One-boson exchange potentials and their use in low energy

nuclear physics
L. N. Savushkin and V. N. Fomenko

M. A. Bonch-Bruevich Leningrad Electrotechnical Communications Institute; All-Union Scientific

Research Institute of Electrical Measuring Instruments, Leningrad

Fiz. Elem. Chastits At. Yadra 8, 911-960 (July-August 1977)

Some aspects of the modern meson theory of the NN interaction and its use to describe nuclear matter
and finite nuclei are considered. The one-boson exchange potential (OBEP) is introduced, and considered
in application to nucleon-nucleon scattering, the properties of the deuteron, and quasinuclear resonances.
Its application to nuclear matter and also to finite nuclei in the framework of relativistic Hartree and

Hartree-Fock theories is described.

PACS numbers: 21.30.+y, 13.75.Cs, 21.60.Jz

INTRODUCTION

The attempt to describe the interaction between nu-
cleons and the properties of nuclei in the framework of
a unified approach on the basis of meson exchange is
an old but attractive idea. In recent years, interest in
this problem has grown in connection with the construc-
tion of models of the nucleon-nucleon interaction (one-
boson exchange potentials, abbreviated OBEP), which
take into account the exchange of mesons and reso-
nances with different space-time transformation prop-
erties. This interest is fully understandable, since
the use of meson potentials puts the theory of nuclear
structure on a new footing, eliminating phenomenology
in the choice of the nucleon-nucleon interaction and
relegating it to the description of elementary particles
and their interactions. This establishes an intimate
connection between the theory of nuclear structure and
elementary particles, so that in each of them one can
obtain new results by using regularities established in
the adjacent field.

The properties of OBE potentials have been reviewed
several times. Babikov'? has surveyed the field up to
1970, with brevity and clarity, including both the meson
theory of nuclear forces and the main directions in its
development as well as the possibilities for applying
the meson theory of nucleon—nucleon interactions to
heavy nuclei. We should also mention Erkelenz’'s re-
view, ®1which brings the field up to 1974. Some other
literature will be considered below.

In this review we discuss the results so far achieved
in the implementation of the above program, and we
have taken our aim to be that of combining in one arti-
cle a discussion of the theory of nuclear matter and the
theory of finite nuclei on the unified basis of the meson
theory of nuclear interactions.

1. ONE-BOSON EXCHANGE POTENTIALS

We consider a system of two nucleons interacting
with the meson field. For the moment, we shall not
particularize the meson field (which may be a scalar,
vector, or pseudoscalar field).

Suppose the state of the system is described by the
wave function
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Wiry, & re, B Qs 1), (1)

where 1y and r, are the coordinates of the first and the
second nucleon; & and £ are their spin and isospin
variables; @ is the variable of the meson field.

We write down the Schrédinger equation for the wave
function (1):

[Hp (ry, &)+ Hp (s, &) + Hint (v, &)
+ Hyne (v, &) + Hppes) Wry, i rp, B Q, t)

=ih 5 W (ry, B3 10 B 03 1), @) .
where
Hp (k1. &) = apy + BiMe2 (3)
are the Dirac operators for the first and second nucleon
(for i=1 and 2, respectively); H,,, (r;, £) is the opera-~
tor of the interaction of nucleon ¢ with the meson field.
The form of H,,, (r, £) depends on the species of meson
with which the interaction takes place. If the nucleons

interact with scalar mesons, the interaction operator
is

Hi (ri, &) = — V 22 geiQ (r)), (4)
and if they interact with vector mesons,

Hi (i 8)=—V 2 {gv [5_,: @iy Qa () + Qo (r7) | \

+ i vt Qu ) }, (5)

where m is the meson mass and M the nucleon mass.

The operator of the interaction of the nucleon with
pseudoscalar meson field has the form?’

Hi (v ) = —V 2 gy, 10 (1) (6)

where @ (r,) is the amplitude of the scalar or pseudo-

1)The interaction of a nucleon with a pseudoscalar meson field
can also be considered in the form —(f/m)37v;Y,0,Q(r). At
the present time, it is not clear which of these two forms of
the interaction is actually realized, though the expression
(6) is more widely used.
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" scalar field at the position of nucleon 7; @,(r;) and @
(r,) are the three spatial and the one time component
of the vector field;

1
Ouv =37 [‘l’u'fvl; qu (r) =T auov—‘ av@w

The constants g characterize the strength of the in-
teraction in the case of the vector field (5) the addition-
al constant f;, is also needed.

Besides the operators given above, there may be
other forms of the operator of the interaction between
the nucleons and mesons field, but Eqs. (4)-(6) give
the simplest forms of the interaction. The operator
H,,, in (2) describes the free meson field. The ma-
‘trices @, B, ¥, Yu are the traditional matrices of rel-
ativistic theory.

Using the method of Fock functionals, one can show
that the problem of the interaction of two nucleons
through a meson field in accordance with Egs. (2)-(6)
can be reduced in the framework of the one-boson ap-
proximation (see, for example, Ref. 4) to the following
problem:

(Hp (ry, &)+ Hp (v, &)+ V)1 @y (ry, &3 1y B 1)
e iﬁ%‘bn (ry, & ¥2y B3 1), (7

where &, (ry, £ Ts, £; 1) is the wave function of the sys-
tem of two nucleons; V? is the one-boson exchange po-
tential (OBEP).

If the interaction between the nucleons is realized
through scalar mesons, then (see Ref. 4)

VE =V (r) Bifa- (8)
For vector mesons,

VP =v" (1) (o402 —1). (9)
Finally, for pseudoscalar mesons

VE = — V7 (r) Brvs.iBavsa- (10
The potentials (8)-(10) have been written down for the

case when the mesons exchanged between the nucleons
are isoscalar, i.e., have zero isospin.

The interaction potentials resulting from the ex-
change of isovector mesons have the form

VBe = V™" (1) Bia (v (11)
VE=V""(n (e 0a— 1) Ty T3 (12)
VBe= — VP (r) Brvs. Bavs a¥s T (13)

The interaction V2 in Eq. (7) contains a sum over
interactions for all the mesons taken into account in
the description of the interaction,

Note that the derivation of the OBE potentials entails
a cutoff procedure and the introduction of the so-called
interaction form factors F(k?), where k is the momen-
tum of the exchange meson. This quantity is intro-
duced in order to make the potential obtained from me-
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son theory finite at zero distances between the nucle-
ons, In this way, one avoids the difficulties associated
with divergences of the potential at the origin. The in-
troduction of F(k?) corresponds to “smearing” point nu-
cleons over a finite region of space and is thus a phe-
nomenological method for taking into account the finite
sizes of the nucleons.

The meson-nucleon form factors are introduced
rather arbitrarily: For example, a form factor in the
form [AZ/(k2 + A%)]'/2 (where A is the cutoff parameter)
was used in Refs. 4 and 5 for elastic scattering and in
Ref. 6 for inelastic pp scattering. A form factor in the
form A%/(k?+ A%), corresponding to the so-called dipole
regularization, was used, for example, in Ref. 7. The
form factor problem has been discussed in Refs. 1, 2,
4, and 8. Note that in approximate relativistic calcu-
lations (to accuracy V%/c?) which use OBE potentials
(as nucleon-nucleon interactions) the introduction of
form factors eliminates the 1/7° singularities of the
tensor and spin-orbit forces.

Choice of the factor in the form F(k?) = A%/(A% + k?)
leads to a function V(#) of the form

V(r)= —g*[\*(A2—m?))? {exp (— mr) 7
—[exp (— Ar) 7] (L -+ (A2—m?) r/2A0}. (14)

Note that in the present review we use functions V(7)
that differ in sign from the functions J (#) used in Refs.
4, 7, 9, and 10; the form of the function V(7) corre-
sponding to different types of regularization is given,
for example, in Ref. 10,

The procedure for deriving the OBE potential (8)-
(13) in the coordinate representation includes two ap-
proximations: the adiabatic approximation Q< M2,
where q is the relative momentum of the nucleons in
the initial state and M is its mass, and neglect of re-
tardation effects (see, for example, Refs. 2 and 11).

Since in what follows we shall be interested in labor-
atory system energies not exceeding 450 MeV, the
Dirac equation (7) for the two nucleons 1 and 2 can be
reduced to an equation of the Breit—Pauli type taking
into account relativistic corrections to order %/c?.

In the present review, we shall not dwell on these
transformations (they are presented, for example, in
Ref. 4) but give only the final result. In the approxi-
mation »2/c? <1, Eq. (7) takes the form™’

[p}/2M + p2/2M + D Viot (re, By 1oy B)1 W (ry, Eis 1y, Bai )

mesons

— iR 8% (ry, & 120 B3 )0, (15)

where the interaction V,,, between the two nucleons of
mass M has the form

Viet=Vo (r)-+-Vo(r)(o4-0)+ Vis(r)1-S
4V p (F) Sia = Va (r) V24 Vo (1) (- V), (18)

where r=ry, =, -1, is the radius vector joining the nu-
cleons; P=Piz=(p; =p.)/2 is the relative momentum of
the nucleons; l=¥xp is the angular momentum of the
relative motion; 8=(c, +03)/2 is the operator of the to-
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TABLE I. Mesons and resonances with J < 1 (I is the isospin).

NP
0= 0+ i-
I ~
0 (549 MeV) | e (800— 1000MeV), S* (1000 MeV) | « (784 MeV)
¢ (1019 MeV)
1 a (140 MeV) ax (950— 1020 MeV) P (765 MeV)

tal spin of the two nucleons; Sy, =[(3/7%)(0;°r)(es° 1)
=(0y* 0,)] is the tensor operator; the form of the func-
tions Vo (#), V,(#), Vos(n), Vi (), Vo(s), Vy () is
determined by the spacetime properties of the ex-
change mesons. We give the contribution of the vari-
ous mesons to each component of (16). The scalar me-

sons:
(17)
Vo (r) =V (r)+ a2 (v2V® (r))i4;
Va(r)=Vr () =0; Vy(r)= __agi d;s : (18)
Va(r)=a2v3(r); (19)
Volr) = #2740 (20)
The vector mesons:
Vo)==V (—ga Lo’ oy |
Va(r)=— (1-r ) (vzv"(r))
&
VLs(r)=_§az(1+T?)i.%ﬂ; (
T r | 21)
Vet =ta(14L)2r 2 (L @) .
JUEE TAERE At
Va(r)=a" (r);
Ve(r)=a® i—-—-—dzv L
The pseudoscalar mesons:
Ve(r)=V.s (r) Va(r)=Vg(r)=0;
Va(r)= —~a" (VVF (r)); (22)

Ve()= —pane L (1870,
where a®=%2/Mc ®; the angular brackets indicate that
the action of the operator V2 is not extended to func-
tions outside the angular brackets; f and g are, res-
pectively, the constants of the tensor and vector cou-
pling of the vector meson to the nucleons [see (5)]. Note
that the individual terms in the expression (16) are not
Hermitian, although this operator taken as a whole is.
This follows from the fact that for scalar mesons the
operator (16) with allowance for (17)=(20) can be re-
duced to the form

VE (1) —5 @[V (1) + Vo (1) p?]
__QE(VEVS(,-) 1 a2 l dV {f) 1.8,
all of whose components are Hermitian,

For vector mesons, instead of (16) and (21),

=V ) —gar (14L) (var¥ o)

L arep?V ; |
—3a PV )+ V' () pl—g e (1+ L)
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¥
X (V2 (1) 0y m—-a2( +1) (G —La) s,

i
e
_(_ )1&1‘

(23)

Note that the potentials (8)-(10) in the static limit
(v/e - 0) reduce to very simple interactions:

s=V5(r), Vv=—V"(); Vp=0, (24)

and the operator (16) can be represented as a sum of
the velocity-independent static part (24) and the relativ-
istic corrections (of order v 2/c?); moreover, the
structure of the operator (16) is such that for every
type of meson for given g, f, m, and A all the relativ-
istic corrections (spin-orbit and tensor forces includ-
ed) are uniquely determined by the static limit of the
corresponding OBE potential and do not require addi-
tional adjustable parameters when this operator is used
to describe nucleon—-nucleon scattering or if used in a
many-body problem.

As the meson coordinate @, in (1) we considered
pseudoscalar, vector, and scalar fields corresponding
to bosons with spin J equal to 0 and 1. Mesons have
now also been discovered with J > 2 (axial-vector, ten-
sor), although their masses are so large that the ex-
change of such mesons is unimportant for low-energy
nucleon-nucleon interactions. Therefore, as a rule,
one considers the so-called PVS models of the NN po-
tential, which include pseudoscalar (J¥=0" ), vector
(/¥=17), and scalar (J*=0*) mesons and resonances.

So far, thirteen mesons and resonances with J <1
have been discovered. '*) However, not all of them
have uniquely determined quantum numbers. The ba-
sic set of mesons and resonances with J <1 observed
experimentally is given in Table I,

From the basic set, the OBEP models include ex-
change of m, 1, p, w, and ® mesons (though some au-
thors do not consider the exchange of ® mesons but take
into account the contribution of this meson indirectly
through the effective wN coupling constant).

All the OBEP models include exchange of scalar me-
sons, which is introduced to explain the attraction in
the NN potential at intermediate distances. However,
a number of authors'**~%1 have given a more physical
justification of this attraction, attrlbutmg it to two-pion
exchange. In view of this circumstance, which is un-
derlined by the fact that to achieve best fitting of the
NN data it is, as a rule, necessary to introduce a sca-
lar-isoscalar meson with mass around 500 MeV (and
not 800-1000 MeV), the introduction of scalar isosca-
lar mesons in the OBEP models must be regarded as
an artificial procedure that approximates two-pion
forces; three-pion exchange is simulated in some mod-
els by a scalar isovector meson. We note, however,
that in Ref. 9 NN scattering was fitted by means of the
scalar mesons & (782. 8 MeV) and 5 (963 MeV) with
masses close to those of experimentally established
scalar mesons; the most important achievement of Ref.
9 (see also Ref. 16) is the introduction of a large width
of the € meson, which makes it possible to dispense
with the fictitious scalar meson with small mass.
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TABLE II. Parameters of OBE potentials.

Meson Type of potential n n » © oy Ty Mg O o, ap e Ny M

li tant |a (Ref. 4) 14,7 - - 25 — — — — 14.7 -
C;‘;l;)fl;r:'gd‘i:ggi:i];n- b (Ref. 7, model 1D} 14,37 — 0.81; 4.70 7.83 — 47 1,971, = - 3.98

less ~ |c(Ref. 7,model IIN)|  14.61 — 0.65; 5.08 9.68 1.01 — 1.52 el = &5

d (Ref. 9) 14,26 2,53 | 0.583; 5.18 10,00 - 1.39 — — 13.9 -

Meson mass m, {a (Ref. 4) 138.7 - - 783 - —_ - = 600 s

MeV b (Ref. 7, model II) | 138,7 — 763 782.8 1016 416.1 — — 1070

¢ (Ref. 7, model ITI)}  138.7 — 763 782.8 763 = 416.1 | 782.8 = —

d (Ref. 9) 138.7 548.7 763 782.8 963 — — 782.8 -

ter - |a (Ref, 4) 600 - — 1880 - — — — 1880

Cutoff parameter - || (Ref. 7, model ID| 2203 = 1200 1200 Z | 120 1200 & 4 1200

5 ¢ (Ref. 7, model IIT)} 1299 — 1299 1299 1299 — 1299 1299 — i

d (Ref. 9) 1879.1 1879.1 1879.1 1879.1 — 1879.1 = 461 -

The existence of repulsion at short internucleon dis-
tances, the so-called soft core, can now be regarded
as an established fact. In the light of the new relativis-
tic treatment of the NN interaction, ""!®)one-pion ex-
change also contributes to this repulsion.

Finally, the 7 mesons determine the long-range part
of the NN potential; this component of the NN interac-
tion (OPEP) has been very well studied and was includ-
ed earlier as one of the components of the phenomeno-
logical models of the NN potential.

All the PVS models contain a combination of scalar
and vector potentials which is such as to give partial
compensation of the strong attractive static term pro-
duced by the scalar mesons and the strong repulsive
static term produced by the vector mesons (the idea
of this tdype of model was first put forward by
Green'®)), so that the resulting (attractive) static po-
tential is relatively weak. This combination also leads
to a pronounced enhancement of the role played by rel-
ativistic effects in the nucleon—nucleon interaction (the
relativistic corrections of order vz/ ¢ % associated with
the exchange of scalar and vector mesons are deter-
mined by the very strong static parts of the corre-
sponding OBE potentials and, in contrast to the static
parts, have the same signs); this manifestation of the
relativistic effects may be characterized as “maximal
relativization”.

There are relativistic effects of a different category,
which may be characterized by the name minimal rel-
ativization; these are due to the relativistic relation
between the energy and momentum, the condition of
Lorentz covariance, and so forth. Finally, the rela-
tivistic effects include allowance for retardation (the
finite time of propagation of the exchange meson),
which is evidently very important when these potentials
are used in a Hartree—Fock scheme to solve the many-
body problem; in particular, at the present time it is
assumed that it is precisely the neglect of retardation
in the potential resulting from the one-pion exchange in
the form (13) that leads to the collapse of the nucleus
when the relativistic self-consistency procedure is car-
ried out (see below). Nevertheless, all models of OBE
potentials in the coordinate representation so far pro-
posedt®"2%2! haye ignored retardation and, moreover,
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it has been assumed that it is impossible in principle to
take into account the effects of retardation in the coor-
dinate representation. However, it was shown in Ref.
99 that retardation may be taken into account in the co-
ordinate representation, though the use of the momen-
tum representation for this purpose has certain advan-
tages'®? (in Ref. 23, an OBEP is constructed with al-
lowance for retardation in the momentum representa-
tion). A number of OBE potentials have now been con-
structed in the momentum and the coordinate represen-
tation (in this connection, we also mention Refs. 24-26);
the various PVS models of the OBE potential differ not
only in the choice of the representation (coordinate or
momentum) but also in the masses and coupling cons-
stants of various exchange mesons, the regularization
procedure, and the ability to reproduce the experimental
data and the properties of nuclear matter.

The one-boson exchange potentials contain fewer ad-
justable parameters (5-10) than the phenomenological
potentials, and these have a clear physical meaning
(the adjustable parameters are: the cutoff parameters,
the coupling constants of the scalar, p, w, and ¢ me-
sons, and the masses of the scalar mesons), and they
describe a large body of experimental data; a list of
the mesons and the parameters of some of the modern
OBEP models is given in Table II (see Refs. 4, 7, and
9). In Table II we give as an example the parameters
of the OBEP models developed by Green ef al; the
parameters of the other models can be found in Ref. 2.
As a rule, the adjustable parameters in all the models
are determined by the description of NN scattering over
a wide energy range (0-450 MeV) and the properties of
the deuteron (binding energy, quadrupole moment, D-
state admixture, etc.'®)); the quality of the descrip-
tiont®! ig not inferior to the description obtained with
one of the best phenomenological potentials—Reid’s po-
tential with soft core®™ (and this potential is not de-
fined for J = 3). Here, we shall not dwell in detail on
the description of the properties of the NN system in
one-boson exchange models (for a complete review see
Ref. 2). Note that a convenient tool for solving this
problem is the quasipotential approach developed by
Logunov and Tavkhelidze, (281 which makes possible a
unified treatment of the two-nucleon problem at low
and high energies. This approach is characterized by
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the fact that its equations ax-'\e written in a form that
makes it possible to include the relativistic kinematic
effects in the two-nucleon equation and the NN poten-
tials, i.e., to formulate the problem from the very
start with complete allowance for relativity. We
should also mention the variant of quasipotential theory
of scattering developed by Kadyshevskii ef af . 2%3%7;
the basic ideas of the quasipotential approach are re-
viewed in Ref. 31. The fruitfulness of using the quasi-
potential approach in the problem of internucleon forces
was noted in Ref. 32 (see also Ref. 33). Partovi and
Lomon!*) used such an approach™®3*1to calculate the
NN potential with allowance for two-pion exchange. In
Ref. 35 (see also Ref. 36) the Kadyshevskii-Matveev
equation'®®3 wag used in the framework of the one-
boson exchange scheme to describe nucleon-nucleon
scattering (see also Refs. 24 and 37).

Note that the OBE potentials admit a direct transi-
tion to the NN (nucleon—antinucleon) channel, the con-
nection between the NN and the NN potential being de-
termined by the G parity (the G parity of those compo-
nents of the potential that are associated with the ex-
change of several mesons is defined as the product of
the G parities of the individual mesons). It can be
shown that a potential associated with the exchange of
vector isoscalar mesons changes sign on the transition
to the NN channel, while a potential associated with the
exchange of scalar-isoscalar mesons does not, which
leads to a strong increase in the interaction potential
energy in the NN system, from which we can expect
the spectrum of bound NN states to be much richer
than the spectrum in the NN system. The spectrum of
states in the NN system with small mass defect was
studied in Refs. 38 and 39 with the OBE potentials of
Bryan and Phillips. %7 The calculations revealed the
presence in this system of a large number of reso-
nances and bound states with nonvanishing orbital an-
gular momentum, the resonances being characterized
by comparatively large values of the ratio I'y7/T (Ty5
is the width of decay of the state through the elastic
channel and I is the annihilation width). In Ref. 41,
an attempt was made (for different variants of the OBE
potential) to obtain as bound NN states the mesons that
transmit the interaction in the NN channel (the Fermi—
Yang model). These questions are discussed in detail
in the review Ref. 42.

In many models of OBE potentials, the coupling con-
stants of the vector mesons (this applies basically to
the w meson) are found to be larger than their experi-
mental values. This defect is not present in the model
proposed in Ref. 43 (see also Ref. 44), in which the
actual values of all the meson-=nucleon coupling con-
stants are obtained. The aim set in Refs. 43 and 44
is to construct an OBEP that simultaneously describes
the low energy nucleon—nucleon (NN) and hyperon-nu-
cleon scattering. In Ref. 43, such a model is con-
structed in conformity with SU(3) symmetry, which
makes possible a transition to the ¥N channel. In this
model, the £ and p mesons are regarded as mesons
that have a width; the potential associated with the ex-
change of this type of meson can be represented as a
sum of the potentials of the two effective narrow me-
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sons with different masses, the meson with smaller
mass (=510 MeV) in this two-pole approximation corre-
sponding to the traditional fictitious ¢ meson. The in-
teraction at very short distances (» £ 0.5 F) is de-
scribed in Ref. 43 phenomenologically by means of hard
repulsive cores whose radii are adjustable parameters.
In Ref. 43, the phase shifts are described very well,
though the difficulties remain with regard to obtaining
quantitative agreement in the fitting of the ®D, phase
shifts (which are inherent in all meson potentials); in
Ref. 43, a good description is also obtained for the
scattering lengths, the effective radii, and the deuteron
parameters (the results on the fitting of YN scattering
have not yet been published).

In Refs. 45 and 46, the OBE potentials are used to
describe a three-nucleon system and, in particular, to
calculate the triton binding energies (Ej); in Ref. 47,
the contribution made to the triton binding energy by
three-particle forces based on meson theory (see be-
low) was investigated.

2. USE OF OBE POTENTIALS TO CALCULATE THE
POTENTIALS OF NUCLEAR MATTER

Besides problems relating to the scattering of free
nucleons, the deuteron, and the triton, calculations of
the properties of infinite nuclear matter give consider-
able information (in addition to that given by the two-
nucleon problem) on many-nucleon forces since one
may say that there exists a theory of nuclear matter in -
which, starting from the interaction of free nucleons,
one can approximately calculate the density and bind-
ing energy per nucleon of the nuclear matter, making
comparatively small errors which can be estimated.
This comparatively favorable situation in the theory
of nuclear matter arose after it had been established
that the Brueckner-Goldstone expansions converge with
respect to the number of independent hole states®
that participate in the process,™® In other words, it
was found that to determine the properties of nuclear
matter it is sufficient to consider only the diagrams of
first order in the effective interaction between the nu-
cleons that is calculated in theory. This follows from
the fact that processes of higher order contain not less
than three independent hole states and, therefore,
make a comparatively small contribution (processes of
second order in the effective interaction are absent in
the Brueckner-Goldstone theory).

Note that the criterion of convergence with respect
to the number of independent hole states coincides with
the criterion of convergence with respect to the powers
of the density of the nuclear matter. The point is that
n independent holes can be formed as a result of the
interaction of not less than » particles, which is pos-
sible if particles approach one another simultaneously
to a sufficiently short distance. As measure of this

“)By independent hole states we understand states whose mo-
mentum may be taken arbitrarily within the Fermi sphere
without violating the law of conservation of momentum as a
whole for the process.
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FIG. 1. Ladder diagram.

distance one should take, not the range of nuclear
forces, but rather the radius of the repulsive core
{which is soft in the case of OBE potentials), since it

is essentially the large core interaction that leads to
the strong correlation effects in nuclear matter. But
the probability for » particles to be in a region mea-
sured by a length of the order of the core radius is pro-
portional to p", where p is the density of the nuclear
matter.

Let us discuss briefly the nature of the effective in-
teraction. The physical meaning of its introduction in-
to theory consists of allowing for the so-called ladder
diagrams corresponding to scattering of a pair of par-
ticles above the Fermi limit, ¥ these interacting
through the original two-nucleon potential, Figure 1
shows a ladder diagram, which may be a composite
part of different diagrams. Sequences of diagrams of
two types containing ladder diagrams are shown in
Figs. 2 and 3. Diagrams that are a sum of sequences
of the diagrams shown in Figs, 2 and 3, respectively,
are shown in Fig. 4. These two diagrams are the only
diagrams of first order in the effective interaction. It
is easy to see that they are none other than the
Hartree-Fock direct and exchange diagrams in which
the effective nucleon—nucleon interaction is taken as in-
teraction.

We write the energy of the nuclear matter in the
form

E= 3 {(m|f|m)-{—é- > [(mn]G|mu)-ﬁ(manlnm}]}, (25)

m<hp n<hp

where m and n are states of the nucleon (its momen-
tum and spin and isospin projections), the summations
are restricted to states within the Fermi surface, and
the Fermi momentum %y is related to the density p of
the nuclear matter by p =2 k2/37°. In (25), G is the ef-
fective nucleon—nucleon interaction, its matrix ele-
ments satisfying the Bethe—Goldstone equation

WGP | =&V |D

[0k P VK KIGP [4) g
fle e (26)

9By scattering in nuclear matter we shall understand any
change in the state of the particles in which there is no phase
shift when the particles move apart to an infinite distance be-
tween them. Because of the Pauli exclusion principle, a
phase shift resulting from an interaction is impossible in
nuclear matter, 18!
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FIG. 2. Two-hole nonexchange diagrams, A continuous line
stands for particles if the arrow points upward and holes if it
points downward; the dashed line represents interaction through
the original two-nucleon forces.

Here, V is the original internucleon potential; q is the
relative momentum of the interacting nucleons; P =(k;
+k,)/2 is their mean momentum; E(P k) are the en-
ergies of the two nucleons of a considered pair with
momenta outside the Fermi sphere:

E (kyn) = k%/2M; (27)

Q (k, P), the Pauli operator, is equal to 1 if both the
momenta k+P and k - P lie outside the Fermi sphere
and 0 otherwise; W(q,P) is the so-called starting en-
ergy. For the processes shown in Figs. 2 and 3,

W (q,P)=F (P+q)+E(P—aq), (28)

where E(Pd:Q) are the Hartree=Fock energies of the
nucleons below the Fermi limit:

~ K,
E (k) =55+ > [(mn|G (P)| mn)—(mn|G (P)|nm)]. (29)

n<hp

As can be seen from (26), the effective interaction
depends on the mean momentum P of the pair of nu-
cleons and, therefore, is not Galileo invariant, in con-
trast to the original nucleon interaction in the nonrel-
ativistic limit (v/c —0). This is explained by the pres-
ence of the medium, which distinguishes the system at
rest with respect to the medium; in this system, the
total momentum of all the particles of the medium is
zero. The dependence on the total momentum of the

FIG. 3. Two-hole exchange diagrams. The
notation is the same as in Fig. 2.

FIG. 4. Direct and exchange diagrams of first order in the ef-
fective interaction. The wavy line is the interaction through
the effective nucleon—nucleon forces, which include the cor-
responding ladder processes.
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particles has the consequence that the effective inter-
action also depends on the angle between the relative
momentum and the vector P. This means there is vio-
lation of isotropy in the space of the relative momen-
tum, resulting in nonconservation of the relative angu-
lar momentum of a pair of nucleons interacting with
effective forces. However, the dependence of G on P
is comparatively weak, so that this violation of sym-
metry is slight and is usually ignored (see below).

Note that the relations (26), (28), and (29) form a
system of coupled equations—_:in accordance with (29),
the single-particle energies E(k,) depend on the effec-
tive interaction G, which, in its turn, depends on the
single-particle energies through the starting energy
(28). Therefore, to find the effective interaction, it is
necessary to solve a self-consistency problem. Note
that in this case there is no need to find the single-par-
ticle wave functions since they can only, because of
the symmetry of the problem (translational invariance),
be plane waves. Nevertheless, a self-consistency
problem arises because the interaction is not taken to
be the fixed vacuum internucleon interaction but rather
an effective interaction, which itself depends on the
state of the nucleons.

The Bethe—~Goldstone equation is usually solved ap-
proximately under the two following simplifying
assumptions:

1) the Pauli operator @ (k, P) is averaged over the
angle between the vectors k and P:

a0k, P)=%50(k, P) sin 0 d0,
0

where 6 is the angle between k and P. Bearing in mind
that only angles 6 for which

| cos 0 << (P®+ k2 —k})/ (2kP)

contribute to the integral, we obtain

0, if Priie<iki:
7 (k, P)'z{ Ay i s e Pl (30)
(P?+ k2 — k})/2kP otherwise,

where we have also taken into account the fact that the
mean momentum satisfies P < ky because of the conser-
vation of the momentum of the nucleon pair in the ho-
mogeneous nuclear matter;

2) the Hartree—-Fock energies are taken in the form
E (kyp) == k3/2M* L 4, (31)

where M* and A are adjustable parameters and m* is
an effective mass. The values of M" and A4 are deter-
mined by the self-consistency condition: In accordance
with the initial approximation for M* and A the value
of G is calculated, and then, using (29), the values of
E(k,) (k,, < kg) and the new values of M* and A that
give the best approximation of E (k,) are found; such
iterations are repeated until the process converges.

Both approximations lead to only slight errors in the
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calculation of the energy of nuclear matter: In the case
of the first approximation, this is pointed out in Ref. 2;
the second approximation is discussed in Ref. 40,

Under the adopted approximations, the Bethe—Gold-
stone equation (26) can be solved in the partial-wave
representation. In this representation, one can write
the matrices of the interaction V and the effective in-
teraction G in the form (see, for example, Ref. 50)

@1G@o=-= 3 6k (P, ¢\ 9 ¥ @) %% @) (32)

all' M

WIVig=—2 3 iVE (93 B@) ¥E @), (33)
all*d
where @ denotes the set of quantum numbers: J, S, T,
are the angular momentum, the spin angular momen-
tum, and the isospin of the pair of nucleons in the giv-
en partial wave; J;& (9) are spherical spinors:

Yig' @)= 3 (Smumg | IMYY 1, (3)] Sms). (34)
mmg

Substituting the expressions (32) and (33) into Egs.
(26), we obtain the following integral equation for the
matrices of the effective interaction in the partial-wave
representation:

Gir (P, ¢'s @ =Vii (¢, g)

_2i= S Vi (@', KQ (k P) 6Fy. (P, K, 0)
il

PN r R —W (g, By dk (35)

where we have remembered that, in accordance with
(28) and in the approximation (31), the starting energy
W (g, P) does not depend on the angle between the vec-
tors k and P,

Let us consider the results of numerical calculations
based on Eq. (35), using the OBE potentials given in
Ref. 49. InRef. 49, Eq. (35) was simplified some-
what more by replacing in it the mean momentum P,
which can vary in the interval [0, 7], by a certain av-
erage value P,,. This does not strongly distort the so-
lution of the equation since the relative momentum k
of the pair of nucleons appreciably exceeds on the av-
erage the limiting momentum kg, and therefore, P as
well. This last is due to the fact that the short-range
repulsive core knocks nucleon pairs into states high
above the Fermi sphere (the mean value of the relative
momentum is = 1/(core radius), which corresponds to
an energy 2 300 MeV, which is appreciably higher than
the Fermi energy =50 MeV).

With allowance for this remark, Eq. (35) can be
solved by matrix inversion, which entails replacing
the integral by a sum over a finite number of momenta
k; this transforms the integral equation into a system
of linear algebraic equations for G},. (P, q’, q), where
g’ belongs to the set of momentum values over which
the summation is made.

The empirical value of the density of nuclear matter
is taken equal to the nucleon density in the center of
heavy nuclei. The binding energy per nucleon is taken
from the Weizsicker formula extrapolated to A =2N
=2Z ~= with neglect of the Coulomb interaction be-
tween the protons.
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TABLE III. Binding energy of nuclear matter as function of .
the Fermi momentum kg.

kg F? 1.20 | 1.36 | 1.50 | 1.s5 | 1.60 | 1,70 | 1.80

Potential energy,
MeV —27.63 |—34,51 |—40.33 |—42.28 |—44,15 —47.57 [—50.38

17.92| 23.01| 27.99| 29.89| 31.85| 35.95| 40.31
—9,72 [—11.50 |—12.33 [ —12.40 | —12.30 | —11.61 —10.07

Kinetic energy,
MeV

Binding energy,
MeV

Results of calculation of the binding energy of nu-
clear matter per nucleon in accordance with the above
scheme for the OBE potential in the momentum repre-
* sentation introduced in Ref. 23 are given in Table III,
These calculations were made in Ref. 49. Saturation
(minimal energy) corresponds to Fermi momentum kg
~1.55 F™! and binding energy per nucleon 12. 4 MeV,
The empirical values of these quantitites are 1.4 7
and 15. 7 MeV, respectively. Although the insufficient
binding energy can be increased by taking into account
three-, four-, ... particle diagrams, the too large
value of the density is only worsened when n-particle
diagrams (# > 3) are taken into account. This is due
to the fact that when the density is increased the rela-
tive importance of many-particle correlations in-
creases since their contribution contains a higher pow-
er of the density than the contribution from the main
two-particle diagrams.

The potential used in the Bethe-Goldstone equation
in the calculations just described has the following
form in the momentum representation:

V@, 0) =V, Vors (b ) V FTEy, (36)

where Vope(p,q) is the one-boson exchange potential;
the factors (M/E, )'/* are the “minimal relativization”
correction. Let us discuss the meaning of this correc-
tion, following Ref. 51. The scattering amplitude
E(k, k’) of free relativistic nucleons satisfies the
equationt®34

Ak, K)=Vope (k, K)

L ] AL DR k)
&P ) kit L@ R L (37

The nonrelativistic Lippmam-Schwinger equation
for the scattering amplitude has the form

R (k, k') =Vopg (k, k")
2M 7 k. , Kk
2 S Vong (k. @) B (q. k') diq. (33)

T @mp E—FT T
The amplitude R (k,k’) obtained from Eq. (38) does
not satisfy the relativistic unitarity condition, which
entails violation of the general relativistic relation be-
tween the forward scattering amplitude and the total
scattering cross section. However, if the potential

(36) is used in Eq. (38) instead of Vose, and one takes
the relativistic amplitude to be

R(p, )=V ME,R(p, @)V M/Eq,
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then Eq. (37) for R (p,q) will be satisfied and relativis-
tic unitarity established. Therefore, we may assume
that if we use the nonrelativistic equation then we must
use in it not the OBE potential itself but a potential of
the form (36). This has just been demonstrated for the
Lippmann-Schwinger equation describing two free par-
ticles. This conclusion can also be extrapolated to the
Bethe—-Goldstone equation (26), which describes a pair
of particles in the nuclear medium,

Note that besides taking into account relativity by
changing the potential in accordance with (36), there is
a further way which consists of replacing the nonrela-
tivistic kinetic energy operator (27) in the denominator
of Eq. (26) by the relativistic form

E (k)= (M2 R2) 2 M.

This way of taking into account relativity was proposed
by Lee and Tabakin. 5%

In Ref. 51, the influence of the correction for mini-
mal relativization in accordance with (36) was clarified
by means of numerical calculations, and it was found
that the binding energy when this correction is ignored
changes by 0.5 MeV, i.e., not very strongly. The
reason for this weak influence of minimal relativization
need not, however, be due to its unimportance but rath-
er to the fact that the parameters of the potentiai used
in Ref. 51 with correction for minimal relativization
were adjusted without it independently from the data for
the NN system and, therefore in one case the correc-
tion for minimal relativization was effectively taken in-
to account in the choice of the parameters of the poten-
tial.

The following qualitative argument indicates that rel-
ativistic corrections and, in particular, those for mini-
mal relativization are important: the nucleon—nucleon
correlations due to the core lead to states with relative
momentum corresponding to energies 300 MeV, at
which relativistic effects appear perfectly naturally.

Calogero and Levit®?put forward the following argu-
ment for taking into account relativity when relativistic
equations are used, not in their original form, but in
reduced form. They calculated the binding energy of
nuclear matter in the nonrelativistic single-particle
approximation for an OBE potential in the coordinate
representation with the parameters chosen by Miller
and Green™?? in such a way as to obtain the correct
binding energy of doubly magic nuclei. Miller and
Green also worked in the single-particle approxima- .
tion, but they used the relativistic Dirac equation. The
binding energy obtained by Calogero and Levi was very
high (- 38.9 MeV per nucleon). This difference be-
tween the binding energies can hardly be attributed to
the finiteness of the nuclei or exchange effects ignored
by Miller and Green. The difference was more proba-
bly due to insufficiently complete allowance for the rel-
ativistic nature of the nucleon motion in the calculations
of Calogero and Levi.

However, the strength of this conclusion is much

L. N. Savushkin and V. N. Fomenko 378



TABLE IV. Binding energy of nuclear matter for different
OBE potentials obtained by various authors.

Holinde and Gersten, Ueda, Nack
Machleidt | Schierholz| Thompson, and | and Green
OBE potential (Ref, 11) (Ref. 26) Green (Ref. 24) | (Ref. 53)
Binding energy,
MeV -11.83 —-17.84 —18.82 -19.23
Saturation bind-
ing energy,
MeV -11.9 -21.4 -22,2 -23.8
Saturation Fermi
momentum, F! 1.48 1,88 1.83 1,87

weakened by the fact that in both cases the calculations
were made in the single-particle approximation.

Calculations of the properties of nuclear matter with
a number of different OBE potentials were made by
Holinde and Machleidt.t**? In Table IV, we give some
of the results they obtained for the binding energy of
nuclear matter. The calculations for the binding ener-
gy were made with kp=1.5 F ™,

It may be concluded from the above data that the
Holinde—-Machleidt potential gives the best results if
one bears in mind that the corrections to the
Brueckner—Bethe-Goldstone theory associated with
three-and-more-particle diagrams increase the bind-
ing energy and the density (see Ref. 3), and both these
quantities in any case exceed the experimental values
for all potentials except the first.

Note that in recent years, as a consequence of the
ever greater improvement in the calculations of the
binding energy of nuclear matter, interest has arisen
in meson theory in the problem of three-particle forces
due to the exchange of two pions (interactions due to
the exchange of two heavier mesons are negligibly
small). The three-particle interaction may take place
either by direct exchange or by scattering of a 7 meson
on a third nucleon through an intermediate state N
[through the well known resonance A (1236)]. This
problem is discussed in the reviews Refs. 3 and 32.
The corresponding literature quoted in them should be
augumented by the three later papers Refs. 54-56.
According to Ref. 57, the three-particle forces make
a contribution to the nuclear-matter binding energy
equal to 1.7 MeV of attraction energy per nucleon, but
this cannot be regarded as final®®*~%J; the sign of this
contribution also speaks in favor of the potential of Ref.
49. Note that the OBE potential introduced in Ref. 11
gives the best quantitative description of NN scattering
and the deuteron properties.

In Ref. 10, calculations were made of nuclear-mat-
ter properties in the Fermi gas approximation. This
means that the wave function of the nucleons was taken
in the form of a Slater determinant. It is clear that in
the Fermi-gas approximation one must obtain a lower
binding energy since the correlations taken into account
in Brueckner—-Bethe—-Goldstone theory are largely due
to the damping of the two-particle wave function when
nucleons approach to distances of the order of the core
radius and less, whereas in the Fermi=gas model such
damping in the region of the core is absent, which leads
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to an additional positive contribution to the energy of
nuclear matter. Indeed, in Ref. 10 unbound nuclear
matter was obtained for all OBE potentials with param-
eters obtained from data for two free nucleons. This
is an indication that the Fermi-gas model is unsatis-
factory when applied to nuclear matter.

To conclude this section, we note that in Ref. 36
an extension was proposed to the standard Brueckner
theory with OBE forces by the inclusion of meson
degrees of freedom, i.e., in which the Hilbert space
contains states of nucleons and mesons. In this ap-
proach, the basis is a field Hamiltonian of the type of
Chew and Low, which is considered in the framework of
noncovariant perturbation theory (ignoring antinu-
cleon states). At first, the two-nucleon problem was
considered,. the solution of this leading to the
Kadyshevskii—-Matveev equation, 2%:301and then a theory
of nuclear matter was developed that goes over in the
adiabatic approximation (see, for example, Ref. 36)
into the traditional Brueckner theory. Numerical cal-
culations of nuclear matter in the framework of this
formalism are to be published.®

3. RELATIVISTIC SELF-CONSISTENT NUCLEAR
THEORY

We shall use the relativistic potentials introduced in
Refs. 4, 7, and 9 and in Refs. 23 and 25. We shall
present two approaches to the many-body problem using
OBE potentials.

We begin our discussion of the first approach by dis-
cussing Refs. 52 and 58-60. In Ref. 52, to construect
a meson theory of nuclear structure, use is made of a
relativistic self-consistent theory based on OBE poten-
tials in the form (8)-(13) (see, for example, Ref. 4).

Consider a system of A nucleons interacting with one
another by exchanging scalar, vector, and pseudoscalar
mesons (both isoscalar and isovector). The Hamilto-
nian of this system has the form

A
H=[3 (cor-pi +BMe)
=1
A

+4 { —Bibs (Z Vfrz-!-ft"l-'n'z V'is:)
- s

i, =1 St

(11— -ey) (2 VY + Tt T Z Vr;)
Y Ve

+Bvs, Brvs. w (2 Vﬂ-l—‘l?i"fhz I’é:‘:)}]r (39)
P Pr

{ w!
i

where} s, J v, and } p» are summations over the isosca-
lar, scalar, vector, and pseudovector mesons, and
Ysr Lvr and ) p, are the summations over the isovec-
tor mesons with the same spacetime transformation
properties. InRef. 52, the “dipole” regularization of
the functions V;, is used.

To obtain the single-particle self-consistent relativ-
istic equations from (39), a variational procedure was
used in Ref. 52, this leading to a local Dirac equation
of the most general form:

DThese results have been published in: K, Kotthoff, R. Mach-
leidt, and D. Schutte, Nucl. Phys. A 264, 484 (1976).
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TABLE V, Calculations of total binding energy and rms radii
of doubly magic nuclei.

Binding energy/4, MeV Rms radius, F

Nucleus
Ref. 61|Ref.62 |Ref.63|Ref.64 [Ref.52| EXxp. Ref.SBle. GJJ!h:f.GZ Ref.64|Ref.52| Exp. -

160 6.76(8.10)6.75|7.73|7.35|7.98| 2,71 |2,59|2.84|2.76|2.60| 2.73

40Ca 4,99(8,53(7.49]8.32|8.25|8.55 | 3.41(3.19(3,67|3.45|3,49| 3.49

48Ca 4.00|8.70|7,48|7.878.55|8.67| 3.45(3.25)8,75|3.,52[3.49| 3.48

80Zr — 18.59|7.85(8.00|8.87(8.71| 4.18| — |4.58|4.23|4.30( 4.30

208Ph 2.40(7.90|7.53|7.31|8.05|7.87| 5.37|4.87|5.94|5.44|5.54| 5.50

{co-p+B [Mc2+Us (r) -y U¥ (1)

+PyU% (r) + U p (1) + 7 U ()]} @
—E0Q, E—E-+Me, (40)

where Us(r), Uy (r), U4(r), Up(r), Uz"(r) are, re-
spectively, the scalar, vector, pseudovector, pseudo-
scalar, and tensor relativistic one-particle potentials.
Although all these components are local, they depend
on the state (their form is also determined by the func-
tions V(¢%)). In Refs. 52 and 59, Eq. (40) is applied
to nuclei with filled shells. In this case, the single-
nucleon states are

i (r) Y18 ) Gt}

D (gu (1) 20 iz

where f, (#) and g, (#) are the large and the small
component of the radial wave function, respectively;
4% is a spherical spinor; w = (j+1/2) for j=(1%1/2)
are eigenstates of the operators of the angular momen-
tum J and the parity P, and therefore the following
commutation relations must be satisfied:

W (1), =10 (x), P1=0, (42)
where U(r) is the total potential of Eq. (40), and
r (o6 0
J=rxp+— (0 c) , P=pP,

(P, is the nonrelativistic parity operator).
The requirement (42) considerably simplifies the
Dirac equation (40), reducing it to the form
{ca-p+pIME+U (M)} D =ED (43)
with the potential

U (r) = Us (1) 40U (N =¥ Uz () — v Ur (1)1, (44)

in which none of the components depends on the angles;

pseudoscalar and pseudovector potentials are absent;

only the radial components of the two three-vectors

U4 (») and UY () (j=1, 2, 3), denoted by Uy (7) and
r.(#), are nonzero. The operators U%(r) and U%(7)

appear because of allowance for Fock exchange effects.
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In the numerical calculations in Ref. 52, the ex-
change effects were ignored; then for nuclei with closed
shells, only the scalar interaction and the zeroth com-
ponent of the vector interaction contribute to the direct
potential (we emphasize that in this case 7 mesons do
not contribute to the one-particle self-consistent rela-
tivistic potential).

In Ref. 52, calculations were made of the total bind-

" ing energies and the rms radii of doubly magic nuclei.

The results of the calculations made in Ref. 52 are
compared in Table V with the results of Hartree-Fock

phenomenological calculations by Davies and
McCarthy, ®1 Kéhler, "1 Negele, '*? and Németh and
Vautherin, '#?

As can be seen in Table V, the best rms radii were
obtained by Miller and Green, whereas the calculations
of K&hler give the best total binding energy. In Ref.
52, Miller and Green also calculated the energy eigen-
values of various single-particle states of doubly magic
nuclei, and these agree reasonably with the experimen-
tal separation energies even for deep states. This is
one further advantage of the relativistic approach com-
pared with nonrelativistic phenomenological calcula-
tions, which require the inclusion of forces that depend
on the density or phenomenological three-particle
forces.

The success of the relativistic Hartree theory in re-
producing the saturation properties and the single-par-
ticle levels of nuclei with closed shells®® is largely
due to the fact that the mathematical expectation of the
relativistic kinetic energy operator T =cacp+(8-1)
Mc? differs appreciably from its nonrelativistic analog.
Indeed, calculation of the mathematical expectation of
the operator 7 with relativistic wave functions (41)
leads to the expression™®®!

@ T @y = [ (Ba—Us ()= VY (N i () 2

Lt
oo

+ | W —vb )+ B gy dr.
o

The second term gives an important relativistic ef-
fect, this being due to the mutual enhancement of the
very deep potentials Us(7) and U} () in this term
(whereas in the first term their combination is weak-
ened to a considerable degree). The contribution of
the second term is between =5 and =10 MeV. It is this
renormalization of the kinetic energy that is responsi-
ble for the success of the relativistic approach men-
tioned above, [52:%91

In Ref. 52, Miller and Green used a four-parameter
model of OBE potentials including the mesons given in
Table VI.

The equality of the parameters of the w and £ mesons
serves for complete compensation of the static parts
of the vector and scalar potentials. In Ref. 52, attrac-
tion between the nucleons is ensured by a scalar ¢ me-
son with mass equal to twice the 7 meson mass. The
vector—isovector p meson is responsible for producing
the symmetry energy, although terms corresponding to
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TABLE VI, Mesons of the
OBE potential of Miller and

Green® and its parameters
Meson LIP :!{:i’.‘ g2
® 01~ 782.8 25.0
e 00* 782.8 | 25.0
¢ 00+ 277.4 0.675
p 145 763.0 2.5
A=2 M

derivative coupling [see (5)] were not considered in
Ref. 52; the dipole regularization is used and the ad-
justable parameters are the coupling constants of the
w, 0, and p mesons and the regularization parameter
A, which is equal to twice the nucleon mass.

Note that the OBE potential model used in Ref. 52
to calculate nuclear properties did not use nucleon—nu-
cleon scattering for fitting purposes, although it has
all the main properties of “realistic” OBE potentials.
The difference between the effective interaction™and
the free OBE potentials™*™®! appears in the slight dif-
ference of the adjustable parameters and is partly due
to the difference between the schemes for describing
NN scattering and nuclear structure: The parameters
of the realistic OBE potentials'*"*1 yere obtained by
fitting NN scattering and the deuteron properties in the
framework of a Schrédinger equation with allowance for
relativistic corrections of order v 2/c 2 (the Breit-
Pauli equation), ") whereas the parameters of the ef-
fective OBE potentials were obtained in Ref. 52 by solv-
ing relativistic Hartree Dirac equations with OBE po-
tentials expressed in the form (8)—(13). The remaining
difference can be ascribed to correlations. Correlation
effects are very important for nonrelativistic local NN
potentials (with hard cores responsible for the greater
part of the correlation effects of nonrelativistic mod-
els).

Before we turn to a discussion of the role of correla-
tions in the considered relativistic self-consistent the-
ory, let us point out that the realization in Ref. 52 of a
relativistic formalism with one-boson potential ex-
pressed in the form (8)-(13) leads to the absence of a
complicated dependence of the effective potentials
(present in the effective interactions of the nonrelativ-
istic series'®!) on the relative two-particle states and
the local density. This circumstance is due to the fact
that the Dirac y matrices labeling the species of ex-
change meson take oiito themselves the dependence on
the states.

The relativistic effects of the OBEP models make it
unnecessary to introduce a hard core. The possibility
of exact fitting of the S-wave phase shifts without the
introduction of hard cores in the models of one-boson
exchange is a direct consequence of the presence of
velocity-dependent components. Further, the weaken-
ing of correlation effects when the relativistic self-con-
sistent theory is used is due, as is asserted in Ref, 58,
to one of the manifestations of the “maximal relativiza-
tion” effects—one we have already considered above:
renormalization of the mathematical expectation of the
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single-particle relativistic kinetic-energy operator,
The fact that the correlation effects when OBEP mod-
els are used are less important than in nonrelativistic
phenomenological calculations was established in cal-
culations of inifinite nuclear matter in Refs. 65 and 686,
in which a strong reduction of the “wound integral”
(see, for example, Ref. 48) was obtained for one-boson
exchange models.

However, correlation effects are also important in
the approach under consideration; this was shown in
Sec. 2. Correlation effects in the nucleus were taken
into account in Ref. 52 indirectly by changing the pa-
rameters of the OBE potential from their values in the
free OBE potentials, and also by the particular choice
of the OBE potential model itself, which, as we have
already mentioned, retains all the main properties of
realistic OBE models.

In Ref. 59, a relativistic self-consistent formalism
taking into account the exchange (Fock) interaction was
developed. In this formalism, one starts with the rel-
ativistic Hartree—Fock equations for the set of occupied
single-nucleon states {®,;} in the nucleus:

A

(cw-p+BMA Dy (r)+ 3} | @F (w)V (|7~ ra)) @,

j=1
A

X () &ra®; (1) — 3§ ®F @) V (|1 —ra ) @,
=1

=
X (1) &ra®; (ry) = Ei®, (vy),

these containing the direct potential

A

UE)=3 [ O )V (r—r)®; () dr, (45)

i=1

and the exchange potential with nonlocal kernel
A
K (i 1) = — 2 Of (1) ¥ (|7 — 12 ) @y (). (46)
i

The nonlocal exchange potential can be reduced to a lo-
cal but velocity-dependent one (also multiplying from
the left by @;(r,) @, (r,)):

Ué: (r)

DOj (ra) V (| ry—ry |) D (vg) dBry (D (ry) BF (r9)}
@ (ry) Dy (ry) §

- é J (a7)

The most interesting feature of the relativistic ex-
change potential is that the factor {, (r,) & (r,)} is a
Dirac matrix. To transform this quantity, we use the
general expansion

M= Tr (My,) y4/4

A
and we obtain

{@; (ry) @7 (ry)} = EA} [DF (r1) yaD; (r0)] ¥4/4,

where 7 are sixteen linearly independent matrices
formed from the products of the Dirac matrices.
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TABLE VII, Parameters of OBE potentials
Mass, A, Ay, Litera-
Meson I JP MeV g s MeV MeV tora V
n 1 o 138.5 13 — 1950 =
n 0 (12 548.5 6 -— 1950 — 'y
[+ ] o+ 500 4,63 — 1950 —
5 1 o+ 960 4.74 — 1950 — Ref. 23
P 1 1i- 763 1.5 3.5 1950 1250
@ 0 1- 782.8 14 0 1950 1250
L1}] 0 = 1020 7 0 1950 1250
Fi 1 0= 138.5 14 — 2500 -
n 0 0~ 548.5 2 - 2500 —
1) 0 o+ 500 5.04 — 2000 %
& 1 0+ 960 6.12 - 2500 — Ref. 25
P 1 1- | 763 0.7 4.5 1300 2500
@ 0 1= 782.8 9.8 0 1300 2500
11} 0 1= 1020 4.9 0 1300 2500

Note. For scalar and pseudoscalar mesons the form factors have the
form A*/(A? - A?)?; for vector mesons, the form [A*/(A? —A?)?]
X (A% —m?)/(A -A?), where A® =(AE)? - (Aq)?, AE and Aq are
the energy transfer and the momentum transfer.

It can be seen from Eq. (47) that if the two-particlein-
teraction V(|r, - r,|) has aspecial transformation law
(for example, scalar), then even in this case the one-
particle exchange potential will contain components
that transform as all possible Dirac tensors: scalar,
vector, pseudoscalar, pseudovector, and tensor.

Thus, we arrive at a Dirac equation of the type (40),
which reduces for nuclei with closed shells to equations
(43) and (44). The expression for the individual com-
ponents of the potentials (44) in terms of the wave func-
tions (41) and OBE potentials are given in Ref. 59. In
this paper, the calculations were made using the same
vector—scalar model of the NN interaction as in Ref.
52. Comparison of the Hartree—Fock calculations of
Ref. 59 with the Hartree calculations of Ref. 52 shows
that allowance for the exchange interaction increases
the binding energy per nucleon in light nuclei by 1.5
MeV and reduces the rms radius by 0.03 F (in Ref. 67
it was pointed out that an error was made in Ref. 59,
but that this does not change this result significantly).
It is interesting that the exchange contribution to the
binding energy in Ref. 59 corresponds to attraction,
whereas in atomic Hartree—Fock calculations the ex-
change associated with electron—electron interaction
has the opposite sign with respect to the direct energy
for this interaction. This relation also holds in Ref.
59, although the appreciable compensation of the two-
particle matrix elements of the scalar and vector inter-
actions is the reason why the exchange energy in Ref.
59 corresponds to attraction: The direct energy in Ref.
59 is obtained as a result of compensation of scalar
(attractive) and vector (repulsive) matrix elements, the
scalar being somewhat larger than the vector matrix
elements; the exchange energy is.associated with the
same compensation, but in this case the vector matrix
elements are somewhat larger.

The advantage of the approach of Refs. 52 and 59 re-
sides in its elegance derived from the relativistic form
of expression of the self-consistent equations on which
this approach is based; however, it too has its difficul-
ties.

The first problem is the correct inclusion of one-pion
exchange. The pseudoscalar interaction in the form
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(6) does not contribute to the direct (Hartree) potentials
for nuclei with closed shells. It is, however, shown

in Ref. 59 that the contribution of one-pion exchange to
the (Fock) exchange interaction calculated in the first
order of perturbation theory may be fairly large.

Unfortunately, the attempts to include one-pion inter-
action in the coordinate representation in the form (13)
in the relativistic self-consistent Hartree—Fock scheme
were unsuccessful: Inclusion of the subsequent .
Hartree—Fock iterations led to collapse of the nucleus.
This circumstance may be attributed to neglect of re-
tardation effects in the coordinate form of representa-
tion of the one-pion exchange potential (13). Thus, in
the approach proposed in Ref. 59 there is the problem
of finding the form of the potential of one-pion interac-
tion suitable for use in the relativistic Hartree=Fock
theory.

A second difficulty is that the formalism developed
in Ref. 59 is not adapted for using derivative meson-
nucleon couplings. This shortcoming means that it is
impossible to describe realistically the contribution of
the p meson in the framework of the theory developed
in Refs. 52 and 59 (Pauli tensor coupling of p mesons
and nucleons was ruled out in Refs. 52 and 59). The
investigations of Refs. 68-70 are free of these two
difficulties.

In Ref. 69, calculations are made by the Hartree—
Fock method for nuclei with closed shells. Two OBE
potentials in the momentum representation introduced
in Refs. 23 and 25 are used as the original interaction,
The parameters of both potentials are given in Table
VII. The use of the momentum representation in Ref,
69 made it possible to take into account retardation ef-
fects. In addition, it is no longer necessary to extrap-
olate the coordinate dependence of the potential ob-
tained on the energy shell (at small momentum trans-
fers) to the region off this shell, which is important for
many-nucleon problems. The advantages of the mom-
entum representation of OBE potentials over their co-
ordinate representation are set forth in Ref. 2.

Note that, in contrast to Miller and Green’s calcula-
tions in Refs. 52, 58, and 59, the Hartree—Fock calcu-
lations of Ref. 69 were based not on the relativistic
single-particle equation (Dirac equation) but on the
Schrédinger equation, which however, used, not di-
rectly an OBE potential, but a potential in the form
(36). This procedure—use of a nonrelativistic equation
and a modified potential—is equivalent in a certain
sense to considering the relativistic equation with the
original potential (this question was discussed in more
detail in Sec. 2).

In Ref. 69, the local-density approximation investi-
gated in Refs. 71 and 72 was used. Let us explain the
essence of this approximation. We write the potential
energy of the nucleus in the form

=1 S (0BG leaten) [oB), (48)

o, B

where the sum is over the filled states; G(g,+¢p) is
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the effective interaction calculated by Brueckner's
method, i.e., as in infinite nuclear matter (see Sec.
2). The starting energy £,+ £g is made up of Hartree—
Fock energies.

Clearly, the expression (48) is approximate, being
based on the assumption that in the calculation of the ef-
fective interaction the nucleus in each of its small vol-
umes can be regarded with sufficient accuracy as a
piece of infinite nuclear matter with density equal to
some average of the actual density of the nucleons at
the points at which the interacting particles are (this
may be, in particular, the geometric mean density, as
was assumed in Refs. 71 and 72). We write Eq. (48) in
the form

W= @rDip N+ {5 3 @] (ea+e0) | af)
a«p

— | @rpipw), 0}
+{ [ @Dy, 00— § @rBron}. (49)

Here, D[p (7), w(7)] is the potential-energy density of
nuclear matter with density p(+) and starting energy

w () common to all two-particle states; D[ p(#)] is the
same quantity calculated for the self-consistent start-
ing energies @ (7). In (49), w(#) can be chosen arbi-
trarily. Using this, we take w(7) to be a function that
approximates the self-consistent starting energies &,
+ € Of the finite nucleus. The introduction of starting
energies that depend on the coordinates but not on two-
particle states agrees with the basic assumption about
the possibility of regarding nuclei as nuclear matter
with local values p(7) and w(#) of the parameters at
every point.

Proceeding from the definitions of &(7) and w(7), it
is natural to assume that

o(r)—o () =2[U" (r) U™ ()], (50)

where U(») and U¥(») are the Hartree—Fock fields
of the finite nucleus and infinite nuclear matter, re-
spectively.

The effective interaction G satisfied the Bethe—-Gold-
stone equation (26), which in operator form may be
written as

¢=v-v<q, (51

where V is the original two-particle interaction; e = E
— w is the difference between the kinetic-energy oper-

ator of the pair of nucleons above the Fermi limit and

the operator of the starting energy. Proceeding from

(51) and making algebraic transformations with the op-
erators, we readily obtain

dap ipe on (52)

We calculate the matrix element of the operator
dG/dw between plane waves:

(9|2 = G o, (53
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where Xy = | kR’) =, is the defect function, i.e. , the
difference between the plane wave |k%’) and the dis-
torted wave function ¢ w taking into account the two-
particle correlations:

G kk'y = Vipay-. (54)

The relation (53) follows from simultaneous use of
Egs. (51) and (54).

Let us consider the term in the second square brac-
kets in Eq. (49). Using (50) and (53), we obtain

Dip(r), o (=D ip (1= 3, k' |6 [0 ()]
Rk*
—Glo(MIKk) = — [0 ()= (N5 3} o | xaa)-
kR’
=~ )—U" M=) e, (55)

where

%(r)= ——Qpi(r) *Zh‘; (ane | onn)

is the so-called wound integral. In accordance with
Ref. 71, the equivalent local potential for a finite sys-
tem is defined as follows:

U= et [ErUe o) [Set@e,  (56)

and for the nonlocal potential U(r, r’) the following re-
lation holds by definition;

(@10 |o)= 3 (@B |G (ea+ep) | o). (57)

From (56) and (57), we obtain

§ @)U ()= 3, @816 (eat-op) | aB), (58).
ap :
§ @) nloIU” ()= 3 @B1(r1) G (ea+25) | . (59)
af

Taking into account the relation

PIMUY () =2Dp (), o (1),

we write Eq. (49) in the form
W= @rBp()1+4 3 @bl
af

— 2 (r)1 G (ea+e0) | o) — | @r 14

—2 ("] DIp(r), o ()= | @rDip (r)] + (RST), (60)

where the term (RST) gives the correction to the poten-
tial energy of the nucleus due to its finite size and is
called the residual surface term. We write down (RST)
approximately, replacing in it the effective interaction
with self-consistent starting energies €, + &, of the fi-
nite system by the effective interaction with local start-
ing energy w(7) introduced above:
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(BST) 4 | Pre@rafo(r)p ) VIr, 00 ()]
—p*(r) Vi P ()]} +
+5 | @redrafle @ R PV o ()R ()]
— | par (x4, T2) BV [y p2(ro)l}s
where p(2y, ) =3, @ (r;) @,(r;) is the mixed (ex-

change) density; py(ry,r,) is the mixed density for in-
finite nuclear matter:

Par (Fyy T2) = _;:2? sin [kp (rg) r]—k,:a(rn rcosfkr(ry) r] : (81)

and
r=lri—r|, ke(r)=1(3/2)n% (M'°.

Further

Vir, p(ra) e (ra), @(ry)]
=[1—2% (r)1 G [r, kr(r1) kr (r2)> ©(r))] (62)

It is easy to see that only the long-range part of the
effective interaction contributes to (RST); substitution
of §-function forces as G makes (RST) vanish. On the
other hand, Sprung and Banerjee'™!have shown that a
slight change in the starting energy is equivalent to in-
troducing an additional interaction with very short
range. Taking this into account, we can replace the
starting energy w(#) of the finite system in the expres-
sion (80) by the starting energy @(#) of infinite nuclear
matter, which leads to the relation

W= [ Erdraforyp ) W+|p (e, 1) FW), (63)-

where

W =T1ry, p(r)18 (ry— )2+ F [r, p(rd o (m)1;
Tiry, (01 = 2D 10 ()lig? (ri)— § @ral ir, 62 (o) (64)

== j d®ry [ | par (r1s T2) 202 (r4)) Vi, e (ol

where the interaction V is determined by
V1r, p(rp (r2)l =11 — 2% (r)I G I, kep (o) Ber (r2)), (65)

and G[7, kr () b (7;)] is the effective interaction for
infinite nuclear matter calculated for self-consistent
starting energies.

In Ref. 69, the Hartree—Fock calculations were
based on the interaction represented by Eq. (64). The
potential energy density of the nuclear matter as a
function of the density can be written in the form ™

Dum=ap3® +b55+cpr'” +dpn’™;
P P » P r
Do by (657 1+ B 19 4 652 (66)

- ~ 1

p=p/Pxars P; = P;m,
where pyy is the density of nuclear matter as satura-
tion.

The effective interaction V[7,p (7)) p(r,)] is found by
interpolating the effective interaction obtained in cal-
culations of nuclear matter in accordance with the
formula
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TABLE VIII. Binding energy per nucleon and rms radius of
charge distribution calculated by Hartree—Fock method without
fitting of Dlp(#)].

OBEPI |OBEP II Experi-
Nucleus | Parameter| (Ref. 23)| (Ref. 25)| Reid ment
1&g E/A, MeV | —4.78 |—4.34 |-=38.77| —7.98
g F 2.86 2.85 3.03| 2.73
LTory E/A, MeV | —5.13 |-—4.87 |-3.82| —8.55
¥ F 3.47 3.51 3.76| 3.49
By E/A, MeV | —-5.23 |-4.76 |-3.80| —8.67
7., F 3.49 3.54 3.79| 3.48
N7y E/A, MeV | —5.31 |—4.77 |-3.83| —8.71
Yo F 4.13 4,22 4.54| 4.23
5 E/A,MeV | —4.46 |-3.89 |-2.67| —7.87
Yo F 5.19 5.36 5.68| 5.50

VST i1, p () (ra)] = V5T () — (K2 (r0) + 3 ) 21 VET (), (B7)

where S and T are the total spin and isospin of the in=-
teracting nucleons. The functions V{3(7) are found by
fitting the effective interaction in the form (67) written
down for the case of nuclear matter:

Vi (r, ke) =V (1) -+ ke V5T (1), (68)

for two values of the Fermi momentum kp=1.0 F™*
and 1.4 F!, which correspond to the most probable
nucleon densities in the nucleus. The radial depend-
ence V{%(r) is taken in the form

7
ST ST exp (— mur

=3 yo explomin) (69)
with £=0.7 F™', The parameters V3; were chosen in
such a way as to give the best approximation of the ra-
dial dependence of the effective interaction obtained
from calculations of nuclear matter. As was noted
above, only the long-range part of V(r,p(7)] contrib-
utes to the effective interaction (64), and therefore
the effective interaction is cut off with respect to the
radius: V;7(#)=0if »<0.5 F.

In Ref. 69, two series of calculations were made in
accordance with the Hartree—Fock method: Without
additional fitting of the potential energy density D [ p]
of nuclear matter and with fitting of it to the “empiri-
cal” values {binding energy and density of nuclear mat-
ter).

Tables VIII and IX give the results of calculations by
the Hartree—Fock method of the binding energy per nu-
cleon and the rms radii of the charge distribution in the
nucleus without additional fitting of D[ p(#)] (see Table
VIII) and with such fitting (see Table IX). The calcu-
lations were made for two OBE potentials (see Table
VII) and also for Reid’s phenomenological potential
with soft core (see, for example, Ref. 27).

As can be seen from Tables VIII and IX, the calcu-
lations based on the OBE potential without additional
fitting give better results than the calculations with
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TABLE IX. Binding energy per nucleon and rms radius of
charge distribution calculated by Hartree—Fock method with
fitting of D[p(#)].

OBEPI |OBEPII Experi-
Nucleus | Parameter | (Ref. 23)| (Ref, 25)| Reid | ment
e} E/A,MeV | -7,98 |-7.98 |-7.96 |-7.98
¥ F 2. 87 2.74 2.78 2.73
0ca E/A, MeV | —8.47 |-8.50 |—8.43 |-8.55
%o, F 3.40 3.41 | 3.50 | 3.49
BCoa E/A,MeV | —8.56 |—8.61 |-8.49 |—8.67
¥y F 3.45 3.46 3.57 3.48
Nzp E/A,MeV | —8,70 |-8.73 |-8.58 |-8.71
7, F 4.13 4,14 4.30 | 4.23
208py, E/A,MeV | -7.86 |=7.87 |=-7.75 |—=7.87
7., F 5.20 5.29 5.51 5.50

Reid's phenomenological potential. The OBE poten-
tials lead to a greater attraction, which is expressed
in the binding energy and the radius of the charge dis-
tribution. Although the OBE potentials also give in-
sufficient binding of the nuclei, there is hope of im-
proving the situation in this regard because allowance
for higher orders eliminates the discrepancy with the
experimental values. Note that calculations of the .
contribution of the three-particle correlations for 60
using the Reid potential'™!do not give sufficient bind-
ing energy.

In calculations with additional fitting of equally good
results D[ p,(#)], for all three potentials are obtained.
However, these calculations have less physical inter-
est since the advantage of OBE potentials derived
from their connection to the meson parameters is
largely reduced to nothing. It is probable that the
procedure of additional fitting is also not particularly
meaningful for phenomenological potentials such as
Reid’s. Indeed, the justification for fitting the poten-
tial energy density D [ p(»)] is the assumption that
such fitting may take into account effectively the con-
tribution from many-nucleon correlations. Neverthe-
less, direct allowance for such a contribution does .
not give agreement with the empirical potential ener-
gy for Reid's potential. [

In calculations of both types and for all potentials,
the radius of the charge distribution is too small. At
the same time, allowance for the higher orders in
Brueckner theory leads, as one would expect, to even
smaller radii. A way out of this situation may be to
take into account in the meson-exchange potentials the
nucleon isobar A (1236) and to make correct allowance
for two-pion exchange (see, for example, Ref. 75).

Calculations of the 0 ground state were made in the
spirit of Brueckner-Hartree—Fock theory in Ref. 68;
the agreement between experiment and calculation in
Ref. 68 is the same as in Ref. 69. InRef. 70, use is
made of an extension of the Brueckner—Hartree—Fock
theory (see, for example, Ref. 36) by the inclusion of
mesonic degrees of freedom; the results of calcula-
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tions made by this method for *®0 reveal considerable
improvement in the agreement with experiment.

In the following section, we shall present an approach
to the investigation of various questions of nuclear the-
ory using OBE potentials based on approximate inclu-
sion (to order v2%/c?) of relativistic effects in the nu-
cleon—nucleon interaction; such an approach loses the
elegance inherent in relativistic equations but has
greater perspicuity and enables one to take into ac-
count derivative meson-nucleon coupling on an equal
footing with direct coupling (see Eq. (5)).

The main subject to be discussed in the following
section is the origin of the spin-orbit interaction in nu-
clei.

4. OBE POTENTIALS AND THE SPIN-ORBIT
INTERACTION IN NUCLEI

A spin-orbit interaction in nuclei was first intro-
duced in the framework of the shell model, [ " put
there is still no clarity about the origin of the spin-or-
bit interaction in nuclei, although its magnitude
clearly indicates that relativistic effects play an im-
portant role in the occurrence of such forces in nuclei.

At first, it was natural to attempt to explain the oc-
currence of these forces in nuclei by analogy with the
situation in an atom, in which the greater part of the
observed spin-orbit coupling is explained as the rel-
ativistic correction of the motion of the electron in the
field of the nucleus (Thomas coupling). Furry'"® sug-
gested that the different signs of the doublet splittings
in atomic and nuclear spectra should be explained by
the different type of interaction of the particles: The
electrostatic potential in which the electron moves in
an atom transforms as the zeroth (time) component of
the four-vector of the electromagnetic field. Furry
pointed out that if the nuclear average field is regarded
as a universal scalar, then in this case one obtains a
Thomas operator of spin-orbit coupling that differs on-
ly in sign from the analogous operator of the atomic
problem. However, these early attempts to aseribe
the spin-orbit interaction in nuclei to relativity were
abandoned after calculations showed that Thomas cou-
pling gives a doublet splitting about 30 times less than
the experimentally observed splitting.

In Ref, 79, a phenomenological model with compen-
sating contributions of two relativistic fields—scalar
and vector—leading to a large spin-orbit coupling was
considered by Duerr,

In Refs. 80 and 81 it was shown that in nuclei one
can obtain strong spin-orbit coupling of relativistic or-
igin if two-particle spin-orbit forces generated by rel-
ativistic OBE potentials are used in the framework of
Hartree and Hartree-Fock theory.

The relations (16) and (18), (21) determine the
Galileo-invariant component of the spin-orbit forces of
an OBE potential, this component depending only on
the relative momentum p=(p; -p,)/2. The total oper-

“ator of the two-particle spin-orbit forces, to which on-

ly scalar and vector mesons, both isoscalar and iso-
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vector, contribute, has a more complicated structure.
The final two-particle operator of the spin-orbit inter-
action can be represented as a sum of two opera-
torgte 8,

Vik=— &uzz Tip X Pin (04 4 0,) — ih 'f"h {(ZV +3Z V’”‘)

1 z,‘[zv +§',(3+4 ) vi]}s (70a)
Vik= — =7 8M2c2 Fi X (P + Pa)- (0, —03) :n
T [(Z V,h—z Vu)*{-‘l’ * Ty (2 Vth"‘ Vin ):I, (70]:')

that is, a sum of the Galileo-invariant ¥}, determined
by the relatwe momentum (p; =p,), and the Galileo-
noninvariant 6V 5, which depends on the total momen-
tum (p; +p,) of the two nucleons.

The Galileo-noninvariant corrections of relativistic
origin were first considered in Refs. 82 and 83. Ina
system consisting of two nucleons in free space,
Galileo-noninvariant forces are absent by virtue of the
relativity principle, whereas in a many-particle sys-
tem Galileo noninvariant forces are present since
every pair of particles moves in the field of the other
particles, i.e., the relativity principle no longer ap-
plies separately to each pair of particles.

Note that the 7 mesons do not contribute to the two-
particle operator of the spin-orbit interaction, or at
least not in the approximation of one-boson exchange.

On the basis of the operators (70), a one-particle
spin-orbit operator was determined for doubly magic
plus one nucleon nuclei, the mathematical expectation
of the operators (70) being calculated with nonsym-
metrized wave function of the core of the nucleus. The
calculation was made in the short-range approximation,
i.e., the action of the operator (70) was restricted to
P states, the procedure in this respect being equivalent
to the one used to calculate the one-particle spin-orbit
potential from phenomenological two-particle spin-or-
bit forces. '®™1 As a result, the following one-particle
spin-orbit operator is obtained:

o= it 2] (5 0

+3 vh@) -4 2 { 3@
v St
+Z (1+2f ViF @} ] dxloo, (71)

where A —1=N+Z; 7} is the projection of the isospin
of nucleon 4, 7i/2=2+1/2 (the positive sign corresponds
to the proton); p(7) is the matter density in the nucle-
us.

The average nuclear field is calculated in Ref. 80
using only the static part of the OBE potential. The
calculation is made without allowance for the correct
symmetry of the wave function in the short-range ap-
proximation; in this case, the average field is obtained
in the form of a local velocity-independent potential
with profile that repeats the profile of the density dis-
tribution (see also Ref. 85):
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Vas (1) = 4aip (1) f {{2 Vi@ -3 Va@)
0 8
—4-LZ (3 Vi (@— D Vi (x)) } 2 d. (72)
St VT

Note the following important circumstance: The contri-
butions of the vector and scalar mesons to the spin-or-
bit potential (71) have the same signs, while their con-
tributions to the average field (72) have opposite signs.
One then obtains a situation in which similar contribu-
tions compensate each other to a considerable degree
in the average field but enhance one another in the spin-
orbit potential. It is the circumstance that leads to the
strong enhancement of spin-orbit coupling in nuclei.
Note also that the operator V{3 in (70b) plays a less
important role than the Gahieo-mvarla,nt operator Vi
in (70a), since 6V} is determined by the difference be-
tween the contribution of the scalar and vector mesons.
Therefore, the contribution of §V ] to the spin-orbit
splittings is approximately of the same order of magni-
tude as the one-particle Thomas coupling in the old rel-
ativistic approach, i.e., is an order of magnitude
smaller than the Vj} contribution.

Thus, in Ref. 80 a one-particle spin-orbit potential
(71) of Thomas form is obtained with radial dependence
that, as in the phenomenological approach, 1 is deter-
mined by the density gradient but, in contrast to the
phenomenological approach, additional spin-orbit
forces requiring special adjustable parameters were
not introduced into the NN interaction in Ref. 80 (in
(71), the functions V,, differ by no more than the sign
from the static limits of the OBE potentials, so that
all the quantities in (71) are determined from data that
do not depend on the spin-orbit interaction).

In Ref. 80, the potential (71) was used to calculate
the spin-orbit splittings AE,, of a number of single-
particle states |nl =§¥1/2) 'of the nuclei *'Ca and 2**Pb.
The results of the calculations of the spin-orbit split-
tings due to the operator (71) and the depths of the aver-
age field (72) are given in Table X,

In Ref. 81, an investigation is made of the influence
of the Pauli principle on the spin-orbit splitting and the
average nuclear field, the treatment taking into account
a wave function with the correct symmetry. The spin-
orbit splittings are expressed in terms of the contribu-
tions of the spin-orbit operator to the energies of the
single-particle states as follows:

AED =¢f (j=1—1/2)—e¥’ (j =1+1/2), (73a)
where in the Hartree—Fock approximation
i kg& (ke | Vi2) ihy — (k] V2| kiy). (73b)

Remembering that the operator (70a) acts only in
triplet states and in the adopted short-range approxi-
mation only in triplet P states, the exchange matrix
elements can be reduced to direct matrix elements. !
In this case, for nuclei with one nucleon above closed
shells we obtain a single-particle spin-orbit operator
of the following form®®:

81;
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TABLE X. Spin—orbit splittings AE$ and depth of average
nuclear field potential V2, for neutrons obtained with allowance
for the Pauli principle (upper row) and without it (lower row)
for different variants of two-particle forces (see Table II).

Model Model 5
E 3
Splitting Ret.4 |_ 1 Y Repd || robe
Ref. 7
AES5 (MCa), MeV 13,8 7.65 9.45 | 10,1 6.50
9.32 | 4.25 5.56 5.98
AER. (41Ca), MeV 3.30 | 1.8 2.25 2.37
B 222 | 1.0 1.32 1.41 2.00
AEY, (29Pb), MeV 3.53 2.62 2.88 2.94
2w () 292 | 1| 143 1.52 | 247
AE}S (29Ph), MeV 11.2 8.33 9,22 9,37 4.57
: 7.08| 3.70 4.59 4.82
AEY, (2%9Ph), M 2,03 1.49 1.66 1.69 0.98
.8 RpeY, 1.28 | 0.677| 0830 0874
v, (4Ca), MeV —34.0 | 46,79 |[—5 —70.9 | —46.1
ew{f Rl e —45.3 |—40.8 |—87.1 [—103
ve, (2990h), MeV —31.7 | —4.53 |—56.8 .| —88.3 | —53.4
i —45.3 |—51.2 |—89.4 [—105
3 Ll
HEF My Sk dp S
VEO=f v | w13 Ve
[} 8
Vv 8
+3 3 Vtk(x))+[2 Vi (@) + > (3
v St VYt
f\ pv e
L) @]} de (1=t 25 (78

where it is also assumed that the neutron density p,(#)
and the proton density p,(r) are related to the total den-
sity by the relations

en () =(N/A)p (r); pp (r)=(Z/4)p(r). (75)

In the same approximations, the average field is lo-
cal and has the form'®!

VEF () = 3mp (r) j [(ZVi@~3 v @)
0 8 v
— (2 Vi @—3 VK @) ]+ da. (78)
8t Vr

The results of the calculations of Ref. 81 are given
in Table X together with the results obtained without
allowance for the Pauli principle.

As can be seen from Table X, allowance for the cor-
rect symmetry of the wave function improves the ag-
reement between theory and experiment (the bad results
for VY, obtained for model II of Ref. 7 are due to the
too large contribution of the scalar—isovector and vec-
tor—isovector mesons in this model). ‘Such a circum-
stance demonstrates that correct description of the
properties of nuclear structure by means of a particu-
lar model of the NN interaction may be an important
factor in selecting it among other models that give an
equal description of the properties of the two-nucleon
sytem.

Before we turn to discussing possible sources of dis-
crepancy between theory and experiment and ways of
improving the theory, let us also consider Ref. 86, in
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which it is shown how one could verify the manifestation
of this idea in exotic objects such as antiproton atoms,
which, however, are being intensively studied at the
present time. In particular, it is noted in Refs. 87 and
88 that in recent years x-ray transitions in 5 atoms
have been observed. These measurements are inter-
esting in that they give direct and as yet the only infor-
mation about the p—nucleus interaction at low energies
and, in particular, the interaction of the fn system at
low energies. "> From the theoretical point of view,
the potential of the interaction of # and the nucleus
must be determined from the interaction of the nucleons
in the nucleus and their interaction with the antiproton.
If these elementary interactions were exactly deter-
mined at the present time, one could construct the in-
teraction potential of the f-nucleus system. In Ref. 86,
one of the present authors considered the procedure

for constructing such a potential (or rather, its real
and spin-orbit parts), using the OBE potentials dis-
cussed above and assuming at the same time that these
potentials can be used for the transition to the NN
channel™; the behavior of the potential on the transi-
tion to the NN channel is determined by the quantum
numbers of the exchange mesons.

If one is speaking about the real part of the potential
of the interaction between the antiproton and a nucleus,
it must be borne in mind that in this case the compo-
nents (72) corresponding to exchange of vector—isosca-
lar and scalar—isovector mesons change their sign,
while the components corresponding to the exchange of
scalar—isoscalar and vector-isovector mesons do not
change their sign. This means that the potential of the
interaction between the antiproton and a nucleus (see
the calculations made in Ref. 86) is much deeper than
the potential (72).

In the derivation of the single-particle operator of
the spin-orbit interaction for an antiproton atom on the
basis of (70a) and (70b), it is also necessary to take in-
to account the change in the signs of the vector-scalar
and scalar—isovector components in (70a) and (70b),
which means that in this case the Galileo-noninvariant
part of the spin-orbit forces (70b) will also contribute
to the single-particle spin-orbit potential. However,
the final operator of the spin-orbit coupling in an anti-
proton is approximately 30 times weaker than the anal-
ogous operator in a nucleus; this circumstance should
be manifested in the x-ray spectra of antiproton atoms
and may serve as a confirmation of the validity of the
idea of a scalar—vector compensation of the static com-
ponents of the OBE potentials (and concomitant en-
hancement of the scalar and vector contributions in the
relativistic corrections) characteristic of all one-boson
exchange potentials.

Hitherto, we have considered only the contribution of
the two-particle spin-orbit forces to the one-particle
operator of the spin-orbit coupling in nuclei. However,
it is known'®"~% that the one-particle spin-orbit opera-
tor in nuclei is completely determined by the contribu-
tion of two-particle spin-orbit forces only in the case

‘of spin-saturated nuclei, i.e., nuclei for which the two

levels of the doublet j=1¥1/2 are either both filled or
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TABLE XI. Contribution of the different components of the
OBE potential to the spin—orbit splittings for the nucleus 203pp,

AE}}, MeV AEGS, MeV AES), MeV

a-)

Model | Model | Model | Model | Model | Model
1l it I 1 ji] 11}

Finite range of
static OB
components —3.02 [—2.54 [—1.23 |—1.02 |—0.548]—0.4586

:mz [P2V - V2] 0,546 |—0.571 |—0.226 |—0.232 [—0.100 | —0.103

_m_ (w2 1.18 14T 0.501| 0.493| 0.22 0.217
1 = 2
-—TMZ(VZV) Gy-0g 1.42 1.42 0.568| 0.576( 0.233| 0,258
Tensor forces —3.55 [—3.62 |—1,42 |—1.44 |—0.633|—0.646
Spin-orbit forces 8.33 9,22 2,62 2.88 1.49 1.66
otal splitting 3,81 511 0.813| 1.26 0.682| 0.93
Experiment 4,57 2.47 0.98

both empty. For the final elucidation of the question
of the origin of the spin-orbit coupling in nuclei in the
framework of OBE potentials, we have considered the
contributions of all components of the OBE potential
(16) to the spin-orbit splitting of single-particle states
in spherical and deformed nuclei.

Let us consider first the example of doubly magic
plus one nucleon nuclei. In this case, we use the tech-
nique developed in Ref. 91. The nucleon—nucleon inter-
action potentials used in Ref, 92 arise when the matrix
elements of finite-range potentials are expanded in
Taylor series. If the range of the potential is short
compared with kr, then in this expansion we can re-
strict ourselves to terms quadratic in the relative mo-
menta (of the initial and final state)., Applying such an
expansion to the one-boson exchange potential (note
that in this case it is all the more justified by the fact
the OBE potential (16) is itself determined to within
operators quadratic in the relative momentum of the
nucleons), we reduce the operator (16) to the form

30{1+$aPu}'5(T1*rz)_%{t:+Poxi} (Wi— VP8 (ri—r)

+8(ry—r2) (V1 —V2)*]
Lty Pz} (Vi— ¥9) 8 (11— 1) (V= V)

—;»(4['}-;—1’“ ﬂ'r:—rzl‘(ri—l'z) X (V 1— V3)-(01+0p)

IV VT (2B s, (77)

where P, is the operator of spin exchange; the opera-
tor ¥’ acts only from the left and the operator V from
the right; fy, %g; f, %3 &, %3 V*; Vg; V7are con-
stants determined by the OBEP parameters. The
terms with x; and %, in (77) are due either to the pres-
ence of isovector mesons or the presence of the oper-
ators 0y° 0, in the OBEP components, or to both of
these simultaneously.

Once the interaction has been represented in the
form (77), we can use directly the technique developed
in Refs. 92 and 93; in particular, one can show that
all the OBEP components (77) except the spin-orbit
forces lead to a one-particle spin-orbit potential of
the following form for doubly magic plus one nucleon
nuclei™?
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Up =4[ ti—t) LIy () —(@+m)+7 () |10, (78)

where the index ¢ distinguishes the protons and neu-
trons; J () is the spin density determined by means of
the relation"®!

+0)—34 R MmN (79)

J ()= 3 @t 1) Ua (at D—la e

where R,(#) is the radial wave function; « is a com-
plete set of quantum numbers characterizing the spher-
ically symmetric one-particle state; j, is the total an-
gular momentum; I, is the orbital angular momentum
of this state.

The contribution of the various OBEP components to
the spin-orbit splitting of single-particle states was
determined for the example of the nucleus 2*Pb, which
has two spin-nonsaturated shells (the proton 17, 2 and
the neutron 1ij3,;). Calculations were made with wave
functions of the model discussed in Refs. 80 and 81.
The results of calculations of the splittings of three
states of the 2**Pb nucleus are given in Table XI for
the two PVS models of Ueda and Green'™ (model II and
III; see Table II), It can be seen from Table XI that
the individual OBEP components make an important
contribution in the nucleus **Pb to the final spin-orbit
splitting, this being comparable in some cases with the
contribution of the two-particle spin-orbit forces.
However, the two-particle spin-orbit forces are never-
theless a distinguished OBEP component (and of all the
nucleon-nucleon potentials) since in the case of spin-
saturated nuclei the final spin-orbit splitting is com-
pletely determined by the two-particle spin-orbit forces
(this last assertion is valid to the extent that the radial
wave functions of the spin-orbit doublet j=7+1/2 can
be assumed to be coincident). It can be seen from
Table XI that the final spin-orbit splitings produced by
all the OBEP components agree reasonably with experi-
ment.

We note the following possible sources of discrepancy
between this theory and experiment: 1) restriction to
the first step in the self-consistency procedure; 2) the
use of the short-range approximation to obtain the op-
erator (74) from the two-particle spin-orbit forces;

3) the neglect of residual interactions; 4) the approxi-
mate nature of the single-particle wave functions that

were used; 5) the restriction of the scheme to one-bo-
son exchange.

For deformed nuclei (see, for example, Ref. 95) it
is convenient to use the following expansion [equivalent
to (77)] of the OBEP potentials in powers of the relative
momentum:

Py

8+ VT (% %) + V3 (04-03)

tr] r-v H.c.}

Vot Ve (%] 8 (1) + {11

V3 (04-0y) (74-72)]

) (r)

H(= )V 2L r X V (o0400) + [V +VE (v m)l 225, (80)

We consider axisymmetric nuclei, assuming that the
even—even core is invariant under the operation of time
reversal. To describe the nucleons, we shall use the
asymptotic Nilsson representation.
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The spin-orbit splitting of the state of an odd nucleus
with quantum numbers », %, A, 7 (% At)= | Nn A7),
where 7 is the isospin variable and A is the projection
of the orbital angular momentum onto the quantization
axis) from the operator (80), whose individual compo-
nents we denote by V*(r,p; oy, 053 7y, ;) with (i=s0, T,
V), can be represented in the form

AE}, (nnAx) = E' (niAto = —1) — E' (nnAvo = + 1),

where E' is the contribution from the potential V' to
the single- particle energy of the nucleon and with al-
lowance for antisymmetrization of the wave functions:

E'= Xa (@4 (1) @5 (2) | V'] Dy (1) @y (2))

— Dy (1) D (2) | V| Dy (1) @y (2)), (81)
where &, (k)=(r,,0,,7,|#% AT0) is the wave function of
the nucleon; &,(k)=(r,, 0,, 7,|#'#W A'T'¢’) is the wave func-
tion of the nucleon core (k=1, 2). The sum 3, is over
all nucleons of the core. After separation of the cen-
ter-of-mass variable and the relative variable, the
problem of calculating the two-particle matrix ele-
ments (81) reduces to the calculation of the “single-
particle” matrix elements between functions of the rel-
ative variables. Leaving aside the technique for calcu-
lating the matrix elements, we give the results for the
spin-orbit splittings for all components of the OBE po-
tential (80) (all the components in (80) except the first
two determined by the constants V; and V, contribute
to the splitting):

AEL (nuAt) = 7%;1 A

' Algt
(Q'=0)

(14 6cr)

o o

X S al (T (1) T e (1)) S 42 g P an (P P — Piia P (82a)

2 i
AEL (niAv)=—z2=A 3 (F5—VT)b:e
n, NWATQT
(=0
= v ¢ w%‘i:\l¢$|x'\)z
+WNGN [ AIa @ P [ de—TNTWE . (goy)
—00 ]
AES, (AT == A 3 (PI—VI—PY
WA
Q>0
+ V50 8eer +2 (VY — Vo) o’ A
® R (o S
x | dia (@) T 0 | dx —HACEUT (82¢)
—0a 0
Here
=2 1 172 1 5
In ()= (g )" oxp (— 212 Ha (O ] 7
P (2) = [c”f ;T!x 0 ]M"‘P (—2/2) aM2L (z); (83)
n 4 i
i [ Mog\ "2 Ma, .
v =( h . ) n 12 ®

H,(1) is an Hermite polynomial; L'4'(x) is a Laguerre
polynomial,

Results of calculations of the spin-orbit splitting of
the neutron level | NnAo)=1202+ ) in the nuclei *Mg
and 2'Si [in accordance with (82a)-(82c)] can be found
in Ref. 95.

It follows from (82a)-(82b) that for spin-saturated
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nuclei (among the occupied states, every space-isospin
state is encountered twice—for the two spin states) on-
ly the two-particle spin-orbit forces contribute to the
spin-orbit splitting (as for spherical nuclei).

CONCLUSIONS

The approach to the problem of nucleon-nucleon in-
teraction presented in the present review has been de-
veloped intensively during the last ten years. It is now
clear what are its advantages and shortcomings. It
describes a large body of experimental data and estab-
lishes connections between different directions of nu-
clear and elementary-particle physics. The further
development of this approach will require allowance for
the role of many-meson exchange, retardation effects,
and three-particle forces; detailed knowledge of the
meson-nucleon form factors and the contributions of
nucleon isobars is also important for the construction
of the meson theory of nuclear forces.

The use of meson potentials in many-particle prob-
lems leads to a description of nuclear matter and finite
nuclei that is at least not inferior to the one obtained
with purely phenomenological models. The develop-
ment of this aspect of relativistic theory presupposes
the inclusion of many-particle forces and correlations
in the theory of nuclear matter and an advance beyond
the framework of the single-particle description in the
theory of finite nuclei.

We should like to express our deep thanks to I. N.
Mikhailov for discussions and helpfui advice during dif-
ferent stages of the work on this paper.
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