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Temperature and density dependence of the nucleon mean free path
in the relativistic mean field model
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The nucleon mean free path is obtained based on the relatiwistionodel, the thermofield dynamics and
the relativistic Dirac-Brueckner-Hartree-Fock results which includes the important medium effects at finite
temperature in nuclear matter. The temperature and density dependence of the nucleon self-energy in nuclear
matter is derived from the effective Lagrangian taking diagrams up to fourth order into account. The calculated
results of the nucleon mean free path at zero temperature are in good agreement with the experimental data in
normal nuclear mattef S0556-28137)01206-5

PACS numbgs): 21.65:+f, 24.10.Jv, 24.10.Ht, 24.10.Cn

[. INTRODUCTION ate and high-energy nucleon-nuclei reaction cross sections,
the differential cross section, analyzing power, and spin ro-
One of the most fundamental properties characterizing theation function at zero temperature fdE<1000 MeV
propagation of a nucleon in the nuclear medium is its meaf25,2¢. The calculated results show that the Sclimger
free path. The nucleon mean free path is one of the usefiquivalent potential of the relativistic microscopic optical
concepts in nuclear physics for summarizing a large numbegotential based on the relativistie-o model of Walecka
of experimental data in nuclear reaction. Furthermore, in theoyid reproduce the experimental data for various target nu-
investigation of heavy-ion reactions, it is of great relevance|e; satisfactorily.
to know the mean free path of a nucleon when the immediate  gncouraged and motivated by the success of the relativis-
medium is the overlap of the projectile and the target, espe;

ially the t 1 d density d d fth fic microscopic optical potential calculation of a nucleon
cially, the temperature an ensity dependence o Based on the relativistio-o model of Walecka, we study
nucleon mean free path is of great importance.

: the temperature and density dependence of the nucleon mean
The calculation of the nucleon mean free path has beepree th based on the relativistie del of Walecka. th
done in the framework of nonrelativistic dynamigs—9], path based on the relativisiw modet ot Vvalecka, the
based on, e.g., the phenomenological Skyrme interaction. Aelqtlw_snc D|rac—Brl_Jeckner-Hartreg-Fock approd@v,2g
characteristic of the early theoretical studjas?] is the un- which includes the important medium effects, and the ther-

derestimation of the nucleon mean free path as compared fgofield dynamic$29,30 in this paper. The temperature and

the empirical values. The proper treatment of the nonlocalipf€nsity dependence of the nucleon self-enelrgyativistic

of the nucleon optical potential resolves much of the discrepMicroscopic optical potentials derived. This work is a con-

ancy between the theoretical prediction and empirical datéinuation of our previous workl10,13,18.

[3,5]. The nonlocality of the nucleon optical potential leads The formulation of the temperature and density depen-

to the reduction of the nucleon mass, as Negele and Yazakience of the nucleon self-energy and mean free path are

pointed out[3], the reduction of the effective mass plays anpresented in Sec. Il. The results and discussion are given in

important role in enhancing the theoretical mean free path.Sec. Ill. Finally, in Sec. IV, we give a brief summary and
The relativistic calculations of the nucleon mean free pathtconclusion.

have been dongl0-1§ based on the relativistic model. Be-

cause relativistic models always produce effective masses

which are significantly smaller than [1.9], it would be of Il. TEMPERATURE AND DENSITY DEPENDENCE
interest to see the relativistic effect on the mean free path of OE THE NUCLEON SELFE-ENERGY
the nucleon. Because the experimental d2@?21] of the AND MEAN FREE PATH IN NUCLEAR MATTER

nucleon mean free path come from the analysis of the ex-

perimental data of the neutron and proton reaction cross sec- The relativistico-o model of Walecka contains neutral
tion and scattering cross section, it is important to perform acalarc mesons, neutral vectap mesons, and nucleons.
microscopic calculation of the nucleon mean free path fronThis model is responsible for the observed short-range repul-
the optical model potential theoretically. The Satinger sive and long-range attractive force between two nucleons in
equivalent potential of the relativistic microscopic optical the static limit. We extend Walecka’'s model to the cases of
potential has been derivd@2,23 in nuclear matter at zero finite temperature and various nuclear densities based on
temperature based on the relativistiew model of Walecka thermofield dynamics and the relativistic Dirac-Brueckner-
[24], and has been used to systematically analyze intermedHartree-Fock approach. The effective Lagrangian is given as
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FIG. 1. Feynman diagrams for the calculation of the nucleon
self-energy in nuclear matte(a) Hartree diagrams(b) Fock dia-
grams,(c) the fourth-order diagraméolarization), (d) the fourth-
—gw(p)ﬁa)y"V(aN/I(a)}, (1) order diagrams(corrglat!or). The dashed lines anqte the meson

5 propagator. The solid lines represent the relativistic Hartree-Fock
nucleon propagators.

+ émiv;a”— Qo(p) 4 ¢y

where @, ¢®, and V@ are the nucleon,s-, and Ng2(p) (= m*
w-meson field operators, respectively, and the explicit ex- =s(k,.8,p)=— 2 qquE—*sinzaEq
pressions of the field operators were obtained from F3df. g 20 q

The indexa(=1,2) specifies a component of the thermal 1 o m*

doublet. The first componentaE&1) is physical, and the +MJ qqu—*[gi(p)G)g(k.q)

other one &= 2) is fictitious. The values of the nucleon and 0 q

w-meson masses are taken from the experimant 939 —4g%(p)0,,(k,q)]sirfog , (4)
q

MeV andm, =783 MeV, while the mass of the hypothetical
o meson is fixed amn,=550 MeV, which is commonly used
in the NN interaction.P, is the ordering operator and the So(k,,B,p)=
sign factore, is 1 or —1 when thea is 1 or 2, respectively. #
0,(p) andg,(p) are the density-dependent coupling con- 1 .
stants. 2

The Dyson equation for the temperature and density- " 16772kfo addg,(p)O,(k.q)
dependent Dirac field is

NGZ(p)
w2m?,

J’ q°dgsirf 0
0 q

+207(p)0,,(k,Q)Isin’ g, )
1 (= q*
G (K, B.p) =G (k, ,B.p)+ 2 G¥*(k, ,B.p) Svky B.p)=— =27 f qdar [02(p) D, (K,
cd m 87T k 0 Eq o
X3k, .B.p)G " (k,.B.p), (2 +2g2(p) ., (k) IsirP O, 6)
where3 €9 (k, ,8,p) is the temperature and density depen-Where
dence of the proper nucleon self-energg§(=1/KT) is *_ e 2
nuclear temperature, andis the nuclear matter density. We My =m+2s(Ky.Bop), K =K1+2v(KyBop)],
have omitted the spinor index for simplicity. Because of
physical considerations thB(V is the only quantity that kg =ko—Zo(K, ,B,p) = VK*+m*?,

needs to be calculated. The temperature and density depen-
dence of the nucleon self-energy obtained by the meson ex- 0,(k,q)=In ‘
1 )

changes can, in general, be written as Ai(k,q)—2kq

Ai(k-Q)+2‘<Q‘
Ai(k,q)0;(k,q)
2k B.p) =2k, ) @ (ko) == L

=34k, ,B,p)+ Y20k, ,B,
SE " Bio) 7 2ok Bop) Ai(k,g)=K>+0g?+m?—(kg—Eg)?, A=2, i=0,0.
+7k2V(kM1B!p)7 (3) (7)

The first terms of th& g andX in Egs.(4) and(5) are just
whereX g, X,, andXy denote the scalar, vector, and three-the Hartree terms, which are energy independent. The re-
vector components of the nucleon self-energy, respectivelynaining terms are Fock terms, which are almost ditergy
In general, they are a function of the four-momentikipof a dependentX is a very small negative three-vector compo-
nucleon, the nuclear temperature, and density. nent which is purely contributed from the Fock term. The

The temperature and density dependence of the real patbupled nonlinear integral equationg)—(7) should be
of the nucleon self-energy contains Hartree contributionssolved self-consistently.
[Fig. 1(a)] as well as Fock contributiori§ig. 1(b)] based on The lowest order contribution to the temperature and den-
Walecka’s model and thermofield dynamics. The explicit ex-sity dependence of the imaginary part of the nucleon self-
pressions of them ig12,17,32 energy is the fourth-order diagram from the meson exchange
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point of view. The diagrams are characterized withl®  tential is directly connected with the density of the nuclear
[Fig. 1(c)] and 2h1p [Fig. 1(d)] intermediate states. The matter. Thus the Dirac equation of a nucleon in the nuclear
nucleon lines in the diagrams are described by dresseohedium reads

nucleon propagators, which correspond to performing the L. . .

calculation on the Hartree-Fock ground state and taking into [(1+3y)a-k+y2(m+3Zg)+3ole(r)=Ey(r), (9)
account all Hartree-Fock insertions. Since the Hartree-Fock ,

self-energy of a nucleon is weakly momentum dependent, ifvhere the self-energy of a nucleon is complex and energy,
the calculation of the imaginary part we make a simple as:[er_nperature,_ and density dependent. It is conv_enlent to re-
sumption: the dressed nucleon propagator entering in the cal!it¢ Eg.(9) in terms of scalar and vector potentials only:
culation is constructed by the real nucleon self-energy at the

Fermi momentum and by neglecting the small, real three- -

vector self-energy of the nucleon. The explicit expressions [a-k+yo(M+Ug)+Uoly=Ey, (10)

for the temperature-dependent imaginary part of the nucleo

self-energy have been given in Reff$3,18. The derivation lihere

of the temperature-dependent imaginary part of the nucleon Sk, ,B,p)—m3y(k,,B,p)
self-energy from Walecka’s model and thermofield dynamics Us(k,.B.p)= “1+2 ” ;L

has been discussed in Refd3,18. For this work, the de- V(K. Bop

tailed expressions for the temperature and density depen- =Vg(k, .B.p) +iWs(k, ,B.p),

dence of the imaginary pafscalar componeniVs, vector

componentW,, and three-vector componew,,) of the 2o(ky.B,p) —EXy(K,,.B.p)
nucleon self-energy terms are similar to the expressions of Uo(ky,B,p)= 1+35(k, . B.p)
temperature-dependent imaginary part of the nucleon self- pm

energy terms in Ref13], but with the coupling constants for =Vo(k,.B,p) +iWq(K,,B.p). (11

the o-meson andv-meson exchange replaced by the density- . . ) o

dependent ones as determined in the nuclear matter relativ- 10 obtain the scattering amplitude, a Safirger-type

istic Dirac-Brueckner-Hartree-Fock calculation. equation is obtained by proper transformation. The large
The detailed studies of the relativistic Dirac-Brueckner-component of a nucleon wave function with the incident en-

Hartree-Fock and relativistic-density-dependent Hartre@rgy £ =E—m obeys the equation

theory on properties of nuclear matter as well as finite nuclei K2 E2_ m?
by Machleidt[27], Brockmann and Toki33] clearly show —+ Ut UL | = m b, (12)
that the scalar and vector coupling constants should be den- 2E 2E

sity dependent. In this work, the density-dependent couplin%\l _ .
constantsy,(p) andg,(p) are extracted from the calculation .here the.temperature -and density dependence of Schro
of the relativistic Dirac-Brueckner-Hartree-Fock approach.dinger equivalent potentiald s and Uy, are the central and
By requiring the reproduction of the ratidSg(p)/2 s(po) Spin-orbit ones, respectively, and

and 34(p)/ 2o(pg) of the relativistic Dirac-Brueckner- 1

Hartree-Fock calculations performed by Brockmann and Uegr=Ug+ s=[Ug(Ug+2M)—U3]. (13
Machleidt[28] at the same/p,, theg,(p) andg,,(p) can be 2E

parametrized as The momentum of nucleon propagating through uniform

2(p)= g(zr(Po) nuclear matter is described by the dispersion relation
95(P)= 57941 0.2121 pl pg) — 0.0062plpg)2’ p
9e(po) =5+ Uei(kie.B.p). (14)

2 —
9.(P)= 5.6150r 0.4347 p/ po) — 0.0497 plpg) " ®

where g2(po) and g2(po) are the effective coupling con-

stants of theo meson and thes meson in normal nuclear

matter, respectively. We observe that the effective couplin

constants decrease with increasing density in(Bg. k=kg+ ik, . (15)
It is well known that the self-energy of a nucleon in

nuclear matter is identified with the effective interaction of The nucleon mean free pathis defined 3] by

the nucleon with the nuclear matter, i.e., the microscopic

optical potential of a nucleon. The nucleon self-energy is a 1

function of the four-momentum of the nucleon and the tem- A= 2_k|

perature and density of the nuclear matter. The space depen-

dence of the temperature-dependent microscopic optical pd-he explicit expression of the mean free path is obtained as

Since the Schdinger equivalent potentidll . is complex,
the nucleon momenturk is also complex and can be ex-
é)ressed as

(16)

V2m(e — ReU o) {4mE[2E(e—V,) — Vg(2m+ Vg) + V3 + WE— W3]} /2

N T ImUgs 2m* [Wo+ We(2m+ Vg) + VsWe— 2V W] ’ (7
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FIG. 2. The real part\{(s) of the nucleon scalar self-energy asa  FIG. 4. The imaginary partWs) of the nucleon scalar self-
function of energy £), temperature T), and density[ p(fm~3)]. energy as a function of energy), temperature T), and density
The curves correspond to temperatures 50, 40, 30, 20, 10, 5, and[2(fm~%)]. The curves correspond to temperatures is 50, 40, 30, 20,
MeV from top to bottom, respectively. 10, 5, and 1 MeV from top to bottom, respectively.

whereVg, Ws, Vo, andW, are the real and imaginary part respectively. We observe that the real part of the nucleon

of the nucleon scalar and vector self-energy, respectively. scalar self-energy increases with increasing incident nucleon
energy and nuclear temperatures. The real part of the scalar

IIl. RESULTS AND DISCUSSIONS nucleon self-energy depends strongly on the nuclear matter
density and decreases with increasing nuclear density. The
In our calculations the effective coupling strengths arereal part of the nucleon vector self-energy deceases with in-
92(po)/Am=6.6137, g2(po)/4m=8.59835 for normal creasing incident nucleon energy, nuclear temperature, and
nuclear mattef19]. More results and discussions concerningdensity, and they do not change dramatically with increasing
the effective coupling strength in normal nuclear matter cartemperature at high energy and low density. The changes of
be found in Refs[19,22,23. The numerical results of the the real part of the nucleon scalar and vector self-energy with
dependence of the chemical potengiabn nuclear densityp  the nuclear temperature and the incident nucleon energy be-
and temperaturd are used as input for the calculation. comes larger as the nuclear matter density increases and the
po=0.193 fm 2 is the density of normal nuclear matter. Both energy dependence of the vector self-energy is stronger than
the real and imaginary parts of the nucleon self-energy athat of the scalar self-energy with increasing nuclear density.
well as the corresponding mean free path have been calcthe imaginary part of the nucleon scalar and vector self-
lated for different nuclear matter densities at various temenergy as a function of the incident nucleon energy, nuclear
peratures and incident energies. temperature, and density are shown in Figs. 4 and 5, respec-
Figures 2 and 3 show the real part of the nucleon scalatively. The imaginary part of the scalar and vector self-
and vector self-energy, respectively. On the horizontal axi€nergy depend strongly on the incident nucleon energy and
of Figs. 2—8, the nucleon energiess E—m are given. We the nuclear density, those of the scalar self-energy increase
consider three cases with densjty=1p, (dashed curvgs  With increasing incident nucleon energy, nuclear density and
p=po (solid curve andp=2p, (doted-dashed curvesThe temperature, while those of the vector self-energy decrease

nuclear temperatures are 1, 5, 10, 20, 30, 40, and 50 Me\RS the incident nucleon energy, nuclear density, and tempera-
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FIG. 3. The real part\{y) of the nucleon vector self-energy asa  FIG. 5. The imaginary part\W,) of the nucleon vector self-
function of energy¢), temperatureT) and density p(fm~3)]. The energy as a function of energy), temperature T) and density
curves correspond to temperatures 1, 5, 10, 20, 30, 40, and 50 Mej\p(fm~2)]. The curves correspond to temperatures 50, 40, 30, 20,
from top to bottom, respectively. 10, 5, and 1 MeV from top to bottom, respectively.
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FIG. 6. The nucleon mean free path)(as a function of energy FIG. 7. The nucleon mean free path)(as a function of energy

(e) and density[ p(fm~2)] at zero temperatureT). The triangles (&), and temperatureT() at the normal matter densityf). The
with error bars are from Ref34], the dots with error bars are from curves correspond to temperatures 1, 5, 10, 20, 30, 40, and 50 MeV
Ref.[21], and the squares with error bars are from R2€]. from top to bottom, respectively.

ecially at low density and low energy. The change of the

ture increase. The change of the imaginary part of th I f th with the incident | :
nucleon scalar and vector self-energy with temperature pdiucieon mean free path wi € Incident nucieon energy 1s
maller at high density for energy=300 MeV. The tem-

comes larger with increasing nuclear density. The imaginar i d densitv d d f th | f
part of the nucleon vector self-energy changes more dramat yerature and density dependence of the nucieon mean free
path as a function of the incident nucleon energy are shown

cally than that of the scalar self-energy with increasing tem+ <"
perature and density. in Figs. 7 and 8. The nucleon mean free path comes from the

The comparison of the calculated values of the nucleor?OntrIbUtlon of the correlation diagram for low energyr
mean free path with experimental d420,21] is shown in momentumk<kg). We observe that the nucleon mean free

Fig. 6. The dot and square with error bars are experiment ath decreases with increasing nuclear temperature, espe-

data[20,21] and the triangle with error bars indicates the Cially at low energy. The nucleon mean free path depends

estimation of the nucleon mean free path based on total réV€aKly on the incident nucleon energy for the high tempera-

action cross sectiong34]. We observe that our calculated ture ar}d densnﬁ/ cqr;]ader:ad here. The char)ge of th% nuclepn
results are in reasonable agreement with experimental da ean free path with nuclear temperature Is more dramatic
and empirical data in the incident nucleon enegy 100 than those with nuclear matter density, especially for high

MeV for normal nuclear matter. Compared to the recent em&neray €=600 MeV).

pirical data based on Dirac phenomenology in an energy-

dependent analys[d4,15 and the relativistic calculated re- IV. SUMMARY AND CONCLUSION

sults in Refs.[11,1€], our calculated results are slightly ) ]
larger while in the energy region. Comparing the present We have studied the nuclear temperature and density de-

calculated results on the nucleon mean free path based on tRndence of the nucleon self-energy and mean free path
relativistic model with those based on the nonrelativisticP@sed on Walecka's model, the thermofield dynamics, and

model in Refs[8,9], we have found that the agreement in the relativistic Dirac-Brueckner-Hartree-Fock results in this

tendency between them is quite good for energy60 Mev,  Paper, and the whole contributions of the fourth Feynman
however, the values of the present calculation are larger than

those in Refs[8,9]. The reason for this difference lies in the 8
fact that the effective mass of the nucleon in the relativistic
model is smaller than that in the nonrelativistic model, and
the imaginary part of the Schdger equivalent potential of
the relativistic microscopic optical potential which depends 5
on the effective mass of the nucleon in the relativistic model
is shallower than that of the optical potential in the nonrela-
tivistic model[8,9]. It should be mentioned that the results 3
obtained in Refs[8,9] are valid to incident nucleon energy 2
£<60 MeV due to the limitation of the Skyrme interaction
[35] implemented there as discussed in those papers, while
for the incident nucleon energy>60 MeV, the present re- o 100 200 300 400 500 600 700 800 900

sults based on Walecka’s model are more reasonable than £ (MeV)

those in Refs[8,9]. Also of interest is the density depen-

dence of the nucleon mean free path. In Fig. 6 we also show F|G. 8. The nucleon mean free patk)(as a function of energy
the density dependence of the nucleon mean free path as(&), temperature T), and density{ p(fm~3)]. The curves corre-
function of the incident nucleon energy. The nucleon mearspond to temperatures 1, 5, 10, 20, 30, 40, and 50 MeV from top to
free path decreases with increasing nuclear density, espettom, respectively.
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diagram have been taken into account. The density- The temperature and density dependence of the nucleon
dependent coupling constants of this effective Lagrangiamean free path are calculated from the Sdimger equiva-

are determined from the relativistic Dirac-Brueckner-lent potential of the relativistic microscopic optical potential.
Hartree-Fock results for nuclear matter. Our calculated results for the nucleon mean free path in nor-

The nucleon self-energy depends strongly on the nucleafal nuclear matter are in good agreement with the experi-

matter density; especially the real part of them. The real paifental data and the empirical data at zero temperature. The
of the nucleon scalar self-energy becomes deeper and that gficleon mean free path decreases with increasing nuclear
the nucleon vector self-energy becomes shallower with intemperature and density, and the change of them with tem-

creasing nuclear matter density, while the imaginary part oberature is more dramatic than that with density, especially
the nucleon scalar self-energy becomes shallower and that @fr high energy.

the nucleon vector self-energy becomes deeper with increas-

ing nuclear matter density. The nucleon scalar self-energy

becomes shalloyver' and the nucleon vector self-energy be- ACKNOWLEDGMENT

comes deeper with increasing temperature. The change of the

nucleon self-energy with temperature becomes larger as the This work was supported by the National Natural Science

nuclear matter density increases. Foundation of China.
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