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Abstract. Fragments produced in the reactions of 69 MeV /nucleon *Ar and 55 MeV /nucleon “°Ar on
a Be target have been measured experimentally. The isotopic distributions from fragmentation reaction
for both projectiles are compared with modified statistical abrasion-ablation model calculations. A strong
isospin effect exhibits in the fragment distributions produced in 3¢ Ar and %° Ar fragmentation. Experimental
evidence for the disappearance of the isospin effect in the isotopic distributions produced by projectile
fragmentation is observed with the increase of the violence of nuclear reaction.

PACS. 25.70.Mn Projectile and target fragmentation — 24.10.-i Nuclear-reaction models and methods

1 Introduction

In the past decades, projectile fragmentation has been
widely used to study nuclear reactions induced by heavy
ions at intermediate and high energies. Various physical
models for projectile or target fragmentation have been
developed and the reaction mechanisms of heavy-ion colli-
sions have been investigated extensively [1-7]. Recent ad-
vances in experiments using radioactive ion beams (RIBs)
with large neutron or proton excess have led to the dis-
covery of neutron skin and neutron halo nuclei such as
Ui, 11Be, etc. [8,9]. Since then, interest in the study of
very neutron-rich and proton-rich nuclei has grown in view
of their anomalous structures. Projectile fragmentation
is one of the most important methods to produce these
exotic nuclei and the estimation of the intensity for sec-
ondary nuclear beams has become a very important topic.
The latest experimental measurement of the production
cross-sections for nuclei from stable to the drip-line at rel-
ativistic energies has been performed [10]. However, it’s
difficult for physical fragmentation models to predict the
production cross-sections of nuclei far from the G-stability
line. Although the empirical parameterization, like EPAX
formula presented by Summerer et al. [11,12], can predict
the fragment production cross-section quite well, the va-
lidity of the calculation result depends on the available
experimental data. Due to its poor physical foundation,
the empirical parameterization may not be applicable in
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extrapolation. Further experimental and theoretical inves-
tigation on the isotopic distributions are expected.

Recently, the isospin effect of various physical phenom-
ena, such as multifragmentation, flow, preequilibrium nu-
cleon emission, etc., have been reported [13-18]. The stud-
ies have shown that isospin effect exists in nuclear reac-
tions induced by exotic nuclei but it may disappear under
certain conditions. The isospin effect in the production
cross-sections from projectile fragmentation has been ob-
served [11,19,20]. The yields of neutron-rich nuclei from
fragmentation of neutron-rich projectile will be larger than
that from stable nuclei, but the difference becomes smaller
with the increase of the charge difference between the frag-
ment and the projectile and disappears at last [19]. This
isospin effect and its disappearance can provide not only
a valuable insight into the reaction mechanism but also a
good reference for producing RIBs. Our work represents
an experimental study of the isospin effect of projectile
fragmentation by measuring the fragment isotopic distri-
butions from 3% Ar and *°Ar fragmentation. A phenomeno-
logical investigation of to what extent the obtained yields
(after incorporating INTENSITY transmissions) are com-
patible with modified statistical abrasion-ablation model
calculations is performed.

2 Experimental setup

The experiment was performed at the Radioactive Ion
Beam Line in Lanzhou (RIBLL) [21] using beams of
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Fig. 1. Experimental setup at RIBLL.

69 MeV /nucleon 3¢Ar and 55 MeV /nucleon “°Ar which
was delivered by the Heavy Ion Research Facility in
Lanzhou (HIRFL). A maximum intensity of 60 enA for
36 Ar and 40 enA for “°Ar beams was used to produce the
fragments. As shown in fig. 1, the Be production target
(200 mg/cm?) was mounted on the target box (T0). Af-
ter TO, RIBLL can be used as a doubly achromatic mag-
netic spectrometer where nuclei produced in the reaction
were separated and selected by means of magnetic rigid-
ity (Bp) and energy degrader (AFE). The variable slits
and energy degraders, which were made by aluminum foils
(13 x 10.8 mg/cm?) and mounted on curved frames, were
placed at the dispersive focal plane C1 and C2. The time
of flight (TOF) of the fragments was measured by two
scintillator detectors installed at the first (T1) and second
(T2) achromatic focal planes with a flight path of 16.8
m. A telescope was installed at T2, which consisted of
four transmission Si surface barrier detectors followed by
a CsI(T1) crystal and gave the energy losses (AE’s) and
total energy of the reaction products. The thicknesses of
the four Si detectors were 150, 150, 700, and 2000 pm,
respectively and the energy resolutions were not greater
than 0.85%.

3 Data analysis and results

After two times of Bp — AE — Bp selection of RIBLL, the
reaction products can be identified by combining TOF
and AFE in the first Si detector [19,20]. Fragments with
3 < Z < 17 were measured and good resolutions were ob-
tained for 36Ar experiment, whereas less fragments were
measured for “°Ar experiment because less beam time
was used. The fragments from 36Ar and 4°Ar fragmen-
tation were measured by a single RIBLL setting, respec-
tively. The particle identification plot for 36Ar is shown
in fig. 2. The raw counts obtained with this method are
not comparable to theoretical calculations because of the
transmission losses for the fragments from T0 to T2. The
transmission rate is different for different fragments due to
the limited momentum and angle acceptances. The maxi-
mum acceptance of RIBLL for momentum and angle was
AP/P ~ 10% and 6.5 msr, respectively. The losses of the
fragments in RIBLL were estimated by using the code IN-
TENSITY which is designed to calculate the secondary
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Fig. 2. Two-dimensional contour plot of AE vs. TOF used as
the particle identification for 36Ar.

beam intensities in a projectile fragmentation separator
using a doubly achromatic system [22]. Using the device
parameters and settings of the magnetic spectrometer for
the experiment, the transmission of the reaction products
in RIBLL were simulated in the INTENSITY calculation.
An estimation of the production rate after the transmis-
sion in RIBLL requires the specification of the production
cross-section and the momentum distribution. The pro-
duction cross-sections for the fragments in Be target were
estimated using the EPAX formula [11,12]. To determine
the momentum distributions of the projectile fragments
in INTENSITY calculation, the statistical model of Gold-
haber is used which assumes Gaussian curves for the dis-
tributions [23]. Considering a number of processes which
can modify the momentum width of the fragment, the par-
allel and perpendicular momentum widths are calculated,
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respectively, by [22]

0_2 _ (083]31:)2 Af(Ap — Af)
| 5 A, -1

(1)

and

Ag(As — 1)
2 _ 2 fALAf 2
A, .

where A, and A refer to the projectile and fragment
masses, pr is the Fermi momentum of the nucleons within
the projectile, and o9 = 195 MeV/c is the variance of the
transverse momentum at the instant of fragmentation. In
INTENSITY calculation, the transmission rate for each
fragment from TO to T2 in RIBLL was obtained. Accord-
ing to INTENSITY calculation, the transmissions from
TO to T2 were 5-60%. Then the production yields of the
fragments were derived directly after the raw counts were
divided by the transmission rates. Since the scaling factor
from the yield to the cross-section depends mainly on the
beam intensity, the thickness and density of the target, it
should be the same for each isotope. In INTENSITY cal-
culation, the error of the ratios between the yields and the
production cross-sections was less than 2.5%. So the shape
of the distribution from the yields to the cross-sections
would not be affected for each isotope and the experimen-
tal yields obtained in this way are comparable to the pro-
duction cross-sections from fragmentation model calcula-
tion. At the same time, we have also used the method as
described in ref. [19] to estimate the transmission values,
in which the fragmentation model SIMON was used [24].
The results from these two methods were consistent within
the estimated error bands. This conclusion indicates that
the assumed momentum distributions in INTENSITY can
describe the physics as in SIMON. Based on the previous
experimental experience on RIBLL, the potential effect of
not fully stripped fragments on the transmission values
was negligible. The same conclusion was obtained in the
INTENSITY calculation. The errors from this analysis are
estimated to be less than 10% for fragment with 40-60%
transmission, around 15% for 20-40% transmission and
35% for 5-20% transmission.

4 Discussion of the experimental results

The measured data were compared with the statistical
abrasion-ablation model developed by Brohm et al. [7],
which considers the independent nucleon-nucleon colli-
sions in the overlap zone of the colliding nuclei and de-
scribes the collisions by a picture of interacting tubes. As-
suming a binomial distribution for the absorbed projectile
neutrons and protons in the interaction of a specific pair
of tubes, the distributions of the total abraded neutrons
and protons are determined. For an infinitesimal tube in
the projectile, the transmission probabilities for neutrons
(protons) at a given impact parameter b are calculated
by [7]

tk(r —b) = exp [—[DE(T —b)ouk + DE(T - b)apk]] , (3)
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where DT is the thickness function of the target, which is
normalized by [d?rD] = NT and [d?rD] = Z* with
NT and Z7T referring to the neutron and proton 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 thickness function of the target
is given by

D (r) = /M dzpi((r® +2%)'%), (4)

— 00

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

(AAD) = / @rDP(r)[1 — tu(r — b)]

+ / d2rD§(r)[1 —tp(r—"0)]. (5)

This model is designed for the calculation of the pro-
duction cross-section at relativistic energies. It is quite
successful in describing the fragmentation reaction at high
energies. On account of the medium effect of nucleon-
nucleon collision and the larger neutron density distribu-
tion radii for exotic nuclei, two modifications were made
in order to describe the nuclear collision of neutron-rich
nuclei at intermediate energies [19,25]. One is the use of
the in-medium nucleon-nucleon collision cross-section [26].
The other is the introduction of the separation energy
dependent neutron diffuseness [27]. These modifications
make this model applicable to fragmentation reaction in-
volving neutron-rich or proton-rich nuclei over a wide en-
ergy range. It was shown that this modified model could
reproduce the isotopic production cross-sections of the
fragments in 44 MeV /nucleon *°Ar, 86Kr and 1?°Xe in-
duced fragmentation reactions except for the neutron-rich
side of the last very heavy system [25].

The fragment production yield distributions of 3%Ar
and %°Ar are compared with the modified statistical
abrasion-ablation model calculations in fig. 3 and 4. It
is seen that the obtained experimental yields are com-
patible with the model calculations for 36Ar and %°Ar in
some measure. The peak positions of the fragment iso-
topic distribution are well reproduced by the model and
the agreement of the shapes of the fragment isotopic dis-
tribution between the experiment results and the calcula-
tions is also satisfactory. However, the model calculations
disagree with the yields for fragments near the projectile
in 39Ar fragmentation. This may be partly due to the fact
that the momentum distributions used in INTENSITY
may deviate from the true ones at the lowest energies [22].
The degree of deviation will depend on the mass difference
between the fragment and the projectile, which can cause
distortions of the shapes of the isotopic distributions. For
the isotopes far from the projectile, such as Li and Be,
other reaction mechanisms, like, e.g., multifragmentation,
may contribute to their production and their yields were
underestimated by the model.
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Fig. 3. Comparison of the fragment isotopic distribution produced by 69 MeV /nucleon 3°Ar on Be between the experimental
data and the modified statistical abrasion-ablation model calculations. The solid circles are the experimental results. The solid

lines are the calculations.
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Fig. 4. Comparison of the fragment isotopic distribution produced by 55 MeV /nucleon **Ar on Be between the experimental
data and the modified statistical abrasion-ablation model calculations. The solid circles are the experimental results. The solid

lines are the calculations.

The isospin effect in the isotopic distributions from
fragmentation of different projectiles have been inves-
tigated using the modified statistical abrasion-ablation
model [19]. In this experiment the experimental data for
the isospin effect can be deduced and are compared with
the model calculations in fig. 5 and 6 for 36 Ar and “°Ar. In
the two figures, Apcak is the peak position of the fragment
isotopic distribution extracted by a Gaussian fit to the dis-

tributions, Ag is the mass of most (-stable nucleus of the
isotope determined by Z = Aﬁ/(1.98+0.0155*AZ/3) [12],
AApo; is the mass number difference between 6Ar and
40Ar, and AApeax is the peak position difference of the
fragmentation isotopic distribution produced by these two
projectiles. Strong isospin effect arising from the different
neutron excess of 36Ar and “°Ar is observed. With the
increase of (Zproj — Z)/Zproj Or the violence of nuclear
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Fig. 5. The difference Apcax — Ap of the fragment isotopic
distribution as a function of (Zproj — Z)/Zproj- The solid uptri-
angles are the experimental data of the neutron-rich projectiles
49Ar. The solid circles are the experimental results of 2 Ar. The
open uptriangles are the model calculations for *° Ar. The open
circles are the calculation results for 3¢ Ar.
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Fig. 6. The normalized peak position difference
AApear/AAproj of the fragment isotopic distribution produced
by “°Ar and *$Ar as a function of (Zpro; — Z)/Zproj. The solid
circles are the experimental results and the open circles are
the model calculations.

reaction, disappearance of the isospin effect is seen for
the experimental data, which is consistent with the model
prediction [19].

5 Conclusion

In summary, the fragment isotopic distributions for 69
MeV /nucleon 3¢Ar and 55 MeV /nucleon “°Ar on a Be
target were measured experimentally. After incorporating
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INTENSITY transmissions, the experimental yields were
compatible with the modified statistical abrasion-ablation
model calculations in some measure. The isotopic distri-
butions of the fragmentation reaction products exhibited
strong isospin effect for projectile 6 Ar and *° Ar. Evidence
for the disappearance of the isospin effect was found with
the increase of the parameter (Zpro; — Z)/Zproj- Since no
fragment with Z < 12 was measured in the *°Ar experi-
ment, the complete disappearance of the isospin effect was
not seen. Further experiment to measure all the fragments
will help to clarify the conclusion.

This work was supported by the Major State Basic Re-
search Development Program in China Under Contract No.
G200077400.
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