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LBL-12667

A Relativistic Quantum Field Theoretical Model for
Nuclear Slab Collision Dynamics*

K.-H. Miller
Nuclear Science Division
Lawrence Berkeley Laboratory
University of California
Berkeley, CA 94720
Abstract

We treat the dynamics of colliding nuclear slabs in a relativistic
guantum field theory by using the relativistic mean field approximation.
Starting from Walecka's Lagrangian, the nucleons are represented by single
particle spinors determined by a Dirac equation that contains a repulsive
mean vector meson field and an attractive mean scalar meson field. Both
fields satisfy Klein-Gordon equations whose source terms are again
determined by the nucleon spinors. The two equal nuclear slabs are
translationally invariant in two transverse dimensions and consist of spin
and isospin symmetric nuclear matter. By specification of appropriate
initial conditions for the collision, we numerically solve the system of
coupled Dirac and Klein-Gordon equations for lab energies per nucleon up
to 420 MeV. For small energies the results are similar to TDHF results.
The time dependence of the density distribution, the mean meson fields,
and the damping of the collision are studied. At the highest bombarding

energy retardation effects are taken into account.

*This work was supported by the Deutsche Forschungsgemeinschaft, 5300
Bonn-Bad Godesberg, West 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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I. Introduction

One of the goals of heavy ion physics is to stqdy the properties of
nuc lear matter under extreme conditions, which means at high excitation
and high density, trying to discover novel phenomena. It is therefore of
great interest to study the evolution of a nucleus-nucleus collision
process in a model that has no latitude for an arbitrary selection of
collective coordinates or any ad hoc parametrization of the dynamics. At
low bombarding energies. i.e., Ec.m./A < 10 MeV, the TDHF-model is a very
reasonable microscopic model that leads to a good understanding of the
dynamical aspects of the fusion and deep inelastic reaction mechanisml).
Since one solves in the TDHF-model a time-dependent Schrodinger equation
using a static nucleon-nucleon interaction, this model is naturally
restricted to nonrelativistic heavy ion collisions. At relativistically

2)

high bombarding energies, the cascade model™’ and the nuclear fluid-

3)

dynamical model™’ can describe many observed quantities of a relativistic
heavy ion collision. But still the nuclear collision dynamics at
intermediate and high energies are not very well understood. At these
energies a quantum field theoretical model for the colliding many-body
system on the basis of interacting time-dependent fermion and meson fields
can give interesting insight in the collision dynamics.

We introduce in this paper Walecka's relativistic quantum field

4)

theoretical mean field model in its time-dependent version to describe
the collision of two nuclear slabs. We shall show that this model is in a
sense an extension of the TDHF-model to relativistic energies. The justi-
fication to describe large amplitude nuclear dynamics in this time

dependent relativistic mean field model (TDRMF-model) is established by the

recent successes of the static relativistic mean field model in describing
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4,5)

the properties of static nuclear matter and the structure of static

finite nuc1e16”8).

The organization of this paper is as follows.

In Sec. I1 the general formalism of the relativistic quantum field
theoretical model is reviewed and the mean field approximation is
introduced. In order to 1imit the computational scope, we have restricted
our formalism to the dynamics of two equal colliding slabs of spin and
isospin symmetric nuclear matter. We show in Sec. III that the problem
reduces to a set of coupled nonlinear equations of Dirac and Klein-Gordon
type for time-dependent spinors of a single spatial variable, 1In Sec. IV
we introduce the Yukawa coupling constants and masses of the mesons and
present the results of the static slab calculation. How to specify the
initial condition is discussed in Sec. V. 1In Sec. VI we critically ask
for the possible validity of the model, and the results for the collision
processes are discussed. Finally, in Sec. VII Qe give a brief summary and

discuss possibilities for future work that appears promising. The

numerical methods we used are described in the appendix.
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I1. The Relativistic Field Theory of Nuclear Matter

A. The General Formalism

As long as the intrinsic quark structure in a nuclear matter system
can be ignored--that means as long as the nucleon bags do not overlap--one
should be able to present the interaction between nucleons by introducing
a set of meson fields of various spin and isospin with Yukawa coupling to
the nucleons. A model based on the first two chargeless mesons, the
sigma-(o) and the omega-meson (Vu), was introduced first by Johnson and

10). Later Walecka and co]]aborators4’ll)

Tellerg) and by Duerr
intensively investigated the model.

For describing the collision of two slabs of spin and isospin
symmetric nuclear matter, we introduce as in the standard Walecka model

the neutral scalar o-field and the neutral vector meson Vu—f1e1d. The

Coulomb field is neglected. The Lagrangian density of the Walecka model is

1 2 122 1
L - ~Uy 2 My - 5(8 o) - gmeo” — 7F F
- BV v~ g e + g Ty u (1)
FARTASTRNT! s v Ll
where
F =3V—~3V
uv u~v VU

yu are the usual y-matrices, 9 and 9y Yukawa coupling constants,

mg and m, the scalar and vector meson masses, m is the nucleon mass.

y is the fermion field. While the first five terms in the Lagrangian are
the free Lagrangians for the fermion and meson fields, the Tlast two terms
determine the interaction between the fermion field and the meson fields.

With the above Lagrangian density the Euler-Lagrange equations yield

the following coupled field equations,
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{— yuau— m- geo + igvyuyu}w =0 (2a)
2 —

(-0 +m)o = -g W (2b)
2 .o

(-o + mv)\~lu + auavyv = 1ngyuw . (2c)

Taking into account that the nucleon current is conserved, the Proca Eq.

(2c) 1is equivalent to the Klein-Gordon equation

(= + WOV = da,f (2¢")

These equations are fully relativistic and Lorentz covariant. In the
static approximation the o-field corresponds to an attractive nucleon-
nucleon interaction due to a two pion-exchange while the yu~f1e1d on the
other hand yields a repulsive potential. The strength and range of these
interactions are determined by the coupling constants and the meson |
masses. These two mesons are sufficient to account for the saturation of
nuclear matter and a great number of single particle properties of the
9,10)

finite nucleus™?

B. The Mean Field Approximation

As the source currents in (2b) and (2c') are implicit function of o
and yu because of the Dirac equation (2a) the sets of coupled field
operator equations are very intractable in their present form. J.D.

4)

Walecka ’ proposed to linearize the Dirac Eq. (2a) by substituting the
field operators ¢ and yu by their expectation values and to introduce

the normal ordering of the operators in the source terms in Egs. (2b) and
(2¢). In this mean field approximation, the effects caused by quantum
fluctuations about these mean values are neglected. Recent successes in

describing the properties of finite nuc1e17) demonstrated that the

effects of quantum fluctuations are not very important.
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II11. The TDRMF-Model for Colliding Nuclear Slabs

A. The Time-Dependent Field Equations

We assume the time-dependent relativistic many-body state |¢> that

describes the system of two equal colliding slabs of spin and isospin

symmetric nuclear matter to be of the form |95 = a+ a o a l0>.
b *A
Here A is the number of nucleons in the system. The a:‘sare nucleon

creation operators and |0> is the vacuum. We expand the fermion field ¥

in a complete set of time and space dependent Dirac spinor functions fa

and g, The time-dependent solutions of the nucleon field can be

written as

Wt) = 2F_(Xta, + 2g (X,t)b

o
+ . . . . s
where b is an antinucleon creation operator. With the abbreviations
o

o = <dlo|e> v, = <¢IYH|¢> , M =m+ go

the mean field approximation leads to the Dirac equation

{, yuau— mx + igvyuvu}fa = 0

where the mean meson fields obey the Klein-Gordon equations
2 — -
(-0 + ms)o = —gs<¢|:ww3|¢> = 9.0

2 . [ - s
(-0 +mV = ig,<o: Py v o> = 9,3

4)

Here :: defines normal-ordering

+ +
set of operators a ,a ,b ,b .
a [+ [¢1 a

(5a)

(5b)

(5¢)

of all expressions with respect to the

In order to limit the computational scope in this work, we consider

here for the nuclear collision the special geometry of two colliding slabs.

With moving slabs in z-direction, the system is translational invariant in
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the transverse x-y direction and rotational invariant with respect to any
axis parallel to the z-axis. Therefore, all expectation values in Egs. (5)
are only functions of the spatial variable z and the time, and it is

V.=V =0 . (6)

Using the standard o and g matrices, Eq. (5a) gets

.9 +>] =
("Esf'+ 9V, * @5V-a,9,V, * Bm*)fa =0 (7)

V0 is the time component of V . Because of the translational invariance
M
in the transverse direction fa is a product of a plane wave in transverse
—> o o ! 3
coordinates X; and a wave function in the z coordinate.
R e
1K.LX_L

e f., (z,t) (8)

£ oo
JK|

1
* VF

F is an infinite normalizing area in the x-y plane. The subscripts j and

KL label the z-quantum number and the transverse wave vector zi.
The relativistic wave function ij is a solution of the Dirac
L
equation

. 9 -> 13
[‘1'(_:—5_1_:' +gV, o+ GLK_L+ QZG. 5 - gvvz>+ Bm*]ijl(z,t) =0 . (9)

As in ref. 12) we diagonalize the hermitian operator ;iKL + gm* by a

unitary transformation U. One finds

U+(3iﬁl + pm*)U = BJKE + m*2 . (10)
Introducing the functions f and f in the form
A B.
JKy. JKp
AH
y &Iy
JKL
. +
Kxcz—1Ky " = U ijL (11)
AT,

JKy
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1 0 -
where X1 =(O) and X2 =(1> , one gets a system of coupled equations
for the large and small components f and f
A B.
KL JKL
3 3 . . ‘, 2 2y %
&t A, T <5§” 19vvz>?8. = (=g Vy - NKL + m7) )
IKL JKL JKy
3 3 . . 2 2
e + (—— - gV )? = i(-g V_ + K[ + mx) F
cat BjKl 3z vz AjKl Vo BJ.Kl

The source terms in (5b) and (5c) can be expressed in terms of the
functions f and f . The scalar density oc> the vector

A .
JKL JKL ] . S
density oy = j4 and the current in z-direction 3, are

N 2 . t
A B.
N K/

2
o,
B3k,

. 1 * * ?
P-4 Z~—-JdKlKlg? P+ F,  F

ol m*
dK | K|~
72

¥
L

©

i
PO et
=

4 3
s 3

g,

- 2
dKlKl’lfAjK l +
1

Ny b
=3

[4] =4 Z
Y i

&,

(12a)

(12b)

(13a)

(13b)

(13c)

The factor 4 in front of these expressions is due to the spin and isospin

degeneracy.

The factorization of the function fa of Eq. (8) has the consequence

that during the slab collision the initial occupation of the transverse

wave vector quantum number K, does not change and the integrations in (13)

cover at each time the initially fixed domains, which depend themselves on

j. As in a one-dimensional TDHF-calculation this omission of freedom of

changes in the transverse directions means a rather severe limitation to

the relativistic many-body wavefunction and has certainly implications

regarding the physical applicability of our calculations.
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The concept of calculating the nuclear slab collision in the
TDRMF-model is now essentially as follows. With the appropriate initial
conditions for the relativistic many-body wavefunction for two approaching
nuclear slabs, which will be discussed in Sec. V, we calculate the source
terms given by the expressions in Egs. (13). The meson fields o, VO and

VZ are then determined by solving the Klein-Gordon equations

320 820 2
et T 32 * Mgo = -ggeq (142)
c“a 9z

22V 2V, )
2atl oz tmVy = 9y (14b)
aZVZ aZVZ 5 )
2ot 572 gV, =99, (14b)

where the scalar density in Eq. (14a) is itself a function of o. Using
these fields in the set of coupled Egs. (12) we determine the small and
large components of the functions f at each point in space at an
infinitesimally later time. With these new functions f we calculate the
source terms again, and so on. The numerical methods we use to solve
these equations are discussed in the appendix.

B. The Total Energy and Momentum

During the collision process the momentum four vector of the system

is conserved. This four vector can be expressed in terms of the stress

tensor T 4’13).
uv

> 1 3
(P’EE) =Tz J; X T4v (15)

where



Y 90 do A
* un 3X,, ¥ X, X - X, qu (16)

V_ [aV v
z 1 R A 36 g 0 z( 0 2\2
F°T¢ -[dzi<¢l.w T 8z ve o> - cat 3z ~ az\ sz @ cat/) (18)
The first part of the integrant belongs to the nucleon momentum density;
the last two parts refer to the momentum density caused by the meson
fields. An instructive quantity is the half side momentum per unit area,
which we define by integration only along the positive z-axis. After the

collision, if the slabs are separated again, this quantity determines the

intrinsic excitation of the system.
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IV. The Static Slab

A. Parameters, Formalism and Results

First of all, we want to specify the parameters in the model, which
are the Yukawa coupling constants g and 9, as well as the sigma-meson
mass m, and the omega-meson mass m, . It was shown by J. Boguta7)
that the mass of the sigma-meson is determined in the static mean field
calculation for nuclei by fitting the surface thickness of the nucleus.

An acceptable range is 500 MeV <§ms <525 MeV. As in ref, 7), we choose

M

i

500 MeV and for the omega-meson mass m, = 780 MeV. The ratios
Cg = (gs/ms)m and C, = (gV/mv)m are determined by the binding
energy per nucleon in infinite symmetric nuclear matter at saturation

1 and a

density. With a saturating Fermi momentum of KF =1.34 fm~
corresponding energy per nucleon of -15.75 MeV, one gets CS = 17.95 and
CV = 15.60. These parameters are similar to those determined by J.D.
Walecka4), We use the above enumerated values of the coupling constants
and masses to solve the static slab problem as well as the dynamical
collision problem.

To calculate the nuclear collisions of two equal slabs in the c.m.
frame, we have to prepare the appropriate initial condition for slabs
approaching with a certain velocity. As the Dirac equation is Lorentz
covariant, the initial spinors can be constructed from the static spinors
by an inhomogeneous Lorentz transformation. Therefore, we first consider

the problem of a static nuclear slab. In order to construct a solution we

have to solve self-consistently the static Dirac equation.

3 F s ilen - gV -NKZ + md) F (19a)
3z B, JK V' o A,

JK_L L JK_L
3 F L i(es, - gV +VKE + md) F (19b)
3z A, K| Vo B.

3Ky Ky
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€., 15 the single nucleon energy including its rest-mass in a state

JKy
characterized by the quantum numbers j and Ki. With the replacement

fo =i f (20)

B.
JKL

JKl

the system (19) becomes purely real. The relativistic many-body ground
state of the slab will correspond to the occupation of all single nucleon
states with energy ejKl below the energy ep + m, where ep is the

Fermi energy. A constraint to the self-consistent procedure is that the

number of nucleons per unit area in the x-y plane, defined as
A
?'=‘/” QV(Z)dZ (21)

remains constant. Since the spinors are normalized to one we get by using

Eq. (13b)
N
Foy 2 KO )
J max
Here K; is the maximum transverse momentum defined by
max
€jKl = EF + m ° (23)

max

The sum in Eq. (22) is therefore restricted to those z-quantum numbers

where ej0=< ep *m. N is the number of possible z-quantum numbers.

Numerically we found

K
= F ——
stL = €jo0  Z<m*>

where

sbvm*dz (25)

Sbvdz

<m*>
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This is due to the fact that the transverse kinetic energy of the nucleons
is small compared to its average effective mass <m*>,

With Eq. (24) one gets instead of (22) the constraint

A1 .
-F—=-1;-Zj: 2<m >(eF+m—ej0)

The dependence of the functions %BJKL and f i on the transverse

wave number causes a substantial numerical complication and lets the
problem appear numerically as a two-dimensional one. To avoid this
complication we take advantagelcf the rather weak dependence of the
functions ?A and %B on K; and consider for simplicity these functions

at only one constant value of K;, namely, K, = 0. This approximation, as
we will show, leads to a very appropriate result for the static slab. As
the slab collision geometry omits in an unrealistic way the freedom of
changes in the transverse direction and K; therefore appears as an unreal,
artificial quantum number, the above approximation is directly suggested.

Therefore, we use the approach

f = f . (27)
A/BJ.Kl A/BjO

Thus, while the structure of the resulting problem is no more difficult
computationally than a genuine one-dimensional problem, we may use the
three-dimensional phase space and the Yukawa coupling constants as well as
the meson masses determined by earlier three-dimensional static
calculations for spherical nuclei.

With Eq. (27) the integrals in Egs. (13) can easily be performed and

the scalar and vector densities become



R T e

|
. (28b)

N 2

1 2 F F
ov=?§j; K} Sf + |fg
!

max ( AJOI

"

In the static case the solutions of the Klein-Gordon Egs. (14a) and (14b)

can be expressed in terms of Greensfunctionslz). One obtains
-9, —mS|Z~Z'{ ' '
o(z) = §ﬁg— e pS(Z ydz (29a)
9 —mVlZ~z'|
V. (2) = -27‘%; fe o, (2")dz" . (29b)

As ps(Z') depends on o(z') because of Eq. (28a), the above Eq. (29a) is
an integral equation for o.

Now, the concept of finding the self-consistent static slab solution
is as follows. For a given number of nucleons per unit area we assume
appropriate vector and scalar densities oy and o With these we
determine the integral in Eq. (29b) and solve the integral equation
(29a). With the resulting meson fields the eigenvalue problem (19)
with regard to the boundéry condition for the wavefunctions is solved.
The constraint of Eq. (26) determines the maximum transverse momenta and
the number of occupied states. Then by using Egs. (28) new vector and
scalar densities are determined. We go through this procedure until self-
consistency is reached.

We discuss now the numerical results we get for the static slab. To
compare our results with those one obtains from a corresponding TDHF-slab

calculation, we choose for the number of nucleons per unit area A/F =

1.4 fm'z. This is the value for which most of the slab collision
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calculations in ref. 14) have been done. As in ref. 14) we find the
number N of occupied z-quantum numbers to be 4. The Fermi energy in our
case is -10.43 MeV. The average effective mass <m*> has the value 545 MeV.

J.D. Wa]eckaq) got for infinite nuclear matter (KF = 1.42 fm"1

) for
the effective mass m* = 526 MeV. The single particle energies €50 as
well as the maximum occupied transverse momentum Kigay are listed in
table 1. That the low-lying states are stronger bound than in a
nonrelativistic Hartree calculation is a characteristic of the
relativistic mean field mode17). Here this is even reinforced by the
approximation (27), which Teads to a smaller thickness and a higher

central density of the system than one would actually get.

Figure 1 shows the large and small components of the relativistic
nucleon wavefunctions. Figure 2 displays the nucleon density oy and the
scalar density Pe- Because of reflection symmetry with respect to the
slab center, only half of each distribution is plotted. The thickness of
the slab corresponds to a nucleus with A = 35, That the density distribu-
tions show almost no fluctuations is because the higher lying orbits are
much less weighted than the lower ones. This is clearly seen from Egs.
(28). The small components in the wavefunctions even smooth the densities.
Because of the smallness of the small component the scalar density is
similar to the vector density. This is different in the case of colliding
slabs having velocities close to the velocity of light. Figure 3 shows the
strengths of the scalar field and the time component of the vector field.

Both fields have opposite signs and are in its absolute value almost an

order of magnitude larger than a nonrelativistic single particle potential.



-16-

B. Relation to the Nonrelativistic Hartree Concept

We want to rewrite the system of Egs. (19) to see the relation to a
nonrelativistic Hartree calculation. Expressing the small component in
Egs. (19) in terms of the large component, one obtains a Schrodinger

equation for f with a single particle potential Ue

Ao £
S %y F = (e, -m)f (30)
2m ;;?' AjO eff AjO jo AjO
Here
2,2 22
U v gy 9,Y5-9s0 s L(3 ) . gvvo( )
eff = 959 7 9y¥p - om mx \3z )3z m €30 ~
(ejo~m)2
- — (31)

and

X =ej9- 9V * lmx| . (32)

The leading term in this nonlocal and energy dependent potential Ueff is
ggo * 9,V the sum of an attractive and a repulsive meéon field.
The third term in Eq. (31) is repulsive and Towers the overall attraction
of the first two terms by almost 50% 7).

The Darwin potential and the energy-dependent terms in expression (31)

A
Neglecting the contribution from the small components, the scalar and the

do not contribute much if f, describes a single nucleon bound state.

vector densities are identical. Considering now only the first three
terms in U e the Eq. (30) corresponds to a Hartree problem where the

nucleon-nucleon interaction is a density dependent one of Yukawa type.



Vo (zezt) = Myl — 0, (2)
2-2') = 5— € - y4 - £
12 2mv om i Y 2mS

To derive Eq. (33) we approximated one factor in the quadratic expkessions

in the third term of Eq. (31) due to the short range of the Greensfunctions

in Egs. (29) by

2 2
Go oS, =5,
s - 2 S 2 v
Mg Mg

and

respectively.

(34a)

(34b)
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V. Initial Condition for Two Colliding Nuclear Slabs
As the Dirac‘equation (7) is Lorentz covariant the wave functions belonging
to slabs which move with velocities -v and +v can be constructed from the
above described static wave functions by the use of an inhomogeneous

15)

Lorentz transformation Characterizing the c.m. system of the
colliding slabs by primes, one gets for the spinors at the time t' = 0 for
the right slab

Fi(2,0) = €8 2 f [y(2-2)), ¥ v(z'-2))] (35)

where

( V2>4/2
Y = 1 . 5 tanh W = =
ANJ

o, is the z-component of the a-matrix. z; is the central location of

o)<
—~—~—
w
(o3
St

the right slab at t' = 0. zé has to be chosen Tlarge enough so that the
slabs still do not interact with each other. Eq. (35) gives for the large
and small components of the right slab up to a constant redundant phase

factor at t! = 0

~ V .
~ ~ - -lg, -2
Fr (20,00 = Jeosh(®)F, (v(z-21)) + sinn(®)F, (y(z'-ze))le 0 C
A50 { @ 0 (@)%, 0 a7
£l (z',0) = {S'ihh(—(‘i foo(y(z'-z')) + cosh(ﬁ)? (Y(Z'—Z'))}e—1€30 %yz‘
Bjo 9 2 Ajo 0 2 Bjo [¢] (37b)

Here f and f are solutions of the static Dirac Eq. (19). As

Ajo Bjo
the collision problem is assumed to be symmetric with respect to the
origin of the c.m. system, we can construct the spinors of the left slab

using the parity operator P,
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PFL(2',EY) = Trgfl(z'st!) . (38)
One can easily prove using Eqs. (37) and (13) that one gets for the right

side slab the relations

p;(Z',O) = oS(Z,O) (39a)
py(2',0) = vo,(2,0) (39b)
33(2',0) = - zou(2',0) (39c)

as one would expect. The kinetic energy per nucleon of two equal
approaching slabs in the c.m. frame neglecting binding effects is

E

—%ﬂ =m(y - 1) (40)
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VI. Results and Discussion

Before we discuss the results we get in the TDRMF-model for the
nuclear slab collision dynamics at different energies, we ask the question
how reasonable the Lagrangian (1) with the above chosen parameter might be
to describe nuclear collisions up to relativistically high energies.

At low energies of Ecm/A < 5 MeV, where during the collision the
density increases to only slightly more than saturation density Py the
Lagrangian (1) and the chosen parameters are certainly reasonable due to
the fact that the structure of static nuclei is described fairly well.
Even at moderately high energies Ecm/A < 40 MeV, one 1is encouraged by the
excellent prediction for the energy dependence of the single particle mean
potential,

For a nucleon of energy e moving through symmetric infinite nuclear

matter (Ko = 1.34 fm_l) we obtain by solving the field Egs. (5b) and

F
(5¢c) for the mean potential of Eq. (31)

Ugpr = -47.16 MeV + 0.367(e-m) - 5.325 107" (c-m)®/Mev . (41)

Figure 4 shows the good agreement with the experimentally determined
phenomenological real part of the optical potentia116) up to energies of
140 MeV. A comparison at even higher energies is difficult because of the
not-well-known dispersion relation for Ueff 17).

At very high energies where Ec.m,/A > 500 MeV, the density during
the slab collision might increase to more than 2ypo and the gquestion
arises how important three-, four-, etc. body interactions become. Such

5,12) and a nonlinear

forces can be incorporated by a nonlinear scalar field
vector field interaction. The nonlinear vector meson field might Tead to a

very strong repulsion for the penetrating slabs. At high bombarding
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energies heavier mesons and nucleon resonances become certainly important
and in principal could be included in the Lagrangian (1). Moreover, the
existence of a pion field could contribute to the dynamics and, because of
the time-dependent source terms, radiation of pions would occur.

Since the simple Lagrangian (1) might be not very reliable at very
high bombarding energies, we restricted the energy domain we consider in
this paper to Ec.m./A < 100 MeV, which corresponds to a lab bombarding
energy per nucleon of 421 MeV.

We discuss now the essential features of the results we get for the
colliding slabs. To compare the low-energy results of the TDRMF-model
with those of the TDHF-model we calculated the nuclear slab collision at
the low energy of Ec.m./A = 3.5 MeV and at the intermediate energies of
Ec,m./A = 25 MeV and 50 MeV. The results we get for the 3.5 MeV slab
collision are shown in Fig. 5. This reaction typifies a deep inelastic
process in which the system separates directly after having formed a
compound system. The initial dynamics is characterized by only a slight
increase in density due to the fact that the system has enough time to
relax. Shortly before scission, density oscillations appear and, after the
fragments have been formed, the density fluctuations slash back and forth
in the two outcoming fragments. By calculating the half side momentum, we
find that after separation the excitation per nucleon is about 2.4 MeV,
which means that the process is strongly damped. An almost identical
behavior for the density profiles of the slabs and a similar damping was
found for the corresponding TDHF-calculation in ref. 14). For slab colli-
sions at the intermediate energies of Ecm/A = 25 MeV and 50 MeV we find

a different result (see Figs. 6 and 7). As in the TDHF-calculation the
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central nuclear density increases to ~1.7p0, however, the density
profiles for the outcoming fragments look different. The characteristic
of the TDHF-slab result at these energies is that after the compound
system has formed, lumps appear at the nuclear surface and at least two of
them separate off from the rest of the system. The velocity of the first
Tump is Tlarger than the velocity of the incoming slab. In our case there
is no lump formation at the surface. Instead of this, during the
separation process of the slabs, a neck of matter between them is formed,
which contracts to two clusters which move much slower than the primary
fragments. At 100 MeV not even this is the case up to a time of

1.4 10722

sec as shown in Fig. 8.

Up to now all the calculations have been done by neglecting the second
time derivative in the Klein-Gordon Egs. (14) assuming that retardation
effects at these energies are still not very important. To see the
influence of retardation, we have calculated the collision process for
Ec.m,/A = 100 MeV by solving numerically the time dependent Klein-Gordon
Egs. (14) simultaneously with Egs. (12). The result is shown as dashed
lines in Fig. 8. The retardation effects smooth the density profile but
do not lead to a different type of dynamics. The study of retardation
effects at even higher energies is under investigation and we wiTT report
about these results elsewhere.

The slab dynamic is determined by the strength of the meson fields and
the fermion spinors that are self-consistently coupled to them. Therefore,
it is worthwhile to discuss the differences in the behavior of the meson
fields at low and high slab bombarding energies. Figure 9 shows the

scalar meson field as well as the space and time component of the vector

meson field at three different moments during the collision process at
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Ec,m./A = 3.5 MeV. The times considered here are at the beginning before
the slabs touch, when they form a compound system and when they are almost
separated again, Because of the symmetry of the problem, only one-half of
the fields is drawn. In Fig. 10 these meson fields are plotted in the
case of Ecam./A = 100 MeV. As we know from the static slab calculation,
the o-field is in its absolute strength comparable to the Vo—f1e1d. The
fact that the o-field in its absolute value is slightly Targer than the
Vo—fie1d leads to a bound nuclear slab system. Just so in the nuclear
slab dynamics where the system is very sensitive to slight relative changes
of the strengths of the meson fields. In Fig. 9 the sum of the scalar and
vector field is always negative, which corresponds in a nonrelativistic
Hartree-theory to an attractive single particle potential. 1In the case of
EC,M./A = 100 MeV, during the stage of penetration, the repulsive time
component of the vector meson field becomes even larger than the absolute
value of the scalar field. This leads to a net repulsion between both
slabs. At even higher energies, these effects will become more dominant
and an interesting dynamic of repelling slabs can be expected. Such a
strong repulsion, which builds up rapidly in time when the slabs start to
penetrate, leads to internal excitations of the system,

We find that the kinetic energy loss fdr the EC.M./A = 100 MeV
collision is about 12% and the slabs are therefore quite transparent.
From heavy ion experiments at these energies, one would expect for a
central collision a much more violent reaction. There are several reasons
that might be responsible for this transparent behavior. One is that, due
to the relativistic mean field approximation, the time dependent
relativistic many-body state is at each time restricted to a single spinor

Slater-determinant. This certaintly restricts the degrees of freedom of
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the system and prohibits possible excitation modes. Another reason is the
substantial omission of changes in the transverse direction due to the
special slab geometry. In a realistic three-dimensional calculation where
the transverse direction is not frozen, the mutual repulsion at high
energies will lead to transverse instabilities and energy will flow into
omitted modes. At Ec.m./A = 100 MeV, the nucleon a-resonance will also

contribute to the energy dissipation.
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VII. Summary

We have shown that the TDRMF-model is very attractive to describe the
dynamics of nuclear collisions since it describes the many-body collision
problem from the basis of the relativistic quantum field theory. In this
model the behavior of the fermion field is rather sensitive to small
changes in the absolute size of the two meson fields. In the case of
colliding nuclear slabs, the TDRMF-model agrees at low energies with

14)

corresponding calculations done in the TDHF-model. For intermediate
bombarding energies the TDRMF-model predicts a different dynamical
behavior in the late stage of the reaction. Since this model is based on
a relativistic quantum field theoretical concept, it includes at these
intermediate energies already important relativistic effects. At the
energy of Ec.m./A = 100 MeV, there appears a net repulsion between the
slabs but nevertheless the slabs are unrealistically transparent. This
might be due to the omission of excitation modes in the mean field
approximation, the restricted degrees of freedom in the special slab
collision geometry, and to the incompleteness of the Lagrangian (1). We
found that retardation effects do not modify the dynamical process
considerably at an energy of 100 MeV.

Since we have shown that the slab collision problem in the TDRMF-model
is numerically manageable, there are several very promising possibilities
of future work.

First of all, to investigate the nuclear slab dynamics for even higher
energies than reported here, using a more realistic Lagrangian, is of great
interest. Furthermore, by including aA-resonances, the effects of the

18

recently theoretically proposed "a-resonance isomer" 8) on the collision

dynamics could be studied. The question on the existence of a pion
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condensate during a heavy ion collision and, particularly, its effects on
the collision dynamics could be answered by including the pion field in the
Lagrangian‘(l) as it was done in ref. 5) for static infinite nuclear
matter. Moreover, as the fields change rapidly during the collision, they
will act as a source for pion radiation. Beside this, the extension of
the calculations to a realistic three-dimensional computation is certainly
desirable.
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Appendix
Numerical methods for solving self-consistently the static slab problem

For AJF = 1.4 fm2

and K; = 0 the system of Egs. (19) by using Egs.
(28) and (29) with the constraint (26) is solved self-consistently. By
denoting with k Az the space coordinate at the mesh point k and using for

the space derivatives a two point formula, the Eqgs. (19) become

1 </\ ~ —~ —~
-, - f +F f, = ef (Ala)
%E'(¥A - )-+ Gk;B i, e?B (A1b)
k+1 k k k
where
I | .
Fo = 9,Y% m | .6 =9V, - Imk[ . (A2)

The use of the right side two point difference formula in (Ala) and the
left side difference formula in (Alb) has the advantage to write Eqs. (Al)
easily in form of an eigenvalue problem where the matrix is a symmetric
band matrix with only two off diagonals. The boundary conditions for the
functions ?A and %B are included by the fact that the matrix we

19)

diagonalize is of finite dimension. For the mesh size we choose
Az = 0.25 fm; the z-coordinate interval is [-12 fm, 12 fm].

To calculate the integrals in Egs. (29) we use the same method the
authors of ref. 14)* used to determine their Hartree-potential. With. this
at each mesh point k the second order finite difference approximation is

used for the scalar and vector densities. The scalar and vector fields

*There in formula A7 for Xq_0 the factor 2 has to be deleted,.
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can then be expressed as a sum over integrals times the corresponding
density at different mesh points. The infegra]s themselves can easily be
calculated analytically. As the equation for the scalar field is an
integral equation, we find the solution by iterations. Calculating first

1“1, we determine with Eq. (29a) a new ci

p; by using a previous ¢
and repeat this procedure five times, which is in our case sufficient. We
found that the iterative solution for the densities is very much improved
by using the average of the two most recent solutions

—i+1 1 i i+l
Psiv = ?'(ps/v * ps/v)

(A3)

We start the iteration using for the vector density the result for the
nuclear density in the corresponding Hartree-calculation of ref, 14). The
scalar density is assumed to be 0.93 times the vector density. After 36
iterations we find a precision for the densities at each mesh point of

~10“4. For the energies the accuracy is about the same.

Numerical methods for solving the time dependent equations

We solve the system (12), which is coupled by the meson fields to the

Klein-Gordon Egs. (14) for K; = 0, by using an implicit difference

20)

method. For the time and space derivatives at the space-time point

(kaz, nat) we take the mid point formula. The functions ?A and ?é in
the Egqs. (12) are replaced by their mean values determined by the earlier

and later time step. With this one obtains
1 (7l ~n—1> 1 (—n =N .o <—n+1 —n-l)
e - f + | f - f - ig V f, "+ F
cat ( A Ak AZ Bk+1 Bk_1 vz, B Bk

= —i(gvvg + lm:nl - m>(?2';1 + ?R;1> (Ada)

k



k Ak-1 k
. *n +1 —1\ |
= -1(g vVU'oZim -wn)(?’n + 7 . (A4b)
V0, I k I Bk Bk /
Here
Foemimet ¢ (A5)

With this replacement, one gets rid of the fast time oscillations of the
relativistic wave function caused by the rest-mass of the nucleons.

We resolve the system (A4) with respect to the real and imaginary

+ +
parts of FRk1 and ¥E¥1. To stabilize the above algorithm we replace after
having determined ! 1 the functions f" by
T oeq (T e (A6)
and recalculate ¥n+1°

As the system is symmetric with respect to the origin of the c.m.
frame, we have to calculate only those spinors that belong initially to
the right side slab. The remaining spinors are determined by using the
parity operator of Eq. (38).

At Tow and intermediate bombarding energiés, retardation effects are
believed to be less important. In these cases we solve simultaneously with
Egs. (A4) the Klein-Gordon equations (14) by neglecting the second time
derivative in the D'Alembert-operator. This means we use Egs. (29) and the
corresponding one for the space component VZ of the vector meson field.

For the high slab collision energy Ec.m./A = 100 MeV, we take the
correct D'Alembert-operator in the Klein-Gordon Egs. (14) into account to

see what the effect of retardation is. The time-dependent Klein-Gordon
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equations are solved numerically by using the difference scheme proposed

by Courant et a1.21)e Instead of solving the Klein-Gordon equation
2 2
1 30U 33U, 2
- MU = o (A7)

(U is now representative for the meson fields, M for their masses, and p
for the scalar- and vector density or the current) one can calculate the

equivalent coupled system of partial differential equations, namely

15 3
E‘é%+'§£=v (A8a)

= MU+ (A8b)

Using forward time differences, central space differences, and substituting
UQ, V:, and pQ by their average valueszz), which one gets from the
adjacent left and right space mesh points, the scheme that results from

Egs. (A8) is

n+
uy L PURy * (L * PIUR g+ (V, * Vp_q)eat]/2 (A9a)
VI Ly ¢ Q] - MR, U Jeat + (op, + of )eat]/2
(A9b)
here r = cat/az.

The initial conditions for U and V are determined by the approaching slabs
which move with constant velocity.

A criterion for the accuracy of the algorithm described above is the
change of the metric of the relativistic wave functions and the change of
the total energy of the system during the slab collision. The mesh sizes
(az, cat) we have chosen, which give as we think sufficient accuracy and
computation time still does not become prohibitive, are in units of fm for

-2 -2
)s

Ecm/A = 3.5 MeV: (0.25/y, 1.25 107"), for 25 MeV: (0.25/y, 1.25 10



-31~

-3 3

for 50 MeV: (0.125/y, 6.25 107"), and for 100 MeV: (0.125/y, 4.4 10~

).
Here y is the y-factor of Eq. (36). Therefore, a typical calculation
involves between 200 400 points in z and 8000 to 16000 steps in time.
Until the end of the reaction where the slabs are well separated again,
the metric of the spinors changed less than 1%. The total energy of the
system changed by less than %0.4%.

The neglect of the second derivative in the Klein-Gordon Egs. (14) in
those cases in which we do not consider retardation effects causes that
the expression (17) for the total energy is no longer a strictly conserved
quantity. Adding formally the amount of energy change, one gets an
expression in terms of the fields that is strictly conserved. For the
numerical computation of the energy and momentum in Egqs. (17) and (18),
the time derivatives are approximated by two point backward differences
and for the space derivatives mid point differences are used. The
integration was done by using Simpson's 1/3-rule. To determine the
initial wave functions when we use the mesh size Az = 0.125 fm a quadratic

two side interpolation is used.
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Table 1
J 1 2 3 4
€j0 - m (MeV) -74.15 -59.60 -41 .54 -23.56
K (3) (fm’l) 1.336 1.173 0.933 0.606

max

Single particle energies e¢. and the maximum occupied transverse momenta

Jo
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Figure captions

Fig. 1. The large component f (full curve) and the small component

A,
Jjo
B (dashed curve) of the four different relativistic

Jjo

nuclear wave functions with K; = O for the static slab, The

7

small component is stretched by the factor 10.

Fig. 2. Nucleon density pV(Z) and scalar density pS(Z) for the

static slab of A/F = 1.4 fm’z.

Fig. 3. The scalar field gsc(z) and the time component of the vector
field gvvo(z) for the static slab of A/F = 1.4 fm"z.
Fig. 4. The experimentally found energy-dependent depth of the real part

of the optical potential and the single nucleon potential Ueff

of Eq. (31).
Fig. 5. Nucleon density profiles pv(z,t) for two colliding nuclear
slabs for EC m /A = 3.5 MeV at different times in units of

10721 5. The total A/F is 2.8 fm2

. Retardation effects
are not taken into account.

25 MeV.

]

Fig. 6. The same as in Fig. 5 for EC m /A

Fig. 7. The same as in Fig. 5 for Ec.m /A = 50 MeV.

Fig. 8  The nucleon density profiles pv(Z,t) for two colliding nuclear

slabs for EC m /A = 100 MeV at different times in units of

1075, The total A/F is 2.8 fm-2.

The full curves show
the results without taking retardation effects into account.
The dashed curves show the results if the Klein-Gordon equations
for the meson fields are solved exactly.

Fig. 9. The scalar field gsc(z,t) and the space and time components of

the vector fields gvvz(z,t) and gvv z,t) at three

of
different times during the reaction for EC m [A = 3.5 MeV.

The time 1is in units of 10”215.

Fig. 10. The same as in Fig. 9 at a bombarding energy of Ec.m./A = 100 Mev.
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