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Nucleon-nucleon cross sections in nuclear matter
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We provide a microscopic calculation of neutron-proton and neutron-neutron cross sections in symmetric
nuclear matter at various densities, using the Brueckner-Hartree-Fock approximation scheme with the Paris
potential. We investigate separately the medium effects on the effective mass and on the scattering amplitude.
We determine average cross sections suitable for application in the dynamical simulation of heavy ion colli-
sions, including a parametrization of their energy and density dependence.@S0556-2813~97!01605-1#

PACS number~s!: 25.70.2z, 13.75.Cs, 21.65.1f, 24.10.Cn
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I. INTRODUCTION

The knowledge of the in-medium modification o
nucleon-nucleon cross sections is of great interest for
numerical simulation of heavy ion collisions@1–7#. At inter-
mediate energies of the order of 100 MeV/nucleon a tra
tion from a mean field regime to a hydrodynamic collecti
motion occurs. It is signaled by the vanishing of the sidew
collective flow at the balance energy, due to the compen
tion between the low-energy attractive effect of the me
field and the repulsive action of nucleon-nucleon collisio
dominant at higher energies. We expect this collective v
able to be quite sensitive to the high-density behavior of
in-medium nucleon-nucleon cross sections. In fact, some
oretical predictions using free cross sections largely unde
timate the experimental values of the balance energy ca
lated for a wide range of the combined mass of the t
colliding nuclei, whereas a reduction of cross sections
typically 20% leads to a better, but still not satisfacto
agreement@1,2#. A further observable sensitive to the cro
sections is the radial flow energy which is due to the conv
sion of thermal and compressional energy to collective
ergy mediated by theNN scatterings in the latest stages of
central collision. At low enough density when the scatter
probability vanishes, freeze-out occurs and the energy c
version stops. The magnitude of the freeze-out time de
mines the content of radial flow energy. If a suppression
the cross sections is predicted at low density, freeze-out
curs earlier and a suppression of the radial flow energy ha
be expected, too. Recent calculations confirm, in fact,
prediction@1#.

Numerous theoretical studies have been carried out in
der to gain insight in the effect of a dense nuclear medium
the scattering amplitudes and cross sections: All the calc
tions performed so far rely on the condition of local therm
equilibrium, i.e., they assume that during the evolution of
collision the momentum distribution of nucleons in a giv
coordinate-space cell is well approximated by either o
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@8–12# or two @7,13# Fermi spheres of certain density an
temperature. For this configuration the Brueckner@7,8,12# or
Dirac-Brueckner@9,11,13# G matrix ~or thermodynamicT
matrix @10#! is computed by summing up multiple particle
particle ~and hole-hole! interactions. In this paper we wil
remain within this framework and discuss the case of infin
nuclear matter at zero temperature with the BruecknerG
matrix. The scattering amplitudes obtained in this way th
incorporate the effects of nuclear mean field and Pauli blo
ing in the intermediate propagation of nucleon pairs. T
second ingredient necessary to calculate cross sections i
density of states in the medium that is proportional to
~momentum dependent! effective mass of the nucleons. It i
one purpose of this paper to disentangle these two contr
tions, i.e., the modification of theG-matrix elements, and the
change of the density of states in the medium. It turns
that the latter effect strongly overwhelms the first one wh
by itself would lead to an increase of cross sections w
density.

Unfortunately, for the sake of practical application, t
in-medium cross section is a function of too many variabl
Besides the dependence on scattering angleq and relative
momentumk, as in the free scattering case, there is now
dependence on total momentumP and total energyW of the
nucleon-nucleon pair, as well as on densityr and tempera-
tureT of the medium~even more parameters for the case
two colliding Fermi spheres, which will be discussed late!.
Moreover, in certain regions of this multiparametric spa
the cross section might be strongly varying, as, for exam
in the caseP'0, k'kF , where one observes at low tem
peratures and densities a strong enhancement of the c
section due to the onset of pairing@10,12#.

In order to facilitate a practical application in numeric
simulations, we will provide in this work simple~quadratic!
parametrizations of the density dependence of effective,
erage total neutron-neutron and neutron-proton cross
tions that depend just on one momentum variable. The a
aging procedure we carry out is in line with the occurence
the cross section in the collisional integral of the BUU equ
tion, and relates the average cross section to the imagi
part of the in-medium nucleon self-energy. More precise
the collision partner of a nucleon with given momentum
averaged over the Fermi sphere, taking into account the P
blocking of the final state. The dependence on several v
3006 © 1997 The American Physical Society
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55 3007NUCLEON-NUCLEON CROSS SECTIONS IN NUCLEAR MATTER
ables is removed in this way, and we extract a correct
factor describing the momentum dependent modification
cross sections in the medium, in the spirit of Ref.@8#. It is
hoped that this factor retains the most prominent dynam
effects and can be used realistically in the numerical sim
tion of heavy ion collisions. It should be noted, however, th
for this purpose the relevant quantity is not the cross sect
but the reaction rate, proportional to the product of relat
velocity and cross section. We present results for the m
fication of this observable as well.

Obviously, for reliable and realistic predictions, the use
a good nucleon-nucleon interaction is mandatory. The res
reported in this paper are obtained with the Paris poten
@14# which is known to be in very good agreement with fr
scattering phase shifts up to energiesElab'400 MeV, where
inelastic processes start to play a role, anyway. Partial wa
up to 3I 6 are summed for the calculation of cross sectio
We have also carried out independent calculations using
ArgonneV14 potential @15#, and the results do not deviat
substantially from those with the Paris potential, wherea
separable version of the Paris potential@16# turned out to be
insufficient forElab*150 MeV.

II. FORMALISM

We start with an overview of the calculation of cross se
tions in Brueckner theory@17,18#. The construction of the
in-mediumG matrix is based on the solution of the Beth
Goldstone equation for the correlated wave functionu in the
various nucleon-nucleon channels characterized by disc
quantum numbersT,S,J,L,L8:

uLL8
TSJ

~W,P,k,r !5 j L~kr !dLL8

14pE
0

`

dr8r 82DL8~W,P,r ,r 8!

3(
L9

VL8L9
TSJ

~r 8! uLL9
TSJ

~W,P,k,r 8! ~1!

with the intermediate propagator

DL8~W,P,r ,r 8!

52
1

2p2E
0

`

dk9 k92
j L8~k9r ! j L8~k9r 8!Q~P,k9!

W2E~P,k9!1 i e
,

~2!

and

W5e~p1!1e~p2!, e~pi !5
pi
2

2m
1ReU~pi ! , ~3!

Q~P,k9!5maxF0,minFP2/41k922kF
2

Pk9
,1G G , ~4!

E~P,k9!5e~p1!1e~p2!, p6
2 5

P2

4
1k926

Q~P,k9!

A3
Pk9 .

~5!
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HereW is the starting energy of the initial nucleon pair wi
total momentum P5up11p2u and relative momentum
k5up22p1u/2, andQ(P,k9), E(P,k9) are the Pauli operato
and energy of the intermediate nucleon pair with relat
momentumk9, respectively. The single-particle potentialU
is determined self-consistently along with theG matrix.

The Pauli operator and two-nucleon energy are angle
eraged in order to allow a partial wave expansion of theG
matrix in the form

^TSn8k8uG~W,P!uknST&5A4p (
J,L,L8

A2L11

3^L8Smn8uJn&^LS0nuJn&

3GLL8
TSJ

~W,P,k8,k! YL8m~q,w!

~6!

(n,n8,m5n2n8 indicating spin orientation!. The solutions
of the Bethe-Goldstone equation determine theG-matrix el-
ements

GLL8
TSJ

~W,P,k8,k!54pE
0

`

dr r 2 j L~k8r !

3(
L9

VLL9
TSJ

~r ! uL9L8
TSJ

~W,P,k,r ! ,

~7!

and the single-particle potentials are then given by the d
onal elements

U~p1!5 (
T,S,J,L

~2T11!~2J11!

~2t111!~2s111!

2

~2p!3

3E d3p2f ~p2! GLL
TSJ~W,P,k,k! ~8!

with the Fermi distributionf (p)5u(kF2p), which, com-
bined with the previous equations, constitutes the s
consistency problem.

The ~dimensionless! in-medium nucleon-nucleon on-she
scattering amplitudesa are related to theG-matrix elements
by

aLL8
TSJ

~W,P,k!52
kM* ~P,k!

4p
GLL8
TSJ

~W,P,k,k!, ~9!

and consequently depend on energyW and total momentum
P of the nucleon pair besides on its relative momentumk
and quantum numbersT,S,J,L,L8. The effective mass of the
two-nucleon system is given by

M* ~P,k!5F]E~P,k!

]k2 G21

. ~10!

For a parabolic single-particle potential~constant effective
mass!, and in general forP50, the two-nucleon effective
mass coincides with the nucleon effective ma
M* (0,k)5m* (k)5@2]e(k)/]k2#21. For the nontrivial case
of mixing by the tensor interaction, the standard parame
zation @19# of the free amplitudes (r50) in terms of phase
shifts d and mixing anglee is as follows (L85L12):
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S aLL aLL8

aL8L aL8L8
D 5S 1

2i
@cos~2e!exp~2idL!21# 2

1

2
sin~2e!exp i ~dL1dL8!

2
1

2
sin~2e!exp i ~dL1dL8!

1

2i
@cos~2e!exp~2idL8!21#

D . ~11!

For the uncoupled partial waves we havee50 and the usual parametrization of amplitudesa in terms of phase shiftsd.
The unpolarized elastic differential and total cross sections in the isospinT50,1 channels are given in terms o

G-matrix elements and scattering amplitudes by@20#

dsT

dV
~W,P,k,q!5

1

~2s111!~2s211! (
S,n,n8

U2
M* ~P,k!

4p
^TSn8k8uG(W,P!uknST&AU2 , ~12a!

sT~W,P,k!5
4p

k2
2

~2s111!~2s211! (
J,S,L,L8

~2J11!uaLL8
TSJ

~W,P,k!u2 , ~12b!
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from which the neutron-neutron, neutron-proton, a
nucleon-nucleon cross sections can be obtained:

snn5s1 , ~13a!

snp5
1
2 ~s01s1! , ~13b!

sNN5 1
2 ~snn1snp!5 1

4 ~s013s1! . ~13c!

The resulting cross sections exhibit the interesting fea
of a strong enhancement in the case of zero total momen
when the interacting nucleons approach the Fermi sur
@21#, which reflects the possibility of the two nucleons bei
able to form a Cooper pair. This can clearly be seen w
considering the propagator Eq.~2! in this case:

DL~W,0,r ,r 8!52
1

2p2E
kF

`

dk k2
j L~kr ! j L~kr8!

W22e~k!1 i e
, ~14!

which is singular forW→2eF due to the use of continuou
single-particle energies in the denominator. In fact at t
point the BHF scheme breaks down and should be sup
mented by a consistent treatment of pairing gaps@22,23#.
This enhancement makes an empirical parametrization o
cross sections rather difficult. However, the effect is o
important for the total momentum close to zero, and a sh
single Fermi surface~zero temperature, infinite nuclear ma
ter!. At the same time, at this point there is a strong supp
re
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sion of the physical scattering process due to the Pauli blo
ing of the final state that is not included in the definition
the cross sections Eq.~12!. For all these reasons we seek f
some method to dispose of this effect by averaging the c
sections in a meaningful way. This averaging will also r
move their dependence onW, P ~and q), that prevents a
simple understanding of the various effects of the nucl
medium where theNN collisions occur, and, more impor
tantly, prevents a simple application in dynamical simu
tions of heavy ion collisions. Therefore average cross s
tions have been proposed@8,9,13# that are more suitable fo
clarifying the separate effects of effective mass, sing
particle spectrum and Pauli blocking. We remind the rea
that the main physical assumption underlying the use of s
effective cross sections@but also the cross sections as suc
Eq. ~12!# is the local thermal equilibrium which has to b
expected in heavy ion collisions for beam energies not
far from the Fermi energy. Otherwise, theG matrix should
be recalculated for each time step during the dynamical e
lution of the distribution functionf (p,r ,t) in each space
point r . This task is for the time being prohibitive, even if w
stick to a local density approximation.

For the purpose of averaging we consider the followi
collisional integrals that provide a weighting of the in
medium cross sections with the final state Pauli operator
the relative velocity of the reacting nucleons~we suppress
the isospin index now!:
I loss~p1!5E d3p2d
3p3d

3p4 f ~p2! f̄ ~p3! f̄ ~p4!d
3~p11p22p32p4!d~e11e22e32e4! (

spin
u^34uGu12&Au2 ~15!

'16p2E d3p2f ~p2! Qpp~P,k!
k

M* ~P,k!
s* ~W,P,k! , ~16!

I gain~p1!5E d3p2d
3p3d

3p4 f̄ ~p2! f ~p3! f ~p4!d
3~p11p22p32p4!d~e11e22e32e4! (

spin
u^34uGu12&Au2 ~17!

'16p2E d3p2 f̄ ~p2! Qhh~P,k!
k

M* ~P,k!
s* ~W,P,k! , ~18!
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with the Fermi functionf (p) and f̄ (p):512 f (p). The appearance of the effective mass of the two-nucleon system, Eq.~10!,
is due to the energy-conservingd function in Eqs.~15! and~17!. The in-medium cross sections* (W,P,k) was defined in Eq.
~12b! ~the star denoting the difference to the free cross section, obtained with the free nucleon mass,M*→m, and the free
T matrix,G→T). In order to arrive at Eqs.~16! and~18!, it was, in line with theG-matrix calculation, necessary to carry o
an angle average for the Pauli operatorf̄ 3 f̄ 4→Qpp(P,k), f 3f 4→Qhh(P,k), and energy (e31e4)→E(P,k) of the final state.
The Pauli operators for a particle-particle or hole-hole pair are explicitly given by

Qpp~P,k!5max@0,min@1z~P,k!,1## , ~19a!

Qhh~P,k!5max@0,min@2z~P,k!,1## , ~19b!

z~P,k!5
P2/41k22kF

2

Pk
.

For the zero-temperature case that we are considering here, the loss integral is nonzero only forp1.kF , and the gain integra
only for p1,kF . In fact, the isospin-averaged integral Eq.~15! is by a dispersion relation closely related to the imaginary p
of the single-particle potential@8,13,18#:

I loss
NN~p1!52~2p!5 Im U~p1! . ~20!

In the same manner the gain contribution to the collisional integral is related to the imaginary part of the rearran
contributionU2 to the mean field@24#:

I gain
NN ~p1!52~2p!5 Im U2~p1! . ~21!

These relations provide an independent check of the numerical procedure.
Guided by the expression Eq.~16! we define the following average cross sections:

^s&1~p1!:5
*d3p2f ~p2! Q~P,k! @k/M* ~P,k!# s* ~W,P,k!

*d3p2f ~p2! @k/M* ~P,k!#
, ~22a!

^s&2~p1!:5
*d3p2f ~p2! Q~P,k! @k/M* ~P,k!# s~W,P,k!

*d3p2f ~p2! @k/M* ~P,k!#
, ~22b!

^s&3~p1!:5
*d3p2f ~p2! Q~P,k! @k/M* ~P,k!# s~k!

*d3p2f ~p2! @k/M* ~P,k!#
. ~22c!
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These definitions are valid forp1.kF ; in the casep1,kF
we use the corresponding gain integrals, i.e., we subst
f (p2)→ f̄ (p2) andQ(P,k)→Qhh(P,k). Also, in this case an
upper limit to the normalization integral in the denomina
has to be provided. We use herep2max5A2kF , which is the
maximum value the momentump2 can assume in the nu
merator.

The first definition~22a! is most closely related to th
collisional integral by weighting the in-medium cross secti
with the relative velocity of the reacting nucleons. Definitio
~22b! uses an in-medium cross sections(W,P,k) evaluated
with the free nucleon mass instead of the effective mass,
M* (P,k) is replaced bym in Eqs.~9! and~12a! ~but not in
the calculation of theG-matrix elements themselves!. This
allows one to extract the modification of the squar
G-matrix elements alone, disregarding the change of the d
sity of states in the medium. Finally, as a reference va
definition ~22c! uses the free cross sections(k), obtained
with the free nucleon mass and freeT matrix.

Our main interest, however, lies not in these effect
cross sections themselves, but in the rat
Ci(p1):5^s& i(p1)/^s&3(p1), i51,2, which signal the im-
te

r

e.,

n-
e,

s

portance of in-medium corrections relative to the free cr
section for the scattering process of a nucleon with mom
tum p1. In particular, ifC1(p1)s(k) would be used in the
collisional integral, one would obtain the same result
evaluated with the full in-medium cross sectio
s* (W,P,k). The functionC1 is therefore of great practica
use as a scaling factor for the free cross section in the
merical simulation.

For the actual calculation of Eqs.~22!, particular attention
has to be paid to the casep1→kF , because then the mo
mentap2 of the Pauli-allowed reaction partners are locat
within a thin shell at the Fermi surface, and the integrand
a strongly varying function of the angle betweenp1 and
p2. This has observable consequences that will be discu
later.

III. RESULTS

We come now to the presentation of our results: We be
in Fig. 1 with a plot of self-consistent single-particle pote
tials ~real and imaginary part! and effective masses. A cha
acteristic feature here is the well-known local enhancem
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of the effective mass near the Fermi surface@18#. This en-
hancement becomes more prominent with decreasing
sity, and in fact prohibits a self-consistent solution of t
BHF scheme belowkF'0.8 fm21 (r/r0'0.2). A fully
self-consistent treatment of single-particle energies and
appearance of pairing gaps and bound states at low dens
is at the moment not available@22,23#. It can be concluded
from this figure that the use of a constant effective m
@8–10# is not appropriate for the determination of ener
dependent in-medium cross sections.

These single-particle potentials and effective masses
used in the evaluation of~average! cross sections accordin
to Eqs.~12! and~22!. A first check of the numerical schem
is the calculation of free scattering phase shifts and cr
sections. These turn out to be in excellent agreement with
results for the phase shifts given in the original referen
@14#, as well as with experimental data on total cross secti
@25#. The free neutron-proton and neutron-neutron cross
tions are displayed in Fig. 2, where we also show for the s
of comparison the results obtained with the ArgonneV14
potential @15#, and with a separable parametrization of t
Paris potential@16#. The agreement with the Argonne resu

FIG. 1. BHF single-particle potentials~upper panel! and effec-
tive masses~lower panel! at three densitiesr/r050.5,1,2. The ver-
tical lines denote the positions of the corresponding Fermi mom
kF51.08,1.36,1.71 fm21. The inset in the lower panel shows th
variation of theglobal effective mass~in the rangek50, . . . ,kF)
with density. The values according to this plot are indicated to
left of the curves in the lower panel.
n-

e
tes

s

re

ss
he
e
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c-
e

~which are based on partial waves up toJ55 as the Paris
calculation! is very good, the deviation at large scatterin
energies in the neutron-neutron channel being mainly du
differences in the3PF2 phase shifts, which do not com
pletely agree in both potentials. The separable parametr
tion of the Paris potential can only be used reliably up
E'150 MeV. Apart from the missing higher partial wave
(J<2), there are substantial deviations from the experim
tal results in particular in theP partial waves at higher en
ergies.

In the same Fig. 2, we show the in-medium cross secti
s* (W,P,k) and s(W,P,k) at nuclear matter density a
functions of the laboratory energyE5(2k)2/2m for two dif-
ferent configurations in momentum space:P50 @the two
nucleons having opposite momenta,p15p25k,
W52e(k)#; and P52k @one nucleon at rest,p150, the
other with momentump25P52k, W5e(0)1e(2k)#. In
general, besides at very low energies, the in-medium c
sectionss(W,P,k) neglecting the modification of the den
sity of states areenhancedcompared to the free ones. Th
enhancement is however completely overcome by the red
tion of the effective mass, so that a sizable suppression
sults for the physical cross sectionss* (W,P,k). Comparing
the two configurations displayed, a prominent feature is
pairing singularity atk5kF for P50. Any finite value of the
total momentum~and/or deviation from our assumptions
zero temperature and an infinite system! will however reduce
this singularity to a mere enhancement of the cross sect
as for example in the second configuration displayed.~In fact
in this case most of the enhancement is due to the mom
tum dependence of the effective mass.! Apart from the pair-
ing singularity, we observe large quantitative differences
tween the two configurations, which demonstrates that i
practical application the rather arbitrary restriction toP50
@7,11,12# is not justified.

In Fig. 3 we display the average nucleon-nucleon~i.e.,
isospin averaged! cross sectionŝs&1, ^s&2, ^s&3, as well as
the ratioŝ s&1 /^s&3 and^s&2 /^s&3 as functions of the mo-
mentump1 for three different densities. The results shown
this figure are forp1.kF based on the loss integral Eq.~15!,
and forp1,kF on the gain integral Eq.~17!. As noted above,
the in-medium cross section̂s&1 is reduced with respect to
the free one,̂s&3, whereas there is a sizable enhanceme
when neglecting the change of the density of states, a
^s&2. The medium modification of the density of states d
to a reduction of the effective nucleon mass obviously co
pletely outweighs the intrinsic enhancement of scatter
amplitudes. In particular at low densities, and when the m
mentump1 approaches the Fermi momentum from abo
there is a strong competition between the the rise of
microscopic cross sections, Eq.~12b!, and the onset of Paul
blocking, leading to a local maximum of the average cro
sections. Ultimately, however, the complete Pauli blocki
forces the average cross sections to vanish at the Fermi
mentum. For sufficiently large momenta~in fact beyond the
maximum valuep155 fm21 that we display! all average
cross sections approach the free cross sections(k). These
curves can be compared with similar results of Ref.@9# in the
framework of relativistic Dirac-Brueckner theory with a di
ferent potential. We find a qualitative agreement, although
general the in-medium suppression is stronger in that wo

ta

e
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FIG. 2. In-medium total neutron-proton and neutron-neutron cross sections at nuclear matter density for vanishing total mo
P50 ~left!, and for the configurationP52k ~right!. The dashed curves include the in-medium modification of the density of states
dotted curves do not. The full curves represent the free cross sections for comparison. The inset compares the free cross section
with different potentials.
di
s

-

an-
This can be traced back to smaller values of~global! effec-
tive nucleon masses that were used.

Coming to the ratios of average cross sections, as
played in the lower part of Fig. 3, the prominent feature i
s-
a

pronounced reduction of the ratiôs&2 /^s&3 on the Fermi
surface, i.e., forp1→kF . ~The transition from the loss inte
gral to the gain integral is continuous at this point.! This is
due to the strong increase of the free cross section with v
The

FIG. 3. Top row: Average nucleon-nucleon cross sections at three densitiesr/r050.5,1,2 as functions of momentump1. The numbers

in brackets indicate the typei of cross section according to Eq.~22!. Bottom row: ratios of average in-medium and free cross sections.
vertical lines denote the positions of the Fermi momentum.
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FIG. 4. Ratio of average in-medium and free cross sections, Eq.~22!, as a function of density for different energie
E5200, . . .,400 MeV in steps of 50 MeV.
ca

t
th
s
i
o
W
he
ng

th

su

t i
al
o

th
th
a

ic

o-
e

f t

fi

and
th
gi-
if-
oton
he
tial

at
sup-
is to
he
m

w
ios
no-
ra-
ishing relative momentum that is probed in this kinemati
situation, as mentioned above. For the ratio^s&1 /^s&3 this
reduction is partly removed due to the local enhancemen
the effective mass near the Fermi surface and a smoo
curve results. The local maximum of the ratios at low den
ties and for momenta slightly above the Fermi surface
linked to the increase of the nonaveraged in-medium cr
sections for momenta in this range, as seen in Fig. 2.
remark, however, that these variations in the vicinity of t
Fermi surface are low-energy features that depend stro
on the temperature of the system@8,10# and on details of the
averaging procedure. In this work we will concentrate on
situation at large momentap1*3 fm21, which is more
stable against increase of temperature. Comparing our re
for ^s&2 /^s&3 with the equivalent ones of Ref.@8#, we find
quantitative deviations that might be due to the fact tha
that reference the free and in-medium collisional integr
were not calculated in the same manner, and, perhaps m
important, that a constant effective mass was used.

Our main interest lies in the density dependence of
cross sections, which is displayed in Fig. 4 separately for
nucleon-nucleon, neutron-neutron, and neutron-proton ch
nels. We plot there the ratioŝs&1 /^s&3 and ^s&2 /^s&3 for
different average scattering energiesE:5p1

2/2m. ~The scat-
tering energy is defined as the kinetic energy of one part
in the frame where the second one is at rest.! In the range
200 MeV,E,400 MeV we observe a smooth and mon
tonic behavior of the resulting curves. We find that the d
pendence on the density of the ratio^s&2 /^s&3 is to a very
good extent linear, whereas the nonlinear dependence o
effective mass on density~see Fig. 1! renders the ratio
^s&1 /^s&3 to be reasonably well described by a quadratic
of the form
l
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^s& i
^s&3

~E,r!'11a i~E!
r

r0
2b i~E!S r

r0
D 2 . ~23!

The coefficientsa i(E),b i(E) of this fit are shown in Fig. 5,
where we finally compare results obtained with the Paris
the ArgonneV14 potential. It is reassuring to see that bo
potentials predict nearly identical results outside their ori
nally intended scope of application. We find only small d
ferences between the neutron-neutron and neutron-pr
channel, with slighty stronger reduction of the latter in t
medium in the case of the Paris potential. The substan
energy dependence of the coefficientsa andb reflects the
fact that the influence of the medium is more pronounced
low energies where the cross sections are more strongly
pressed. In fact we note that this dependence on energy
a good approximation linear, which leads ultimately to t
following very simple parametrization of the in-mediu
nucleon-nucleon cross section:

^s&1
^s&3

~E,r!'12F0.6320.21
E

E0
G r

r0
1F0.1620.06

E

E0
G S r

r0
D 2,

E05200 MeV , ~24!

valid in the rangeE0,E,2E0 and 0,r,2r0.
It should however be emphasized that belo

E'200 MeV these quadratic fits of the cross section rat
do no longer apply. Rather one observes there a nonmo
tonic behavior which reflects the strong variation of the
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FIG. 5. Coefficients of a parabolic fit of the density dependence of average cross section ratios, Eq.~23!, for calculations with the Paris
or the ArgonneV14 potential.
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the
in
tios displayed in Fig. 3 when approaching the Fermi mom
tum corresponding to a given density. Fortunately, in t
low energy domain the Pauli blocking becomes operative
that a less accurate treatment is perhaps possible. V
roughly, the suppression of cross sections at nuclear m
density is about 20–30 % with a sizable dependence on
scattering energy, in accordance with previous estima
@9–13#. A suppression of such order of magnitude seems
be necessary to reproduce the experimental power law
the balance energy as a function of the mass of the
combined ions@1,2#. But we guess that the agreement mig
be improved if one includes a sensitive energy depende
according to our findings.

We finally remark that our results in Fig. 3 also display
strong reduction of the cross sections for collisions bring
nucleons to unoccupied states below the Fermi moment
due to the small values of the effective mass relevant h
~For example, the suppression is larger than 40% at nuc
matter density.! These processes contribute to the gain p
of the collisional integral.

IV. DISCUSSION AND CONCLUSIONS

This paper mainly addresses the microscopic descrip
of heavy ion collisions. In a wide range of the bombardi
energy the dynamics of these reactions is driven by the c
petition between the nuclear mean field and theNN scatter-
ings from the early stage up to freeze-out. A collective o
servable that is very sensitive to this competition is
balance energy since it marks the transition from negativ
positive sideward flow. This is the reason why, in dynami
-
s
o
ry
ter
he
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to
or
o
t
ce

g
m,
e.
ar
rt

n

-

-
e
to
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simulations, it is important to make use of an equation
state where the medium effects are consistently incorpor
in the mean field as well as in theNN cross sections. This
consistency can only be provided by a microscopic fram
work such as the Brueckner theory which is of concern in
calculation of theNN cross sections presented and discus
here. The inputNN interaction in our calculations is the fu
Paris potential that provides a fine reproduction of the
perimental phase shifts for elastic nucleon-nucleon co
sions. Due to the dependence of the cross sections on m
variables an averaging procedure based on collisional i
grals is proposed that, while keeping the main medium
fects, yields momentum and density dependent average c
sections quite suitable to use in dynamical simulatio
These average cross sections are substantially suppre
with respect to the free cross sections due to the reductio
the nucleon effective mass which overcomes the intrin
enhancement of theG-matrix elements. We provided qua
dratic parametrizations of the density dependence of
cross sections at energies above 200 MeV, with energy
pendent coefficients. These features may be probed by
culating collective observables such as the balance energ
the radial flow in different ranges of density. The results
lower energies are strongly influenced by our choice of i
alized conditions, namely infinite system~single Fermi
sphere! at zero temperature, with the modification of singl
nucleon spectra due to pairing gaps neglected. We will fo
on these issues in a future publication.

A more general approach would take into account
relative motion of two pieces of nuclear matter, that is,
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principle, more appropriate to simulateNN scattering in
heavy ion collisions. But, the calculations performed so
suffer strong simplifications. In one case@7# ~BHF with Reid
soft-core potential! the mean field used for the two collidin
nuclear matters is assumed to be the same as the one
single nuclear matter of the same density in equilibrium, th
missing the dynamical effects included in a real se
consistent calculation.~In fact, global effective masses re
ported in Ref.@7# are very similar to ours.! The DBHF cal-
culations of Ref.@13# suffer from the same shortcoming
Here an additional averaging on the momentum of the
coming nucleon is performed in order to define a cross s
tion that depends only on the global variables characteriz
the configuration in momentum space. This approach p
sents ambiguities in the case of overlapping Fermi sphe
which is unfortunately the physically most relevant. In vie
of our findings that the main source of the suppression
in-medium cross sections is the reduction of the density
states due to the effective nucleon mass, a truly s
consistent calculation of cross sections in this appro
seems very valuable. This would imply the dependence
in-medium cross sections~and single-particle potentials! on
even more variables.
-
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Some important aspects of the in-medium cross sect
have been left aside in this paper. The first one is to inve
gate where the effects of the enhancement due to the pa
singularity might be relevant. A good candidate could be
expansion phase of central events in heavy ion collisi
where the system rapidly cools down below the critical te
perature, or a low-energy proton-ion reaction where the c
lisions are supposed to occur in cold nuclear matter. A s
ond aspect is the extension of the calculations to fin
temperature@8,10#, as well as the inclusion of ground sta
correlations in the effective mass@12,24#. Finally, recent ex-
periments performed to determine the balance energy
very asymmetric systems demand for an extension of
present calculations to isospin-asymmetric nuclear ma
@26#. From this investigation important information can b
extracted on the separate effects ofsnn andsnp , the latter
being mainly affected by the tensor component of the nuc
force.
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