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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 relativistics-v model, 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 matter.@S0556-2813~97!01206-5#

PACS number~s!: 21.65.1f, 24.10.Jv, 24.10.Ht, 24.10.Cn
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I. INTRODUCTION

One of the most fundamental properties characterizing
propagation of a nucleon in the nuclear medium is its m
free path. The nucleon mean free path is one of the us
concepts in nuclear physics for summarizing a large num
of experimental data in nuclear reaction. Furthermore, in
investigation of heavy-ion reactions, it is of great relevan
to know the mean free path of a nucleon when the immed
medium is the overlap of the projectile and the target, es
cially, the temperature and density dependence of
nucleon mean free path is of great importance.

The calculation of the nucleon mean free path has b
done in the framework of nonrelativistic dynamics@1–9#,
based on, e.g., the phenomenological Skyrme interaction
characteristic of the early theoretical studies@1,2# is the un-
derestimation of the nucleon mean free path as compare
the empirical values. The proper treatment of the nonloca
of the nucleon optical potential resolves much of the discr
ancy between the theoretical prediction and empirical d
@3,5#. The nonlocality of the nucleon optical potential lea
to the reduction of the nucleon mass, as Negele and Ya
pointed out@3#, the reduction of the effective mass plays
important role in enhancing the theoretical mean free pa

The relativistic calculations of the nucleon mean free p
have been done@10–18# based on the relativistic model. Be
cause relativistic models always produce effective mas
which are significantly smaller than 1@19#, it would be of
interest to see the relativistic effect on the mean free pat
the nucleon. Because the experimental data@20,21# of the
nucleon mean free path come from the analysis of the
perimental data of the neutron and proton reaction cross
tion and scattering cross section, it is important to perform
microscopic calculation of the nucleon mean free path fr
the optical model potential theoretically. The Schro¨dinger
equivalent potential of the relativistic microscopic optic
potential has been derived@22,23# in nuclear matter at zero
temperature based on the relativistics-v model of Walecka
@24#, and has been used to systematically analyze interm
550556-2813/97/55~6!/2838~6!/$10.00
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ate and high-energy nucleon-nuclei reaction cross secti
the differential cross section, analyzing power, and spin
tation function at zero temperature forE<1000 MeV
@25,26#. The calculated results show that the Schro¨dinger
equivalent potential of the relativistic microscopic optic
potential based on the relativistics-v model of Walecka
could reproduce the experimental data for various target
clei satisfactorily.

Encouraged and motivated by the success of the relat
tic microscopic optical potential calculation of a nucleo
based on the relativistics-v model of Walecka, we study
the temperature and density dependence of the nucleon m
free path based on the relativistics-v model of Walecka, the
relativistic Dirac-Brueckner-Hartree-Fock approach@27,28#
which includes the important medium effects, and the th
mofield dynamics@29,30# in this paper. The temperature an
density dependence of the nucleon self-energy~relativistic
microscopic optical potential! is derived. This work is a con-
tinuation of our previous works@10,13,18#.

The formulation of the temperature and density dep
dence of the nucleon self-energy and mean free path
presented in Sec. II. The results and discussion are give
Sec. III. Finally, in Sec. IV, we give a brief summary an
conclusion.

II. TEMPERATURE AND DENSITY DEPENDENCE
OF THE NUCLEON SELF-ENERGY

AND MEAN FREE PATH IN NUCLEAR MATTER

The relativistics-v model of Walecka contains neutra
scalars mesons, neutral vectorv mesons, and nucleons
This model is responsible for the observed short-range re
sive and long-range attractive force between two nucleon
the static limit. We extend Walecka’s model to the cases
finite temperature and various nuclear densities based
thermofield dynamics and the relativistic Dirac-Brueckn
Hartree-Fock approach. The effective Lagrangian is given
2838 © 1997 The American Physical Society
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«aPaF c̄~a!~ igm]m2m!c~a!

1
1

2
~]mf~a!]mf~a!2ms

2f~a!2!2
1

4
Fmn

~a!F ~a!mn

1
1

2
mv
2Vm

~a!22gs~r!c̄~a!f~a!c~a!

2gv~r!c̄~a!gmVm
~a!c~a!G , ~1!

where c (a), f (a), and V(a) are the nucleon,s-, and
v-meson field operators, respectively, and the explicit
pressions of the field operators were obtained from Ref.@31#.
The indexa(51,2) specifies a component of the therm
doublet. The first component (a51) is physical, and the
other one (a52) is fictitious. The values of the nucleon an
v-meson masses are taken from the experiment,m5939
MeV andmv5783 MeV, while the mass of the hypothetic
s meson is fixed atms5550 MeV, which is commonly used
in the NN interaction.Ps is the ordering operator and th
sign factor«a is 1 or21 when thea is 1 or 2, respectively.
gs(r) and gv(r) are the density-dependent coupling co
stants.

The Dyson equation for the temperature and dens
dependent Dirac field is

G~ab!~km ,b,r!5G0~ab!~km ,b,r!1(
cd

G0~ac!~km ,b,r!

3S~cd!~km ,b,r!G~db!~km ,b,r!, ~2!

whereS (cd)(km ,b,r) is the temperature and density depe
dence of the proper nucleon self-energy,b~51/KT! is
nuclear temperature, andr is the nuclear matter density. W
have omitted the spinor index for simplicity. Because
physical considerations theS (11) is the only quantity that
needs to be calculated. The temperature and density de
dence of the nucleon self-energy obtained by the meson
changes can, in general, be written as

S~km ,b,r!5S~11!~km ,b,r!

5SS~km ,b,r!1g0S0~km ,b,r!

1gW •kWSV~km ,b,r!, ~3!

whereSS , S0, andSV denote the scalar, vector, and thre
vector components of the nucleon self-energy, respectiv
In general, they are a function of the four-momentumkm of a
nucleon, the nuclear temperature, and density.

The temperature and density dependence of the real
of the nucleon self-energy contains Hartree contributio
@Fig. 1~a!# as well as Fock contributions@Fig. 1~b!# based on
Walecka’s model and thermofield dynamics. The explicit e
pressions of them is@12,17,32#
-
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SS~km ,b,r!52
lgs

2~r!

p2ms
2 E

0

`

q2dq
m*

Eq*
sin2uEq

1
1

16p2kE0
`

qdq
m*

Eq*
@gs

2~r!Qs~k,q!

24gv
2 ~r!Qv~k,q!#sin2uEq, ~4!

S0~km ,b,r!5
lgv

2 ~r!

p2mv
2 E

0

`

q2dqsin2uEq

1
1

16p2kE0
`

qdq@gs
2~r!Qs~k,q!

12gv
2 ~r!Qv~k,q!#sin2uEq, ~5!

SV~km ,b,r!52
1

8p2k2E0
`

qdq
q*

Eq*
@gs

2~r!Fs~k,q!

12gv
2 ~r!Fv~k,q!#sin2uEq, ~6!

where

mk*5m1SS~km ,b,r!, kW*5kW @11SV~km ,b,r!#,

k0*5k02S0~km ,b,r!5Ak21m* 2,

Q i~k,q!5 ln UAi~k,q!12kq

Ai~k,q!22kqU,
F i~k,q!5

Ai~k,q!Q i~k,q!

4kq
21,

Ai~k,q!5k21q21mi
22~k02Eq!

2, l52, i5s,v.
~7!

The first terms of theSS andS0 in Eqs.~4! and~5! are just
the Hartree terms, which are energy independent. The
maining terms are Fock terms, which are almost 1/k energy
dependent.SV is a very small negative three-vector compo
nent which is purely contributed from the Fock term. Th
coupled nonlinear integral equations~4!–~7! should be
solved self-consistently.

The lowest order contribution to the temperature and de
sity dependence of the imaginary part of the nucleon se
energy is the fourth-order diagram from the meson exchan

FIG. 1. Feynman diagrams for the calculation of the nucleo
self-energy in nuclear matter.~a! Hartree diagrams,~b! Fock dia-
grams,~c! the fourth-order diagrams~polarization!, ~d! the fourth-
order diagrams~correlation!. The dashed lines denote the meso
propagator. The solid lines represent the relativistic Hartree-Fo
nucleon propagators.
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point of view. The diagrams are characterized with 2p1h
@Fig. 1~c!# and 2h1p @Fig. 1~d!# intermediate states. Th
nucleon lines in the diagrams are described by dres
nucleon propagators, which correspond to performing
calculation on the Hartree-Fock ground state and taking
account all Hartree-Fock insertions. Since the Hartree-F
self-energy of a nucleon is weakly momentum dependen
the calculation of the imaginary part we make a simple
sumption: the dressed nucleon propagator entering in the
culation is constructed by the real nucleon self-energy at
Fermi momentum and by neglecting the small, real thr
vector self-energy of the nucleon. The explicit expressio
for the temperature-dependent imaginary part of the nucl
self-energy have been given in Refs.@13,18#. The derivation
of the temperature-dependent imaginary part of the nucl
self-energy from Walecka’s model and thermofield dynam
has been discussed in Refs.@13,18#. For this work, the de-
tailed expressions for the temperature and density de
dence of the imaginary part~scalar componentWS , vector
componentW0, and three-vector componentWV) of the
nucleon self-energy terms are similar to the expression
temperature-dependent imaginary part of the nucleon s
energy terms in Ref.@13#, but with the coupling constants fo
thes-meson andv-meson exchange replaced by the dens
dependent ones as determined in the nuclear matter rel
istic Dirac-Brueckner-Hartree-Fock calculation.

The detailed studies of the relativistic Dirac-Brueckn
Hartree-Fock and relativistic-density-dependent Hart
theory on properties of nuclear matter as well as finite nu
by Machleidt @27#, Brockmann and Toki@33# clearly show
that the scalar and vector coupling constants should be
sity dependent. In this work, the density-dependent coup
constantsgs(r) andgv(r) are extracted from the calculatio
of the relativistic Dirac-Brueckner-Hartree-Fock approa
By requiring the reproduction of the ratiosSS(r)/SS(r0)
and S0(r)/ S0(r0) of the relativistic Dirac-Brueckner
Hartree-Fock calculations performed by Brockmann a
Machleidt@28# at the samer/r0, thegs(r) andgv(r) can be
parametrized as

gs
2~r!5

gs
2~r0!

0.794110.2121~r/r0!20.0062~r/r0!
2 ,

gv
2 ~r!5

gv
2 ~r0!

0.615010.4347~r/r0!20.0497~r/r0!
2 , ~8!

where gs
2(r0) and gv

2 (r0) are the effective coupling con
stants of thes meson and thev meson in normal nuclea
matter, respectively. We observe that the effective coup
constants decrease with increasing density in Eq.~8!.

It is well known that the self-energy of a nucleon
nuclear matter is identified with the effective interaction
the nucleon with the nuclear matter, i.e., the microsco
optical potential of a nucleon. The nucleon self-energy i
function of the four-momentum of the nucleon and the te
perature and density of the nuclear matter. The space de
dence of the temperature-dependent microscopic optical
ed
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tential is directly connected with the density of the nucle
matter. Thus the Dirac equation of a nucleon in the nucl
medium reads

@~11SV!aW •kW1g0~m1SS!1S0#c~rW !5Ec~rW !, ~9!

where the self-energy of a nucleon is complex and ene
temperature, and density dependent. It is convenient to
write Eq. ~9! in terms of scalar and vector potentials only

@aW •kW1g0~M1US!1U0#c5Ec, ~10!

where

US~km ,b,r!5
SS~km ,b,r!2mSV~km ,b,r!

11SV~km ,b,r!

5VS~km ,b,r!1 iWS~km ,b,r!,

U0~km ,b,r!5
S0~km ,b,r!2ESV~km ,b,r!

11SV~km ,b,r!

5V0~km ,b,r!1 iW0~km ,b,r!. ~11!

To obtain the scattering amplitude, a Schro¨dinger-type
equation is obtained by proper transformation. The la
component of a nucleon wave function with the incident e
ergy «5E2m obeys the equation

F k22E1Ueff1UsosW •LW Gf5
E22m2

2E
f, ~12!

where the temperature and density dependence of Sc¨-
dinger equivalent potentialsUeff andUso are the central and
spin-orbit ones, respectively, and

Ueff5U01
1

2E
@US~US12M !2U0

2#. ~13!

The momentum of nucleon propagating through unifo
nuclear matter is described by the dispersion relation

«5
k2

2m
1Ueff~k,«,b,r!. ~14!

Since the Schro¨dinger equivalent potentialUeff is complex,
the nucleon momentumk is also complex and can be ex
pressed as

k5kR1 ikI . ~15!

The nucleon mean free pathl is defined@3# by

l5
1

2kI
. ~16!

The explicit expression of the mean free path is obtained
l52
A2m~«2ReUeff!

2m* ImUeff
52

$4mE@2E~«2V0!2VS~2m1VS!1V0
21WS

22W0
2#%1/2

2m* @W01WS~2m1VS!1VSWS22V0W0#
, ~17!
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whereVS , WS , V0, andW0 are the real and imaginary pa
of the nucleon scalar and vector self-energy, respectivel

III. RESULTS AND DISCUSSIONS

In our calculations the effective coupling strengths a
gs
2(r0)/4p56.6137, gv

2 (r0)/4p58.59835 for normal
nuclear matter@19#. More results and discussions concerni
the effective coupling strength in normal nuclear matter c
be found in Refs.@19,22,25#. The numerical results of the
dependence of the chemical potentialm on nuclear densityr
and temperatureT are used as input for the calculatio
r050.193 fm23 is the density of normal nuclear matter. Bo
the real and imaginary parts of the nucleon self-energy
well as the corresponding mean free path have been ca
lated for different nuclear matter densities at various te
peratures and incident energies.

Figures 2 and 3 show the real part of the nucleon sc
and vector self-energy, respectively. On the horizontal a
of Figs. 2–8, the nucleon energies«5E2m are given. We

consider three cases with densityr5 1
2r0 ~dashed curves!,

r5r0 ~solid curves! andr52r0 ~doted-dashed curves!. The
nuclear temperatures are 1, 5, 10, 20, 30, 40, and 50 M

FIG. 3. The real part (V0) of the nucleon vector self-energy as
function of energy(«), temperature (T) and density@r(fm23)#. The
curves correspond to temperatures 1, 5, 10, 20, 30, 40, and 50
from top to bottom, respectively.

FIG. 2. The real part (VS) of the nucleon scalar self-energy as
function of energy («), temperature (T), and density@r(fm23)#.
The curves correspond to temperatures 50, 40, 30, 20, 10, 5, a
MeV from top to bottom, respectively.
e

n

s
u-
-

ar
is

V,

respectively. We observe that the real part of the nucle
scalar self-energy increases with increasing incident nucl
energy and nuclear temperatures. The real part of the sc
nucleon self-energy depends strongly on the nuclear ma
density and decreases with increasing nuclear density.
real part of the nucleon vector self-energy deceases with
creasing incident nucleon energy, nuclear temperature,
density, and they do not change dramatically with increas
temperature at high energy and low density. The change
the real part of the nucleon scalar and vector self-energy w
the nuclear temperature and the incident nucleon energy
comes larger as the nuclear matter density increases an
energy dependence of the vector self-energy is stronger
that of the scalar self-energy with increasing nuclear dens
The imaginary part of the nucleon scalar and vector s
energy as a function of the incident nucleon energy, nuc
temperature, and density are shown in Figs. 4 and 5, res
tively. The imaginary part of the scalar and vector se
energy depend strongly on the incident nucleon energy
the nuclear density, those of the scalar self-energy incre
with increasing incident nucleon energy, nuclear density a
temperature, while those of the vector self-energy decre
as the incident nucleon energy, nuclear density, and temp

eV

FIG. 4. The imaginary part (WS) of the nucleon scalar self
energy as a function of energy («), temperature (T), and density
@r(fm23)#. The curves correspond to temperatures is 50, 40, 30,
10, 5, and 1 MeV from top to bottom, respectively.

FIG. 5. The imaginary part (W0) of the nucleon vector self-
energy as a function of energy («), temperature (T) and density
@r(fm23)#. The curves correspond to temperatures 50, 40, 30,
10, 5, and 1 MeV from top to bottom, respectively.
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ture increase. The change of the imaginary part of
nucleon scalar and vector self-energy with temperature
comes larger with increasing nuclear density. The imagin
part of the nucleon vector self-energy changes more dram
cally than that of the scalar self-energy with increasing te
perature and density.

The comparison of the calculated values of the nucle
mean free path with experimental data@20,21# is shown in
Fig. 6. The dot and square with error bars are experime
data @20,21# and the triangle with error bars indicates t
estimation of the nucleon mean free path based on tota
action cross sections@34#. We observe that our calculate
results are in reasonable agreement with experimental
and empirical data in the incident nucleon energy«>100
MeV for normal nuclear matter. Compared to the recent e
pirical data based on Dirac phenomenology in an ener
dependent analysis@14,15# and the relativistic calculated re
sults in Refs.@11,16#, our calculated results are slightl
larger while in the energy region. Comparing the pres
calculated results on the nucleon mean free path based o
relativistic model with those based on the nonrelativis
model in Refs.@8,9#, we have found that the agreement
tendency between them is quite good for energy«,60 MeV,
however, the values of the present calculation are larger
those in Refs.@8,9#. The reason for this difference lies in th
fact that the effective mass of the nucleon in the relativis
model is smaller than that in the nonrelativistic model, a
the imaginary part of the Schro¨dinger equivalent potential o
the relativistic microscopic optical potential which depen
on the effective mass of the nucleon in the relativistic mo
is shallower than that of the optical potential in the nonre
tivistic model @8,9#. It should be mentioned that the resu
obtained in Refs.@8,9# are valid to incident nucleon energ
«<60 MeV due to the limitation of the Skyrme interactio
@35# implemented there as discussed in those papers, w
for the incident nucleon energy«.60 MeV, the present re
sults based on Walecka’s model are more reasonable
those in Refs.@8,9#. Also of interest is the density depen
dence of the nucleon mean free path. In Fig. 6 we also s
the density dependence of the nucleon mean free path
function of the incident nucleon energy. The nucleon me
free path decreases with increasing nuclear density, e

FIG. 6. The nucleon mean free path (l) as a function of energy
(«) and density@r(fm23)# at zero temperature (T). The triangles
with error bars are from Ref.@34#, the dots with error bars are from
Ref. @21#, and the squares with error bars are from Ref.@20#.
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cially at low density and low energy. The change of t
nucleon mean free path with the incident nucleon energ
smaller at high density for energy«>300 MeV. The tem-
perature and density dependence of the nucleon mean
path as a function of the incident nucleon energy are sho
in Figs. 7 and 8. The nucleon mean free path comes from
contribution of the correlation diagram for low energy~or
momentumk,kF). We observe that the nucleon mean fr
path decreases with increasing nuclear temperature, e
cially at low energy. The nucleon mean free path depe
weakly on the incident nucleon energy for the high tempe
ture and density considered here. The change of the nuc
mean free path with nuclear temperature is more dram
than those with nuclear matter density, especially for h
energy («>600 MeV!.

IV. SUMMARY AND CONCLUSION

We have studied the nuclear temperature and density
pendence of the nucleon self-energy and mean free
based on Walecka’s model, the thermofield dynamics,
the relativistic Dirac-Brueckner-Hartree-Fock results in th
paper, and the whole contributions of the fourth Feynm

FIG. 7. The nucleon mean free path (l) as a function of energy
(«), and temperature (T) at the normal matter density (r0). The
curves correspond to temperatures 1, 5, 10, 20, 30, 40, and 50
from top to bottom, respectively.

FIG. 8. The nucleon mean free path (l) as a function of energy
(«), temperature (T), and density@r(fm23)#. The curves corre-
spond to temperatures 1, 5, 10, 20, 30, 40, and 50 MeV from to
bottom, respectively.
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diagram have been taken into account. The dens
dependent coupling constants of this effective Lagrang
are determined from the relativistic Dirac-Brueckne
Hartree-Fock results for nuclear matter.

The nucleon self-energy depends strongly on the nuc
matter density; especially the real part of them. The real p
of the nucleon scalar self-energy becomes deeper and th
the nucleon vector self-energy becomes shallower with
creasing nuclear matter density, while the imaginary par
the nucleon scalar self-energy becomes shallower and th
the nucleon vector self-energy becomes deeper with incr
ing nuclear matter density. The nucleon scalar self-ene
becomes shallower and the nucleon vector self-energy
comes deeper with increasing temperature. The change o
nucleon self-energy with temperature becomes larger as
nuclear matter density increases.
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The temperature and density dependence of the nuc
mean free path are calculated from the Schro¨dinger equiva-
lent potential of the relativistic microscopic optical potentia
Our calculated results for the nucleon mean free path in n
mal nuclear matter are in good agreement with the exp
mental data and the empirical data at zero temperature.
nucleon mean free path decreases with increasing nuc
temperature and density, and the change of them with t
perature is more dramatic than that with density, especi
for high energy.
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