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Elastic nucleon-nucleon cross section in nuclear matter at finite temperature
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We calculate the elastic nucleon-nucleon cross section in symmetric nuclear matter at finite temperature by
determining the nonrelativistic in-medium scattering matrix with a realistic nucleon-nucleon potential. We
define average in-medium cross sections depending on density and temperature and provide simple parametri-
zations for the use in numerical simulations of heavy-ion collisions. The effect of hole-hole propagation in the
nuclear medium is found to be smdl80556-281&8)01802-0

PACS numbgs): 25.70-z, 21.30.Fe, 13.75.Cs, 21.64.

The description of nuclear matter as function of tempera- A N2(k,P)
ture and density, i.e., the nuclear equation of s(&@S9), is o(k,P,W,p,T)=— : > (23+1)
of high interest. A wide variety of heavy-ion experiments is k? (251+1)(2s,+ l)S,J,L,L’
aimed at knowledge of the behavior of the expanding, hot, (3 )
and dense hadron gas. In heavy-ion collisidghC’s) at X|G (k. k,PW)[%, @

bombarding energies up to 250 MeV/nucleon, nucleons are . , ,

the relevant degrees of freedom and a nonrelativistic aphich is a function of the relative momentuky the total
proach is assumed to be a good approximation. Recent exdomentumP, and the energyV of the nucleon pair, as well
perimental results concerning the caloric curve of nuclea®s the nucleon density and temperatur&. The in-medium
matter[1], the formation of intermediate mass fragmeli@y ~ Scattering matrix is the solution of the integral equation
and the occurrence of collective floM3] probe various as-

pects of the EOS. _ , Q ,
A theoretical description of heavy-ion collisions has to GLW] V+E, Vipp >W—E+ie<pp GWI, @

face many difficulties since the process is extremely far from ’

equilibrium.  Transport-model equations such as thewhere E=e(p)+e(p’) is the energy of the intermediate

Boltzmann-Uehling-UhlenbeckBUU) model are a well- two-nucleon state. The single-particle energies are deter-

established method to simulate the space-time evolution ghined along with theG matrix in a self-consistent scheme

such collisiong4-10]. A basic ingredient for these calcula- according to the equation

tions is the elastic nucleon-nucleon scattering cross section

[11]. In order to describe the scattering process in the hot and p? p?
dense hadron gas, medium modifications of the free cross e(p):ﬁﬁLU(p):erRez f(p")(pp'l
section have to be taken into account. P’

It is the purpose of this article to extend our previous X Gle(p)+e(p)]lpp)a, 3

publication[12], where we performed a zero temperature

calculation within Brueckner theory, to give an estimate ofwhere f(p)={1+exge(p)—u)/T} ! denotes the Fermi dis-
the temperatureand density behavior of the in-medium tribution for a given temperature and chemical potential
nucleon-nucleon cross section. Besides the extension to finite The angle-averaged Pauli opera@rin Eq. (2) restricts
temperature, we investigate also the effect of including holethe intermediate propagation to either only particle-particle
hole scattering processes in the in-medium interaction, i.estates G matrix) or including hole-hole statesT(matrix),

the t_ransition_from the Brueckn@ matrix to the thermody- Qg=Qpp, Qr=Qpp— Qpn, With

namicT matrix (see also, e.g., Ref13]). 40

We use a separable version of a realistic nucleon-nucleon
interaction[Bonn relativistic momentum space one-boson- Qpp(k’P):jE[l_f(P/2+ KIL=F(P2=k)],
exchangd OBEPQ potential[14]], as given by Plessa al. (48
[15], and restrict to intermediate scattering enerdies400
MeV, where inelastic channelsA(resonanceare not yet
open.

As for a detailed derivation of the in-medium nucleon-
nucleon cross section in th® and T matrix approach we (€ denotes the solid angle spanned by We emphasize,
refer the reader to previous articlg,16,17. Here, we only  however, that for the self-consistent determination of the
sketch out the basic formulas, starting from the definition ofsingle-particle energid€gs.(2) and(3)] we always use the
the total cross section in terms of t@eor T matrix elements  Brueckner-Hartree-Fock prescriptidd8] and do not con-

(t denoting total isospin sider the hole-hole contributions. Including these leads to a

do
th(k,P)szf(P/ZwL K)f(P/2—K). (4b)
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. nuclear matter One notes a rather weak temperature depen-
T = 10 MeV -4 dence, although the wiggle in the vicinity of the Fermi mo-
- mentum, which is still present at the lowest temperat@re

MeV) and leads to a considerable enhancement of the effec-
tive mass neakg, is wiped out with increasing temperature
[18]. This result is in accordance with the calculations of
Lejeuneet al.[19].

In previous publications we reported extensively on the
behavior of the cross section, Hd), as function of tempera-
ture, density, and total momentufi7]. In particular, we

-20

40 b
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-80

U(p) [MeV]

-100 |+

T T8 Mey --=- p=py2 showed that a singularity in the cross section occurs for low
—-——-T=1 ——-p=p, .

20 | Tiiimmey | ek, temperatures as a precursor effect of the onset of superfluid-
e T = 30 MeV

ity. This phenomenon made it difficult to give an overall
-140 e e estimate of the cross section in a large range of temperature
00 0. 10 15 20 25 00 05 10 15 20 25 3.0 . . .
o fm] p [fm] and density. However, during the evolution of a HIC’s be-
fore the freeze-out, the values of density, temperature, and
FIG. 1. Single-particle potentials as a function of the momentumtotal momentum of single pairs are such that the superfluid
p at fixed densityp = p, and various temperaturéieft) and at fixed ~can hardly occur. Moreover, the application to transport-
temperaturél =10 MeV for various values of the densitsight). model simulations does not demand keeping the full depen-
dence of the cross section upon all variables, but a suitable
pairing singularity in theT matrix below a certain critical averaging procedure can be applied much the same as has
temperature in accordance with the Thouless critefifl.  been done for zero temperature in Rf2]. In accordance
This effect prevents a self-consistent calculation of thewith the loss term of the collisional integral in the Boltzmann
single-particle energies in thematrix approach at low tem- equation we define

perature.
The second ingredient of E(fL) is the generalized density

of statesN, defined as d3p2f(p2)Qpp(k,P)0'NN(k,P)/N(k,P)

« py— | FEGP)] (o) (p1)= :
NCGPY= =5 ©® f 0, f (p,)/N(K,P)

with the angle-averaged two-particle energy ©)

dQ . .
E(k,P)= f 2 [e(Pi2+ k) +e(P2=K)]. (6)  with P=p;+p, andk=(p,—p,)/2. Then, we end up with an

average cross section that depends besides on an average
scattering energ¥: =p§/2m only on temperature and den-
sity. In order to investigate the in-mediumodification of
M* (k,P) the cross section we also define an average free cross section
N(k,P)=——F — (7)  (oxeo, having the same structure as H§), but with the
in-medium cross sectiooyn(k,P,p,T) replaced by the free
In Ref. [12] it was demonstrated that in fact this quantity Cross sectioredK).

It is related to the two-nucleon effective md4d®] via

dominates the in-medium modificatiqsuppressionof the In Fig. 2 we display the average cross sections calculated
cross section by counteracting a weaker enhancement of tiggcording to this procedure using the in-meditimatrix. In
in-mediumG matrix elements. the upper panel of Fig. 2 we shaw) as a function o for

Another important result of Ref12] was the fact that, as Several values of density and temperature. Generally, one
far as in-medium effects are concerned, there is very littiobserves an overall reduction of the in-medium cross section
difference between the proton-proton and the proton-neutrofompared to the free onghin lineg. As discussed more
cross sections. In the present article we can therefore restrigetailed in[12] this reduction is due to the modification of

ourselves to the isospin-averaged nucleon-nucleon cross sdbe density of states in the mediufreduction of the effec-
tion tive mass$. In the cas& =10 MeV the average cross sections

are strongly suppressed for low valygs The simple reason
1 1 for this behavior is the Pauli blocking of the outgoing chan-
UNN:E[UPP+ Tpn] = Z[‘To+3“1]' ®  nel that forces the average cross sections even to zero at the
Fermi momentum for zero temperatufgee Ref[12]). As
For the calculation of the in-medium cross section thesoon as the temperature increases this suppression becomes
self-consistent determination of the single-particle energiegess pronounced due to the gradual disappearance of the
(3) has to be performed at each poinpt, ) of the density- Pauli blocking belowkg .
temperature plane. In Fig. 1 we display the real part of the In the lower panel of Fig. 2 the ratio of the average in-
nucleon on-shell self-energisingle-particle potentiglas a  medium over the average free cross section is displayed. Re-
function of the momentum for different values of the tem-gardless of the temperature the reduction of the in-medium
perature and densitypf=0.17 fm 3, saturation density of cross section increases with increasing density since the ef-
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FIG. 3. Ratio of the in-medium vs free average cross section as
FIG. 2. Average cross sectidieq. ( 9)] as function of the mo-  function of the momenturp; calculated inG matrix (dashed lines
mentump, for three values of temperature and density, respecandT matrix (solid lineg approach. Left-hand side: fixed tempera-
tively. Upper half: absolute values of the average feén lines ture T=10 MeV, three densities. Right-hand side: fixed denpity
and in-medium(thick lines cross sections. Lower half: ratio of =pg, three temperatures.
in-medium vs free average cross section.

. temperature calculation of RdfL2] one finds that the effect
fective mass monotonously decreases. One observes a logl finite temperature is quite considerable for momemfa
maximum of the ratios around the Fermi momentum that is &lose to the Fermi surface, where the pronounced maximum
remnant of the critical enhancement of the in-medium crosgf the ratios present in the zero-temperature case is almost
section and loses strength with increasing density and/ogompletely smoothed out already @it=10 MeV tempera-
temperature. The dependence on temperature of the crogigre. This is connected to the rapid disappearance of the local
sectionratios is rather weak, in particular for large momenta enhancement of the effective mass with increasing tempera-
p;=2 fm~ L. For smaller momenta one observes a slightlytyre.
stronger suppression of the ratios with increasing tempera- |n Fig. 4 we show the rati¢o)/{ oo as a function of the
ture, due to the reduction of the critical enhancement of crosgensityp (po/10<p=2p,) for several values of the scatter-
sections. We remind the reader that the origin of the teming energy E=p?/2m in the range 100 Me¥E<400
direct temperature dependence of the in-medium scatteringowever, at the lowest temperatuf®0 MeV) the E=100
amplitude and density of states, the appearance of the distijzey curve is much less steep for densities beyppdThis

bution functions in the collisional integral E(P) leads with 5 5 consequence of the nonmonotonic behavior of the ratios
varying temperature to the probing of different momentum

components in the averaging procedure.

_ A comparison be_tweeﬁ' matrix andG matrix calcula- _ T 10 Mev T < 20 MoV T = 30 MoV

tions is shown in Fig. 3, where we have plotted the ratio 1.0 -

(o) {oqee as a function ofp; both for several densities at

fixed temperaturd =10 MeV (left) and for several tempera-

tures at fixed densitg= p, (right). As an overall feature it is 08

found that both approaches yield almost identical results be

yond a certain value of the momentum which is in all cases

aboutp;=2.5 fm ~ 1. The rearrangement of the ground state

associated with the hole-hole propagation is strongly sup

pressed for such large momenta. Furthermore, for smalle

momenta the ratios calculated in tliematrix approach are

larger than in th& matrix calculation due to the fact that the

critical enhancement of the cross section is stronger with th

T matrix. Far beyond the critical temperature of the pairing

singularity the difference vanishes. However, the persistenc 200 01 02 03 00 01 02 03 00 01 02 03 04

of a deviation as large as about 10% even at densities abo p[im?) p (im?) plim’]

the saturation density could indicate that hole-hole correla-

tions are not completely negligible in the early stage of a FIG. 4. Ratio of the in-medium vs free average cross section as

HIC. function of the density for three different temperatures and sev-
Comparing theG matrix calculation here with the zero- eral values of the scattering energy

0.6

~

<O>/<Cy >

0.4

0.



57 ELASTIC NUCLEON-NUCLEON CROSS SECTION IN ... 809

-0.20
-0.30 +
8 -040

-0.50 |

-0.60

-0.05

« -0.10
] — T=5MeV
——- T=10MeV
s ~--- T=20MeV
............ T =30 MeV
-0.20 - ' :
200 250 300 350 400

E [MeV]

TABLE IlI. Coefficients of the temperature parametrizatiorapf
and b; according to Eq(12). The parametrization is valid in the
range 5 Me\&T=<30 MeV.

[ ajo Qi1 a2 bio biy bi>

0 —1.0026 —0.0112 0.0328 —0.3674 0.0240 0.0100
1 05390 0.0505 —0.0342 0.2617 —0.0003 —0.0132
2 —0.0899 —-0.0222 0.0105 —0.0539 —0.0055 0.0046

E E\2
B(E,T)=bo(T)+b1(T)E—O+b1(T)(E—O), (11b

Eo=200 MeV.

The coefficients for the temperaturés=5, 10, 20, and 30
MeV are listed in Table I. In order to provide a complete

FIG. 5. Coefficientsy and 8 for the quadratic parametrization Parametrization we employ again a quadratic fit formula for
of the density dependence of the ratio in-medium vs free averag!e temperature dependenceapfandb; . According to the

cross section as function of the scattering endé@gccording to Eq.

(10). The figure shows the results at the four temperattire$§, 10,
20, and 30 MeV.

in the low-energy range at low temperatysee Fig. 2 and
leads to a crossing of thE=100 MeV curve with theE
=200 MeV curve.

Because of this fact, we use for tharametrizatiorof the
ratios only the energy interval 200 MeME<400 MeV.

The density behavior can be well described by the simple

guadratic fit formula

(o)
(Three)

p p\?
(E,p,T):l_'—a(E,T)P_o_B(E,T)(P_o) ’

po=0.17 frm 3, (10)

with energy- and temperature-dependent coefficientnd

formulas

T 2

w). oo
T\2
gk

we obtain coefficient matricess; andb;; which are given in
Table 1. We are now able to parametrize the in-medium
average cross section in the ranges@d<2p,, 5 MeV<T
<30 MeV, and 200 MeV=E=<400 MeV.

In contrast to the zero-temperatu®@ matrix calculation
of Ref.[12], where we used a linear fit for the coefficieats
and 8, we provide here a quadratic parametrization. Having
in mind the weak temperature dependence of the ratios the
results of both calculations are in good qualitative agree-

T
ai(T)=ajp+ ailT—0+ai2

(12b)

-
bi(T)=bjo+ bilT—O+ bi,

To=10 MeV,

. . i . 30 .
B. In Fig. 5 we display them as a function of the scattering #,’/ T // / / §/
energy E for several temperatures, finding a smooth and Br /,///// / / ;
monotonic behavior. The energy dependence ahd 3 can < 20 /) // VA 1 1
. K . L. . > / / / / \ > >
be very well parametrized also by a simple quadratic fit with 2 s} //{/ 1 L2 3 1
temperature-dependent coefficieatsandb; according to " ol //// / . 8] g ]
/ ///// i \ W [
sy * ]
E E\2 30 /H/I, //: - iy
a(E,T)=aO(T)+a1(T)E—+a2(T)(E—> , (1169 - §‘f “r “/r / // /
0 0 [ /’ / / é7
200 |7 ]
% NN A 2
TABLE |. Coefficients of the quadratic parametrization @f E. Brod o // /=] = ]
and 8 according to Eq( 11). The fit was done in the energy range op [ / g | 8 |
200 MeV<E=400 MeV. sL oD a] w ]
RN
T (MeV) ag a; a, bo b, b, %6 o1 oz o3 0.4
p lm?]
5 —0.997 0.554 —0.098 —0.351 0.256 —0.055
10 —0.986 0.558 —0.102 —0.337 0.252 —0.056 FIG. 6. Contour lines of equal ratider)/{ oo in the density-
20 —0.890 0.501 —0.092 —0.277 0.206 —0.046 temperature plane for the four values of the scattering enErgy
30 —0.742 0.383 —0.062 —0.206 0.142 —0.029 =100, 200, 300, and 400 MeV. The ratios are given from the high-

est to the lowest value in steps of 5%.
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ment. However, because of the different nucleon-nucleon pa-IC’s. Convenient parametrizations of the in-medium sup-
tentials and the difference between Beand T matrix, the  pression of the cross section have been given. The influence
present calculation does not exactly coincide with R&2]  of temperature on the in-medium scattering matrix has been
in the limit T—0. found to be rather small, in particular for scattering energies

In order to obtain an overview to what extent the in- above about 100 MeV. For smaller energies the correspond-
medium cross section deviates from the free one we displaing variations are of the order of 10%; however, this range of
its behavior in the density-temperature plane in Fig. 6. Thisnergies is in practice relatively unimportant due to the Pauli
rather intuitive figure shows contours of equal ratios and thublocking of collisions. The inclusion of hole-hole correla-
gives an estimate for what values of temperature and densityons has been investigated in thematrix approach and the
one has to account for the in-medium modification of theresulting difference from th& matrix calculations at low
nucleon-nucleon cross section. Again it can be seen that themperature and scattering energy is also of the order of
ratios depend only weakly on the temperature, particulary10%. The results presented here were obtained with the
for large scattering energies and/or densities below normaonn-OBEPQ nucleon-nucleon potential, and are very close
nuclear matter density,. to those obtained in Ref12] on the basis of the Paris and

In conclusion, we have determined average nucleonArgonneV, potentials, which confirms once more the insen-
nucleon cross sections that depend on the density and tersitivity of global many-body effects, such as average in-
perature of the nucleonic medium. The averaging procedurmedium cross sections, to details of the bare nucleon-
is suitable for application to transport-model simulations ofnucleon interaction.
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