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Isospin dependence of nucleon-nucleon elastic cross section
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The in-medium neutron-proton, proton-prot@reutron-neutronscattering cross sectione:(p, a;p(nn)) are
studied based on QHD-II type Lagrangian within the framework of the microscopic transport theory. The
results demonstrate that, for free nucleon-nucleon scattering cross sections, the isospin dependence is domi-
nantly caused by the meson field. The medium correction of nucleon-nucleon scattering cross sections is also
isospin dependent«r:p depends on the baryon density weakly aﬁgj(nn) depends on the baryon density
significantly, which is due to the different effects of the medium correction of nucleon magsraadon mass
on o, and oy » respectively.

PACS numbes): 25.70-2z, 24.10.Cn

I. INTRODUCTION Il. FORMALISM

We start with the QHD type effective Lagrangian, in

With the establishment of secondary beam facilities awhich the interaction between nucleons is described by ex-
many laboratories around the world, the experimental studieghanges obr, w, , andp mesons. In Ref{11], the con-
of collisions of nuclei with large neutron or proton excesstribution from isovectop meson field is neglected, while in
have become available, which opens up a new field of studihis work the contribution op mesons has to be considered
on the structure of nuclei far from th@ stability line and ~ Pecause it plays a major role in the isospin dependence of the
nuclear reaction and the reaction mechanism at extreme @ftéraction. The Lagrangian under consideration reads as
isospin asymmetry. Recently, quite a few studies on the iso- L4l e
spin dependence of the multifragmentat{dn2] and collec- Pl
tive flow [3-5] in heavy ion collisiqns at intermediate energy HereL is the Lagrangian density for free nucleon and me-
have been performed both experimently and theoretically. If,, fields,
has been recognized that the study of collisions of
neutrorfproton-rich nuclei [6] can extract the information _
on the equation of state as well as the liquid-gas phase tran- Le=V[iy,*=M\]V+ 5d 00— 7F,, - F*
sition of asymmetric nuclear matter. In order to study the

neutrorfor proton-rich nuclear collisions within a transport 1 1 ,

theory approach, the isospin dependence of the mean field +dumota— gL, L =U(0)+U(w)-U(m)
and the two body scattering cross sections should be intro-

duced. In[6] the effect of the isospin dependence of mean +U(p), )

field on the collisions of neutron-rich nuclei was studied.
Concerning the nucleon-nucleon cross section, it is aIreadyyhere
known that up to hundreds MeV the free proton-neutron =
cross section is about 2—3 times larger than that of proton-

proton (neutron-neutroys [7]. However, it is not clear how gng

the nuclear medium corrects the neutron-proton and proton-

proton (or neutron-neutronelastic cross sections. It is the L=0d,p,—3d,p, - 4
purpose of this paper to investigate the isospin dependence

of the in-medium elastic nucleon-nucleon cross section$! (o), U(w), U(w), andU(p) are the self-interaction parts
within the same framework used {810 The paper is Of the o, w, 7, andp meson fields and the respective ex-
arranged as follows. In the next section we will first give aPressions are

brief introduction of the model and then we will give the

analytic expressions of in-medium elastic cross sections for U(o)= Em202+ 1b03+ ECU{ (5)
neutron-proton and proton-prot@eutron-neutron colli- 27 3 4

sions. In Sec. Il we give the numerical results for both free
and in-medium nucleon-nucleon cross sections. Finally, a
brief summary is given in Sec. IV.

;J.VE(;,,qu_ﬁvw,u. (3)

U( = 0t 6
w)—zmww#w, (6)
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U(m)= %mi‘"‘zl (7 [[a;‘—E‘,.‘,E(x,p,r)aB—ﬁ;E’F‘(x,p,r)ﬁ,x,]pM
1, > f(x,p,7)
Ulp)=5m,p.p*. 8 +M* aﬁEﬁF(x,p,r)a;—a;; (X,p,7) 3% ]E—*
L is the interaction Lagrangian density of nucleons coupled —c(x,p, 7). (13)

to o, w, 7, andp mesons and reads as
Here the argument in mean fieldX,, distribution functiontf,

L|=gg\l_f\lfa—gwayﬂ\lfw“+ gﬂgyﬂyg,r\lfa“n and collision partC corresponds to the third component of
1 isospin of nucleonsy for proton and- 3 for neutron. In the
- zgp\lf Y7 Y, (9) left-hand side of Eq(13), the mean-field part

bF 1My :(9”’ H ’ +R F 1M
where a pseudovector coupling is adopted for pion-nucleon HEOGP ) = X2 i,y (X 7) T REZE(P, 7)]

coupling andg,,=—f_./m_. = [ 20 (% T) + RESE(X, P, T)],
It is convenient to make use of the closed time-path

Green'’s function technique. The nucleon Green’s function in (14)
the interaction picture can be defined by and
— s _ s
iGlz=<T[exp(—ifdxH.(x))\If(l)\P(z)]y (10) (P T) =2y (X, T) HREZE(Xp,7), (19

where theS(x,7) and25(x,7) are the vector and scalar

Here 1, 2_represent.the four—dimension coordinates of tW%omponents of the Hartree term of the self-energy part.
states, which we define on a time lof]. The correspond- S#(x,p,7) andS3(x,p,7) are the vector and scalar part of

ing Dyson equation foiG,; is the Fock term contributed from the exchangeoof w, ,
and p mesons. The Hartree terms contributed from the ex-

iGlzziG(ferfdxg dx,G,3(4,9iG3,. (1)  change ofo, w, andp mesons read as
S 92 2 M* 1
The nucleon self-energy.(4,3) considering up to the Born s __ Jo 3 £ -
H() (X, 7) 2 3 P 22| | %P
term reads as mZ (27) (p?+M*2) 2
2(4,3=2,44,3+2 4,3, (12 1
( ) HF( Born( ) ) +f X,p,— E) , (16)
where the Hartree-Fock ter®(4,3) contributes to the
mean field and the Born terMg,(4,3) contributes to the 2 .
binary collision part. After making a Wigner transformation S _ Jo d3 P f E
: - : ~% H(X 1) =—3 3 P 22| | %P
on both sides of equation of motion f&™ ™ and then adopt- m;, (2) (pe+M*9) 2
ing the semiclassical and quasiparticle approximation, we fi-
nally get the self-consistent RBUU equation for the nucle- Tl — E (17)
on’s distribution function 8], P 2/
|
G ot e
— ———|fIx,p, 5| —f| X, p,— 5|, T™=3,
mi 2(277)3 p(p2+M*2)l/2 P 2 P 2 T 2

S 0% (19

2

. 1 f i 7 [ ( 1) ( 1) :
— dp————|fI X, p,— 5| —fIX,P, 5

mi 2(277)3 p(p2+ M*2)1/2 P 2 P 2

, T=— <.
[

2

HereM* denotes the effective mass of nucleon. Becatse solved self-consistently with the field equationsogfw, and

is a pseudoscalar meson there is no contribution frem p mesons. The Fock terms are usually neglected in the trans-
meson to the Hartree term and formeson, only the third port theory approach for simplicity.

component ofp meson field contributes to the Hartree term  The right-hand side of Eq13) is the collision term de-
since there is no charge exchange at the Hartree level. Thiéved from the same Lagrangian as that of mean field, which
Hartree terms given in Eq$16), (17), and (18) should be  we will stress in this paper,
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C(X,p,T):Ce|(X,p,T)+Cin(X,p,T). (19)

Here we only calculate the elastic part, which can be written

as
d3p2 d3p3 d3p4
Celx,P.1)= f(zw)J(zw)J (2m)3
X (2m)* 84 (p+pa2—P3—Pag)
XWe((P,P2,P3,P4)[Fo—F1l,

(20

whereWg(p,p2,P3,P4) is the transition probability. The re-
lation between the transition probability and differential
cross section is

([ d%ps [ d%p .
f vae|dﬂ—f(277)3f(2 )3( m)* 8 (p+P2— P3—Pa)

X Wei(PsP2,P3:P4)- (21
Inserting Eq.(21) into Eq. (20) we obtain
1 dp,
Culxpn =3 P dowiFyF, (22

wherev is the Mdler velocity ando, is the elastic differen-
tial cross sectionF; and F, are the Pauli block factors,
which can be written as

X,p,T)[l_f3(X,p,7')][1_ f4(X:va)]r
(23

F1: fl(Xiva)fZ(

4P, M[1=F1(x,p, D) [1—fa(x,p,7)].
(24)

F2: f3(X,p,T)f

The detailed expressions of the proton-proton, neutron-
neutron, and neutron-proton cross sections are given as fol-
lows:

dop,  dog, A
a0 - do —Zl—[D(st)JrE(stu)+(st—>u)]
(25
do 10 )
"N 'rgD. E. N
a0 —Z,l 2[dlD,(s,t)+e,E,(s,t,u)+(s,t ul,

(26)

wherei denotes the contributions from individual w, 7, p
exchange and crossing terms. The coefficiégts, 1o are

1o, o, 1
(2m?2s 07 "2 (am2s?

i) Al
T2mzs My M s 2 )

A]_:
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A7:—g§(7p) » Ag=

e1=e,=e5=0, e3=es=e =

D]_:
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1 M* 2
2.2 —
gogw1 AG_ go-( M gﬂ') ’

(2m)%s
M* 2
9 (M gw) :

T (2m)%s

(2m)%s

1 g 2 1 M* 2 g 2
e
" (2m2s ol 2 107 om2s\ My 07 12

(27)
The coefficientd;, g in Eq. (26) are given as
di=d,=ds=1, d3=d,;=5, dg=dg=d,,=0
d;=dg=—1,

_4, 8626728828922,
(28)

and the expressions @, , E; read as

t(t+s)+4M* 2(s—1)
8(t—m2)(u—m3)

(t—4M* 2)2
s E=-

2(t—m2)? '

5 25?2+ 2st+t2—8M* 2s+8M* 4
2= )

(t—m?)2

_(s—2M*?)(s—6M* ?)
©2(t-m2)(u-m2)

t? (AM* 2—s—1t)t
= 750 E3= 2 2,
2(t—my) 8(t—m:)(u—my)

D4: DZ(mw*)mp)l E4: EZ(memp)l

4(2s+t—4M* 2)M* 2
(t=mg)(t—m)

5= —

t2—AM* 25— 10M* 2t +24M* 4
4(t—m2)(u—m?)

E5:

(t+5)2—2M* 2s+2M* 2t
A(t—m2)(u—m3)

t2+st—8M* 2t—4M* °s+16M* 4
8(t—m2)(u—m?)

DGZO, E6:

N t(t+s)
8(t—m2)(u—m2)’

D;=Ds(m,—m,), E;=Es(m,—m,),
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(t+5—4M*?)(t+s—2M* ?)

[)8::0, E8

4(t—m2)(u—m2)

t2—2M* %t

i 4(t—m2)(u—m2)’

 2(28°+2st+t?—8M* *s+8M* ¥)

9

(t—m2)(t—mp)

1

. :(S—ZM* 2)(s—6M*?)

9 2

1

(t=m2)(u—m3)

(t=m2)(u—m?)

D10=0, Ei=Eg(m,—m,).

s, t, andu are Mandelstam variables defined as
s=(p+p2)2=(p3+pa)?,

t=(p—ps)*=(P2—p4)?

U=(p—Pp4)?=(po—P3)?=4M* *=s—t.

IIl. NUMERICAL RESULTS

(29

(30
(31

(32

Before coming to the calculation of the,, ,pnn), We

have to make some preparations. First, we introduce thgnergy of the ground state of asymmetric nuclear matter, and
common used form factor of nucleon-meson-nucleon verteXs common used value is taken for the coupling conggant

which reads as

Fi(t)

A2t

(33

where the subscripts represent the different meson ex-
change vertex and; is the cutoff mass for mesadnIn this
work the values of A,=2m,,
=700 MeV, andA ,=800 MeV are used.
Now let us first consider the contributions frammand w
mesons to the,, ,pnn) - It is well known that there is strong
cancellation between the and w terms in the mean field.

For nucleon-nucleon cross sections, which are beyond the

A,=1.1m,,

A

w
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FIG. 1. The free nucleon-proton scattering cross sections where
only the contributions of and w are taken into account. The
parameter sets used are given in Table I. The experimental data are
also given in the figure.

cancellation between the terms corresponding t@nd » is
lost. Therefore they become very sensitivegip and g,, .
Figure 1 shows the calculatedp scattering cross sections
from the contributions ofr and w field with parameter sets
given in Table | compared with the experimental data taken
from [7].

The parameter sets for andw given in Table | are taken
from [12,11], g, is taken from[13] by fitting the symmetry

From the figure we can see that there is a marked different
behavior of cross sections with different sets of coupling
constants. It means that the nucleon-nucleon cross sections
are indeed very sensitive to the coupling constayntsand

g,- Because the main contribution to the cross section
comes froma meson at low energy an@ meson at high
energy, ifg,, is much larger thamg, the cross section will
rise too fast with the increase of energy as shown by the
curve calculated with set 6 in the figure. After studying the
behavior of cross sections as a function of energy with at
least 30 sets of the coupling constants taken fragh11,14

we find if g,,>g, andg,-g,<~2 the tendency o6 and

np
g‘;?nn) with increasing energy is approximately to that of

mean field approximation, one can easily find that the direceéxperimental data. In the following calculation, the param-

TABLE |. Parameter setsm,=550, m,=783, m,=138, m,=770, My=939, g,=1.434, andg,

=4.23.
9, 90 b[fm]~* c m* K[MeV]  Epj[MeV]  po[fm]~®
Set 1 5.93 6.70 67.98 523.06 0.85 400 ~16 0.15
Set 2 8.94 960 —11.19 2547  0.75 300 -16 0.15
Set 3 940 1095 —0.69 4044  0.70 380 ~15.57 0.145
Set 4 6.90  7.54 —4049  383.07 0.83 380 ~15.76 0.145
Set 5 724 734 -3914 69671 0.85 200 ~15.75 0.1484
Set 6 1131 1530 —3584 59618  0.70 200 ~15.75 0.1484
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FIG. 2. The comparison of the ratio of;37 oot between the
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the experimental and calculation resultsogf® andolree |
respectively. The general behavior of the isospin dependence
of nucleon-nucleon scattering cross sections is in consistent
with the experimental data, though the theoretical calculation
results are a little larger than those from experiments. The
parameters of Walecka model are originally fixed by the
saturation properties of nuclear matter. It is not clear what
values of the parameters there should be in free space. From
the DBHF calcualtion of Brockmann and Machlejdf], as

well as the DDHF studies for finite nuclear system in
[16,17, it was shown thag, andg, should be density de-
pendent. Macet al. [11] proposed a density and momentum
dependence of the coupling constants of the sigma and
omega field. And based on it, a trend of decrease of the cross
sections at low energy as the density decreasing from normal
density to 0.2p, was shown and the cross sections at pg25
was quite similar to the free cross sect[dd]. Therefore, the
calculated free nucleon-nucleon cross sections, which are
larger than experimental data at low energy range, seem to
be reasonable. Since this work is mainly concentrated on the
isospin dependence of the nucleon-nucleon cross section we

calculation results and experimental data when the contribution ofyi|| not involve ourselves with this aspect. We have also

the p meson field is not taken into account.

tested the dependence of the difference betvuekfﬁ and

o on g,. we find the best fit to the experimental data

eter set 4 is taken because a best fit to the experimental da@@p dee to o€ can be obtained wheg, is taken to be~4,

1, which is consistent with11]. Figure 2 shows the ratio of

the calculatedro* to oo, as a function os'? as well as

symmetry energy is obtained based on mean field calcula-
tion.

that of the corresponding experimental ones. We can see that Now let us investigate the behavior of in-medium cross

free

pp(nn) CONtributed

the ratio between the calculateq® ando

sections ofoy,, anday; .,y - In addition to consider the me-

only from o and @ mesons is about unity and far from the djum correction of the nucleon mass it is also very important

experimental ratio especially at low energy. Howeyeme-

to take the medium correction of the mass into account

son plays major role in the isospin dependence of thhich has already attracted a lot of studi@8—20. Here we

nucleon-nucleon interaction, we then consider the contributake the medium correction ¢f mass by using the Brown-
tions of m andp mesons. We find that the contribution from Rho scaling 18], i.e.,

7's is very small, only about several millibarns, amdneson

provides the dominant contribution to the isospin depen- m* 1

dence of the nucleon-nucleon scattering cross sections. The £ = , (34)
p-o and p-w crossing termd, and Dy give the largest m, 1+Cﬁ

contribution. The contribution oD, term to o, is positive Po

and is negative tor, ) . The contribution 0Dg t0 07y p(nn)
and too,, is opposite toD;. But the magnitude oD is

wherec is a variable parameter. In this paper we simply fit it

larger than that oDg so the net contribution of them en- to the experimental data given [21], that is, m; equals

hanceszrf{f)e and suppressesgf;e. Figures 8a) and 3b) show 610 MeV whenp/py=0.7, soc is equal to 0.3747. With this
—o,
o | 77 Sopior
o) 5 FIG. 3. The comparison be-
E E tween the experimental datkeft)
£ £ and the calculation resultsight)
o | © for ofiee ) andahee.
s [GeV] s [GeV]
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FIG. 4. The contributions ofr, w, andw to (a) o;p(nn) and(b) cr:p at densityp/py=0, 1/3, 2/3, 1, and 2, respectively, as well as the
contribution ofp meson field to(c) U;p(nn) and(d) oy, at densityp/po=0, 1, 2. The contribution of thp meson tw;p(nn) and oy, at
normal density for three different cases, i@), only effective mass of nucleon taken into accouhj,only effective mass of the meson
taken into account, angt) effective mass of both the nucleon apdneson taken into account, are also shdwnand (d), respectively.

value, thep mass decreases more stiffly with increase ofing from the medium correction gb meson and nucleon
density than that given if.3], but the difference is not large mass on thep meson contributions to ),y and oy, re-
when the density is not high. It will not change the main spectively. In Figs. &) and 4d) we also show the meson

conclusions given in the paper. The masses @ndw me-  contriputions too™ , and oy, at normal density for three

i i i i pp(nn
sons are fixed since one'usually considers the sigma ar'lﬂfferent cases, i.e(p) only effective mass of nucleon taken
omega model as an effective one.

into account,(b) only effective mass op meson taken into

In order to investigate the respective effects from different ccount, andc) effective mass of both nucleon apdneson
meson fields on in-medium and free nucleon-nucleon scattef1 ' p

: . * . aken into account. After comparing the results for these
ing cross sections, we shaw, ., andoy,, contributed only : . . :

P P - cases, we can find that in the energy range of our investiga-
from o, o, and 7 mesons at baryon densitipsp,=0, 1/3,

2/3, 1, and 2 in Figs. @and 4b), respectively. From the tion, the medium correction of the nucleon mass mainly
1 1 - 1 - - . *

figures we can easily find that if we only include the contri- leads to err:hanc*e th,eh.:neion codr?trlbunon t@rgp(nn and
butions ofer, @, and mesons, both . anda, will be suppress that tor, ,, while the medium correction gf mass

np?
monotonously suppressed at lower energy and then enhanc@d?IdS to suppress the meson contribution _tO‘TPD(ﬂﬂ) n
slightly at higher energy with the increase of the baryon denlOWer energy and enhance th‘"‘t""gp(_nn) at hlgber energy
sity. In Figs. 4c) and 4d), we ShOWU’Sp(nn) and U:p con- but [eads tp enhance tlzl_emeson contribution tonp.m all of
tributed fromp meson involved terméncluding the cross- the |_nvest|gated_ energies. The net effect resulting from the
ing terms ofp field with o, w,  field) at p/pe=0, 1 and 2, medlum*correcnon of nL.JcIeon' mass apdneson mass en-
respectively. In contrast with Figs.(a and 4b), the ten- ~Nansesr,, at all energy investigated and suppressﬁg(nn)
dency of the contribution 0p meson too? ) and oy, is ~ atlow energy and enhanceg,,,, slightly at higher energy.
not the same as the nuclear densidy increasing. It is showhherefore, we can conclude that, fof;, . the medium
that the contribution fronp meson field too?, increases effects from the contributions of the and » meson terms
with the increase of the nucleon density while the contribu-2re in the same direction with that pfmeson term, while for
tion of p meson to therp ) decreases at lower energy and a;‘p, the effects from the contributions of tlhreandw meson
increases at higher energy as the density increases. To uigrms are opposite to that pfmeson term, which result in a
derstand the reason, we further investigate the effects resulstrong density dependence ot;p(nn) and a weak density

014606-6
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dependence ofry, as can be seen in Figs(e and 8b).  of p mass and nucleon mass off,,,, and o7,,, respec-
Here we show the in-medium cross sectioffg andop,,,  tively, which leads to enhance, and suppress ., at

at one and two times normal density, respectively, in whicHhower energy and enhance it at higher energy with the in-

all of the contributions ofr, w, , andp mesons and the crease of the density. So, fary,, , the medium effects

medium corrections of both nucleon amd mass are in- from the contributions of the- andw meson terms are at the

cluded. same direction with that gb meson term, the total effects
consequently result in a strong density dependence in

IV. SUMMARY AND OUTLOOK Tppnny - While, for a1, the medium effects on the contri-

. *
In this paper, we first study the marked different behaviorgggoni;{g ?rr:ic;%;iiﬁgﬁoin?ng:(aetsqfhrg?jseonlsittogrép 2:1edence
of o™  ando™®when different sets of coupling constants bp : y dep

pp(nn) np * i
are adopted, it seems thagif >g, andg,—g,<~2 we can of Tnp VETY We‘?k- Thus', a commonly adopted phenomenp
r#(_)g|cal expression for in-medium nucleon-nucleon elastic

approximately reproduce the tendency of the energy depe Lross sectiono™® =[1— a(p/py)]o™ should make some

free free ; ; _
dence ofo anday,". Then we study the isospin depen change concerning the different behavior of medium correc-

pp(nn) np -
n f the nucleon-nucleon ttering cr tion an . .
dence of the nucleon-nucleon scattering cross section and v¥e ;p(nn) . In order to take the isospin depen-

*
find if only considering the contributions @f and w fields, lons of oy ando_ o . .
t d the diff ce d o™ at dence of the medium correction into account, an isospin de-
we cannot reproduce the difference @gp(nm and o, o al

n pendenta should be introduced in the phenomenological

lsouvl\grirfdnig;gtlg tvr\]/;ctu 'Sn:gggg ;iglgxﬁ:n;nsgtg:n?r?;ﬁt r?)?er irne'expression when applying it to the transport theory approach
p play :E%r heavy ion collisions at low and intermediate energy.

the isospin dependence of the nucleon-nucleon elastic cro
sections, whiler meson field plays a negligible role. By
taking the contribution of the meson field into account, the
isospin dependence of the nucleon-nucleon elastic cross sec- This work was supported by the National Natural Science
tions can be reproduced reasonably well. For the mediunfFoundation of China under Grant Nos. 19975073 and
effects, in addition to the medium correction of the nucleon19675069. G.M. acknowledges the STA foundation for fi-
mass, we stress on the effects of the medium correction afancial support and the members of the Research Group for
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