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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 depend&8%56-28187)01605-1

PACS numbdps): 25.70-z, 13.75.Cs, 21.65.f, 24.10.Cn

I. INTRODUCTION [8-12] or two [7,13] Fermi spheres of certain density and

temperature. For this configuration the Brueckii¥e8,12 or

The knowledge of the in-medium modification of Dirac-Brueckner{9,11,13 G matrix (or thermodynamicT
nucleon-nucleon cross sections is of great interest for thatrix [10]) is computed by summing up multiple particle-

numerical simulation of heavy ion collisiofis—7]. At inter-  Particle (and hole-holg interactions. In this paper we will

mediate energies of the order of 100 MeV/nucleon a transirf€main within this framework and discuss the case of infinite

tion from a mean field regime to a hydrodynamic coIIectivenUCIear matter at zero temperature with the Brueck@er

motion occurs. It is signaled by the vanishing of the sideward"atr. The scattering amplitudes obtained in this way thus
collective flow at the balance energy, due to the compensgrc i POrate the effects of nuclear mean field and Pauli block-

. . a}hg in the intermediate propagation of nucleon pairs. The
t!on between the 'O.W'e”efgy atiractive effect of the mearecond ingredient necessary to calculate cross sections is the
field and the repulsive action of nucleon-nucleon collision

. : . . ; Sdensity of states in the medium that is proportional to the
dominant at higher energies. We expect this collective variyomentum dependentffective mass of the nucleons. It is
able to.be quite sensitive to the h|gh-d_en5|ty behavior of theye purpose of this paper to disentangle these two contribu-
in-medium nucleon-nucleon cross sections. In fact, some thgjons, i.e., the modification of the-matrix elements, and the
oretical predictions using free cross sections largely undereghange of the density of states in the medium. It turns out
timate the experimental values of the balance energy calcuhat the latter effect strongly overwhelms the first one which
lated for a wide range of the combined mass of the twaby itself would lead to an increase of cross sections with
colliding nuclei, whereas a reduction of cross sections ofensity.

typically 20% leads to a better, but still not satisfactory Unfortunately, for the sake of practical application, the
agreemenf1,2]. A further observable sensitive to the crossin-medium cross section is a function of too many variables:
sections is the radial flow energy which is due to the converBesides the dependence on scattering arglend relative
sion of thermal and compressional energy to collective enmomenturmk, as in the free scattering case, there is now a
ergy mediated by th&IN scatterings in the latest stages of a dependence on total momenturand total energyV of the
central collision. At low enough density when the scatteringnucleon-nucleon pair, as well as on dengitand tempera-
probability vanishes, freeze-out occurs and the energy corfure T of the medium(even more parameters for the case of
version stops. The magnitude of the freeze-out time detefWo colliding Fermi spheres, which will be discussed later
mines the content of radial flow energy. If a suppression ofporeover, in certain regions of this multiparametric space,
the cross sections is predicted at low density, freeze-out odD€ Cross section might be strongly varying, as, for example,

curs earlier and a suppression of the radial flow energy has t§ the caseP~0, k~kg, where one observes at low tem-
be expected, too. Recent calculations confirm, in fact, thiferatures and densities a strong enhancement of the cross
prediction[1] section due to the onset of pairifj0,12.

Numerous theoretical studies have been carried out in or-. " 0rder to facilitate a practical application in numerical
der to gain insight in the effect of a dense nuclear medium 05|mu|at|o_ns, we will provide n this work smpl@uadra_tla
. . o arametrizations of the density dependence of effective, av-
the scattering amplitudes and cross sections: All the calcul

i rormed oo far rely on {h dition of local thermg|Fage total neutron-neutron and neutron-proton cross sec-
lons performed So far rely on the condition oflocal thermalin g that depend just on one momentum variable. The aver-

equilibrium, i.e., they assume that during the evolution of the,ging procedure we carry out is in line with the occurence of
collision the momentum distribution of nucleons in a givenne cross section in the collisional integral of the BUU equa-
coordinate-space cell is well approximated by either ongjon, and relates the average cross section to the imaginary
part of the in-medium nucleon self-energy. More precisely,
the collision partner of a nucleon with given momentum is
*Present address: Sezione INFN, Universit&atania, Corso Ita- averaged over the Fermi sphere, taking into account the Pauli
lia 57, 1-95129 Catania, Italy. blocking of the final state. The dependence on several vari-
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55 NUCLEON-NUCLEON CROSS SECTIONS IN NUCLEAR MATTER 3007

ables is removed in this way, and we extract a correctiorHereW is the starting energy of the initial nucleon pair with
factor describing the momentum dependent modification ofotal momentum P=|p,+p,| and relative momentum
cross sections in the medium, in the spirit of Ré]. It is  k=|p,—p1|/2, andQ(P,k"), E(P,k") are the Pauli operator
hoped that this factor retains the most prominent dynamicaind energy of the intermediate nucleon pair with relative
effects and can be used realistically in the numerical simulamomentumk”, respectively. The single-particle potentlal
tion of heavy ion collisions. It should be noted, however, thatis determined self-consistently along with t@ematrix.
for this purpose the relevant quantity is not the cross section, The Pauli operator and two-nucleon energy are angle av-
but the reaction rate, proportional to the product of relativeeraged in order to allow a partial wave expansion of @&e
velocity and cross section. We present results for the modithatrix in the form
fication of this observable as well.

Obviously, for reliable and realistic predictions, the use of (TSv'k’|G(W,P)|kpySTY =47 >, 2L+1

a good nucleon-nucleon interaction is mandatory. The results JLL’

reported in this paper are obtained with the Paris potential X (L"Suv'|Iv){LS0v|Iv)
[14] which is known to be in very good agreement with free

scattering phase shifts up to enerdigg~400 MeV, where X GIE,"(W,P,k’,k) Y (9, 9)
inelastic processes start to play a role, anyway. Partial waves

up to 3l are summed for the calculation of cross sections. ©)

We have also carried out independent calculations using they,v',u=v— v’ indicating spin orientation The solutions
Argonne V., potential[15], and the results do not deviate of the Bethe-Goldstone equation determine @enatrix el-
substantially from those with the Paris potential, whereas &ments

separable version of the Paris potentit®] turned out to be

insufficient forE ;=150 MeV. GIS,J(W,P,k’,k)=4TrJ'O drr?j (k'r)

II. FORMALISM

We start with an overview of the calculation of cross sec-
tions in Brueckner theory17,1§. The construction of the @
in-mediumG matrix is based on the solution of the Bethe-

Goldstone equation for the correlated wave function the  and the single-particle potentials are then given by the diag-
various nucleon-nucleon channels characterized by discretenal elements
guantum numbers,S,J,L,L":

X > VoA ul (WPk,r)
LN

(2T+1)(23+1) 2
(2t;+1)(2s;+1) (2m)°

ul W, Pk r)=ju(kn)é Up= 2

+4wfxdr’r’2D (W,P,r,r'")
(070 <[ Eoutipn GIWRIK) @

X2 V() u[SAw,Pk,r') (1) with the Fermi distributionf(p)= 6(ke—p), which, com-

L" bined with the previous equations, constitutes the self-
consistency problem.

The (dimensionlessin-medium nucleon-nucleon on-shell
scattering amplitudea are related to th&-matrix elements

D (WP, r") by

with the intermediate propagator

kM* (P,k)
TSJ TSJ
K'r)jL (K'r")Q(P,K") a (WP K)=——7——G (WPkk), (9

W—-E(P,k")+ie '
@) and consequently depend on eneWfyand total momentum

P of the nucleon pair besides on its relative momentum

1 (= ju
— _ "2
_27740 dk’ k

and and quantum numbef& S,J,L,L". The effective mass of the
two-nucleon system is given by
2
_ _ P JE(P,k)] 1
W_e(pl)+e(p2)l e(pl)_2m+ReU(pl) ) (3) M*(P,k): T (10)
, [ P%a+ k”z—kﬁ For a parabolic single-particle potenti@lonstant effective
Q(P,k")=max 0,min —7——, . (@ mass, and in general foP=0, the two-nucleon effective

mass coincides with the nucleon effective mass:
) , M* (0k)=m* (k) =[2de(k)/3k?] 1. For the nontrivial case
2 P e, QUPKY f mixing by the t interaction, the standard tri
E(P,K")=e(p.)+e(p_), p2=—+k"2= PK' . of mixing by the tensor interaction, the standard parametri-
-4 3 zation[19] of the free amplitudesp(=0) in terms of phase
(5)  shifts § and mixing anglee is as follows ('=L+2):
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2—1i[cos{26)eX|dZi 6)—1] - ;sin(Ze)exp (6 +6)

aL aLL’) _

(11)
aL!L aLrLr

1 1
- Esin(ZE)exp i(6.+6.) z[cos{Za)exp(Zi o)—1]

For the uncoupled partial waves we hase 0 and the usual parametrization of amplitudes terms of phase shifts.
The unpolarized elastic differential and total cross sections in the isoBpif,1 channels are given in terms of
G-matrix elements and scattering amplitudes[ ]

49T WPk, 9)= s MK sk iGw P ks i 12

a0 WPk = s, D2, | T ar (O KICWRIKSDA (129
o(W.P.K) = T 2 S (23+1)|a"S(W,P k) 2 (12b)
TR (25,4 1)(25,+ 1), £ LLA TR :

from which the neutron-neutron, neutron-proton, andsion of the physical scattering process due to the Pauli block-
nucleon-nucleon cross sections can be obtained: ing of the final state that is not included in the definition of
the cross sections E¢L2). For all these reasons we seek for
some method to dispose of this effect by averaging the cross
sections in a meaningful way. This averaging will also re-
move their dependence dW, P (and 9), that prevents a
(130 simple understanding of the various effects of the nuclear
medium where theNN collisions occur, and, more impor-
The resulting cross sections exhibit the interesting featuréantly, prevents a simple application in dynamical simula-
of a strong enhancement in the case of zero total momentuiions of heavy ion collisions. Therefore average cross sec-
when the interacting nucleons approach the Fermi surfacons have been propos¢8,9,13 that are more suitable for
[21], which reflects the possibility of the two nucleons beingclarifying the separate effects of effective mass, single-
able to form a Cooper pair. This can clearly be seen wheiparticle spectrum and Pauli blocking. We remind the reader

Opn=01 , (139
Unp:%(0'0+0'1) ) (13b

1 1
ONNT E(O'nn+0'np): i(oot30y) .

considering the propagator E) in this case: that the main physical assumption underlying the use of such
effective cross sectionbut also the cross sections as such,
. 1 (= Ju(kr)j(kr”) Eq. (12)] is the local thermal equilibrium which has to be
DL(W,0r,r)=~ ﬁkodk 3 W—2e(k)+ie ’ (14) expected in heavy ion collisions for beam energies not too

far from the Fermi energy. Otherwise, tk& matrix should
which is singular folW— 2er due to the use of continuous be recalculated for each time step during the dynamical evo-
single-particle energies in the denominator. In fact at thidution of the distribution functionf(p,r,t) in each space
point the BHF scheme breaks down and should be supplgsointr. This task is for the time being prohibitive, even if we
mented by a consistent treatment of pairing gép2,23.  stick to a local density approximation.
This enhancement makes an empirical parametrization of the For the purpose of averaging we consider the following
cross sections rather difficult. However, the effect is onlycollisional integrals that provide a weighting of the in-
important for the total momentum close to zero, and a sharmedium cross sections with the final state Pauli operator and
single Fermi surfacézero temperature, infinite nuclear mat- the relative velocity of the reacting nucleofwe suppress
ter). At the same time, at this point there is a strong suppresthe isospin index noyw

losd P1) = f d%p,d3p3d3p, F(P2)f(Pa)f(Pa) 83 (Py+P2—Ps—Pa) Sler+ e —e3—ey) ng‘qulZ)AF (15)
k

~16772f dp,f(p,) Qpp(P,k)mU*(W,P,k) , (16)

| gair( P1) = f d®p,d3pad®ps f(P2)fF(Pa)f(Pa) 3Pyt Pa—Pa—Pa) S(er+ €~ e3—ey) §TI<344GI12>AI2 (17)

— k
”16772f d®p,f(py) th(P,k)mU*(W,P,k) , (18)
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with the Fermi functiorf (p) andf(p):=1—f(p). The appearance of the effective mass of the two-nucleon systeril @&g.
is due to the energy-conservidfunction in Eqs.(15) and(17). The in-medium cross sectiari* (W,P,k) was defined in Eq.
(12b) (the star denoting the difference to the free cross section, obtained with the free nucleoMrhass), and the free
T matrix, G—T). In order to arrive at Eqg16) and(18), it was, in line with theG-matrix calculation, necessary to carry out

an angle average for the Pauli operattgf,— Q,,(P,K), f3f4—Qnn(P,k), and energy €;+e,) —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)=max{ 0,min +2z(P,k),1]] , (199

Qnn(P,k)=max{0,min —z(P,k),1]] , (19b
P24+ k2 —kE

z(P,k)=T .

For the zero-temperature case that we are considering here, the loss integral is nonzeromnikfarand the gain integral
only for p;<kg. In fact, the isospin-averaged integral Efj5) is by a dispersion relation closely related to the imaginary part
of the single-particle potenti§B,13,18:

INN(py)=—(2m)% Im U(p,) . (20)

In the same manner the gain contribution to the collisional integral is related to the imaginary part of the rearrangement
contributionU,, to the mean field24]:

Iom(p1)=—(2m)% Im U(p,) . (21)

These relations provide an independent check of the numerical procedure.
Guided by the expression E(L6) we define the following average cross sections:

Jd3p,f(p2) Q(P.K) [K/M*(P,K)] o* (W,P,k)

e ot T30 (p2) [KIM (P K)] ' (223

o)alpui= F&p2f(po) [KIM* (P.K)] ' @2
3 *

oy oy 1P (D) QP M (P k) 220

Jd3p,f(p,) [KIM*(P,k)]

These definitions are valid fqu;>kg; in the casep;<kg portance of in-medium corrections relative to the free cross
we use _the corresponding gain integrals, i.e., we substituteection for the scattering process of a nucleon with momen-
f(p,)— f(p,) andQ(P,k) — Qnn(P,K). Also, in this case an tum p;. In particular, if C1(p;1)o(k) would be used in the
upper limit to the normalization integral in the denominator collisional integral, one would obtain the same result as
has to be provided. We use hgrg.,= J2ke , which is the evaluated with the full in-medium cross section
maximum value the momentumz can assume in the nu- o* (W,P,k) The fUnCtionC]_ is therefore of great praCtica.I
merator. use as a scaling factor for the free cross section in the nu-
The first definition(22a is most closely related to the Mmerical simulation.
collisional integral by weighting the in-medium cross section ~ For the actual calculation of Eq&22), particular attention
with the relative velocity of the reacting nucleons. Definition has to be paid to the cagg—kg, because then the mo-
(22b) uses an in-medium cross sectiofiW, P k) evaluated Mmentap, of the Pauli-allowed reaction partners are located
with the free nucleon mass instead of the effective mass, i.eWithin a thin shell at the Fermi surface, and the integrand is
M* (P,k) is replaced bym in Egs.(9) and(12a (butnotin & strongly varying function of the angle between and
the calculation of theG-matrix elements themselvesThis ~ P2. This has observable consequences that will be discussed
allows one to extract the modification of the squaredlater.
G-matrix elements alone, disregarding the change of the den-
sity of states in the medium. Finally, as a reference value,
definition (220 uses the free cross sectier{k), obtained
with the free nucleon mass and fréematrix. We come now to the presentation of our results: We begin
Our main interest, however, lies not in these effectivein Fig. 1 with a plot of self-consistent single-particle poten-
cross sections themselves, but in the ratiodials (real and imaginary parand effective masses. A char-
Ci(py):={0o)i(p1)/{a)s(p1), i=1,2, which signal the im- acteristic feature here is the well-known local enhancement

Ill. RESULTS
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FIG. 1. BHF single-particle potentialsipper pangland effec-
tive masseglower panel at three densitiep/py=0.5,1,2. The ver-
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(which are based on partial waves upxe5 as the Paris
calculation is very good, the deviation at large scattering
energies in the neutron-neutron channel being mainly due to
differences in the>PF, phase shifts, which do not com-
pletely agree in both potentials. The separable parametriza-
tion of the Paris potential can only be used reliably up to
E~150 MeV. Apart from the missing higher partial waves
(J=<2), there are substantial deviations from the experimen-
tal results in particular in th@ partial waves at higher en-
ergies.

In the same Fig. 2, we show the in-medium cross sections
o*(W,P,k) and o(W,P,k) at nuclear matter density as
functions of the laboratory enerds= (2k)2/2m for two dif-
ferent configurations in momentum spade=0 [the two
nucleons having opposite momenta,p;=p,=K,
W=2e(k)]; and P=2k [one nucleon at restp;=0, the
other with momentump,=P=2k, W=¢e(0)+e(2k)]. In
general, besides at very low energies, the in-medium cross
sectionso (W, P,k) neglecting the modification of the den-
sity of states arenhancedcompared to the free ones. This
enhancement is however completely overcome by the reduc-
tion of the effective mass, so that a sizable suppression re-
sults for the physical cross sectioa$ (W, P,k). Comparing
the two configurations displayed, a prominent feature is the
pairing singularity ak=kg for P=0. Any finite value of the
total momentum(and/or deviation from our assumptions of
zero temperature and an infinite sysjenill however reduce
this singularity to a mere enhancement of the cross section,
as for example in the second configuration displayedfact
in this case most of the enhancement is due to the momen-
tum dependence of the effective magspart from the pair-
ing singularity, we observe large quantitative differences be-
tween the two configurations, which demonstrates that in a

tical lines denote the positions of the corresponding Fermi momentgractical application the rather arbitrary restrictionRe-0
ke=1.08,1.36,1.71 fm'. The inset in the lower panel shows the [7,11,17 is not justified.

variation of theglobal effective masgin the rangek=0, ... kg)

In Fig. 3 we display the average nucleon-nuclgas.,

with density. The values according to this plot are indicated to thqsospin averagectross sectionéa), (o),, ()3, as well as
left of the curves in the lower panel. j X !

of the effective mass near the Fermi surft8]. This en-

the ratios(o),/{o)3 and{o),/{a)4 as functions of the mo-
mentump, for three different densities. The results shown in
this figure are fop;>kg based on the loss integral E4.5),

hancement becomes more prominent with decreasing demnd forp;<kg on the gain integral Eq17). As noted above,
sity, and in fact prohibits a self-consistent solution of thethe in-medium cross sectidmr), is reduced with respect to

BHF scheme belowke~0.8 fm 1 (p/py=~0.2). A fully

the free one{ )3, whereas there is a sizable enhancement-

self-consistent treatment of single-particle energies and thehen neglecting the change of the density of states, as in
appearance of pairing gaps and bound states at low densitités),. The medium modification of the density of states due

is at the moment not availab[@2,23. It can be concluded

to a reduction of the effective nucleon mass obviously com-

from this figure that the use of a constant effective masgletely outweighs the intrinsic enhancement of scattering
[8—10 is not appropriate for the determination of energyamplitudes. In particular at low densities, and when the mo-
dependent in-medium cross sections.
These single-particle potentials and effective masses atféiere is a strong competition between the the rise of the
used in the evaluation dfiverage cross sections according microscopic cross sections, Ed2b), and the onset of Pauli
to Egs.(12) and(22). A first check of the numerical scheme blocking, leading to a local maximum of the average cross
is the calculation of free scattering phase shifts and crossections. Ultimately, however, the complete Pauli blocking
sections. These turn out to be in excellent agreement with thierces the average cross sections to vanish at the Fermi mo-
results for the phase shifts given in the original referencementum. For sufficiently large momentia fact beyond the
[14], as well as with experimental data on total cross sectionsnaximum valuep;=5 fm~! that we display all average
[25]. The free neutron-proton and neutron-neutron cross se@foss sections approach the free cross seciifh). These
tions are displayed in Fig. 2, where we also show for the sakeurves can be compared with similar results of Refin the

of comparison the results obtained with the Argoriig

mentump; approaches the Fermi momentum from above,

framework of relativistic Dirac-Brueckner theory with a dif-

potential[15], and with a separable parametrization of theferent potential. We find a qualitative agreement, although in
Paris potential 16]. The agreement with the Argonne results general the in-medium suppression is stronger in that work.
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FIG. 2. In-medium total neutron-proton and neutron-neutron cross sections at nuclear matter density for vanishing total momentum,
P=0 (left), and for the configuratio?= 2k (right). The dashed curves include the in-medium modification of the density of states; the

dotted curves do not. The full curves represent the free cross sections for comparison. The inset compares the free cross sections evaluatec
with different potentials.

This can be traced back to smaller valueqglbba) effec-  pronounced reduction of the rati@r),/(o); on the Fermi

tive nucleon masses that were used. surface, i.e., fop;—kg. (The transition from the loss inte-
Coming to the ratios of average cross sections, as diggral to the gain integral is continuous at this poirithis is

played in the lower part of Fig. 3, the prominent feature is adue to the strong increase of the free cross section with van-

p/py,=0.5 p/p,=1.0 p/p,=2.0
so FF 7 .7 T o] T T T T 1 ]
w Yo + + ]
2 ENEAN N ]
g FY | e I\ I ]
7{_ 30 i ) S F Y | o e e
bé 20 F { oo + IS & s
v : I e ¥
10 F + N\ |/ o r
0 - i | A —
1.2 3
/\% 1
9 os o
A 06 T
bé 04 _:l' -
v ]
0.2 E
0 L — P — PRI NI SR S N RS S |
0 2 4 0 2 4 0 2 4

p, (fm™) p, (fm™) p, (fm™)

FIG. 3. Top row: Average nucleon-nucleon cross sections at three densitigs 0.5,1,2 as functions of momentup. The numbers

in brackets indicate the typeof cross section according to E@2). Bottom row: ratios of average in-medium and free cross sections. The
vertical lines denote the positions of the Fermi momentum.
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FIG. 4. Ratio of average in-medium and free cross sections, B8), as a function of density for different energies
E=200, ...400 MeV in steps of 50 MeV.

ishing relative momentum that is probed in this kinematical (o) p p\?

situation, as mentioned above. For the rgtig, /(o) this W(E,p)~1+ a’i(E)__IBi(E)<_> N VX )
reduction is partly removed due to the local enhancement of 3 Po Po

the effective mass near the Fermi surface and a smoother

curve results. The local maximum of the ratios at low densi-the coefficientsy;(E), 8;(E) of this fit are shown in Fig. 5,

ties and for momenta slightly above the Fermi surface isyhere we finally compare results obtained with the Paris and
linked to the increase of the nonaveraged in-medium crosghe ArgonneV,, potential. It is reassuring to see that both
sections for momenta in this range, as seen in Fig. 2. W@otentials predict nearly identical results outside their origi-
remark, however, that these variations in the vicinity of thena“y intended scope of application. We find only small dif-
Fermi surface are low-energy features that depend strongh¢rences between the neutron-neutron and neutron-proton
on the temperature of the syst¢8)10] and on details of the = channel, with slighty stronger reduction of the latter in the
averaging procedure. In this work we will concentrate on themedium in the case of the Paris potential. The substantial
situation at large momentp,=3 fm™*, which is more  energy dependence of the coefficientsand 3 reflects the
stable against increase of temperature. Comparing our resulfgct that the influence of the medium is more pronounced at
for (o), /()3 with the equivalent ones of Reff8], we find  ow energies where the cross sections are more strongly sup-
quantitative deviations that might be due to the fact that inpressed. In fact we note that this dependence on energy is to
that reference the free and in-medium collisional integraly good approximation linear, which leads ultimately to the

were not calculated in the same manner, and, perhaps mofgllowing very simple parametrization of the in-medium
important, that a constant effective mass was used. nucleon-nucleon cross section:

Our main interest lies in the density dependence of the
cross sections, which is displayed in Fig. 4 separately for the
nucleon-nucleon, neutron-neutron, and neutron-proton chafo), E
nels. We plot there the ratidsr),/(o); and(o),/{c)3 for E(E'P)%l_[o-%_ 0'2]E_0
different average scattering energies= p§/2m. (The scat-
tering energy is defined as the kinetic energy of one particle
in the frame where the second one is at jest.the range E,=200 MeV , (24)
200 MeV<E<400 MeV we observe a smooth and mono-
tonic behavior of the resulting curves. We find that the de-
pendence on the density of the rafi@), /(o) is to a very  valid in the rangeEy<E<2E, and 0<p<2p.
good extent linear, whereas the nonlinear dependence of the It should however be emphasized that below
effective mass on densitysee Fig. 1 renders the ratio E~200 MeV these quadratic fits of the cross section ratios
(o)1/{0)3 to be reasonably well described by a quadratic fitdo no longer apply. Rather one observes there a nonmono-
of the form tonic behavior which reflects the strong variation of the ra-
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FIG. 5. Coefficients of a parabolic fit of the density dependence of average cross section rati{@8),Eor calculations with the Paris
or the ArgonneV,, potential.

tios displayed in Fig. 3 when approaching the Fermi momensimulations, it is important to make use of an equation of
tum corresponding to a given density. Fortunately, in thisstate where the medium effects are consistently incorporated
low energy domain the Pauli blocking becomes operative, s¢n the mean field as well as in tHéN cross sections. This
that a less accurate treatment is perhaps possible. Vegonsistency can only be provided by a microscopic frame-
roughly, the suppression of cross sections at nuclear mattgjork such as the Brueckner theory which is of concern in the
density is about 20—-30 % with a sizable dependence on thgy|culation of theNN cross sections presented and discussed
scattering energy, in accordance with previous estimatefere. The inpuNN interaction in our calculations is the full

E)Q—l?ﬂ. A suppression gf SUC?] order of magnlitude se?ms ftclbaris potential that provides a fine reproduction of the ex-
€ necessary to reproduce the experimental power law Q¢ nania| phase shifts for elastic nucleon-nucleon colli-

::r;emgﬁ:zgciingqeé?yBﬁtsvxz qugggTh;I tLh:am;Sesmgmﬂ:ﬁi trv]\; ions. Due to the dependence of the cross sections on many
iy 9 9 I ariables an averaging procedure based on collisional inte-

ggcl(;?gifg?g gu??ﬁlé?ncéides a sensitive energy dependencgerals is proposed that, while keeping the main medium ef-

We finally remark that our results in Fig. 3 also display afECtS_’ yields _mome_ntum and dens_ity depend_ent average cross
strong reduction of the cross sections for collisions bringing€Ctions quite suitable to use in dynamical simulations.
nucleons to unoccupied states below the Fermi momentu ,hese average cross sections are substantially suppressed
due to the small values of the effective mass relevant herdVith respect to the free cross sections due to the reduction of
matter density. These processes contribute to the gain par€hhancement of th&-matrix elements. We provided qua-

of the collisional integral. dratic parametrizations of the density dependence of the
cross sections at energies above 200 MeV, with energy de-
IV. DISCUSSION AND CONCLUSIONS pendent coefficients. These features may be probed by cal-

culating collective observables such as the balance energy or

This paper mainly addresses the microscopic descriptiothe radial flow in different ranges of density. The results at
of heavy ion collisions. In a wide range of the bombardinglower energies are strongly influenced by our choice of ide-
energy the dynamics of these reactions is driven by the comalized conditions, namely infinite systergsingle Fermi
petition between the nuclear mean field and B¢ scatter-  spherg at zero temperature, with the modification of single-
ings from the early stage up to freeze-out. A collective ob-nucleon spectra due to pairing gaps neglected. We will focus
servable that is very sensitive to this competition is theon these issues in a future publication.
balance energy since it marks the transition from negative to A more general approach would take into account the
positive sideward flow. This is the reason why, in dynamicalrelative motion of two pieces of nuclear matter, that is, in
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principle, more appropriate to simulatéN scattering in Some important aspects of the in-medium cross sections
heavy ion collisions. But, the calculations performed so farhave been left aside in this paper. The first one is to investi-
suffer strong simplifications. In one cas@ (BHF with Reid  gate where the effects of the enhancement due to the pairing
soft-core potentialthe mean field used for the two colliding singularity might be relevant. A good candidate could be the
nuclear matters is assumed to be the same as the one foregpansion phase of central events in heavy ion collisions
single nuclear matter of the same density in equilibrium, thusvhere the system rapidly cools down below the critical tem-
missing the dynamical effects included in a real self-perature, or a low-energy proton-ion reaction where the col-
consistent calculation(In fact, global effective masses re- lisions are supposed to occur in cold nuclear matter. A sec-
ported in Ref[7] are very similar to our$.The DBHF cal- ond aspect is the extension of the calculations to finite
culations of Ref.[13] suffer from the same shortcoming. temperaturd8,10], as well as the inclusion of ground state
Here an additional averaging on the momentum of the incorrelations in the effective mag$2,24. Finally, recent ex-
coming nucleon is performed in order to define a cross segeriments performed to determine the balance energy for
tion that depends only on the global variables characterizingery asymmetric systems demand for an extension of the
the configuration in momentum space. This approach prepresent calculations to isospin-asymmetric nuclear matter
sents ambiguities in the case of overlapping Fermi sphere$§26]. From this investigation important information can be
which is unfortunately the physically most relevant. In view extracted on the separate effectsogf, and o, the latter

of our findings that the main source of the suppression obeing mainly affected by the tensor component of the nuclear
in-medium cross sections is the reduction of the density oforce.
states due to the effective nucleon mass, a truly self-
consistent calculation of cross sections in this approach

. ) ACKNOWLEDGMENTS
seems very valuable. This would imply the dependence of
in-medium cross section@nd single-particle potentigl®n We acknowledge useful discussions with P. Danielewicz,
even more variables. A. Sedrakian, and H. Wolter.

[1] P. Danielewicz, inProceedings of the 1st International Con- [11] G. Q. Li and R. Machleidt, Phys. Rev. 48, 1702(1993; 49,
ference on Critical Phenomena and Collective Observables, 566 (1994.
CRIS96 Acicastello, 1996, edited by A. Insoliet al. (World [12] G. Giansiracusa, U. Lombardo, and N. Sandulescu, Phys. Rev.
Scientific, Singapore, 1996 C 53 R1478(1996.

[2] G. D. Westfallet al, Phys. Rev. Lett71, 1986(1993. [13] C. Fuchs, L. Sehn, and H. H. Wolter, Nucl. Phye501, 505

[3] S. Soff, S. A. Bass, C. Hartnack, H. 8t@r, and W. Greiner, [14] ﬁgﬁgé;‘r'nEsgtna?nghi'/'sHh\é\\//()lg"lb'géf?fglé;n(1996'
Phys. Rev. (51, 3320(1995. ' ¥ ) ) f )

[15] R. B. Wiringa, R. A. Smith, and T. L. Ainsworth, Phys. Rev. C

[4] T. Alm, G. Ropke, W. Bauer, F. Daffin, and M. Schmidt, Nucl. 29, 1207(1984.

Phys.A587, 815(1995. [16] J. Heidenbauer and W. Plessas, Phys. Re®0,d822(1984);
[5] A. Insolia, U. Lombardo, N. G. Sandulescu, and A. Bonasera, 32, 1424(1985.

Phys. Lett. B334, 12 (1994. [17] K. A. Brueckner and J. L. Gammel, Phys. Re\09 1023
[6] V. de la Mota, F. Sebille, M. Farine, B. Remaud, and P. (1958.

Schuck, Phys. Rev. @6, 677 (1992. [18] J.-P. Jeukenne, A. Lejeune, and C. Mahaux, Phys. R&@,
[7] T. Izumoto, S. Krewald, and A. Faessler, Nucl. Ph#841, 83 (1976.

319(1980:; M. Trefz, A. Faessler, and W. H. Dickhoffid. [19] H. P. Stapp, Phys. Rew03 425 (1956; 105 302 (1957)?_

A443, 499(1985; A. Bohnet, N. Ohtsuka, J. Aichelin, R. Lin- Ta-You Wu and T. OhmuraQuantum Theory of Scattering

(Prentice-Hall, Englewood Cliffs, NJ, 1952

den, and A. \ ) .
en, and A. Faessleibid. A494, 349 (1989; J. Jaicke, J [20] G. R. SatchlerDirect Nuclear ReactiongClarendon Press,

Aichelin, N. Ohtsuka, R. Linden, and A. Faesslibid. A536, Oxford, 1983.

Lehmann, A. Faessler, J. Zipprich, R. K. Puri, and S. W. Strayer, and J. M. Irvine, Phys. Rev. 10, 2423(1974.
Huang, Z. Phys. A355 55 (1996. [22] M. F. Jiang and T. T. S. Kuo, Nucl. Phy&481, 294 (1988.
[8] J. Cugnon, A. Lejeune, and P. Grange, Phys. Re85(R861  [23] B. E. Vonderfecht, C. C. Gearhart, W. H. Dickhoff, A. Polls,

(1987; A. Lejeune, P. Grange, M. Martzolff, and J. Cugnon, and A. Ramos, Phys. Lett. B53 1 (199J).

Nucl. Phys.A453, 189(1986. [24] M. Baldo, I. Bombaci, G. Giansiracusa, U. Lombardo, C. Ma-
[9] B. ter Haar and R. Malfliet, Phys. Rev. 35, 1611(1987. haux, and R. Sartor, Phys. Rev4@, 1748(1990; Nucl. Phys.
[10] M. Schmidt, G. Rpke, and H. Schulz, Ann. Phyg\.Y.) 202, A545, 741(1992; H. S. Kahler and R. Malfliet, Phys. Rev. C

57 (1990; A. Sedrakian, D. Blaschke, G. Rke, and H. 48, 1034(1993.

Schulz, Phys. Lett. B38 111(1994; T. AIm, G. Rgpke, and  [25] C. Lechanoine-LeLuc and F. Lehar, Rev. Mod. Ph§5. 47

M. Schmidt, Phys. Rev. GO, 31 (1994; A. Sedrakian, G. (1993.

Ropke, and T. Alm, Nucl. PhysA594, 355 (1995. [26] I. Bombaci and U. Lombardo, Phys. Rev.4@, 1892(1991).



