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Projectile fragmentation reactions of 40Ar at 57 MeV/nucleon
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The projectile fragmentation reactions of 40Ar at 57 MeV/nucleon on 9Be and 181Ta targets have been studied by
the Radioactive Ion Beam Line in Lanzhou (RIBLL) at the Heavy-Ion Research Facility in Lanzhou (HIRFL). The
momentum distributions of fragments have been measured and the competition between different mechanisms
are observed. The production cross sections have been obtained and compared with the empirical parametrization
of fragmentation cross section (EPAX), abrasion-ablation (AA), and heavy-ion phase space exploration (HIPSE)
models, and the target dependence of fragment cross sections has also been discussed.

DOI: 10.1103/PhysRevC.85.024621 PACS number(s): 25.70.Mn, 27.30.+t

I. INTRODUCTION

The properties of isotopes far from the β stability valley
have been one of the hot research fields in nuclear physics and
astrophysics [1–3]. As an important tool for promoting this
research, radioactive-ion-beam facilities based on projectile
fragmentation have been established around the world [4–7],
and the knowledge of reaction mechanisms of projectile
fragmentation is very important for using these facilities
effectively.

Since the pioneering work at Berkeley in 1970s [8,9], the
reaction mechanism of projectile fragmentation (PF) has been
studied extensively. For projectile-like fragments produced in
the PF reactions at relativistic energies (>200 MeV/nucleon),
the momentum distribution has been found to have a Gaussian
shape [10] with its peak located around the velocity of the
projectile [11] and whose width is well understood within
the Goldhaber model [12]. The production cross sections can
be estimated by the modified empirical parametrization of
fragmentation cross sections (EPAX2) [13] and the abrasion-
ablation (AA) model [14]. The “factorization” behavior, in
which the cross sections are independent of projectile energy
and vary only slowly with target mass [15,16], has been con-
firmed as a basic law of the PF reaction at relativistic energies.

However, at intermediate energies (20–200 MeV/nucleon),
the momentum distribution of fragments has been found to
have an asymmetric shape with a tail at the low-momentum
side [17]. The experiments using primary beams of 40,48Ca
and 58,64Ni at 140 MeV/nucleon on 9Be and 181Ta targets have
showed that the cross sections are overestimated in EPAX2
calculations for the fragments far from the stability valley [18].
Similar results have been found in experiments of 86Kr at
64 MeV/nucleon and 40Ar at 90–94 MeV/nucleon on 9Be and
181Ta targets [19,20]. In addition, experiments have also shown
that the production cross sections of the isotopes far from the
stability valley are enhanced in the reactions on 181Ta target,
which implies that the factorization hypothesis is invalid for
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very neutron-rich and very proton-rich isotopes, maybe due to
the transfer reaction involved [20,21].

In this paper, we would like to report the results from the
reactions of a 57 MeV/nucleon 40Ar beam on 9Be and 181Ta
targets.

II. EXPERIMENT

The experiment was performed at the Heavy-Ion Research
Facility in Lanzhou (HIRFL) [22,23]. The whole experimental
setup is shown schematically in Fig. 1. A primary beam of
57 MeV/nucleon 40Ar was extracted from the Separate Sector
Cyclotron (SSC) and implanted into the production targets at
the entrance of the Radioactive Ion Beam Line in Lanzhou
(RIBLL) [24], which is a double achromatic antisymmetry
spectrometer. The products were transported to the final focal
point F4 through RIBLL and the secondary part of the RIBLL
served as a zero-degree spectrometer.

The intensity of the primary beam was measured by a thin
secondary-electron emitter, which is similar to the Secondary
electron transmission monitor (SEETRAM) detector at the
GSI FRagment Separator (FRS) [7,25], and was placed at the
upstream of the production target and calibrated by a Faraday
cup over the range of 5–20 enA. Two targets, 9Be and 181Ta,
with thicknesses of 94 and 95 mg/cm2, respectively, were used
in the experiment.

Particle identification was performed by combining the time
of flight (ToF), the energy deposit �E, the total energy E,
and the magnetic rigidity Bρ; this method is widely used
by all PF-type separators. The ToF was measured by using
two 50-μm-thick plastic scintillation detectors installed at the
points F2 and F4 with a flight path of 17 m, and a time
resolution of 300 ps (full width at half maximum, FWHM)
was obtained for the whole system [26]. The �E and E

information were obtained by using a telescope placed at F4,
which consisted of two 325-μm-thick 45 × 45 mm2 silicon
detectors followed by a 1-cm-thick CsI(Tl) crystal. The Bρ

value was determined from the magnetic setting of RIBLL.
In addition, three position-sensitive parallel plate avalanche
counters (PPAC) placed at F2, F3, and F4 were used to monitor
the position of the fragments.
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FIG. 1. (Color online) Layout of RIBLL and experimental setup.

To simplify the transmission calculation, the momentum
acceptance of RIBLL, �p/p, was limited to ±0.2% by a set
of slits located at the first focal plane F1 in the experiment,
thus the products could only travel close to the optical axis of
the separator. The momentum distributions of the fragments
were measured by scanning the magnetic rigidity settings of
the separator over a range of 1.65–2.7 Tm in 33 steps for the
9Be target and 1.76–2.7 Tm in 25 steps for the 181Ta target.

III. DATA ANALYSIS

A typical �E-ToF spectrum for the 40Ar + 9Be reaction
at Bρ = 2.5 Tm is shown in Fig. 2(a). It is easy to calculate
the mass number Af and charge number Zf for each fragment
by taking into account the corresponding Bρ, ToF, and �E

information. Figure 2(b) shows the corresponding plot of Zf

versus the neutron excess Nf − Zf, where the neutron number
Nf = Af − Zf. It can be seen that the particle identification
is very clear. The root-mean-square (rms) widths of Zf and
Nf − Zf were determined to be less than 0.13 and 0.10,
respectively.

After interaction with materials, the fragments may have
various charge states other than fully stripped; their losses in
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FIG. 2. (Color online) Particle identification spectra for the
40Ar + 9Be reaction at Bρ = 2.5 Tm.

the separator are due to the changed magnetic rigidities. In our
experiment, we saw clear evidence of both fully stripped and
hydrogen-like particles in the �E-E spectra. The contributions
of hydrogen-like particles were determined to be less than
1.0% and 2.9% for the 40Ar + 9Be and 40Ar + 181Ta reactions,
respectively.

The differential cross section dσ/dp can be calculated from

dσ

dp
= N (Af, Zf)

kNBNS�p

1

ε
, (1)

where N (Af, Zf) is the number of fragments with Af and Zf,
which was extracted by integration over an area of ±2σ (95%
confidence level) in the Zf vs Nf − Zf spectrum, NB and NS are
the number of beam particles and target nuclei, respectively,
�p is the momentum acceptance of the separator, ε is the
transmission efficiency, and k is a correction factor which
includes all the other effects, such as the efficiency of the
detectors, the dead time of the data acquisition, and so on.

The code LISE++ [27] was used to simulate the trans-
mission processes. In the simulations, the emittance of 5π

mm mrad in both horizontal and vertical directions was
used for the primary beam. The transmission efficiency ε =
NF4/NF0, where NF4 and NF0 are the number of particles
transported to the focal point F4 of RIBLL and that measured
at the target point F0, respectively. To obtain NF0, the
longitudinal momentum distribution of the fragments was
obtained from a universal parametrization model [28] and
the transverse momentum distribution was calculated from
a Gaussian function with variance σ⊥ [29]:

σ 2
⊥ = σ 2

0

Af(Ap − Af)

Ap − 1
+ σ 2

D

Af(Af − 1)

Ap(Ap − 1)
, (2)

where Ap is the mass number of the projectile, σ0 is the usual
term due to the intrinsic nucleon motion, and σD is the orbital
dispersion. The first term of Eq. (2) comes from the Goldhaber
model, and the second term takes into account the deflection of
the projectile by the target nucleus, which is significant only at
low and intermediate energies. In our simulations, the values of
90 and 200 MeV/c were used for σ0 and σD , respectively. The
angular distribution of fragments can be calculated from their
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FIG. 3. Transmission efficiency as a function of fragment mass
number for the 40Ar+9Be reaction.

longitudinal and transverse momentums, and it will be much
broader for light fragments. Because the angular acceptance
of RIBLL is only 50 mrad both in horizontal and vertical
directions, the transmission efficiency ε is mass dependant.
Figure 3 shows the transmission efficiency as a function of Af

for the 40Ar + 9Be reaction, in which the shaded region is the
uncertainty estimated from the simulations. The uncertainty is
less than 10% and is dominated mainly by the uncertainties
of the primary beam emittance and the transverse momentum
distribution of the fragments.

The momentum distribution of a fragment can be fit with
an asymmetric Gaussian function,

dσ

dp
=

{
s exp

[ − (p − p0)2/
(
2σ 2

L

)]
(p � p0)

s exp
[ − (p − p0)2/

(
2σ 2

R

)]
(p > p0),

(3)

where s is the normalization factor, p0 is the peak position,
σL and σR are the widths for the left and right sides of
the distribution, respectively. For the fragments with fully
measured momentum distribution, these parameters were
obtained by the least-squares method. Figure 4(a) shows the
momentum distribution of 33P produced at the 40Ar + 9Be
reaction, where the solid curve is the best fit to Eq. (3). For the
fragments with only partly measured momentum distributions,
we used the systematic values of p0, σL and σR, obtained from
the systematic behaviors of the fragments with fully measured
momentum distributions. Figure 4(b) shows the momentum
distribution of 32Cl at the 40Ar + 9Be reaction, where the solid
curve is the calculated momentum distribution.

The production cross section of one fragment was obtained
by integrating its momentum distribution. The error was
estimated to be less than 14%, which included the contributions
mainly from the uncertainties of the statistics, the primary
beam intensity, the transmission, and the extrapolation of
the parameters (for the fragments with only partly measured
momentum distributions).
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FIG. 4. Fragment momentum distributions of 33P (a) and 32Cl
(b) produced in the 40Ar + 9Be reaction. The solid curves are the fit
results by using Eq. (3).

IV. RESULTS AND DISCUSSION

A. Momentum distributions

The momentum distributions of projectile-like fragments
provide valuable information about the reaction mechanism.
To study this, only the isotopes with fully measured momentum
distributions have been used in the analysis.

In the nuclear fragmentation process, the velocity of the
fragment is smaller than that of the projectile, for part of the
projectile kinetic energy has been converted into excitation
energy of the fragment. This energy loss is called “momentum
peak shift,” and can be seen clearly from the difference of the
velocity of the projectile and the most probable velocities of
the fragments, which is shown in Fig. 5 for the 40Ar + 9Be
and 40Ar + 181Ta reactions. In order eliminate the influence
of the target thickness, all data have been corrected to the
values at the center of the targets and normalized by the
velocities of the projectile at that point (which correspond to
53.56 MeV/nucleon in the Be target and 54.93 MeV/nucleon
in the Ta target). The solid curves are the predictions of the
Borrel model, which suggests that the momentum peak shift
can be simply explained by the amount of binding energy
(8 MeV/nucleon in average) of the removed nucleons will be
subtracted from the kinetic energy of the remaining part of
the projectile. In our experimental results, the most probable
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FIG. 5. Momentum peak shifts of fragments produced in the
40Ar + 9Be (a) and 40Ar + 181Ta (b) reactions. The solid curves are
the predictions of Borrel model.
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FIG. 6. High-momentum-side widths of fragments produced in
40Ar + 9Be (a) and 40Ar + 181Ta (b) reactions. The solid curves are
the fit results by the Goldhaber model.

velocities can be roughly reproduced by the Borrel model for
the fragments close to the projectile. But for the fragments with
Af � 30, the most probable velocities are always much larger
than the ones expected in the Borrel model. This dispersion
implies that the production of light fragments is dominated
by another mechanism, which costs less energy than the
removal of free individual nucleons. We think the possible
explanation could be the multifragmentation process, in which
the projectile will be split into two (or even more) massive
pieces.

Figure 6 shows the high-momentum-side width, σR, as a
function of Af for both reaction systems. The solid curves
represent the fits with the Goldhaber model, and the values
σ0 of 92.7 ± 4.2 and 85.4 ± 5.1 MeV/c are obtained for
the 40Ar + 9Be and 40Ar + 181Ta reactions, respectively. The
results are in good agreement with the suggested value of
90 MeV/c obtained in the relativistic energies [30–32]. This
indicates that the production of high momentum fragments are
dominated by “pure” projectile fragmentation reaction, which
has no nucleon transfer in the abrasion stage.

Figure 7 shows the low-momentum-side width, σL. The
solid curves are the predictions of Goldhaber model with
σ0 = 90 MeV/c. It is very clear that the experimental data
are much larger than the model predictions. This broader
distribution indicates that some processes must exist in the
reaction to cause a large energy loss. Earlier works [28,33,34]
suggested that this large energy loss is mainly due to the
nucleon transfer process between projectile and target nuclei
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FIG. 7. Low-momentum-side widths of fragments produced in
40Ar + 9Be (a) and 40Ar + 181Ta (b) reactions. The solid curves are
predictions by the Goldhaber model with σ0 = 90 MeV/c.
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FIG. 8. Contributions of “pure” fragmentation reaction to the
total production cross sections for 40Ar + 9Be (a) and 40Ar + 181Ta
(b) reactions. The black lines connecting the isotope chains are only
to guide the eye.

in the abrasion stage. Assuming that the contribution of the
“pure” fragmentation process has a symmetric Gaussian-
shaped momentum distribution with width σR, we can calculate
the ratios of “pure” fragmentation reaction contributed to the
total production cross sections as

η = 2σR/(σL + σR). (4)

The obtained ratio η is shown in Fig. 8. For the fragments close
to the projectile, the “pure” fragmentation process contributes
only 50%–60% of the products, which implies a very large
possibility for nucleon transfer in the abrasion stage. The η

value increases with decreasing mass of the fragment, and
up to 80% for the fragments with masses around half of the
projectile. In the AA model, the light fragments are produced
in reactions with large overlap between the projectile and the
target nuclei. Because the possibility of nucleon transfer is
proportional to the number of nucleons within the overlap
region, this picture is not in agreement with our results for
the light fragments; that is, larger η means smaller overlap.
We think this may be more evidence for the existence of the
multifragmentation process.

B. Cross sections

Figure 9 shows the experimental production cross-sections
of about 100 isotopes with Zf � 9 obtained from the 40Ar +
9Be and 40Ar + 181Ta reactions. For comparison, we used three
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FIG. 9. (Color online) Production cross sections of projectile-like
fragments for 40Ar at 57 MeV/nucleon on the 9Be and 181Ta targets.
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different models: empirical parametrization of fragmentation
cross sections (EPAX) [13], AA [14], and heavy-ion phase
space exploration (HIPSE) [35], to estimate the production
cross-sections of projectile fragments. The results from the
calculations are also shown in Fig. 10 for the 40Ar + 9Be
system and in Fig. 11 for the 40Ar + 181Ta system.

Although the parametrized formula EPAX2 was derived
from the data of target spallation and projectile fragmentation
reactions at relativistic energies, we can still use it to estimate
the production cross sections in our experiments due to
the “factorization.” After a detailed comparison with our
experimental data, we think that the EPAX2 formula can well
estimate the cross sections for the fragments near the stability
line, but for the ones far from the stability line, especially in
the proton-rich side, the cross sections are over estimated by
the formula.

In the AA model, the prefragment cross section is deter-
mined by the fireball scheme; that is, the proton-to-neutron
ratio of the prefragment is the same as that of the projectile
[36], and the excitation energy of the prefragment is propor-
tional to the number of removed nucleons from the projectile.
The code included in the LISE++ [37] was used for our
calculation. In our calculation, the value of 13.3 MeV/nucleon,
estimated by the particle-hole pair model [38], was used for
the excitation energy of the prefragment, and the deexcitation
of the prefragments was treated by the analytical LISFUS

evaporation code [39]. After comparing with our data, we think
that the AA model can reproduce the experimental data better
than the EPAX2 calculations, especially for the neutron-rich
and proton-rich fragments.

As mentioned above in the previous section, the nucleon
transfer process in the abrasion stage plays an important role
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in the reactions. This process is not considered in the AA
model. To study this, we did calculations with the HIPSE
model [35], which describes both dynamical and statistical
aspects of nuclear collisions in the intermediate-energy range
of 30–150 MeV/nucleon.

There are three important parameters in the HIPSE model:
the hardness of the potential, αa , the percentage of nucleons
transferred between the projectile and target, χex, and the
percentage of nucleon-nucleon collisions in the overlap region,
χcoll. Based on the values adjusted for beam energies of 10,
25, 50, and 80 MeV/nucleon [40], the values of αa = 0.206,
χex = 0.294, and χcoll = 0.056 for the 40Ar + 9Be reaction
and αa = 0.208, χex = 0.292, and χcoll = 0.058 for the 40Ar +
181Ta reaction were extrapolated and used in our calculation.
The deexcitation of prefragments was achieved by the SIMON

code [41]. In order to compare with our experimental data, all
isotopic distributions were normalized by the estimated total
cross section.
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mass number for the 40Ar + 9Be (a) and 40Ar + 181Ta (b) reactions.
The shaded regions depict fluctuations expressed in terms of one
standard deviation around the mean in HIPSE calculations.

The isotope distributions of prefragments calculated by the
AA and HIPSE models are shown in Fig. 12 for the 40Ar + 9Be
reaction. For the prefragments with charge number Zf, the
isotope distribution calculated by the HIPSE model is narrower
than that obtained by the AA model, and this difference
becomes larger while the number of nucleons removed from
the projectile increases. This difference is mainly due to the
transfer process in the HIPSE model because, if we turn off
this process in the calculation, the results, which are plotted as
dotted lines in Fig. 12, are nearly same as those from the AA
model.

The calculated mean excitation energies of prefragments
are shown in Fig. 13. The shaded regions depict fluctuations
expressed in terms of one standard deviation around the mean
in HIPSE calculations. We can see that the mean excitation
energy calculated by the AA model increases monotonically
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FIG. 14. Ratios of mass yields between 40Ar + 181Ta and 40Ar +
9Be reactions. The solid line represents the results calculated with
Eq. (5).
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upon removing nucleons from the projectile. But in the HIPSE
model, the excitation energy has a rapid rise at beginning,
and saturates quickly around 4 MeV/nucleon after removing
about 10 nucleons from the projectile. This excitation energy
saturation is consistent with the momentum-peak-shift results
in Fig. 5.

The prefragments with high excitation energy will deexcite
by evaporating light particles. If we assume that the evaporated
nucleons are emitted homogeneously from the prefragments,
the mean velocity of the final fragments will be the same
as that of the prefragments. According to conservation of
energy, the velocity difference between projectile and fragment
is proportional to the excitation energy of the prefragment.
From Fig. 5, it can be seen that the velocity differences in the
40Ar + 9Be reaction are larger than those in the 40Ar + 181Ta
reaction, which is similar to the HIPSE calculations, especially
for those with Af � 30.

C. Target dependence

In the reactions at relativistic energies, the target de-
pendence on cross section is only due to the target-size
effect; the so-called factorization. But at intermediate energies,
different results have already been observed by many groups
[19–21,42].

Let us define Y (Af) as the total cross section for all the
fragments with the same Af. According to the factorization, the
ratio of yields Y (Af) between the 40Ar + 181Ta and 40Ar + 9Be

reactions can be described as

YTa

YBe
=

(
A

1/3
p + A

1/3
Ta

)2(
A

1/3
p + A

1/3
Be

)2 , (5)

where Ap, ABe, and ATa are the mass number of the projectile,
9Be, and 181Ta targets, respectively. For our case, this ratio
equals 2.72. Obviously, it is not in agreement with our
experimental data, which are shown in Fig. 14. In our
experiment, the ratio decreases with increasing mass number
of the fragments.

From isotope distributions, we can get the mean neutron
number for each Zf from

〈Nf〉 =
∑

i Niσi∑
i σi

, (6)

where Ni and σi are the neutron number and corresponding
cross section, respectively. The 〈Nf〉/Zf ratio for 9Be and
181Ta targets are shown in Fig. 15. A clear memory effect
can be observed for the fragments close to the projectile, for
they try to keep the same isospin. When more nucleons are
removed, effects such as nucleon transfer and evaporation tend
to lead the isospin close to the β stability line. The interesting
thing is that, for the light fragments, the 〈Nf〉/Zf ratio goes
toward the projectile again, which is different from some early
works [43–46]. Although the N/Z values of 9Be and 181Ta are
much different (1.25 for 9Be and 1.479 for 181Ta), no obvious
difference has been observed for the 〈Nf〉/Zf ratio.

The ratios of the fragment cross sections between the
40Ar + 181Ta reaction and the 40Ar + 9Be reaction are shown
as a function of Zβ − Zf in Fig. 16(a). Here Zf is the
proton number of the fragment, and Zβ is the proton number
corresponding to the β stability line for a given mass number
Af, which can be calculated by Zβ = Af/(1.98 + 0.0155A

2/3
f ).

To eliminate the target-size effect, the fragment cross section is
normalized by the experimental mass yield Y (Af). Obviously,
the ratios have a U-shaped distribution for each isobar, which
means that the production cross sections of neutron-rich
(Zβ − Zf > 1) and proton-rich (Zβ − Zf < −1) isotopes are
enhanced in the 40Ar + 181Ta reaction.

We think the enhancement for proton-rich fragments is
mostly due to the deexcitation process. The deexcitation of
prefragments by evaporating light particles will make the
residues move toward the β stability line. According to Fig. 13,
the prefragments produced in the 40Ar + 181Ta reaction have
less excitation energy than those in the 40Ar + 9Be reaction,
which means that they will evaporate less nucleons and more
easily keep their original isospins. Figure 17 shows the same

-1 0 1 2 3 4

5

10
(a) 57 MeV/nucleon

-1 0 1 2 3 4

(b) 90-94 MeV/nucleon

-1 0 1 2 3 4

(c) 140 MeV/nucleon

f - ZβZ

)
B

e
/Y

B
e

σ
)/

(
T

a
/Y

T
a

σ(

FIG. 16. Ratios of production
cross sections between 40 Ar + 181 Ta
and 40 Ar + 9 Be reactions
at (a) 57 MeV/nucleon, (b)
90–94 MeV/nucleon, and (c)
140 MeV/nucleon. The lines
connecting the isobars are only to
guide the eye.
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FIG. 17. Cross-section ratios between 40Ar + 181Ta and 40Ar +
9Be reactions at 57 MeV/nucleon calculated by HIPSE model. The
lines connecting the isobars are only to guide the eye.

ratios calculated by HIPSE model for prefragments and their
evaporation residues. We can see that there is no obvious
difference for the prefragments, but there is an enhancement
in proton-rich side for the residues.

For the neutron-rich side, the enhancement is more obvious,
which cannot be explained only with the deexcitation process.
Many mechanisms may contribute to this enhancement, such
as the nucleon transfer in the abrasion stage and the isospin
dependence of nucleon-nucleon interaction.

The significance of nucleon transfer in this energy regime
can be proven by the observed isotopes of 37Si, 38,39P, 39,40S,
40,41Cl, 41Ar, 37–40K, and 39–42Ca, which have more neutrons
or protons than the projectile. Since 181Ta is more neutron rich
than 9Be, the probability of neutron transfer should be larger,
leading to more neutron-rich prefragments.

As is well known, the proton-to-neutron scattering cross
section (σnp) is larger than those for proton to proton (σpp)
and neutron to neutron (σnn) when the nucleon energy is less
than 500 MeV. This difference may lead to the deviation of
prefragment charge distributions, which means the neutron-
rich target nucleus easily knocks out protons in the projectile
nucleus in the abrasion stage, and the production of neutron-
rich prefragments is promoted.

Because the contributions of both mechanisms are energy
dependent, we can verify which one is dominate via observing
the variation of cross-section ratios with varying projectile
energy. For comparison, the cross-section ratios of 90–
94 MeV/nucleon and 140 MeV/nucleon 40Ar on 9Be and 181Ta
targets [20,42] are also shown in Fig. 16. For the neutron-rich
fragments, it can be seen that the cross-section ratios decrease
rapidly with increasing projectile energy. Because the ratios
σnp/σpp or σnp/σnn only change by about 20% from 50 to
140 MeV/nucleon [47], which is too small for the observed
changes, we think the enhancement of neutron-rich fragments
in the 40Ar + 181Ta reaction may due to the nucleon-transfer
process in the abrasion stage, which decreases rapidly with

increasing projectile energy and finally becomes negligible at
relativistic energies.

However, the discussions so far are still qualitative, and
more experiments at different energies are needed to further
examine and elucidate this hypothesis.

V. SUMMARY

The projectile fragmentation reactions of a
57 MeV/nucleon 40Ar beam on 9Be and 181Ta targets
have been studied by RIBLL at the HIRFL.

By measuring the momentum distribution of the fragments,
we have seen clearly the competition between projectile
fragmentation and other mechanisms in the production of
fragments. The high-momentum-side widths of the fragments
are in good agreement with the Goldhaber model, which shows
that the projectile fragmentation reaction is dominant. The low-
momentum-side widths are much broader, which may come
from the nucleon transfer between the projectile and target
nuclei during the reaction process. For the fragments close
to the projectile, the contribution from the nucleon transfer
process is nearly the same as the projectile fragmentation
process but, for light fragments, the production is dominated
by the multifragmentation process.

The production cross sections of the fragments have been
studied with the HIPSE model. The calculations show that the
nucleon transfer process in the abrasion stage has an important
influence on the isotope distributions of prefragments, and the
calculated excitation energies of the prefragments can explain
well the measured momentum-peak shifts.

The target dependance of the production cross sections has
also been studied. The factorization assumption is not correct
for this low beam energy. Compared to the 9Be target, more
light fragments and fewer heavier fragments are produced in
reactions on a heavy target like 181Ta. We found no difference
between the mean Nf/Zf ratios of the isotopes produced on
both targets, but there existed an enhancement for the neutron-
rich and proton-rich products if the 181Ta target was used. We
think that the enhancement for the proton-rich fragments is
mostly due to the deexcitation of the prefragments, but for
the neutron-rich fragments, the enhancement is dominated by
the nucleon-transfer process. However, the discussions are still
qualitative, and further investigations are of great interest.
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