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LBL-12893 
NUCLEAR SLAB COLLISION IN A RELATIVISTIC 

QUANTUM FIELD THEORY 
K.-H. MUUer 

Nuclear Science D i v i s i o n , Lawrence Berkeley Laboratory 
U n i v e r s i t y o f C a l i f o r n i a , Berkeley, CA 94720 

The r e l a t i v i s t i c mean f i e l d model proposed by J .D. Walecka was 

r e c e n t l y used w i t h great success to descr ibe the p roper t i es of nuclear 

matter as wel l as the s t r u c t u r e of the f i n i t e s t a t i c n u c l e i . Sts 'ng 

from Walecka's Lagrangian the nucleons are represented by s ing le 

p a r t i c l e sp ino rs , which are determined by a Dirac equation c o n t a i m 

a r e p u l s i v e mean neut ra l vector f i . s ld V and an a t t r a c t i v e mean 
u 

i sosca la r f i e l d a. Both f i e l d s s a t i s f y Klein-Gordon equat ions . Their 

source terms are again determined by the sp ino rs . We appl ied t h i s 

r e l a t i v i s t i c mean f i e l d model to the dynamics o f two c o l l i d i n g s 'abs . 

They are t r a n s l a t i o n a l i nva r ian t in two t ransverse dimensions and 

cons is t of spin and isosp in : e t r i c n u c ^ a r matte»". By 

s p e c i f i c a t i o n of appropr ia te i n i t i a l cond i t ions fo r the c o l l i s i o n o f 

two equal s labs , we solved the s.vftem of coupled Kle in-Gordon-Dirac 

equations f o r lab bombarding ene1 - J per nucleon up to 400 MeV. At 

low energies the r e s u l t s are i den t i ca l w i t h TDHF r e s u l t s . The damping 

o f the c o l l i s i o n , the phenomenon of high nuclear d e n s i t y , and the 

e f f e c t of r e t a r d a t i o n du r ing the reac t i on are s t ud i ed . 

•Th is work was supported by the Deutsche Forschungsgemeinschaft, 
Germany, and by the D i r e c t o r , O f f i ce of Energy Research, D i v i s i o n of 
Nuclear Physics o f the O f f i ce of High Energy and Nuclear Physics of 
the U.S. Department of Energy under Contract W-7405-ENG-48. 
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To desc r ibe a heavy ion c o l l i s i o n from the basis o f a 

r e l a t i v i s t i c quantum f i e l d theory i s very des i rab le because in 

p r i n c i p l e one has a complete c a l c u l a t i o n a l framework w i th which t o 

answer any quest ion tha t can be asked about the system. J .D. 

Walecka ' has proposed a r e l a t i v i s t i c quantum f i e l d theory fo r 

nuclear matter tha t r e c e n t l y was used success fu l l y t o determine the 

?-41 s t r u c t u r e of f i n i t e n u c l e i . This gives the mot iva t ion to extend 

the Walecka model to descr ibe the dynamics of c o l l i d i n g n u c l e i . 

To l i m i t the computat ional scope we consider two c o l l i d i n g equal 

nuclear slabs of sp in and i sosp in symmetric nuclear matter tha t are 

f i n i t e in z - d i r e c t i o n and i n f i n i t e in the t ransverse d i r e c t i o n s . In 

the Walecka model, the i n t e r a c t i o n between the nucleons is due to the 

exchange of a neu t ra l sca lar meson ( T ) of mass m and a neut ra l 

vec tor meson (V ) o f mass m . The sca lar meson couples to the 
u v 

sca la r nucleon dens i t y through a coup l ing - g v .o and the vector 

meson to the conserved nucleon current through 1 9 V * T , ' ! V . . The 

f i e l d equat ions become manageable by using the mean f i e l d 

approximat ion ' where one s u b s t i t u t e s the meson f i e l d s -i and V by 
- u 

t h e i r expec ta t ion values a and V and introduces the normal o rder ing 

t o c a l c u l a t e the expecta t ion values of the source terms. To do so, we 

assume the r e l a t i v i s t i c many-body s t a t e , which descr ibes the c o l l i d i n g 

nuclear slabs to be of the form 

\t> = a a . . . a 0> 11) 

a creates a nucleon characterized by quantum numbers a = (j,K. ). 
a i i 

j i s the z-quantum number and K̂  the t ransverse wave number. With 

t h i s the Euler-Lagrange equations y i e l d Klein-Gordon equations f o r the 



-3-
mean meson fields and a Dirac equation for the functions f. and 

AJKi 
f R , which correspond to the large and small component of the 

JKj_ 
relativistic single nucleon wave functions. 

3 0 3 o . _<: „ / „ . 

? ^ - ^ - + Vo-Vv ™ 

T^ - + Vz = Vz {2c] 

c at «z 
and 

cTT fA. K

 + ( l z - V z ) f B i K ^ f - V o - f ? 7 ^ 2 ' ^ 

aT f B H , + ( l z - - V z ) f A w " i ( " V o + V ? 7 m * 2 ) f B 
3 

cat . j K i . . . . . . „ j K i . „ , - u j < i 

( 3 a ) 

(3b) 

Here the effect ive mass is m* = m + q o. The scalar density o , 
3 s s 

the nucleon density o , and the nucleon current j are determined 

by the functions f . and f g . 

£J " d K l K i j 

2\ (4a) 
+m* 

J Z - ^ / d K i K l { f A t f B + TA} < 4 b> 

The appropriate i n i t i a l condition for the approach'ig slabs is 

constructed by an inhomogeneous Lorentz transformation applied to the 
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s t a t i c r e l a t i v i s t i c nucleon wave f u n c t i o n s , which correspond to the 

ground s ta te of a s ing le slab at r e s t . 

The h a l f - s i d e momentum per area un i t 

P 

determines the amou; i o f energy that is t rans fe r red dur ing the 

r eac t i on from i n i t i a l k i n e t i c energy to i n t r i n s i c e x c i t a t i o n . 

We solved the coupled system of d i f f e r e n t i a l equations ( 2 ) , ( 3 ) 

numer ica l l y f o r d i f f e r e n t bombarding energ ies . I n i t i a l l y , each slab 

is in i t s ground s t a t e . With the cons t ra in t of 1.4 nucleons per un i t 

area f o r each s l ab , s e l f - c o n s i s t e n c y leads to a slab b u i l t up by four 

r e l a t i v i s t i c s i ng le nucleon wave f u n c t i o n s . The slab th ickness 

corresponds to a nucleus of A = 35. Since the func t ions f . , „ depend 

weakly on K^, we consider in our computation only wave func t ions w i t h 

K, = 0 . At energies lower than E /A = 100 MeV, we neglect the l c m . 3 

second t i m e - d e r i v a t i o n s in the Klein-Gordon equat ions ( 2 ) ; that means, 

we neglect r e t a r d a t i o n e f f e c t s . 

F igure 1 shows the r e s u l t i n g dens i t y o dur ing the slab 

c o l l i s i o n at the low energy of E /A = 3.5 MeV. The time t is in 

-21 u n i t s o f 10 sec. A f t e r the c o l l i s i o n about 70% of the i n i t i a l 

energy i s t r ans fe r red i n t o i n t r i n s i c e x c i t a t i o n . These r e s u l t s are 

a lmo i . i d e n t i c a l w i th the corresponding TDHF c a l c u l a t i o n s . At the 

in termedia te energy of E /A = 25 MeV, the p r o f i l e s f o r c are 

shown in F i g . 2. While at t h i s energy the TDHF model p red ic t s several 

lumps o f nuclear matter to appear at the surface which separate o f f , 

here a neck o f matter between two b ig separat ing fragments i s formed. 

F i n a l l y , the neck c o n t r a c t s , forming two c l u s t e r s . 
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Figure 3 displays the density prof i les at the high bombarding 

energy of E. _ /A = 100 MeV. The maximum density reached is less 

than 2o . The dashed curves in Fig. 3 show the results taking the 

second t •'ite-derivat ions in Eqs. (2) into account. Obviously, 

retardation smooths the density pro f i les . F inal ly , Fig. 4 displays 

the meson f ie lds at three di f ferent times during the slab c o l l i s i o n . 

During the stage of i n i t i a l penetration the vector f ie ld becomes very 

strong, slowing down the col l id ing slabs. 

This work was supported by the Deutsche Forschungsgemeinschaft, 

Germany, and by the Director, Office of Energy Research, Division nf 

Nuclear Physics of the Office of High Energy and Nuclear Physics of 

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

Rpferences 

1) J.D. Walecka, Ann. Phys. 83_ (1974) 491 

2) F.E. Serr and J.D. Walecka, Phys. Lett . ^ I § (1978) 10 

3) J . Boguta, LBL-11894 preprint (December 1980) 

4) K.-H. Muller, LBL-12663 preprint 

5) K.-H. Mu'ller, LBL-12667 preprint 

6) P. Bonche, S. Koonin and J.W. Negele, Phys. Rev. C13_ (1976) 1226 
7) K.-H. Muller and S. Bohrmann, LBL-12684 preprint 

i 
i 



-6-

-4 U 4 
z(fm) 

XBL 814-4569 

Fig. 1 
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Fig. 2 
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Fig. 3 
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