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QUANTUM FIELD THEOQRY
K.-H. Miller

Nuclear Science Division, Lawrence Berkeley Laboratory
University of California, Berkeley, CA 94720

The relativistic mean field model proposed by J.D. Walecka was
recently used with great success to describe the properties of nuclear
matter as well as the structure of the finite static nuclei. Sta ‘ng
from Walecka's Lagrangian the nucleons are represented by single
particle spinors, which are determined by a Dirac equation contaim
a repulsive mean neutral vector field Vu and an attractive mean
isoscalar field «. Both fields satisfy Klein-Gordeun 2quations. Their
source terms are again determined by the spinors. We applied this
relativistic mean field model to the dynamics of two colliding s’labs.
They are translational invariant in two transverse ‘Jimensions and
consist of spin and isospin etric nuc'~ar matter. By
specification of appropriate initial conditions for the collision of
two equal slabs, we solved the svctem of coupled Klein-Gordon-Dirac
equations for lab bombarding ener . per nucleon up to 400 MeV. At
low energies the results are identical with TDHF results. The damping
of the collision, the phenomenon of high nuclear density, and the

effect of retardation during the reaction are studied.

*This work was supported by the Deutsche Forschungsgemeinschaft,
Germany, and by the Director, Office of Energy Research, Division of
Nuclear Physics of the Office of High Energy and Nuclear Physics of
the U.S. Department of Energy under Contract W-7405-ENG-48.
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To describe a heavy ion collision from the basis of a
relativistic guantum field theory is very desirable because in
principle one has a complete calculational framework with which to
answer any gquestion that can be asked about the system. J.D.
wa1ecka1) has proposed a relativistic quantum field theory for
nuc Tear matter that recently was used successfully to determine the

2-4) This gives the motivation to extend

5)

structure of finite nuclei.
the Walecka model to describe the dynamics of colliding nuclei.
To limit the computational scope we consider two colliding equal
nuclear slabs of spin and isospin symmetric nuclear matter that are
finite in z-direction and infinite in the transverse directions. In
the Walecka model, the interaction between the nucleons is due to the
exchange of a neutral scalar meson (+) of mass m_ and a neutral

S
vector meson (Vu) of mass m, . The scalar meson couples to the

scalar nucleon density through a coupling —gsr;g and the vector
meson to the conserved nucleon current through igv?wayx' The
field equations become manageable by using the mean field
aDProximationl) where one substitutes the meson fields N and Vu by
their expectation values o and Vu and introduces the normal ordering
to calculate the expectation values of the source terms. To do so, we
assume the relativistic many-body state, which describes the <olliding
nuclear slabs to be of the form

6> = a: a: e a: 0> (1}

172 A

a:. creates a nucleon characterized by quantum numbers o« = (j,Kl).
J }s the z-quantum riumber and K the transverse wave number. With

this the Euler-Lagrange equations yield Klein-Gordon equations for the



_3-

mean meson fieids and a Dirac equation for the functions fA and
3Ky
fB , which correspond to the large and small component of the
JKy
relativistic single nucleon wave functions.
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Here the effective mass is m* = m + JCH The scalar density ogs

the nucleon density 0ys and the nucleon current jz are determined

by the functions fA and fB‘

o = 2 2:_[dk K == ;ifAlz - Ifslzg

o, = 3 %:JdKLKLg‘fA42 ) [fB'zi

%: dKlKl{fEfB . fEfA}

ER M)

The appropriate initial conditicn for the approach:iag slabs is

(2b]

(2¢)

(4a)

(4a)

(4b)

constructed by an inhomogeneous Lorentz transformat ion applied to the
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static relativistic nucleon wave functions, which correspond to the
ground state of a single slab at rest.

The half-side momentum per area unit

e I O ST A e By
determines the amou: i of energy that is transferred during the
react ion from initial kinetic energy to intrinsic excitation.

We solved the coupled system of differential equations (2),(3)
numerically for different bombarding energies. Initially, each slab
is in its ground state. With the constraint of 1.4 nucleons per unit
area for each slab, self-consistency leads to a slab built up by four
relativistic single nucleon wave functions. The slab thickness
corresponds to a nucleus of A = 35, Since the functions fA/B depend
weakly on K;, we consider in our computation only wave functions with

K, = 0. At energies lower than EC m /A = 100 MeV, we neglect the

1
second time-derivations in the Klein-Gordon equations (2); that means,
we neglect retardation effects.

Figure 1 shows the resulting density o, during the slab
collision at the low energy of Ec.m./A = 3.5 MeV. The time t is in
units of 10_21 sec. After the collision about 70% of the initial
energy is transferred into intrinsic excitation, These results are
almos. identical with the corresponding TDHF ca]culationss). At the
intermed iate energy of Ec.m./A = 25 MeV, the profiles for 6, are
shown in Fig. 2. While at this energy the TDHF model predicts several
lumps of nuclear matter to appear at the surface which separate off,

here a neck of matter between two big separating fragments is formed.

Finally, the neck contracts, forming two clusters.
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Figure 3 displays the density profiles at the high bombarding
energy of Ec.m./A = 100 MeV. The maximum density reached is less
than 200. The dashed curves in Fig. 3 show the results taking the
second t’me-derivations in Egs. (2) into account. Obviously,
retardation smooths the density profiles. Finally, Fig. 4 displays
the meson fields at three different times during the slab coliision.
Ouring the stage of initial penetration the vector field becomes very
strong, slowing down the colliding s]abs.7)

This work was supported by the Deutsche Forschungsgemeinschaft,
Germany, and by the Director, Office of Energy Research, Division of
Nuclear Physics of the Office of High Energy and Nuclear Physics of

the U.S. Department of Energy uader Contract W-7405-ENG-48,
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