei produced in the reaction were s
lected and collected. The angular acceptance was 6.5
and the fragments emitted between22.61° and 2.61° could
be transmitted through the spectrometer. Since the proje
fragments are strongly focused around 0°, the good col
tion is obtained in a cone around these angles. The mom
tum acceptanceDP/P of the magnetic spectrometer was s
at about 10%. The time of flight~TOF! of the fragments was
measured by two scintillator detectors with a flight path
16.8 m. A telescope consisting of three transmission Si s
face barrier detectors and one CsI~T1! crystal gave the en-
ergy losses (DE) and total energy~E! of the reaction prod-
ucts, respectively@7,8#. Combining TOF andDE makes it
possible to identify the reaction products and get the prod
tion yields of the fragments directly@7,8#.

The experimental results were compared with the stat
cal abrasion-ablation model developed by Brohmet al. @9#
which considers the independent nucleon-nucleon collisi
in the overlap zone of the colliding nuclei to determine t
distributions of abraded neutrons and protons. This mode
quite successful in describing the fragmentation reaction
high energies. However, some modification is required
order to describe the nuclear collision of neutron-rich nuc
at intermediate energies due to the medium effect
nucleon-nucleon collision and the larger neutron density d
tribution radii for a neutron-rich nucleus. In a heavy ion r
action at intermediate energies, the in-medium nucle
nucleon collision cross section is different from the fr
nucleon-nucleon collision cross section due to the influe
of the nuclear density distribution. In our calculation w
have used the in-medium nucleon-nucleon collision cr
section proposed by our group given in Ref.@10#.

The nuclear surface distribution has great effect on
nucleon-nucleon interaction in the reaction. For stable nu
the diffuseness is around 2.4 fm, which is predicted by
droplet model due to a nearly constant nuclear separa
energy~about 8 MeV/nucleon!. For exotic nuclei the loosely
©2000 The American Physical Society10-1
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FIG. 1. The fragment isotopic distribution produced by 60 MeV/nucleon18O on Be. The dots are calculated by the model, the triang
are the experimental results. Statistical error bars are shown for the experimental results.
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bound nucleons with small separation energy will caus
long tail in the nucleon distribution. Considering these
sults, we use the diffuseness parametertN for neutron distri-
bution as a function of neutron separation energy« ~in units
of MeV! given in Ref.@11#.

These modifications make this model applicable to fr
mentation reaction involving neutron or proton rich nuc
over a wide energy range. It was shown that this modifi
model could reproduce the isotopic distributions of the fra
ments in 44 MeV/nucleon40Ar, 86Kr, and 129Xe induced
fragmentation reactions@12#.

In Fig. 1 a comparison is made for the fragment isoto
distribution in the fragmentation reaction induced by
MeV/nucleon 18O on Be with the modified statistica
abrasion-ablation model calculation results. The peak p
tions of the fragment isotopic distribution are well repr
duced by using the model, and the agreement of the sh
of the fragment isotopic distribution between experiment a
calculation is also satisfactory. The angular and magn
rigidity acceptances of the spectrometer were considere
the above calculations in order to get yields directly com
rable to the experimental data. The angular and momen
distributions of the fragments were calculated according
Durand’s model@13#. Then the momentum distribution wa
transformed into magnetic rigidity distribution. From the a
gular and magnetic rigidity distributions two reduced facto
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could be obtained for every fragment according to the li
ited acceptances of angular and magnetic rigidity of the sp
trometer in the experiment. Then the fragment product
cross section calculated by the modified statistical abras
ablation model was multiplied by these two factors for eve
fragment.

For the production of nuclei far from theb-stability line,
the isospin effect of fragmentation reaction on the isoto
distribution is a very interesting topic. The fragment isotop
distributions in the fragmentation reaction induced by
MeV/nucleon 16O and 18O, 36Ar and 40Ar, 40Ca and48Ca
are compared through the modified statistical abrasi
ablation model calculation@8#. Figure 2 shows the results fo
36Ar and 40Ar bombardment. It is demonstrated that the is
topic distribution of fragmentation reaction products shi
toward the neutron-rich side for a neutron-rich projectile, b
this isospin effect decreases with the increase of the ato
number differenceZproj-Z, where Zproj is the projectile
atomic number, and disappears at last.

In order to understand the isospin effect of the fragm
tation reaction on the isotopic distribution more clearly, t
peak positions and widths were extracted by a Gaussian fi
the fragment isotopic distributions. The differenceDA
5Apeak-Ab, which describes the peak position relative
mostb-stable mass and width of the isotopic distribution
a function of (Zproj-Z)/Zproj, were given in Fig. 3, where
FIG. 2. Comparison of the fragment isotopic distribution produced by 60 MeV/nucleon40Ar ~dots! and 36Ar ~triangles! on Be.
0-2



ISOSPIN EFFECT OF FRAGMENTATION REACTIONS . . . PHYSICAL REVIEW C 61 044610
FIG. 3. The differenceApeak-Ab ~a! and width~b! of the fragment isotopic distribution as a function of (Zproj-Z)/Zproj . The solid circles
are the results of the neutron-rich projectiles18O, 40Ar, and 48Ca. The open circles are the results of16O, 36Ar, and 40Ca.
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Apeak is peak position of the fragment isotopic distributio
Ab is the mass of mostb-stable nucleus of the isotope d
termined by Z5Ab /(1.9810.0155*Ab

2/3) @14#. Roughly
speaking, the parameter (Zproj-Z)/Zproj can be viewed as the
violence of the nuclear reaction which is related to the re
tion time, the dissipated energy or the excitation energy
the impact parameter. From Fig. 3 we can see thatDA be-
comes larger for a more neutron-rich projectile, but it a
proaches zero when (Zproj-Z)/Zproj comes close to 0.5 an
becomes approximately zero for (Zproj-Z)/Zproj larger than
0.5 for the three reaction systems mentioned above.
width of the fragment isotopic distribution also becom
larger for a more neutron-rich projectile and approache
constant value around 1.7 when (Zproj-Z)/Zproj is larger than
0.5 for these three reaction systems. This demonstrates
the isospin effect of the projectile fragmentation reaction
the isotopic distribution becomes smaller with the increase
(Zproj-Z)/Zproj or the violence of the nuclear reaction. Th
fragment isotopic distributions produced by different proje
tiles show little difference for (Zproj-Z)/Zproj larger than 0.5,
i.e., the isospin effect of the projectile fragmentation on
isotopic distribution at a fixed atomic numberZ will disap-
pear under the above condition.

In the statistical abrasion-ablation model, the nuclear
action is described in two stages which occur in two d
tinctly different time scales. The first abrasion stage is fr
mentation reaction which describes the production of
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prefragment with certain amount of excitation ener
through the nucleon-nucleon collision in the overlap zone
the projectile and target. In the second evaporation stage
system reorganizes, which means it deexcites and ther
izes by the evaporation of particles. In order to explain
disappearance of the isospin effect, the normalized peak
sition differenceDApeak/DAproj of the fragment isotopic dis-
tribution before and after the evaporation as a function
(Zproj-Z)/Zproj was given in Fig. 4, whereDAproj is the mass
number difference of two projectiles with the same cha
numberZ and DApeak is the peak position difference of th
fragmentation isotopic distribution produced by differe
projectiles. It can be seen from the figure thatDApeak/DAproj
after evaporation will decrease and become zero at last
the increase of (Zproj-Z)/Zproj . This is the result of the dis-
appearance of the isospin effect. At the same time the
crease ofDApeak/DAproj before evaporation with the increas
of (Zproj-Z)/Zproj indicates that the isospin effect is also d
creasing with the increase of (Zproj-Z)/Zproj in abrasion
stage. This exhibits that the geometry effect in abrasion st
and the evaporation will lead to the decrease of the isos
effect with the increase of (Zproj-Z)/Zproj . These phenomena
may be explained as follows. For peripheral reaction, it
dominated by the nucleon-nucleon interaction of the nucl
surface where nucleons are loosely bound and the neu
and proton density distribution is quite different for neutr
rich nuclei. This makes the isospin effect exhibit in the fra
0-3
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FIG. 4. The normalized peak position differenceDApeak/DAproj of the fragment isotopic distribution produced by40Ar and 36Ar ~a!, 48Ca
and 40Ca ~b! as a function of (Zproj-Z)/Zproj . The dots are the result after evaporation and the triangles are the result before evapo
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ment isotopic distribution. With increasingZproj-Z, roughly
speaking, the impact parameter is decreasing. For a m
central reaction, it is dominated by the nucleon-nucleon
teraction of the more central part of the nucleon distribut
where nucleons are closely bound and the neutron and pr
density distribution have little difference. At the same tim
the excitation energy of the prefragment would be higher
a more central reaction and it is easier for more neutron-
nuclei to evaporate more neutrons. So the isospin effect
be washed out further by the sequential evaporation proc
This may be the reason that the isospin effect of the fragm
isotopic distribution disappears for (Zproj-Z)/Zproj larger than
0.5.

These results may be helpful for choosing a suitable p
jectile to produce the expected neutron-rich exotic nuc
with RIB. It is better to use a neutron-rich projectile with a
atomic number not far away from the expected exotic nu
because the difference in the fragmentation cross sect
induced by neutron-rich and stable projectiles became s
with the increase ofZproj-Z. But it should be pointed out tha
the reaction mechanism of the production of exotic nucle
intermediate energy heavy ion collisions is very complicat
Multinucleon transfer and multifragmentation reaction cou
produce exotic nuclei besides projectile fragmentation re
tion. The fragment with mass and charge number far fr
that of the projectile may be produced mainly by a multifra
mentation reaction that has a strong isospin effect at in
mediate energies and makes the neutron-rich projectile h
a quite large production cross section of neutron-rich ex
nuclei.

Recently Milleret al. @15# have found the disappearanc
of the isospin effect of the multifragmentation when the
cident energy changes from low energy to the high energ
has some similarity to the isospin effect of the fragmentat
reaction discussed here except with a different disappear
N.
nd

N.
nd
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condition. In the past years, the isospin dependence of v
ous physical quantities has been reported@16–21#. The stud-
ies show that the isospin effect exists in the nuclear reac
induced by exotic nuclei but it may disappear under cert
condition. This makes us believe that the isospin effect
some physical quantity such as multifragmentation flow, a
isotopic distribution, etc., and its disappearance may b
common phenomenon of RIB induced nuclear reaction.

In summary, we have measured the fragment isotopic
tribution for 60 MeV/nucleon18O on Be experimentally. A
way to fit the experimental isotopic distribution with a mod
fied statistical abrasion-ablation model is developed base
Durand’s model calculation for angular and momentum d
tributions of fragments. The isotopic distribution of the fra
mentation reaction products was well reproduced by
modified statistical abrasion-ablation model via this meth
The isospin effect of the fragmentation reaction on the fr
ment isotopic distribution was investigated within th
model. The fragment isotopic distribution shifts toward t
neutron-rich side for a neutron-rich projectile, but the sh
decreases with the increase of the atomic number differe
Zproj-Z or the violence of the nuclear reaction. The isosp
effect of the fragmentation reaction on the fragment isoto
distribution will disappear when (Zproj-Z)/Zproj becomes
larger than 0.5. It has been shown that the disappearanc
isospin effect is the result of the geometry effect in the ab
sion stage and the sequential evaporation process.
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