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Correlations in the in-medium nucleon-nucleon cross section
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The influence of the ground state correlations on the in-medium nucleon-nucleon cross section is investi-
gated in the framework of an extended Brueckner-Hartree-Fock theory of nuclear matter. The effect of the
correlations is to overwhelm the suppression of the in-medillxhcross section already established in previ-
ous approximations. Moreover the resulting cross section exceeds largely, particularly for neutron-proton
scattering, the free-space values in the low energy rémgaéo 200—250 MeYfor nuclear medium densities
up to two times the saturation density.

PACS numbds): 21.65+f, 24.10.Nz, 25.70.Mn

Transport models are a powerful approach for reproducedence of the mean field which is crucially modified by the
ing the collective observables in heavy-ion collisidihHC) introduction of the correlation term. In the present paper we
and to probe the equation of staf0S of nuclear matter. want to investigate the influence of the correlation potential
The EOS appears in the kinetic equation through the mea@n both theG matrix and the effective mass. Whereas we do
field felt by a nucleon freely traveling between two succes-not expect a significant effect on tii& matrix for the afore-
sive scatterings as well as through the in-medium cross seéaentioned argument, strong modifications have to be ex-
tion of the two nucleon scattering. It is widely recognized Pected on the effective mags], which is of primary impor-
that both quantities must be calculated in the framework of d&nce for calculating the in-medium cross section. .
fully microscopic approach to the many-body problem if any  The BHF approximation extended to the two-hole-line
reliable conclusion on the EOS of nuclear matter is to banean field in order to include ground state correlations is
drawn from dynamical simulation codes based on the transdescribed elsewhe{®,6]. Here we simply recall that in this
port model[1]. The Brueckner theory provides a satisfactoryCase the self-consistent procedure to determine simulta-
starting point for reaching this objective for the twofold rea- N€ouslyG matrix and mean field makes use of the expansion
son that, on one side, it is able to handle the realisti®f the mass operator truncated at the second order in the
nucleon-nucleon interaction by a renormalization procedur&ole-line expansion. The first order tefth (k) is the usual
suitable to prevent any hard-core divergence and, on tthF_pc.)ten_tlal that is the generalization of the HF potentl_al
other side, it can calculate self-consistently and simultacOnsisting in replacing the bare nucleon-nucleon interaction
neously the effective interactio(matrix) giving rise to the ~ With the G matrix. Its expression is

in-medium cross section and the nuclear mean field. There 1
exist in the literature calculations of the in-medilNiN cross Uy(k)=5 > (KK'[GIKK')a. 1)
section using the nonrelativistic Brueckner thed®y3] as k'<ke

well as its relativistic version, the Dirac-Brueckner theory
. . The second order terry
[4]. Although the controversy on the saturation properties of oo - . S
ontribution which takes into account the modifications of
nuclear matter has not yet been solved, nevertheless bo ;
. : . e nuclear matter ground state due to two-particle—two-hole
theories seem to provide comparable medium effects on the ~ . " S
. N Lo excitations. It is given by
nucleon-nucleon scattering. This is an indication thatGhe
matrix is not much affected by the peculiarities of the nuclear U=t 3 [(kk'|G|kiko)al®
mean field. On the contrary, the mean field and the other 2( )_E ok fetke ExTE —Eg —E Fi€
guantities related to it, such as the effective mass, strongly o ! 2
depend upon the order at which the mean field is calculatedhe presence of this term deeply modifies the properties of
in the hole-line expansion. It is well knows,6], in fact, that  the mean field but it does not change the nucleon binding
the second order diagrams in the hole-line expansion give @nergy calculated in the BHF limit of approximati¢8). In
contribution to the mean field which is essential for a com-spite of that, it has been show#8] that the too attractive
parison with the phenomenological optical potential. Thisone-hole-line term(BHF) is largely compensated by the
term, sometimes callecbrrelation potential reduces the at- strong repulsive two-hole-line term in the hole-line expan-
tractive Brueckner-Hartree-FodBHF) potential due to the sion for the binding energy. Within the new approximation,
excitations of the ground state correlated particles. The influwe can investigate how the ground stéges) correlations
ence of the correlation potential has already been investinfluence the effective mass and tBematrix that determine
gated in dynamical simulations of HIC, based on thethe in-mediumNN cross section.
Boltzmann-Nordheim-Vlasov(BNV) equation especially, The NN interaction adopted in the present calculations is
which concerns the prediction on the low-energy transversthe separable version of the Paris interaction, which has been
flows and the balance energy as wdl). The latter quantity —extensively used in nuclear matter calculatidi@$. It in-
seems to be particularly sensitive to the momentum depersludes the channels’S,, 3S,-3D,, Py, %Pg, 3Py, D>,

,(k) is the so-called correlation

2
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3D, and ®P,-3F,. The missing partial waved.¢>2) do not  (like the one of Fig. 1 the real part exhibits a spike at
affect significantly the cross section in the energy domain we= kg which is reminiscent of the singularity due to the pair-
are interested inE, AB<400 Me\). The G matrix is self- ing state of two particles in the channks,. The occurrence
consistently calculated along with the mean field by itera-of this pairing singularity and its effect on HIC has been
tively solving the Bethe-Goldstone equation. The continuougliscussed i13,9]. For higher values of the density the simi-
choice is adopted for the mean field. We call this kind oflarity between the twds matrices is much closer and the
calculation aU, calculation while aU, calculation corre- pairing singularity tends to disappeéhe threshold for'S,
sponds to the BHF approximation. Let us first look at thepairing has been calculated to be about the saturation density
on-energy-shellG matrix. Its diagonal matrix elements at [10]). In Fig. 2 the same comparison is made for tt®
zero total momentum are the only ones required in our apeomponent of theG matrix of the coupled channel3S;-
proximation for evaluating th&IN cross sectiorffor details 3D, which is the most relevant for the low-energy scatter-
see[6]). From the Bethe-Goldstone equation ing between nonidentical particles, i.e., neutron-proton
Aq") scattering. In this case, the difference between the two
_ , / calculations U; and U;+Uy) amounts  to
c@ VNN(qH% V(g )wq—wqu(q ) @ 20%, at most, for the real part of tii& matrix, but it is again
negligible for the imaginary part. For this component the
one can easily realize that the large cancellation occurring i%ingularity is much more pronounced because of a larger
the energy denominator leads to a relatively weak deperbairing in the coupled channefs,-3D, [11].

dence of theG matrix on the mean field. Figure 1 displays = At variance with theG matrix, the effective mass, which
the diagonal elements of thS, component of the& matrix g given by

as a function of the momentum for the baryonic density m m du
p=0.1 fm~2 both in the BHF and extended BHF approxi- M e g (4)
F UKg

mations. This component is dominant in the low-energy scat-

tering between identical particles, i.e., in neutron-neutron ofs strongly affected by the ground state correlations. As can
proton-proton scattering. The effect of includitfp is al-  be seen in Fig. 3, these correlations add a repulsive compo-
most negligible both in the real and imaginary parts of thenent to the mean field with the effect of reducing the depth of
G matrix. We observe that the imaginary part of Bema-  the mean field. In addition, the typical wiggle around the
trix vanishes belowkr . For rather low nucleonic densities Fermi momentum is much more pronounced. The global ef-
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fect is to enhance the effective mass to values even higher m* 2 s )
than the bare mass in a momentum range typical of low- o(0)= 12 2 G (03 )
- . . ar ’ vz
energy NN collisions. The drastic change @f/m* going S§S;

from the first to the second order in the hole-line expansionynere ¢ is the scattering angle and tHe dependence is
raises the problem of the possible convergence of this quanngerstood.GS is obtained summing up all the on-shell
tity, which deserves further investigation as such. The effec.sit

. . . ;. partial wave components corresponding to the same
L P p p g
tive mass enters the expression of the cross section throu% inS (f detail Rel2]). In th f collisi
the initial and final level density. Thus the cross section i 2I'c?/veer?ri(;?a(r)1;§:alepae|1riicslzz idemﬁerlljtroen Cnatlasuetr(())ncgrlzl%r:on
very sensitive to the effective mass, whereas we saw that t . T e ) L
G matrix is not so much affected by the inclusionlj. In E;C;tgghqtgﬁlgggﬁy;\lz’rl]tzt;réatlo:drgquw_e?ent aflrr:lowt.s to a lin-
conclusion we may predict thdN cross section to be very 2 ) a (= 0} as follows:
sensitive to the g.s. correlations. m S siS 2
e ) . 0)=—=—>77 Ge () +(—1)°G: o (7—0)|%,
The G matrix is the scattering amplitude between two o(0) 16m°H* 325’ | stz( )+(=1) stz(ﬁ ) ®)
particles colliding in the nuclear medium. The medium af- ‘
fects.the scgtterlng cross section thr_ough both the P.au\ll'vhere only thel = 1 partial waves are included. Equati@h)
blocking, which prevents the two particles from scattering . : .
) . . an be analytically integrated over to give the total cross
into occupied states, and the mean field due to the surroun d= ction for neutron-proton scattering:
ing nucleons, which they feel during their free motion . The P 9
density of states is related to the self-energy in a given ap- m*2 (2J+1)
proximation and eventually depends upon the effective mass ool E)= 7 2 >, }Gi,SLTZ. 7
m*. In this paper, the calculations of thf& matrix are re- 4mhT & 4w

stricted only to total momentuR =0 so that the laboratory An analogous expression is obtained for the total cross sec-
frame coincides with the center of mass frame. The pairindgion of scattering between identical particles by integrating
singularity, occurring in theG matrix at P=0, has been Eq.(5).

washed out for the reason that even a small amount of total The cross section depends on the energy of the two col-
momentum is enough to make the gap function quite negliliding nucleons, or equivalently, on the energy of one
gible. In heavy-ion collisions, to which the in-medium crossnucleon in the frame where the other one is at rest, and on
section is mainly addressed, the colliding nucleons havéhe density of the surrounding medium that has been sup-
mostly a finite total momentum. In the c.m. frame, the elastigposed to be completely equilibrated. In our calculations, the
differential cross section for an unpolarized neutron-protorenergy range extends up Eo=300 MeV, where the medium

system is given by effects turn out to be the most sizable. Only two values of the
p= 0.15 [fm?] p =035 [fm™]
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nuclear medium densityy=0.15 and 0.35 fm?3, have been now the coupled channeB-D (T=0) gives the dominant
selected, at least for the differential cross section. These awdntribution. The medium effect ind, calculation is once
typical values reached by the density of the compound sysagain a strong enhancement ®f#) in comparison with a
tem formed in an HIC during the expanding and compressindJ ;-calculation. It is much stronger than in the previous case
phase, respectively. In Fig. 4 the differential cross section fotlue to the presence of th&D wave which contains the
scattering between two identical nucleons, igp or n-n largest part of the tensor force. Comparing it with the free
scattering, is displayed for the ener§y=100 MeV. In the  scattering, we observe no medium effects in the forward di-
case of thep-p scattering the Coulomb repulsion has beenrections @< 7/2), but larger and largedeviations are
neglected. The free-space cross section is plotted in compaffieund at backwards angles. Whereg®) in U, calculations
son with the in-medium cross section with correlatiobls, (s still comparable with the results of RéB], the effect of
calculation and without correlations; calculation. The the correlations is to make the anisotropy more remarkable:
U, calculation exhibits the predictable reduction due to thethe forward o(6) is two times o #) but the backward
attractive effects of the nucleonic medium in agreement withvalue is four times at the saturation density of the medium.
other calculations based on different approadhnekativistic At higher density only the backward(6#) stays above
Dirac-Brueckner theor{4] and nonrelativistic Brueckn¢2]  ood 6).

and Green'’s function approachis). The effect of correla- Last, we discuss the total cross section, E), which
tions (U, calculation is a repulsion so strong as to increaseprovides us with an overall picture of the density and the
the in-medium cross section even above the free-space crosaergy dependence BN scattering in the nuclear medium .
section. At higher density, there is an almost perfect compenFigure 6 displayso(E) for proton-proton or neutron-
sation between the attractive and repulsive effect of theneutron collisions(left-hand sidg¢ and for neutron-proton
nuclear medium so that(6) ~ o 6). At low energy, the collisions(right-hand sidgfor two densities. From & ; cal-
cross section is mainly dominated by tBewave but other culation the expected suppression is found in agreement with
channels are also present giving rise to a slight anisotropy. Iprevious microscopic calculatior$,4]. It is easily inter-

the neutron-proton differential cross section at the same erpreted as being due to the attractive action of the surrounding
ergy, showed in Fig. 5, th8 wave (T=1) is still present but nucleonic medium on two colliding nucleons. Includibig
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implies a strong enhancement®f,(E) due to the reduction The influence of the surrounding medium on MM scat-

of attractive action of the effective interaction, i.e., the on-tering cross section has been studied within the BHF theory
shellG matrix, but also to the renormalization of the nucleonextended to include the ground state correlations. This is in
mass. The strong reduction of tBeD component due to the keeping with the influence of the nucleon mean field that this
ground state correlations makes these effects much more siapproach is able to calculate self-consistently along with the
able in the cross section between nonidentical particles. As im-medium scattering amplitude, i.e., on-sh&lmatrix, at
consequence, the in-medium,(E) exceeds the free-space the same level of approximation. These are the two proper-
cross section in an energy domain whose extension depenggs of the EOS to be incorporated into kinetic equations in
on the nucleonic density. In Fig. é;(E) has been plotted order to describe the one-body dynamics of HIC. Skipping
versus the nuclear matter density at the fixed energyany discussion on the effects of the mean field given else-
E=100 MeV in the laboratory frame. The horizontal line \where[1], from the previous results we may predict impor-

represents the free-space cross section. The presence of gght consequences on HIC mainly in the low-energy domain.
correlations enhances the cross section in the domain of depl\—s an effect of the strong enhancement of the in-medium
sities up to two times the saturation value. At higher densnyCrOSS section, especially for neutron-proton collisions, the
oo E) approaches the free scattering value. In fact, at higl

- . 2 rate of collisions would strongly increase as long as the den-
enough density, the attractive nature of the BHF potentia gy g

. . ity is n high. Thi rsinth rl well
balances the repulsive effect of the g.s. correlations and thenty $ not too hig s oceurs In the early stage as well as

oo, TESEMble the free-space cross section, In Fig. 7, the ral the latest steps of the scattering process. In the first case,

sults of Ref.[4] are also reported. The deviation from our pre-equilibrium processes and also the .ngclear stopping
U, calculations is within 50% and even less at high density,poWer would be _affected. In turn, the pred|ct|on on Fhe bal-
but it is much larger from oulJ, calculations. It is worth ance energy,_wh|ch results_from a de_llcate competition be-
noticing that the cross section obtained frotd acalculation ~ WWeen attractive and repulsive scatterings, could remarkably
nicely overlaps the Dirac-Brueckner value. This result Sup_d|verge from previous calculations. In the s_econd case, all
ports the supposition that the difference from BHF calculaProcesses rela_lted t_o the freeze-out could_be influenced by the
tions is not to be attributed to relativistic effects, as claimedPresumable dilatation of the freeze-out time due to the fact
in Ref.[4], but is due to the different content of tensor force the collision rate is still remarkable at low density according
of the Bonn potential with respect to the Paris potential.  to the present predictions.
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