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Abstract. A critical overview is presented of several approaches to the nuclear mean 
~eld which share the common feature oF claiming that the Dirac equation is more ap- 
propriate than the Schrodinger equation for the description of the average nucleon- 
nucleus interaction. The discussion bears on the Dirac phenomenology, renormalizable 
Lagrangian models, the relativistic Brueckner-Hartree-Fock approximation and the 
relativistic impulse approximation. Emphasis is deliberately put on open problems 
rather on successes. 

I .  INTRODUCTION 

The last few years have witnessed the appearance of a continuously 

increasing flux of papers which suggest that the existence of "large 

Lorentz scalar and vector components of the baryon self-energy are 

genuine features of the nuclear many-body problem "I) and that, conse- 

quently, "the nucleus is best treated as a relativistic system"2). The 

implications of this belief are sufficiently important to require a cri- 

tical examination of the solidity of the "growing body of evidence that 

relativistic effects may play a more important role in the description 
3 

of nuclear phenomena than previously thought" ). 

lhe present paper is an attempt in that direction. Our presentation 

is admittedly unbalanced since we deliberately put emphasis on open pro- 

blems rather than on available answers. We hope that this is acceptable 

since most surveys1'4'5'6), including one of our own7), rather adopt a 

positive optimistic attitude, which is also necessary for pursuing the 

development of these drastically novel approaches. 

One of the difficulties encountered when attempting this critical 

evaluation is that the relativistic approaches may be quite different 

from one another despite the existence of several common features, lhe- 

refore it is sometimes unjustified to consider that a success of one 

relativistic approach supports the assumptions made in another one. In 

the following discussion the various approaches are ordered according 

to their remoteness from models of the nucleon-nucleon interaction; 

this also roughly corresponds to an historical ordering. Section 2 

thus deals with the Dirac phenomenology, sect. 3 with renormallzable 

Lagrangian models, sect. 4 with the relativistic Brueckner-Hartree-Fock 

approximation, sects. 5 and 6 with a relativistic impulse approximation 

for nucleon-nucleus and antinucleon-nucleus scattering and sect. 7 to a 
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relativistic impulse approximation based on a boson-exchange model for 

the nucleon-nucleon interaction. Section 8 contains our conclusions. 

2. PHENOMENOLOGICAL DIRAC ANALYSES 

The Dirac phenomenology consists in using the Dirac equation 

(~ = c = I )  

[ ~ . ~  o( U D ( 2 . 1 )  + y m + ) ]#D = (e + m) ~D 

for the analysis of nucleon-nucleus scattering. Here, ¢ denotes the 

bombarding energy and m the nucleon mass. lhe Dirac optical-model po- 

tential U D = V D + i W D is a &x4 matrix. We consider a doubly-closed 

shell symmetric target nucleus. One can without any restriction limit 
8 

oneself to local potentials ). The Dirae potential can then be written 

as the sum of four Lorentz components, namely 9) 

u D ( r )  = uD(r)s + o uD(r)o + r uD(r)v - i o r U tD(r) , ( 2 . 2 )  

r 
where y is the radial y-matrix. 

The Dirac OMP (2.2) involves four unknown complex functions. We now 

argue that only two of these can be determined by phenomenological ana- 

lyses of the elastic scattering cross sections. The reasoning is the 

following. Let w .(r;~) denote the radial part of the large components 

of the spinor wD~Jafter a partial wave decomposition. It is always pos- 

sible to find a function g(r) which approaches a constant for r ~ 0 

and unity for r ~ ~ , and which is such that the function v~j(r) = 

g(r) wsj(r) fulfills the Schrodinger-type equation 

d2 ~ v . ( r  + {k ~ ( ~ + t )  2m Se ( r ; ~ )  Se 
dr 2 ~j r2 [Ucent - Uso(r;~) K~j]} v~j(r) = 0 , 

(2.3) 

where KSj i s  e q u a l  to  - ( j  + 3 / 2 )  i f  j = ~ - { and to  ( j  - ~) 

i f  j = ~ + ½ , w h i l e  k s = (c + m) 2 - m 2 i s  the  squa re  o f  the  r e l a t i -  

v i s t i c  a s y m p t o t i c  momentum. F u r t h e r m o r e ,  i t  can be shown t h a t  the  e l a s -  

t i c  s c a t t e r i n g  c ross  s e c t i o n  and the  p o l a r i z a t i o n  o b s e r v a b l e s  can be 

c a l c u l a t e d  f rom the  phase s h i f t  a s s o c i a t e d  w i t h  v ~  by u s i n g  t he  u s u a l  

f o r m u l a s 7 ' l O ) .  I t  i s  because o f  t h i s  p r o p e r t y  t h a t  J u S e ( r ; E )  p l a y s  a 

p r i v i l e g e d  r o l e  as compared to  o p e r a t o r s  wh i ch  a p p e a r  i n  o t h e r  two -com-  

p o n e n t  r e d u c t i o n s  (compare  w i t h  r e f . 1 1 ) )  and can be c a l l e d  t he  " S c h r ~ -  

d i n g e r - e q u i v a l e n t  p o t e n t i a l " 1 0 , 1 2 ) .  
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Innumerable nonrelativistic analyses show that it is possible to 

fit the experimental data by adjusting the two functions U Se (r;c) 
cent 

and uSe(r;c) which appear in the nonrelativistic equation (2.3). One 
SO 

should therefore expect that good fits can be also obtained from the 

Dirac phenomenology by adjusting only two of the four Lorentz components 

of the Dirac potential U D . Correspondingly it is not surprizing that 

good fits to the experimental data can be obtained from a Dirac phenome. 

nalogical analysis even if one sets equal to zero two of the Lorentz 

components of uD(r;c) . In practically all previous analyses the two 

quantities uD(r) and U~(r) have a priori been dropped. In this "S-V" 

(Scalar-Vector) model the real parts of the two remaining components, 

namely V~(r;~) (the "scalar" component) and vD(r;C)o (the "vector" 

component) are assumed to have 8 Woods-Saxon shape. It is then found 

from the analyses that in the nuclear interior V D is large and nega- 
s 

tire (m - 400 MeV) while V D is large and positive (~ + 300 NoV) . 
0 

The reason is that U Se V D + V D while the spin- 
orbit strength U Se cent involves the sum o s ' 

involves the difference V D - V D . The empirical 
S O  s 0 

Value of the spin-orbit coupling requires that the values of IV~I and 

of IV~l must both be large in the phenomenological 5-V model. There- 

fore the relativistic effects are large in this model, even for low 

energy nucleons. For instance, the small components of the plane wave 

Spinor ~D in nuclear matter are enhanced by a factor m/(m + V~) = 2 

as compared to their value in free space13). 

One must, however, remain aware that from a purely phenomenological 

Point of view no reason exists for asSuming that UDv and utD vanish. 

We now show that good fits to the data can be obtained with a Dirac 

"S-T" optical-model potential in which U D = U D = 0 , while U D and 
0 V S D 

U t differ from zero but are both small. We only consider real poten- 

tials, for simplicity. We assume the following shapes : vD(r) = V s f(r), 

V (r) = (Vto/m) (df(r)/dr) , where f(r) = [1 + exp(r-R)/b] -I , with 

values of R and b typical of 40Ca The upper part of Fig. I shows 

(for c = O) the dependence upon Vto of the depth of the central 

Part of the Schr~dinger-equivalent potential and of the surface value 

of its spin-orbit part. The depth of V Se (r=0.1 fm) is quite insensi- 
cent 

live to the value of Vto . The empirical value of vSe(r=R)so as given 

by Becchetti and Greenlees 14) is reproduced for Vto = - 200 NoV , 

D(R) = 6 = 20 NoV at the nuclear surface. The Which corresponds to V t 

lower part of Fig. I shows the radial dependence of the spin-orbit part 
vSe 
so of this Schrodinger-equivalent potential. 

This discussion corroborates a previous study by Nillerg). It con- 

firms that the experimental data (elastic scattering cross sections, 

Single-particle energies) at low energy are compatible with small va- 
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lues of the Lorentz components. Note, however, that the single-particle 

wavefunctions calculated from the S-V model on the one hand and from 

the S-T model on the other hand can be quite different in the nuclear 

interior. However, it is quite difficult to find experimental data 

which are sensitive to the internal part of the single-particle wave- 

function and whose theoretical interpretation is unambiguous. 

Let us give a second example of the freedom which exists in cons- 

tructing a phenomenological Dirac optical-model potential. Let wD 

denote the Dirac spinor associated with a scalar-vector (S-V) model, 

i . e .  i n  a mode l  i n  w h i c h  U D = U D = 0 . C l a r k  et a l .  3) have  r e c e n t l y  
v ~Dt= o 

introduced the transformation ey F(r) ~D and shown that the 

quantity F(r) can be chosen in such a way that ~D is a solution of 

a Dirac equation with Uol = Uvl = 0 , i.e. corresponds to a S-I (Sca- 

lar-Tensor) model; the index I labels this new model. The function 

F(r) approaches unity for large r , and the SI-TI model is there- 

fore phase shift equivalent to the original S-V model. Both models mo- 

reover yield the same bound state energies. 

For illustration, we consider the example of a phenomenological 
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s o 

S-V model which yields good agreement with the p-40Ca cross section at 

200 MeV ; the potential depths are given by V = 400 HeY , V = 

+ 300 MeV 3). s o 

The real parts Vsl and Vtl of the scalar and tensor potentials 

in the corresponding S-T model are shown in Fig. 2. It is seen that the 

two Lorentz components are quite weak, in contrast to the Lorentz com- 

ponents V D and V D of the original S-V model. We have obtained 15) 
s o 

an analytical proof of the observation 3) that the associated S-V and 

S-T models yield exactly the same Schr~dinger-equivalent potential. 

this property is likely to be a consequence of an inverse scattering 

theorem. It supports our opinion that the Schr6dinger-equivalent poten- 

tial is a very useful reference potential. We note, however, that the 

S-T and S-V models are only phase shift equivalent. The corresponding 

wavefunctions ~D and ~D are different in the nuclear interior. For 

instance the two models yield different predictions for the magnetic 

moment of nuclear ground states16). 

We conclude from this discussion that phenomenological analyses of 

nucleon-nucleus scattering and of single-particle energies cannot de- 

monstrate the necessity of replacing the nonrelativistic optical model 

by a relativistic one. ~he phrasing of this sentence reflects the cri- 

tical point of view that we deliberately adopt. Indeed, we could have 

well concluded that phenomenological analyses cannot exclude the possi- 
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bility that large relativistic effects exist. Moreover, it should be 

added that the analyses yield good fits with potential shapes which are 

simpler in the scalar-vector than in the scalar-tensor model3). 

3. RENORMALIZABLE LAGRANGIAN MODELS 

The relativistic quantum field models are based on a Lagrangian 

density which contains field operators associated with hadrona (mesons 

and nucleons), whence the expression "quantum hadrodynamics" (QHD) coi- 

ned for this approach1). The Lagrangian models are required to be re- 

normalizable in order to provide a systematic way of evaluating obser- 

vables. 

The parameters which appear in the Lagrangian density (meson mas- 

ses, coupling constants) are not directly related to those which cha- 

racterize physical mesons nor with those which are introduced in boson- 

exchange models for the free nucleon-nucleon interaction. Rather these 

parameters should be considered as "effective" : they are chosen in 

such a way that the measured values of some observables are reproduced 

by the solution of the model within some approximation scheme. They 

should be readjusted when the approximation scheme is changed. 

Let us consider the example of symmetric nuclear matter and of the 

o-~ model originally developed by Walecka17). The corresponding Lagran- 

gian density is 

L = go $ mo ~ - gm ~ ~p up ~ , (3.  I )  

where @ refers to the nucleon field and ~o ' mp to neutral scalar 

and vector meson fields, respectively. The fields obey nonlinear cou- 

pled equations; one of these reads 

[ ~ P ( i ~ p  - gmmp) - (m - g o , o ) ] @  = 0 ( 3 . 2 )  

Walecka's mean field approximation consists in replacing in this equa- 

tion the operators wp and ~0 ° by their expectation value with res- 

pect to a Fermi sea. Equation (3.2 then yields the following equation 

for the plane wave spinor ~ = u(~ exp(lq.r) : 

[~.~ o( yo 
+ y m + V a + V o ) ] U (  ~ = (~ + m) u ( ~ )  ( 3 . 3 )  

Here, 
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)2 2 
(e + m - V ° : q + (m + Vs )2 

2 2 2 2 
Vo : P gw/mw ' Vs : - Ps go/me 

q<k F q<k F 

( 3 . 4 a )  

, ( 3 . 4 b )  

u+(~) yo u(~) , (3.4c) 

while k F denotes Ehe Fermi momentum. The scalar density Ps is smal- 

ler than the baryon density p because the squares of the small com- 

ponents of u(~) appear with different signs in 0 and Ps The ave- 

rage binding energy per nucleon is given by 

B/A = 

w h e r e  

< f>  : 

<T> + ½ <V> , (3.5a) 

k F 
3 kF 3 # u+(~) [~.~ + yO m] u(~) q2 dq - m , (3.5b) 

o 

k F 
- ~ u+(~) yo yO q2 

<V> = 3 kF3 O [Vs + Vo)] u(~) dq (3.5c) 

Equations (3.5a-c) are typical of a model in which the nucleons only 

fee] the average potential created by the other nucleons. It is there- 

fore noL surprizing thaL one can develop relativistic Hartree and Har- 

tree-Fock approximations in which eqs. (3.3) and (3.5a-c) also hold. 

The outcomes of the latter two approximations are represented by the 

full and the dashed curves in the upper part of Fig. 3, For a common 

set of inpul parameters. The lower parL of Fig. 3 shows that in each 

case the input parameters can be adjusted in such a way as to yield the 

empirical saturation point of symmetric nuclear matter. 

One characteristic feature o£ eq. (3.3) is that the spinor u(~) 

d e p e n d s  upon  V s , w h i c h  i n  t u r n  d e p e n d s  upon  u ( ~ )  v i a  Ps T h i s  

i m p l i e s  a s e l f - c o n s i s t e n t  c a l c u l a t i o n .  I t  a l s o  i n d i c a t e s  t h a t  <T> i s  

n o t  e q u a l  t o  t h e  a v e r a g e  k i n e t i c  e n e r g y  p e r  n u c l e o n  o f  a n o n i n t e r a c t i n g  

F e r m i  gas  t i t  e ven  becomes  n e g a t i v e  f o r  l a r g e  k F) , i n  c o n t r a d i s t i n c -  

t i o n  w i t h  t h e  c a s e  o f  t h e  n o n r e l a t i v i s t i c  H a r t r e e ,  H a r t r e e - F o c k  o r  

B r u e c k n e r - H a r t r e e - F o c k  a p p r o x i m a t i o n .  

The s m a l l  v a l u e  o f  t h e  a v e r a g e  b i n d i n g  e n e r g y  p e r  n u c l e o n  r e s u l t s  

f r o m  a s i z e a b l e  c a n c e l l a t i o n  b e t w e e n  t h e  c o n t r i b u t i o n s  o f  t h e  s c a l a r  

and vector Lorentz components V and V , which both have a large s o 
absolute magnitude (several hundreds MeV). The size of the difference 

between the results of the relativistic Hartree and Hartree-Foek appro- 

ximations is typical of the size (about ten per cent) of several cor- 

rections to the Hartree approximation which have been evaluated until 
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now, see e.g. ref.20)." 

This relative insensitivity has been considered as indicating that 

the existence of "large Lorentz scalar and vectoF components are genuine 

features of the nucleon many-body problem"l). Caution must however be 

excercised. Indeed, this conclusion is derived from the schematic model 

(3.1) for the Lagrangian density. Moreover, it appears that in all the 

approximation schemes the average binding energy per nucleon is given 

by an expression which involves an integration over the nucleon momenta 

from 0 to k F , as on the right-hand side of eqs. (3.5b,c). This indi- 

cates that these approximation schemes assume that the Fermi sea is not 

depleted. In nonrelativistic calculations the depletion of the Fermi 

sea is found to be as large as ten to twenty per cent, mainly because 

of short-range and tensor correlations21). It would be of great inte- 

rest to evaluate the depletion in the case of the relativistic Lagran- 

gian models. 

Progress is being made towards the inclusion of other types of 

meson fields in the Lagrangian densityl). However, it will remain dif- 

ficult to evaluate to what extent these models are realistic since they 

involve a fairly large number of adjustable parameters, while the fit- 
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ted bulk properties of nuclei only depend upon a rather small number of 

quantities. This difficulty is associated with the fact that in these 

approaches contact is lost with free nucleon-nucleon scattering, for 

which several thousands observables have been measured. 

An important test of these relativistic quantum field models and 

of the approximation schemes would probably consist in confronting with 

experiment their predictions concerning the behaviour of antinucleons 

in a nuclear medium. In the case of the Lagrangian model (3.1) and of 

the mean field approximation it appears likely that the scalar and vec- 

tor potentials add constructively in the Schrodinger-equivalent poten- 

tial for antinueleons, whose depth would then reach about 700 MeV . 

This seems to be at variance with recent empirical observations on the 

antiproton-nucleus interaction. It is not clear whether the blame should 

be put on the model Lagrangian, on the approximation scheme or both. 

4. RELATIVISTIC BRUECKNER-HARTREE-FOCK APPROXIMATION 

The relativistic Brueckner-Hartree-Fock approximation was initia- 

ted by the Brooklyn group6). It has been improved in refs.20'22'23). 

The corresponding expression of the average binding energy per nucleon 

has the same form as in eq. (3.5a). Now, however, <V> is the expecta- 

tion value of a relativistic Brueckner reaction matrix N , which ful- 

fills the Bethe-Goldstone equation 

H = V + V(Q/e) H ; (4.1) 

here, V is the sum of the irreducible contributions to the kernel of 

the Bethe-Salpeter equation for free nucleon-nucleon scattering and 

(I/e) is an energy propagator, while 

o = ~ I~>I~> <~I<~l (4.2) 
a ,b>k  f 

i s  the  P a u l i  e x c l u s i o n  o p e r a t o r  wh ich  r e q u i r e s  the  i n t e r m e d i a t e  momenta 

to be l a r g e r  than the Fermi  momentum. 

The d a s h - a n d - d o t  curve  in  F i g .  4 shows the  r e s u l t s  o r i g i n a l l y  ob-  

t a i n e d  by the  B r o o k l y n  g roup .  They are  i n  good agreement  w i t h  the  emp i -  

r i c a l  l o c a t i o n  o f  the  s a t u r a t i o n  p o i n t  and d e r i v e  f rom a c a n c e l l a t i o n  

be tween  l a r g e  s c a l a r  and v e c t o r  L o r e n t z  components in  the nuc leon  s e l f -  

energy. This original cancellation suffers from the use of an obsolete 

nucleon-nucleon potential V and from the use of free plane wave spi- 

nors for the intermediate states IF> and I~> A more modern version 
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of V yields the long dashes and the use of self-consistent preserip- 

tions for I~> , I~> and (I/e) gives the solid line in Fig. 4 25). 

This result is in excellent agreement with the empirical saturation 

properties. This is puzzling. Indeed the difference between the full 

and the dashed lines in Fig. 4 shows the quantitative importance of the 

self-consistent prescriptions. However the latter have not been fully 

justified. The self-consistent choice of the propagator (I/e) is a 

matter of debate even in the nonrelativistic Brueckner-Hartree-Foek 

approximation. This can hardly be envisaged in the relativistic case 

since the basic Lagrangian is probably not renormalizable. Some cor- 

rections should nevertheless be studied, for instance the one associa- 

ted with the depletion of the Fermi sea. 

The nucleon-nucleus optical-model potential evaluated by the Broo- 

klyn group in the framework of the Brueckner-Hartree-Fock approximation 

is in fair agreement with the empirical one6). It would be of interest 

to check that this agreement is not affected by the use of a modern 

free nucleon-nucleon interaction g and of self-consistent prescrip- 
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tions. For intermediate energies it would also be useful to study the 

difference between the Brueckner-Hartree-Fock approximation and the 

impulse approximation. 

The results of the relativistic Brueckner-Hartree-Fock approxima- 

tion only differ from those of the Hartree-Fock approximation by about 

ten per cent. It appears that the experimental data on antinucleon- 

nucleus scattering may request a much larger difference between the 

relativistic Hartree-Fock and Brueckner-Hartree-Fock approximations. 

It would thus be of great interest to extend the relativistic Brueckner- 

Hartree-Fock approximation to the case of antinucleons. 

5. RELATIVISTIC IMPULSE APPROXIMATION 

While the relativistic Brueckner-Hartree-Fock approximations uses 

as input a model for the free nucleon-nucleon potential operator V , 

the relativistic impulse approximation is based on the transition ma- 

trix for free nucleon-nucleon scattering. In refs.25-27), the follo- 

wing two relations have been adopted for defining a relativistic tran- 

sition operator F D : 

, ' -- , F o -+ -+ 
~ 1 ( ~  s 1) u 2 ( ~ , s  2) u l ( q l , s  1) u2(q2,s2 ) 

+ ~, F S ~ 
= x2(q2 's½ ) X1 1 ' X l ( q l , s ~ )  + ~'  ( q l , s )  x2(q2 s 2) , ( 5 .1 )  

FO Fs + Fv Y~ ~2~ + Ft a l  °2p~ + a Y2W ps 

(5.2) 
Here, X (~ , s )  denotes a two-component P a u l i  f r e e  p lane wave s p i n o r ,  

FS be the co r respond ing  n o n r e l a t i v i s t i c  t r a n s i t i o n  o p e r a t o r  as d e t e r -  

mined from f ree  nuc leon -nuc leon  s c a t t e r i n g  da ta ,  and u ( ~ , s )  be a f o u r -  

component D i rac  f ree  p lane wave s p i n o r .  

The o r i g i n a l  impu lse  a p p r o x i m a t i o n  to the r e l a t i v i s t i c  o p t i c a l -  

model p o t e n t i a l  e s s e n t i a l l y  c o n s i s t s  i n  t a k i n g  the e x p e c t a t i o n  va lue  of  

F D w i t h  respec t  to the t a r g e t  ground s t a t e  approx imated  by a S l a t e r  

de te rm inan t  b u i l t  w i t h  four -component  D i rac  s p i n o r s .  I t  t u rns  out 25) 

t h a t  the co r respond ing  r e l a t i v i s t i c  o p t i c a l - m o d e l  p o t e n t i a l  has l a r g e  

Sca la r  and v e c t o r  Lo ren tz  components, and t h a t  these are in  good ag ree -  

ment w i t h  those d e r i v e d  from phenomeno log ica l  D i rac  ana l yses  based on 

the S-V model.  The f u l l  curve in  F ig .  5 shows t h a t  the agreement i s  

p a r t i c u l a r l y  s p e c t a c u l a r  in  the case o f  the r a t i o  o f  the depths o f  

these two Lo ren tz  components~ t h i s  r a t i o  i s  the q u a n t i t y  b e l i e v e d  to 

be most a c c u r a t e l y  de te rmined  by phenomeno]og ica l  ana lyses  o f  the expe-  
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tor and scalar Lorentz components of the relativistic optical-model potential. The 
full dots are empirical v@~ues derived from phenomenologica] analyses based on the 
Dirae scalar-vector model ). The f~l curve is obtained from the impulse approxima- 
tion based on eqs. (5.7) and (5.2) ). The dashed curve has been computed from the 
dashed lines in Fig. 9 below, i.e. from another version of the impulse approximation, 
which essentially amounts to replacing the exchange operator associated with a29seu- 
dosealar ~-N coupling by that associated with a pseudovector W-N coupling ). 

IO z 

K) 

I 

o 

497 MeV 

RIA 

. . . .  PS 
W (19851 

10 4 .... 
104/, ~ '  ' , , ............... 

I\ --RIA 
102I  ~ - - - I A  102 

PRLSO V %~ 
.| (1983), V'~, '~ 

10 -zL . . . . . .  

0 10 20 30 40 10-2 
0 10 20 30 40 

Fig. 6. Dependence upon scattering angle of the differential cross section (in mb/sr] 
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lues. The dashed curves and the full curves have been calculated from nonrelativistic 
and relativistic (eqs. (5. I)~6(5.2)) impulse approximations by the authors of ref. 27) 
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the left-hand side should also correspond to this relativistic impulse approximation, 
while the full curve is based on a modified version which essentially amounts to 

assuming a pseudovector rather than a pseudoscalar ~-N coupling. 
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rimental data. 

The full curves in the middle and right-hand parts of Fig. 6 show 

the differential cross sections predicted by the relativistic impulse 

approximation in the case of the scattering of 500 MeV protons by 

40Ca , as computed by two different groups. They are both in good agree- 

ment with the date but differ from one another. These groups also give 

different results for the noore]ativistic impulse approximation. The 

origin of these differences should be made clear if one wants to attach 

a quantitative significance to the difference between the nonrelati- 

vistic and the relativistic impulse approximations. One may also wonder 

why the corrections to the relativistic impulse approximation should 

be very small, for instance those due to the correlations in the tar- 

get. One must also keep in mind that the impulse approximation involves 

the neutron distribution, which is not accurately known. It also seems 

that it has not been justified why the corresponding potential can be 

used in connection with a Dirac single-particle wave equation. 

The relativistic impulse approximation yields a very good agree- 

ment between calculated and measured spin observables (analyzing power, 

spin rotation function). This is quite impressive since no parameter 

has been adjusted. However, a parameter free model is not an assumption 

free theory. In the present context, it has been pointed out by Adams 

and Bleszynski 30) that the prescription (5.2) for defining F D is Isr- 

gely arbitrary. The origin of this ambiguity essentially is that there 

exists an infinite number of ways of writing a matrix operator F D 

which fulfills eq. (5.1). Physically this is related to the fact that 

F S describes the scattering between two positive energy nucleons, 

while a full specification of F D would also involve the description 

of nucleon-antinucleon scattering. Moreover the impulse approximation 

requires off-the-energy shell extrapolations of the nucleon-nucleon 

scattering amplitudes, and this is not provided by the nucleon-nucleon 

scattering data. 

6. ANTINUCLEON-NUCLEUS POTENTIAL 

The main characteristic of the relativistic quantum field models 

is that they involve degrees of freedom which are associated with anti- 

particles. Hence it appears essential to investigate to what extent 

these models account for the recent data on antiproton-nucleus scatte- 

ring. It turns out that the impulse approximation outlined in the pre- 
31 

ceding section is quite successful in that respect ). The reel and 

imaginary parts of the corresponding Schrodinger-equivalent potential 
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Fig. 7. Taken from ref. 32). Real 
(top) and imaginary (bottom) 
parts of the calculated nonrela- 
tivistic optical-model potentials 
~r 46.8 MeV antiprotons on 
~ C (full curve and short das- 
hes)1~nd for 0 MeV antiprotons 
on q3 ~ong dashes). The short 
dashes~ "-~) correspond to the 
nonrelativistic Brueckner-Hartree- 
Fock a~roximation and the full 
curves- ) to the relativistic 
impulse approximation (sect. 5); 
both calculations are based on 
the same f~e nucleon-antinucl~n 
amplitudes--). The long dashes--) 
are computed from the nonrelati- 
vistic Brueekner-Hartree-Fock 
approximation with a different 
input for the nucl~n-antinucleon 
potential operator--). 

are represented by the full curves n Fig. 7. As in the nucleon case it 

results from a cancellation between large scalar and vector Lorentz com- 

ponents. These have opposite signs, in contrast to what would apparently 

be the case in the relativistic Hartree approximation. This suggests 

that the Lorentz structure of the free nucleon-antinucleon potential 

operator may be quite different from that of the nucleon-antinucleon 

scattering amplitude. 

Figures 7 and 8 exhibit that the nonrelativistic Brueckner-Hartree- 

Fock approximation yields approximately the same results as the relati- 

vistic impulse approximation. ~he agreement with experimental data is 

quite good in both cases. This is somewhat puzzling since none of these 

approximations takes into account the existence of correlations among 

the target nucleons. The answer probably lies in the property that the- 

antiprotons are strongly absorbed, so that elastic scattering only 

occurs in the tail of the nuclear surface. 
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7. MESON EXCHANGE AND THE RELATIVISTIC IMPULSE APPROXIMATION 

The relativistic impulse approximation discussed in sect. 5 uses 

as input the free nucleon-nucleon scattering amplitudes, which as men- 

tioned are insufficient for uniquely specifying the "relativistic" 

transition operator F D in eq. (5.1). This arbitrariness can only be 

waived if a theoretical model is constructed for F D . This problem has 

recently been attacked by Tjon and Wallace, and by Horowitz29'39-41). 

These authors first identified the origin of the fact that the relati- 

vistic impulse of sect. 5 yields vector and scalar potentials which 

have an extremely large magnitude at low energy, see the full curves in 

Fig. 9. They then argued that this could be avoided by a suitable modi- 

fication of assumption (5.2), and that this modification finds support 

in boson-exchange models of the nucleon-nucleon interaction provided 

that one uses a pseudovector pion-nucleon coupling. 

Tjon and Wallace obtain the scalar and vector strengths represen- 

ted by the dashed curves in Fig. 9; their ratio yields the dashed curve 



494 

I000 

> 500 

r- 
+- 
r- 

K. 
4- 
U9 

o -soo 

-1000 

;C'-. v° 

x x 

0~' i I I I i I I I 
200 400 600 80C 

Tlo b (MeV) 
X X X X 

x = P V  

Fig. 9. From refs,2£'40). 

Energy dependence of the 
strengths of the scalar 
[V s] and vector (V ] Lo- 
rentz components of ~he nu- 
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correspond to the version 
outlined in sect. 5; their 
ratio yields the full curve 
shown in Fig. 5. The long 
dashes are associated with 
a modification of the assum- 
ption (5.2); they agree with 
results (crosses) derived 
from the Bethe-Salpeter 
equation for free nucleon- 
nucleon scattering when a 
pseudovector instead of 
pseudoscalar coupling is 
used for the pion-nucleon 
vertex. 

shown in Fig. 5. Above 200 HeY the calculated ratio is seen to be in 

less good agreement with the empirical value than the one which had 

previously been found from assumption (5.2), but this feature seems to 

be reversed below 200 NeV 40). It is not clear to what extent this is 

really significant since medium Pauli and binding energy corrections 

are expected to become sizeable below 200 MeV . A crucial test of 

these meson exchange approaches to F D would consist in testing their 

predictions concerning antinucleon-nucleon and antinueleon-nucleus 

scattering. 

8. DISCUSSION 

We first summarize some of the main problems encountered in the 

relativistic approaches. The Dirac phenomenology (sect. 2) requires as- 

sumptions on the Lorentz structure of the optical-model potential; the 

size of the relativistic effects drastically depends upon the assump- 

tion which is adopted. The renormalizable quantum field models (sect. 

}) are not yet able to include some of the most important meson fields; 

even if they could, the number of adjustable parameters would be too 

large for allowing their determination from the nuclear data, unless 
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one can establish contact with free nucleon-nucleon scattering. The 

relativistic Brueckner-Hartree-Fock approximation (sect. 4) and the 

relativistic impulse approximation (sects. 5-7) yield very good agree- 

ment with empirical data; this raises the problem of explaining why the 

eorrections to these approximations should be small; these corrections 

are delicate to treat since the models are not renormalizable. It would 

be of great interest to evaJuate the depletion of the Fermi sea : could 

it be that it is smaller in some relativistic approaches because strong 

short-range nucleon-nucleon correlations do not appear ? Could one test 

this experimentally ? Much attention should also be devoted to the anti- 

nucleon-nucleon and antinucleon-nucleus cases, since the appearance of 

antiparticle degrees of freedom is one of the main characteristics of 

a relativistic quantum field theory. 

We have mainly focused on nucleon-nucleus scattering, which only 

probes the single-particle wavefunction at large distance. The enhance- 

ment of the small components of the wavefunction which is typical of 

the relativistic approaches only exists in the nuclear interior, where 

it is quite difficult to experimentally probe the wavefunction. For 

instance the expression of the coupling between the nucleons and an 

electromagnetic field is ambiguous in the relativistic approaches42). 

This is related to the problem of embedding the internal structure of 

the nucleons in the relativistic models. To what extent a Dirac equa- 

tion could be consistent with the composite structure of the nucleons 

is an interesting problem43). 

Finally, we must recall that here we have deliberately adopted a 

critical attitude, and thereby have not given a balanced presentation 

of the various relativistic approaches. We have adopted the view that 

the field deserves a critical survey precisely because of the great 

interest that it justifiably raises. Real advances are usually initia- 

ted by bold assumptions, and one should not let oneself be hindered by 

difficulties. It appears safe to perform a translation in time and 

adopt the same conclusion as in the paper that we had presented exactly 

six years ago in this very same room, namely :"Many problems remain to 

be solved and intriguing questions are raised by the apparent success 

of the relativistic approaches. This should give rise to a flurry of 

activity in the near future"10). 
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