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In-medium nucleon-nucleon cross section and its effect on total nuclear reaction cross section
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A phenomenological formula for in-medium nucleon-nucleon cross section is presented, in which nuclear
matter density and incident energy dependencies are included. This formula is used to study total nuclear
reaction cross section based on Coulomb-modified Glauber model. The calculated results can reproduce ex-
perimental total reaction cross section induced by the stable nuclei and the exotic nuclei over a wide energy
range.@S0556-2813~98!03007-6#

PACS number~s!: 24.10.2i, 25.40.2h, 21.65.1f
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One of the most important physical quantities charac
izing the properties of nuclear reaction is the total nucl
reaction cross sectionsR @1–10#. It is very useful for extract-
ing fundamental information about the nuclear size and
density distributions of neutrons and protons in nucleus
particular, the neutron halo has been found by measuring
total reaction cross section induced by radioactive nuc
beams@1,2#. A new Coulomb-modified Glauber model@3–5#
is developed to explain the new phenomena ofsR by con-
sidering the relation between surface diffuseness of neu
distribution and neutron separation energy of nuclei. In t
model, the free-space nucleon-nucleon cross sectionsNN

free ob-
tained by experimental measurement is used. But the
in-medium nucleon-nucleon cross sectionsNN

in-mediumis differ-
ent from the free-space nucleon-nucleon cross section
cause of the effects of Pauli blocking and finite nuclear m
ter density in heavy-ion reactions. Theoretically, in-mediu
nucleon-nucleon cross section can be attained by solving
many-body Bethe-Goldstone~BG! equation, namelyG ma-
trix cross section@6,7#. However, up to now, most of the
calculations were performed only at several values of nuc
matter density and incident energy. So it is valuable if o
can present some new formula to calculate the in-med
nucleon-nucleon cross section over a wide energy range
an attempt, a phenomenological formula for in-mediu
nucleon-nucleon cross section is presented in this ar
based on several recent theoretical studies, especially o
and Machleidt’s works@11,12#. Then it is applied to calcu-
late the total reaction cross section and the results are
cussed.

Many groups @11–27# have studied medium effect o
nucleon-nucleon cross section. Based upon the BonnA
nucleon-nucleon interactive potential and Dirac-Brueck
approach for nuclear matter, in-medium nucleon-nucle
cross sections were calculated by Li and Machleidt@11,12#
for the incident energies from 50 to 300 MeV in a laborato
frame and the matter densities up to 2r0 ~wherer0 is the
PRC 580556-2813/98/58~1!/572~4!/$15.00
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saturation density of normal nuclear matter in the range
0.15– 0.19 fm23; in this paper we user050.17 fm23!. Re-
sults of their numerical calculation were fitted by a sem
empirical formula~LM formula! including the dependenc
on incident energy and nuclear matter density. The anal
formula can be written as

snn5@23.510.002 56~18.22Elab
0.5!4#

3
1.010.1667Elab

1.05r3

1.019.704r1.2 ,

snp5@31.510.092abs~20.22Elab
0.53!2.9#

3
1.010.0034Elab

1.51r2

1.0121.55r1.34 , ~1!

where snn is the neutron-neutron~or proton-proton! cross
section, snp is neutron-proton cross section,r is nuclear
matter density in the unit of fm23, and Elab is the
incident energy in laboratory frame. In Eq.~1!, the
coefficient with the value 0.0256 in LM’s publication shou
be 0.002 56 @28#. Recently, the LM formula has
been applied to study some features of nuclear reac
@29,30#.

Klakow et al. @13# calculated the balance energy by th
Boltzmann-Uehling-Uhlenbeck~BUU! model with a soft
equation of state. They found that the calculated balance
ergy could fit experimental data best when the in-medi
nucleon-nucleon cross section equals to 80% of the fr
space nucleon-nucleon cross section. Haar and Mal
@14,15# got the same conclusion after studying the prope
of higher energy nucleons interaction and reflection part
at dense medium by taking advantage of the relativis
Dirac-Brueckner approach. This conclusion now is oft
used in the transport model such as the BUU equa
@9,16,17# and quantum-molecular-dynamics~QMD! @18#.
572 © 1998 The American Physical Society
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FIG. 1. Nucleon-nucleon cross section as a function of incident energy.~a! Neutron-neutron interaction cross section.~b! Neutron-proton
interaction cross section. Solid circles indicate experimental free-space nucleon-nucleon cross section. Solid and dashed curves
result of present formula atr50 andr0 , respectively. For comparison, results of the LM formula atr5r0 are shown by dotted lines.
nt
c
o
t

eo

m
in

s
es
er
q.
leo
en
on

as
an

o
e
tio
-
o

new
eri-

1
y

n-
otal
ple.

oss

be

of
ear

f
and
are
iring

ter

ibu-
.
in
But, in fact, the medium effect is different in various incide
energy ranges and matter densities. So it seems that the
clusion of Klakowet al.overlooks the energy dependence
medium effect and describes the density dependence
simply.

Combing the energy dependence of free-space nucl
nucleon cross section of Charagi and Gupta@8# with the LM
formula, a new phenomenological formula for in-mediu
nucleon-nucleon cross section is proposed by the follow
expression:

snn5~13.73215.04b2118.76b22168.67b4!

3
1.017.772Elab

0.06r1.48

1.0118.01r1.46 ,

snp5~270.67218.18b21125.26b221113.85b!

3
1.0120.88Elab

0.04r2.02

1.0135.86r1.90 , ~2!

b5A1.02
1.0

g2 , g5
Elab

931.5
11.0, ~3!

whereb is the ratio of projectile velocity to light velocity
and the meanings of the other variables are the same a
Eq. ~1!. Coefficients in Eq.~2! are obtained by a least squar
fit to the experimental total reaction cross section data ov
wide incident energy range from 10 MeV to 1 GeV. In E
~2! the first part describes the free-space nucleon-nuc
cross section@8# and the second part describes the incid
energy and nuclear matter effects of in-medium nucle
nucleon cross section. It can be seen from Eq.~2! that the
nucleon-nucleon cross section in nuclear medium decre
with increasing energy, but the medium effect does not v
ish even at higher energies.

Figure 1 shows the energy dependence of nucle
nucleon cross section. The solid circles describe the exp
mental values of free-space nucleon-nucleon cross sec
which are taken from Ref.@8#. The solid lines describe re
sults of Eq.~2! at r50. The dashed lines describe results
Eq. ~2! at r5r0 . The results of LM formula atr5r0 are
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plotted as dotted lines. From Fig. 1 one can see that our
calculations presented by the solid lines can fit the exp
mental values well over the energy range from 10 MeV to
GeV. Note that the LM formula is only valid in the energ
range 50–300 MeV@11,12#.

In order to examine the effects of in-medium nucleo
nucleon cross section on physical observable, the t
nuclear reaction cross section is investigated as an exam
A basic tool used here to calculate the total nuclear cr
section is the Coulomb-modified Glauber model@3–5#. In
this model the total nuclear reaction cross section can
written as

sR52pE bdb@12T~b!#. ~4!

Using surface-normalized Gaussian density distribution
nucleons in the target and projectile for a finite range nucl
interaction, an analytic expression for the transparencyT(b)
is obtained as

T~b!5expF2p2 (
i 5n,z

(
j 5n,z

s i j rTi~0!rP j~0!aTi
3 aP j

3

aTi
2 1aP j

2 1g0
2

3expS 2
b82

aTi
2 1aP j

2 1g0
2D G , ~5!

b825
b2

12Vc /Ec.m.
5

b2

121.44ZTZP /~RintEc.m.!
, ~6!

whererTi(0), rP j(0), aTi , and aP j are the parameters o
surface-normalized Gaussian distributions of the protons
neutrons in the target and projectile, respectively. They
adjusted to reproduce the nuclear surface texture by requ
the Gaussian distribution atb5c andb5c1 1

2 t to be iden-
tical to the values calculated from the realistic two parame
Fermi distribution~with c as the half central density andt as
the surface diffuseness of the neutron and proton distr
tions, respectively!. b is the impact parameter
g051 fm is the range parameter. Details can be found
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FIG. 2. Energy dependence of total reaction cross section.~a! For the12C112C reaction.~b! For the27Al112C reaction. Solid triangles
denote experimental values. Solid line connecting circles is from this work. Solid line connecting boxes is based on the calculation
considering the medium effect. Solid line connecting the diamonds is based on the calculations using the LM formula atr5r0 . All the
calculations used the same Glauber model.
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Refs.@3–5#. In-medium nucleon-nucleon cross section in t
present calculation for Eq.~2! is used inr5r0 .

The total nuclear reaction cross sections of four differ
reaction systems, which are calculated by the above mo
are shown in Fig. 2 and Fig. 3. In these figures, the so
triangles are the experimental data ofsR from Refs.
@1,6,8,31–35#. The circles describe our calculated results
using Eq.~2! at r5r0 . The calculated results without con
sidering the medium effects are given in these figures
boxes. The calculated results via the LM formulas atr5r0
are given by diamonds. The lines in the Fig. 2 and Fig. 3
only for guiding the eyes.

Seeing from the energy dependence of total reaction c
section of a12C projectile on27Al and 12C targets, as shown
in Figs. 2~a! and 2~b!, the results of our calculation provide
very reasonable fit and the calculated results considering
formula atr5r0 underestimate the experimental values. F
the 12C112C system in Fig. 2~b!, all the three calculated
results underestimate the experimental values at interme
energy. The calculations for other systems also show tha
present formula atr5r0 underestimates the experiment
total reaction cross section at incident energy around sev
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hundreds MeV/nucleon. The reason, maybe, is that the r
tion mechanism is very complicated at this energy range.
difficult to use the Glauber model to estimate the role
mean field, the Pauli blocking effect, and the nucleo
nucleon interaction simultaneously. Using some dynam
models, which incorporate these effects simultaneously,
BUU or QMD can solve this problem@9#.

Figures 3~a! and 3~b! give the nuclear reaction cross se
tions of radioactive nuclear beam Be and Li isotopes at 7
MeV/nucleon on12C target. Present calculation with Eq.~2!
reproduces experimental results fairly well and improve
lot comparing to the free-space nucleon-nucleon cross
tion. The large increase ofsR for 11Be and14Be stems from
the small separation energy of outside neutrons from
core. In the case of Li isotopes,sR varies smoothly with
mass until9Li. There is a rapid increase insR between9Li
and11Li. Present calculation can reproduce this trend reas
ably. But there are still some deviations between calculat
results and experimental results like6Li, 7Li, and 7Be be-
cause of similar reason for12C on 12C at several hundred
MeV/nucleon.

The value ofx2 is calculated as follows:
marked as

FIG. 3. Total reaction cross section of Li@Fig. 3~a!# and Be@Fig. 3~b!# isotopes on a12C target at bombard energy 790 MeV/A. Triangles

show experimental values. Solid line connecting boxes shows results with free nucleon-nucleon cross sections. Present work is
solid line connecting circles.
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x25(
n

~sexp2scal!
2

sexp
2 , ~7!

wheresexp is the experimental data of the total nuclear re
tion cross section andscal is the calculated values of th
Glauber model. Thex2 is 0.035 for the present calculatio
and 0.17 for the case without introducing the medium effe
It indicates that the calculations with this analytic formu
can reproduce the experimental values better than other

Besides the above reaction systems, the total reac
cross sections of the other forty reaction partners induced
the stable nuclei or the exotic nuclei were also calculated
this work. The totalx2 is 0.91 and 1.54, respectively, in th
case of Eq.~2! and the case without the medium effect.

In summary, a new analytic formula is proposed to cal
late the in-medium nucleon-nucleon cross section ove
wide energy range. This formula describes the effect
nuclear density and incident energy on nucleon-nucl
cross section. The nucleon-nucleon cross section in nuc
medium is predicted to decrease with increasing density.
energy dependence is sensitive at low energies and bec
smaller at higher energies gradually. Introducing the pres
g
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formula into the Coulomb-modified Glauber model, syste
atic calculations of nuclear reaction cross section for b
stable and exotic nuclei induced reactions are presented
a good agreement has been obtained with experimental
ues. Actually, lots of important physical quantities, e.
transverse collective flow, the rotational flow, their disa
pearance energy~balance energy!, andp-meson production
cross section, etc., are sensitive to the in-medium nucle
nucleon cross section. The work to involve the nuclear m
ter density dependence and interactive energy dependen
in-medium nucleon-nucleon cross section into the transp
model such as BUU will be considered. A first try will be th
calculation of system mass dependence of balance energ
introducing this in-medium nucleon-nucleon cross sect
into BUU.
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@24# T. Alm, G. Röpke, W. Bauer, F. Daffin, and M. Schmidt, Nuc

Phys.A587, 815 ~1995!.
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