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Probing in-medium nucleon—nucleon (NN) cross section UI{IN («) in heavy ion collisions has been investigated by

means of the isospin-dependent quantum molecular dynamics (IQMD) with the isospin- and momentum-dependent

interaction (IMDI(7)). It is found that there are the very obvious medium effect and the sensitive isospin-dependence

of nuclear stopping R on the in-medium NN cross section JI{IN (a) in the nuclear reactions induced by halo-neutron

projectile and the same-mass stable projectile. However, R induced by the neutron-halo projectile is obviously lower

than that induced by the corresponding stable projectile. In particular, there is a very obvious dependence of R on

the medium effect of O'II\IN (a) in the whole beam energy region for the above two kinds of projectiles. Therefore, the

comparison between the results of R’s in the reactions induced by the neutron-halo projectile and the corresponding

same-mass stable projectile is a more favourable probe for extracting the information of Jll\IN(O‘) because of adding a

new judgement.

Keywords: isospin effect, neutron-halo projectile, nuclear reaction, nucleon-nucleon cross section,

nuclear stopping
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1. Introduction

From the studies on the halo phenomenon of nu-
clear structure and the nuclear reaction induced by
halo-nuclei, the small separation energy of the last
nucleon, the extended density distribution and the
narrow momentum distribution are important prop-
erties of halo nuclei.' =21l However, the previous ex-
perimental and theoretical studies on the nuclear re-
actions induced by halo projectiles concentrate mainly
on the fine reaction mechanisms. In particular, little
effort has been made so far to extract the isospin de-
pendence and medium effect of nucleon—nucleon (NN)
cross sections in isospin asymmetry of nuclear mat-
ter, and the information about oy (c) is little known.
Even though a few studies have been concentrated
on probing oy () based on the nuclear reactions in-
duced by the normal neutron-rich and neutron-poor

j,[22,23]

nucle probing o () by using a comparison

between results of observation on the nuclear reac-
tions induced by the neutron-halo projectile and the
corresponding same-mass stable projectile is not taken
into account. As we know, the in-medium isospin-
dependent NN cross section o}y () depends sensi-
tively on the density distributions of colliding system
and beam energy, while the density distributions of

colliding system in turn depends sensitively on the

beam energy. So how do oky(a) and Inp change
9pp

with density p, isospin asymmetry § = Po " Pp _
P+ Pp

Pn = Pp 4nd beam energy Ej,p in heavy ion collisions

andpastrophysical situations? Here oy, and opp are
the in-medium neutron—proton cross section and in-
medium proton-proton cross section shown by oy ()
with neutron—proton and proton—proton collisions re-
spectively. Because the answer may reveal directly
useful information about the isospin-dependence and
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medium effect of in-medium nuclear effective interac-
tions. In this way, we investigate the dependence of
the nuclear stopping R on the isospin and medium ef-
fects of in-medium NN cross section for different NN
cross sections: oy (@), oy (@) and oy (). Here the
isospin-dependent NN cross section oy () and the
isospin-independent NN cross sections o{y () shown
by oun = 0pp = Onp and 02, (a) shown by on, =
Opp = (1/2)(0np + oun) are used. It is found that R
is sensitive to the isospin dependence and the magni-
tude of o (). In particular, the medium effect of R
on oy (@) is very obvious. However, the isospin de-
pendence of oy () for different R is not significant,
as compared with that of ol (a) for different R due
to about the same collision numbers for ogy(a) and

UI{IN(O‘)'

2. IQMD with IMDI(r)

In order to describe the isospin effects ap-
propriately in the quantum molecular dynamics
(QMD)[?4=26] the density-dependent mean field and
the in-medium NN cross section should include cor-
rect isospin terms. The in-medium NN cross section
should be different for the neutron—neutron, proton—
proton and neutron—proton collisions. Pauli blocking
should be counted by distinguishing the neutrons from
the protons. Considering the above ingredients, we
have obtained the isospin-dependent QMD. In IQMD
the initial density distributions of the colliding nuclei
are obtained from the calculations with the Skyrme—
And then the initial data of
colliding nuclei including both the density distribu-

Hartree—Fock model.

tion in coordinate space and the corresponding mo-
mentum distribution of colliding nuclei are obtained
by the initial code of IQMD with MDI. These calcu-
lations demand the binding energies and root-mean-
square (rms) radii of colliding nuclei to be consistent
with the experimental data. Thus both the density
distribution in coordinate space and the correspond-
ing momentum distribution of colliding nuclei as well
as the parameters of interaction potential are fixed as
the input data in the dynamical calculations by the
dynamical code of IQMD with two-nuclei collision. In
the above initial calculations the interaction potential
is taken as

U(p) _ USky 4 UCoul 4 ysym 4 VMDI
+UYuk + Ul:’auli7 (1)

where USYY and U®" are Skyrme and Coulomb
potentials, UY"® and UP*" are Yukawa and Pauli

interactions respectively.
1.[27,28]

USY™ is the symmetry
potentia

U™ = cFy(u)dT,. (2)

Here c is the strength of symmetry potential, taking
the value of 32MeV. Fi(u) = u and u = p/po; d is
the relative neutron excess d = (pn — pp)/(Pn + Pp) =
(pn — pp)/P; Py po, pn and pp are the total, normal,
neutron and proton densities, respectively.

1 for neutron,
T, =
—1 for proton.

po is the value at the beginning of time. VMP! is the
momentum-dependent interaction (MDI)

VMPT — ¢ 1n[ts (pr — pa)? + 11[)—’;. (3)

The
isospin dependence in IQMD is shown in Eq.(3),

momentum-dependent interaction without
which is extracted from optical potential.?6! In or-
der to include the isospin dependence in MDI, we
insert an isospin degree of freedom into Eq.(3) to ob-
tain an isospin-dependent MDI (IMDI) which refers
to the similar formulas in Bruckner—Hartree—Fock
single particle potential in equation of state for dense
isospin asymmetry nuclear matter in Refs.[28, 29].
The isospin- and momentum-dependent interaction is

shown by

VI () k)

— t4 1n2 [t5 (PT - p‘r”)2 + 1]CTTp_T7
Po

+tyIn’[ts(pr — pr)° + 1]0771%. (4)

Here p = p;+p; and p; = hk,, where p; = p; or p;/;

7 and 7" in the first bracket as well as 7 and 7’ in the

second bracket on the right-hand side of Eq.(4) repre-

sent the interactions between like nucleons for 7 and

7", and those between the unlike nucleons for 7 and

7'. Here Con = Cpp = Crr and Cpp = Cpn =C_+. In

the above, 7 # 7/. More details for VIMPL(p, k. 7/)
can be found in Ref.[30].

An empirical density-dependent expression of the

in-medium NN cross section®!] is used
P
(@) = (1402 ) ok (0 (%)

with the parameter @« = —0.2, which can well re-
produce the flow data. Here oy (0) is the experi-
mental NN cross section.l®?) We use Eq.(5) to take
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into account the medium effect on the two-body col-
lision. Both initial density distribution in coordinate
space and the corresponding momentum distribution
of colliding nuclei are obtained by the initial code of
IQMD with IMDI(7). Also these calculations require
the binding energies and rms radii of colliding nuclei
to be consistent with the experimental data. During
the initial calculations the parameters of the interac-
tion potentials with MDI and IMDI(7) in IQMD are
obtained. More detailed formulas and their numeri-
cal calculations in the IQMD model can be found in
Refs.[24-27, 30] and Chapter 10 of Ref.[28].

3. Results and discussion

3.1. Evolution of in-medium NN cross
section with FE,;, and p

In order to study the isospin dependence of and
the medium effect of R on NN cross section oy (a) for
different beam energies and densities in heavy ion col-
lisions induced by the neutron-halo projectile and the
corresponding stable projectile, we first analyse the

. g . c .
evolutions of oyp, opp and —P with the variations of
o
pp
nucleon beam energy Ei,p, and density p. Experimen-

tally, strong evidences supporting reduced in-medium
NN cross section have been found in heavy ion colli-
sions, therefore oy () and both oQy () and oy ()
are defined as the in-medium NN cross sections with
and without isospin dependence, where the medium
effects on oy (), oy (@) and oy (@) are illustrated
by Eq.(5) with « = 0.0,—0.2 and —0.4. Clearly, the
free NN cross section is larger than the in-medium NN
cross section.

3.1.1.The o0,, and op, as functions of nucleon
beam energy FEi.

Figure 1 shows oy, and opp as functions of nu-
cleon beam energy FEl,p, in which the data points
(solid circles) are obtained from the experimental mea-
surements in Ref.[32] and the solid lines are the plot
of a least-squares fit to the above in-medium NN cross
section data, described by the following expressions:

—70.67 — 18.18/ + 25.26/3% + 113.853%, (6)
13.73 — 15.04/3 + 8.76/32 + 68.673*.  (7)

Onp

Opp

Here § = v/c. From Fig.1 it is clear that all oy, are
larger than oy, for Ej,p below 600 MeV.

160

120

40

" 1 " 1 " 1 i 1 "
0 200 400 600 800 1000
Elap / MeV

Fig.1. onp and opp as functions of nucleon beam energy
Epap.

3.1.2.The Inp as a function of nucleon beam

Opp .
energy Fi,, and density p

. On . P
Figure 2 shows —2 as a function of incident nu-

Opp
cleon energy FEi,p, and density p which includes p = 0,

p, and 2pg. The solid line is extracted from experi-
mental datal?3 while the dashed line is extracted from
calculations in symmetry matter using the Bonn A
potential in the Dirac—Bruckner approach in Ref.[34].
Clearly, the in-medium NN cross sections are reduced

o

as compared with the values in free-space; the — is
Opp

also predicted to decrease with increasing density p,

which means that the isospin dependence of the in-
medium NN cross section is weakened with increasing
density p. However, the results from several other mi-

. . . 0 .
croscopic studies show the increase of — in a sym-
Opp
metric medium.®>=37 To sum up, the magnitudes

of oyn and oy, and the relation between them are
changed in the course of the evolution of nucleon beam
energy Fi,p, and density p.

3
r IS .\ free space
p=0
2r N
bé P = PO
N S
= N So
© 1+ P= 2poN SN ___
0 L 1 1
0 100 200 300
Elab/Mev

o
Fig.2. The —P 45 a function of Ej,;, from experimental

Opp
data for different p from the calculation results.
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3.1.3.Nuclear stopping as a measure for the
medium effect of in-medium NN cross sec-
tion
Nuclear stopping is described by the ratio of
transverse to parallel momentum R = (2/71’)(2;4 |
P, (4) )/(z:;4 | Py(i) |), where the total mass A

is the sum of the projectile mass A, and the tar-

get mass A;. The transverse and the parallel com-
ponents of the momentum of the ith nucleon are
Py (i) = \/Pu(i)? + Py(i)> and P/,(i) = P.(i). In
order to investigate the medium effect on NN cross

section oy (), Fig.3 shows the nuclear stopping R

. 1 8He+4Ca+ol(0.0)
0.86 - 2 8He+4oca+U%N(0.2)
] 3 8He+40Ca+oQy (0.4)
4 8Li+49Ca+0Q (0.0)
0827 5 BLi+40Ca+0Y(0.2)
1 6 8Li+49Ca+0%(0.4)
0.78
- i
0.74
0.70 AN
] >
] ~.
0.66 1 1 1 1 1
10 20 30 40 50
Ey,1/(MeV /nucleon)

(a)

as a function of beam energy Ej.p, for two couples of
reactions 8He + °Ca and 3Li + °Ca for the isospin-
dependent NN cross section ojn(a) Fig.3(b) and
isospin-independent NN cross section oy () Fig.3(a)
for different medium parameters o = 0.0, —0.2 and
—0.4 at impact parameter b = 1.0fm. The isospin-
dependent NN cross section oy («) is calculated from
Eq.(5) and the isospin-independent NN cross section
odx () is shown by letting onn = opp = onp, in which
Onn, Opp and oyp are also calculated from Eq.(5) for

neutron—neutron, proton—proton and neutron—proton

collisions.
L 1 8He+49Ca+ok(0.0)
0.6k 2 8He+40Ca+o}(0.2)
' 3 8He+40Ca+o}(0.4)
- 4 8Li+49Ca+ol(0.0)
0.92} 5 8Li+4OCa—|—0'Il\IN(02)
6 8Li+40Catoiy(0.4)
0.88
0.84r
0.80
10 20 30 40
Ey,1/(MeV /nucleon)
(b)

Fig.3. Nuclear stopping R as a function of beam energy FEj,;, for two couples of reactions with the isospin-

dependent NN cross section oy (a) (Fig.3(b)) and isospin-independent NN cross section oy (a) (Fig.3(a))

for different medium parameters o = —0.4, —0.2 and 0.0 at impact parameter b = 1.0 fm

The three thick lines show the nuclear stopping
R for neutron-halo colliding systems 8He + 4°Ca, with
different medium effects & = 0.0 (solid line), —0.2
(dashed line) and —0.4 (dot-dashed line), and the
three thin lines denote the R for corresponding sta-
ble systems 8Li 4+ 4°Ca with different medium effects
a = 0.0 (solid line), —0.2 (dashed line) and —0.4 (dot-
dashed line). From Fig.3 it is clear that the medium
effects of nuclear stopping R on NN cross section are
evident while R increases with increasing medium pa-
rameter « from —0.4 to 0.0 because the in-medium
NN cross section increase obviously as the enhance-
ment of «. Namely, nuclear stopping R increases ob-
viously with increasing medium effect from o = —0.4
to 0.0 under the isospin- dependent NN cross sec-
tion oxy(a) and isospin- independent NN cross sec-
tion oy () for the two couples of reactions in whole
beam energy region in this work. Especially, all of

R’s for the neutron-halo colliding systems ®He + 4°Ca
are less than those for the corresponding same-mass
stable colliding systems 8Li+“°Ca respectively. There
are two explanations for the above properties: (1) The
neutron-halo projectiles are neutron-rich nuclei, com-
pared with the same-mass stable projectiles. Namely,
neutron-proton collision numbers for the neutron-poor
nuclei are larger than those for the neutron-rich nu-
clei under the same incident channel condition. From
Fig.1 we can see that oy, is always larger than o,
in the nucleon energy region below 600 MeV /nucleon.
That is, the total NN cross section opnp + 0pp+ Onn for
the neutron-halo colliding system is less than that for
corresponding same-mass stable colliding system, i.e.,
the total collision numbers for neutron-halo colliding
systems are less than that for the corresponding same-
mass stable colliding system under the same incident
channel condition. As we know, nuclear stopping is
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mainly produced by momentum dissipation coming
from two-body collisions.?? In this case, all of R’s for
the neutron-halo colliding systems are less than those
for the corresponding same-mass stable colliding sys-
tems. (2) The loose halo structure of the neutron-halo
projectiles reduces the NN collision strength and mo-
mentum dissipation so that it decreases also the nu-
clear stopping R as compared with the corresponding
same-mass stable projectile under the same incident
channel condition.['® It is worth mentioning that the
comparison between R’s of the two kinds of collid-
ing systems, i.e. the neutron-halo projectile and the
corresponding same-mass stable projectiles, adds an
important judgement condition for extracting the in-

0.98 1 8He+Ca+0(0.0)

oo \;1 . 2 8He+%0Ca+0o};x(0.0)

3 8Li+49Ca+0(0.0)

0.90F

0.86

0.82F

0.78

0.74F

0.70

1 . L N 1 . 1 N 1

10 20 30 40 50
Epap/(MeV /nucleon)

(a)

0.98

094

0.90 |

0.86 |

0.82 |

0.78

0.74

0.70 |

formation of the medium effect on the in-medium NN
cross section in the heavy ion collisions.

The decrease of R with increasing beam energy is
due to the increase of nuclear collision transparency.

3.2. Nuclear
for the isospin dependence of in-

stopping as a measure

medium NN cross section

In order to investigate the variations of nuclear
stopping R with in creasing beam energy FEj,p, for NN
cross section in different isospins, in Fig.4 we show
R as a function of beam energy FEi,p, for the isospin-
(dashed lines)

1 8He+%0Ca+03(0.2)

dependent NN cross section oy (c)

0.98 1
L 2 8He+19Ca+t0o(0.2)

0.94

3 8Li+40Ca+0Q(0.2)

0.90

0.86 [

0.82

0.78

0.74

0.70

1 N 1 N 1 . 1 N 1

10 20 30 40 50
Ejab/(MeV /nucleon)

(b)

1 8He+40Ca+oy (0.4)
2 8He+*0Catol(0.4)
3 8Li+%0Ca+oQ\(0.4)
4

8Li+40Ca+ok(0.4)

10 20
Ey,1/(MeV /nucleon)

(©)

Fig.4. Nuclear stopping R as a function of beam energy FEj,p, for the isospin-dependent NN cross section Ull\IN(a) (dashed

30 40 50

lines) and the isospin-independent NN cross section o9 (c) (solid lines) with the medium parameter o = 0.0 (a), —0.2 (b)
and —0.4 (c) for the reactions 8He + 40Ca (thick lines) and 3Li 4+ #°Ca (thin lines) at the impact parameter b = 1.0 fm.
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and the isospin-independent NN cross section o{y ()
(solid lines) with the medium parameter o = 0.0 (a),
—0.2 (b) and —0.4 (c) for the reactions 8He + 4°Ca
(thick lines) and ®Li + 4°Ca (thin lines) at the impact
It is clear that all the thick
lines are lower than the thin lines, i.e. all the values

parameter b = 1.0 fm.

of nuclear stopping R for the neutron-halo colliding
system 8He + 4°Ca with both the isospin-dependent
NN cross section oy () and isospin-independent NN
cross section oy () under different medium effects
are lower than those for corresponding stable collid-
ing systems 8Li 4+ 49Ca due to the above two reasons
given to Fig.3. In particular, all the dashed lines
for the isospin-dependent NN cross section oy (c)
are obviously higher than the solid lines for isospin-
independent NN cross section oQy () with different
medium effects, i.e., all the nuclear stoppings for the
isospin-dependent NN cross section oy () are obvi-
ously larger than those for the isospin-independent NN
cross section oy (). This means an obvious isospin-
dependence of the nuclear stopping R on NN cross
section. Here we emphasize that the comparison be-
tween R’s of the two kinds of colliding systems, the
neutron-halo projectiles and the corresponding stable
projectiles, adds an important judgement condition

for extracting the information for the isospin depen-

0.90

e
0.85F

— 8He+40Ca+o}(0.2)
0.80 - --8He+40Ca+0%(0.2)

& —— 8He+40Ca+03(0.2)
0.75
0.70
s
~/
0.65 1 1 1 1
0 50 100 150 200
t/(fm/c)

(a)

dence of in-medium NN cross section in the heavy ion
collisions.

Figure 5 shows the isospin dependence of nuclear
stopping R on NN cross section which is a function of
colliding time ¢, for isospin-dependent NN cross sec-
tion o (a) (solid line) and the isospin- independent
NN cross section oy () (dot-dashed line) or oy (@)
(dashed line) with the medium parameter —0.2 for two
couples of reactions ®He +4°Ca (a) and 8Li+4°Ca (b)
at an impact parameter b = 1.0fm and beam energy
Eiap, = 20 MeV /nucleon. From Fig.5 it is clear that
the differences between the saturation values of R’s
for ok () (solid line) and oy () (dot-dashed line)
are much larger than those for oy () (solid line) and
0% () (dashed line) for the two reactions 8He +49Ca
and 8Li + 4°Ca. The nuclear stopping is mainly pro-
duced from the momentum dissipation in the course
of two-body collisions. However, there are about the
same collision numbers for oy (@) and oy (), so the
isospin dependence of 0%y (a) with different R is not
significant,[?3 as compared with 0@y (). In this case
it is difficult for the nuclear stopping R to be used as a
probe for extracting the information of the isospin de-
pendence of oy () by using the isospin-independent
NN cross section oy ().

0.90 -

——

0.85F
—38Li+1%Ca+0}(0.2)
---8Li+1%Ca+0%(0.2)

0.80 --=-8Li+%0Ca+0%(0.2)

0.75

0.70

0'65 1 1 1 1
0 50 100 150 200

t/(fm/c)
(b)

Fig.5. Nuclear stopping R as a function of colliding time ¢ for isospin-dependent NN cross section UI{IN (a) and

0

isospin-independent NN cross section oy (a) and 03 () with the medium parameter —0.2 for 8He +4°Ca
(a) and 8Li+49Ca (b) at b = 1.0 fm and Ej,;, = 20 MeV /nucleon.

4. Summary and conclusions

From the above results and discussions we can
conclude that: (1) The effects of the nuclear stopping

R on the in-medium NN cross section for both isospin-
dependent and the isospin-independent NN cross sec-
tions are obvious. (2) The dependence of isospin of
in-medium NN cross section on the nuclear stopping
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R is also obvious for the isospin-dependent NN cross

section oy () and the isospin-independent NN cross

0

section ofn(@). (3) The comparison between nuclear

stoppings R’s of the two kinds of colliding systems,

the neutron-halo projectiles and the same-mass stable

projectiles, adds an important judgement condition

for extracting the information of the medium effect

on, and the isospin dependence of in-medium NN cross

section in the heavy ion collisions.
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