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Density and temperature dependence of nucleon-nucleon elastic cross section
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The in-medium neutron-proton, proton-proto(neutron-neutron elastic scattering cross sections
(o;p, a;p(nn)) are studied based on the effective Lagrangian of density dependent relativistic hadron theory in
which theé{ao(QSE))] meson is included. Our study shows that at low densitiesﬁlgeis about three to four
times larger thamrpp(nn) and at densities highe[ than the normal density the isospin effect is almost washed out.
Because of coupling té meson theo,,, and o, are different in isospin asymmetric medium following the
splitting of the proton and neutron masses. The isospin effect on the density dependence of the in-medium
nucleon elastic cross section is dominantly contributed by the isovéetiodp mesons. The temperature effect
on theg';p and (r;p(nn) is studied. It is shown that the temperature effect is weaker compared with the density

effect but it becomes obvious as density increases.
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The rapid advance in nuclear reactions using rare isotopefons of drip-line nuclei[13,14. Therefore it would be
has opened up several new frontiers in nuclear scighe®.  worthwhile to study how the inclusion of thé meson
In particular, the intermediate energy heavy rare isotopeshanges the medium effect on nucleon-nucleon cross sec-
currently available at National Superconducting Cyclotrontions. We take the same approach as in R&4.5,16 for the
Laboratory(NSCL/MSU) and the future new facilities RIA  formalism and the effective Lagrangian employed in the den-
in USA and SIS-200 at GSI in Germany provide a uniquesity dependent relativistic Hadron theory for asymmetric
opportunity to explore novel properties of dense neutron-ricthuclear matter and exotic nuclei given in REE3].
matter that was not in reach in terrestrial laboratories before. The effective Lagrangian density is taken as

In order to study theoretically the neutron-rich nuclear
collisions at intermediate energy Wlthln a microscopic trans- | — Wiy, 0"~ MV + %aMmWU— %F;w S %&Mﬁaﬂé
port model approach, both the isospin-dependent mean field
and the two-body scattering cross sections should be intro- = 3L, - L* = 3m’0? + 3mlw,0k — 3m56° + 5nPp,p*
duced. The isospin-dependent mean field has been studied — — —
extensively with both non-relativistic and relativistic theo- +9,VVo-g,Vy, Vo' +gs¥V7 Vo
ries. Concerning the nucleon-nucleon elastic cross sections _1g ., .y e
(ECS), it is already known that up to 100 MeV the free S ’
proton-neutron cross section is about two to three time ;
larger than that of proton-protaneutron-neutron[7]. How- zgerfy%’(;vg‘”j |_g ! ;;gdp?'i 3:5 .denS|ty dependent arl,,
ever, it is not clear how the nuclear medium corrects the The distribution functions for fermiorg(p)] and antifer-

neutron-proton and proton-protgar neutron-neutronECS. _ - . T
The isoSpin—depenc?ent in?me(glium ECS were hcalculatemons[f(p)]' rgspegtwely, ard;(p)=1/(1+&5 P74 1T) and

based on QHD-II model in which the isospin-vector channelfi(p)=1/(1+€l& ®*#JT) wherei represents prototi=p) or
was introduced through a coupling to the vector-isoveptor neutron (i=n) and E"=1p2+ Mfz. The effective nucleon
meson field[8]. In this work we intend to introduce the massM” is given by

scalar-isovectord ay(980)] meson into the effective La-

grangian to calculate the in-medium two-body scattering M= Mg+ 2 (X, 7) + S0 (X, 7). (1)
elastic cross sections. In free nucleon-nucleon potentials the

6 meson is a standard and an essential ingredient. The inE—H(U) and3,; are the self-energy parts of nucleon contrib-

portance of thes meson in nuclear matter with extreme o from o and & mesons, respectively. Because the self-

neutron-to-proton ratios was c_onjectured in_ Ré¢6s-11]. It energyS, s (x, 7) has opposite sign for neutron and proton
was pointed out that conventional mean-field models, ne;

i . . . . for isospin asymmetric medium the correction of the nuclear
gleg:tmg thed meson, are likely to miss an Important contri- medium to proton mass and neutron mass fibmeson is of
bution to the isospin degree O.f freedom, which ought to b.eopposite sign. Thus the proton and neutron effective masses
necessary for a proper description of strongly asymm_etrl%iﬁer for isospin asymmetric systems. The effective chemi-
matter. Recently, the role of thé meson for asymmetric '

nuclear matter was studied in R¢fLl2]. Some calculation cal potentialu is
results for the structure of exotic nuclei showed the impor- . 0 0
tance of the inclusion of thé meson for the stability condi- i = pi+ Zg (% 1) + EH(po)(X’ 7). (2)
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TABLE |. Parametrization of the density dependent couplings=0 MeV for Y,=0.3 andY,= O_E{Yp:pp/(pp+pn)] in Fig.

taken from Ref[13].

Mesona o

1(a). The proton and neutron effective masses diffeivat
=0.3 case due to the inclusion of tl#®emeson. The proton

® é p effective mass is larger than the neutron effective mass in

m, (MeV) 550 783 983 770 neutron-rich nuclear medium. With the increase of density,
the splitting of the proton and neutron masses increases,

Aq 13.1334 151640  19.1023  19.6270 which will affect the in-medium ECS.
B, 0.4258 0.3474 1.3653 1.7566 Figure Xb) shows the temperature dependence of the neu-
o 0.6578 0.5152 2.3054 8.5541  tron anq proton effective masses fof,=0.3. The ratios
D, 0.7914 0.5989 0.0693 0.7783 M (T)/M (T=0) for different cases are glso shown in the
E, 0.7914 0.5989 05388 0.5746 upper-right plot. One can see from this figure that the effec-

po, 0.18 InT3; E/A, 16 MeV; K, 282 MeV;M*/M,, 0.554;
asym 26.1 MeV.

tive nuclear mass first increases slightly uft# 150 MeV,

and then decreases quickly as temperature increases further,
which has also been observed in Rdfs7,18. The upper-

right plot shows that increasing slope df (T)/M"(T=0)
depends on density as well as on the species of nucleons. The

2w andXy, are the self-energy parts of nucleon contrib- pehavior of the density and temperature dependence of the
uted fromw and p mesons respectively. Within the mean- effective mass should influence the density and temperature
field approximation the equation of state can be written as dependence of in-medium ECS which will be discussed later.

6222

i=n,p

(2

dp . -
e E (p)[fi(p) + fi(p)] + U(o)

10 130 1
+ 2320w X Dps + 330X Dpe3 ~ 32H(H)(X, T)ps3,

With the same approach as in Ref8,15,1 we obtain
the expressions afyny and oy With the inclusion of the
individual 6 term and the crossing terms 6fo, 5-w as well
as &-p. Because of the coupling t® meson the collisions of
np—np and np— pn should be treated differently, which
makes the calculations of in-medium ECS much more com-

3 . * . *
where the baryon and scalar densitigsand ps are ¥ plicated. For the same reasam,, is not equal tooy, for
isospin asymmetric systems.

d&p - Before calculating the ECS, we have to introduce the
pe= 2, 2f ?[fi(p) - fi(p)], (4)  commonly used form factor of nucleon-meson-nucleon ver-

=np J (27) tex Fi(t)=AZ/(A?-1), where the subscripisdenote the ver-

Pp M _ tices for different meson-nucleon couplings angd is the
ps= 2, 2 s = LTi(p) + fi(p)], (5)  cutoff mass fori meson species. In this work, the values of

i=n,p (2m)° E; A,=1200 MeV, A =808 MeV (which are same as those

while pg3=pgp—pgn aNd ps3=psp=psn \ _ .

The functional form of the density dependent coupling forused. We find there is very weak influence on the results
o, o, 8, andp mesons taken from Refl3] is g, (p)=A,[1
+B,(plpg+D,)?I[1+C,(plpo+E,)?], wherea representsr,
w, 6, or p, and the parametes,, B,, C,, D,, andE, are

listed in Table I.

chosen in Ref[19]) A;=1000 MeV, andA,=800 MeV are

when taking A ;=800-1000 MeV and\,=600-800 MeV.
Again, theF;(t) is different fornp— np and np— pn chan-
nels whenM, # M.

The main contributions to the in-medium ECS come from

By solving Eq.(1) self-consistently we obtain the effec- the -0, w-w and the crossing term-w. Figure 2a) shows
tive proton and neutron masses. We illustrate the density déhe contributions ob-o, w-w, ando-w terms toopy,, and
pendence of the neutron and proton effective massék at o,,, at T=0 MeV, Ex=10 MeV for Y,=0.5. The ratio be-
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FIG. 1. () The nucleon effective mass as a function of reduced nuclear den3ityCaMeV. The effective masses f§f,=0.5 are plotted
as thick line, while the proton and neutron effective massesrfer0.3 are demonstrated as light ongs) The neutron effective mass
(circles and proton effective magsectanglepas a function of temperature fof,=0.3. The lines with solid symbols are for the case when
plpo=1, while those with open symbols are for the case whgg=2. The ratiosM™(T)/M*(T=0) for different cases are shown in the

upper-right plot.
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FIG. 2. (a) The o and w contributions toopynn and oy, at T 05

=0 MeV, Ex=10 MeV for Y,=0.5. The ratio betweenr,, and
Tppnn) 1S |IIustrated in the upper-rlght plotb) The density depen-
dence ofo-pp, ony and a'np in isospin-symmetria’Y,=0.5, thick
lines) and asymmetria(Y,=0.3, light lines nuclear medium.T
—0 MeV andEy=10 MeV are chosen. The ratio betweem) and
for Y,=0.5 is shown in the upper-right plot.

plp,

FIG. 3. The contributions from thé, p meson related terms to
Tppnn (in upper ploj and oy, (in lower ploy at T=0 MeV and
Ex=10 MeV for Y,=0.5. The central-right small plot shows the

pp(nn sum of the contributions from th& and p meson related terms.

tween oy, and oy is also shown in the upper-right plot. enological expression af =[1-a(p/p)]o™e. The most im-
From this figure one can find that bothyny and oy, have  pressive thing shown in the figure is that the density depen-
similar shape of density dependence, anddtfjo ) ratio dence ofo,, and o is very different: At low densities,

is ";‘_'LnOSt den;ity independe]r;. . i relateg € Thp IS about three 1o four fimes larger thar,, and
e contributions from the and p mesons and relate then decreases quickly with density and finally the

crossing terms are shown in Fig. 3. In order to explore how fi hes 1 as densit hi bout th
6 andp meson fields affect the in-medium ECS, we show the “P/UPP(“”) ratio approaches:2 as density reaching about the

individual contributions from each term. The central-right "ormal density. Ther /oy, ratio is shown in the small
plot shows the sum of the seven terms contributing$g,,  top-right plot. It means that at dense nuclear matter the iso-
and o, This figure shows rich information about the con- spin effect on in-medium ECS almost washes out. ¥gr
tributions of each term to the in-medium ECS as well as the=0-3 caseg,, anda,,, differ. The value OfUpp is larger than
cancellation effect among the seven terms. First, the magnthat of o, becauseM >M">Mj [see Fig. 1a)]. The split-
tude of all individual contributions to the in-medium ECS ting of o, and o, increases with density and the degree of
decreases with density. This density dependence results frofpOSpIn asymmetry of the medium following the splitting of
both the density dependence of the meson-nucleon couplingge proton and neutron effective masses.
and the effective masses of protons and neutrons. Among the In Ref. [8] the in-mediumay,, and oy, are calculated
7 terms, the crossing terms of themeson tas andp mesons  based on QHD-Il model with the medium correction of the
provide the most important contributions and the crossingffective mass op meson taken into account. We found in
terms ofw to 6 andp mesons are the next important terms. Ref. [8] that app nn depends on density obviously bu’p,p
Further, the cancellation among the contributions from dif- depends on density weakly. The different results can be at-
ferent terms are very strong so the final results are the deliyipyted to the inclusion of the mesons. In the mean field
cate balance of all contributed terms. X level, the contributions of thé and p mesons compensate
In Fig. 2(b) we show the density dependencesf, o, each other in central potential, producing an effective isovec-
and o,,, at T=0 MeV for Y¥,=0.3 andY,=0.5. Theo,,,y  tor potential that is comparable in strength to the one ob-
anda for Y,=0.5 are shown with th|ck lines while those tained in calculations that include only tleemeson. While
for Y,=0.3 are |Ilustrated with light lines. One can see fromfor the calculations of the in-medium cross sections, which
the flgure thatr ando, p decrease with the increase of are beyond the mean field, the direct compensation of the
densities. This Behawor is conS|stent with other theoreticatontributions fromé and p mesons is lost. So we may not
calculations, for instance, Refgl8,20,2]1 and the phenom- expect that the comparable results for the in-medium cross
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of the density and temperature dependence of the nucleon
effective mass. This tells us that one should consider the
effect of medium density on the in-medium cross section

more seriously than that of medium temperature.

In summary, in this work we have studied the density and
temperature effects on in-medium elastic cross sections
based on the density dependent relativistic Hadron field
theory in which thes meson is included. Our results show
that at low densities thear:1p is about three to four times

*

larger thanapp(nn) and then decreases quickly with density
and finally the, /oy, ratio approaches-1 as densities

reaching and exceeding the normal density. It means that the
isospin effect on in-medium elastic cross section almost
washes out at high densities. The analysis about the indi-
vidual contributions from each term contributing Jxép(nn)

and a';n indicates that the isospin effect on the density de-

sections should be obtained for the cases of inclusion anﬁendence of the in-medium elastic cross sections is domi-
. . X antly caused by the delicate balance of the isoveétand
noninclusion of thed meson. The different results for the

. - o < p mesons. For isospin asymmetric medium, thg and o,
density dependence O_%Pmn) a”?"’np obtalned'ln two differ differ following the splitting of the proton and neutron
ent models may provide us with a more strict check for themasses due to the inclusion of theneson. Our calculation
model. _ . . results show that the in-medium ECS increases with the tem-

Now let us investigate the temperature effect@f,,  perature, and the temperature effect of nuclear medium on

and o, Figure 4 showsr,, [in (a)], o,, [(1)], andoy,, [(€)] opp and oy, is weaker compared with the density effect.

at T=0, 50, 100, and 150 MeV. In Fig. 4 one sees that therpe temperature effect enhances as density increases so the

in-medium ECS increases with temperature and the influencgy,ence of temperature on in-medium ECS may have to be
of temperature on in-medium ECS increases with densityaken into account at higher nuclear density.

We should point out that this temperature effect is model

dependent. With the model similar to that used in R&fwe The work was supported by the National Natural Science
find the temperature effect on the medium correction ofFoundation of China under Grants Nos. 10175093 and
nuclear mass and then on the ECS is weaker than the presefi235030, Science Foundation of Chinese Nuclear Industry
results. One of the most important information contained inand Major State Basic Research Development Program un-
Fig. 4 is that the influence of temperature on in-mediumder Contract No. G20000774, and the Knowledge Inno. Proj.
cross sections is much weaker than that of density. The causé CAS (No. KICX2-SW-N0O2 and the CASK.C. Wong

of this difference can be attributed to the different behaviorFund.

Cross Sections [mb)]

FIG. 4. oy and oy, at T=0, 50, 100, and 150 MeV as func-
tion of density forY,=0.3 andEx=10 MeV.
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