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Spectra of Anti-Nucleons in the Vacuum of Finite Nuclei
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Abstract The quantum vacuum in a many-body system of finite nuclei has been investigated within the relativistic Hartree approach
which describes the bound states of nucleons and anti-nucleons consistently. The contributions of the Dirac sea to the source terms of
the meson-field equations are taken into account up to the one-nucleon loop and one-meson loop. The tensor couplings for the w- and

p-meson are included in the model. After adjusting the parameters of the model to the properties of spherical nuclei, a large effective

nucleon mass m */My~0.78 is obtained. The overall nucleon spectra of shell-model states are in agreement with the data. The

computed anti-nucleon spectra in the vacuum differ about 20—30MeV with and without the tensor-coupling effects.
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1 Introduction

One of the main characters distinguishing relativistic ap-
proaches from nonrelativistic approaches is that the former one
has a vacuum. It is quite interesting to study the structure of
quantum vacuum in a many-body system, e.g., in a finite
nucleus where the Fermi sea is filled with the valence nucle-
ons while the Dirac sea is full of the virtual nucleon—anti-
nucleon pairs. A schematic picture taken from Refs. [1,2]
is given in Fig.1. The shell-model states have been theoreti-
cally and experimentally well established™ while no informa-
tion for the bound states of anti-nucleons in the Dirac sea are
available. This is the aim of our work. The observation of
antinucleon bound states is a verification for the application of
the relativistic quantum field theory to a many-body sys-

[4]

tem-"" . It constitutes a basis for the widely used relativistic

mean-field ( RMF) theory under the no-sea approxima-

[2,4—8] Hartree

tion and the relativistic approach
(RHA) (9-13) ' Gince the bound states of nucleons are subject
to the cancellation of two potentials S + V (V is positive, S
is negative) while the bound states of anti-nucleons, due to

the G-parity, are sensitive to the sum of them S-V, consistent
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studies of both the nucleon and the anti-nucleon bound states
can determine the individual S and V. In addition, the exact

knowledge of potential depth for anti-nucleons in the medium
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Fig.1. A schematic picture taken from Refs.[1,2] for the
energy spectra in a finite nucleus. The shell-model states are
filled with the valence nucleons while the vacuum is full of

virtual nucleon-anti-nucleon pairs.
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is a prerequisite for the study of anti-matter and anti-nuclei in
relativistic heavy-ion collisions! ™15,

We have developed a relativistic Hartree approach which
describes the bound states of nucleons and anti-nucleons in a
unified framework. For the details of the model we refer to

Refs. [16,17]. A brief description will be given in Sec. 2.

Numerical results and discussions are presented in Sec. 3.

2 Relativistic Hartree approach

The Lagrangian density of nucleons interacting through

the exchange of mesons can be expressed asm

Z=¢liv, 0" - Mylg+ 15 09 = U(o) = [ w,w” +
1 Y Y
Emiwﬂw"—sz‘R# +7m§R#-R”—ZAMA" +

w_ So 1 - ”
gu‘/"/u gmsbyy(/'u' 4M WWW _Egp(/)yyr.SbR -
fo = w v
?MLNW#"‘[’R#“'?@(I + 1) Y A", (1)

where U( o) is the self-interaction part of the scalar field (18]

U(a)——m22 ba3 1 5t (2)

In the above f,, and f, are the tensor—coupling strengths of
vector mesons; other symbols have their usual meaning.

In finite nuclei the Dirac equation is written as

i%(/)(x,t) = [ —ia-V +B(My- g,o(x)) +

() = i (Vo)) +
; 8oToRo, o(x) - 4§4 irg?* (VRy,o(x)) +

%e(1+rO)A0(x)]gb(x,t). (3)

The field operator can be expanded according to nucleons and

anti-nucleons and reads as

o(x,0) = Db (x)e ™ 4 digi(x)e™].  (4)

a

Here the label a denotes the full set of single-particle quan-

tum numbers. The wave functions of nucleons and anti-nucle-

ons can be specified agl19-16]
. G.(r) r
¢ (x) ik Qﬂm( r ) -
N X) = ,
Lo 1)
r r 'jim r
Fa(r)u (L)
sy| T y
\X) = _ .
G (r
0 7)

here 2,

im are the spherical spinors.

(4) into Eq.

straightforward algebra we arrive at the Schrodinger-equivalent

Inserting Eq. (3) and making some

equations for the upper component of the nucleon’s wave

function
EaGa(T)=[ di+W(r)] eff[%'*'
W(r)] 6,(r) + U, (1), (7)

and the lower component of the anti-nucleon’s wave function

Ee.n=[-Lown|na[L

W(r)]€,(r) + U, (r). (8)

+

Other components can be obtained through the following rela-

tions

G =ug[Lewom]em,  ©

F() =0 [+ Wn]em. o)

The Schrodinger-equivalent effective mass and potentials are
defined as follows: for the nucleon

Meffz Ezz + MN_ gaO'(T) - gmwO(r) -

1 1

EngOaRO,O(r)_76(1+ Toa) Ao(T) 5 (11)
Ug=My- g,0(r) + g,wo(r) +

1

?e(1+z‘0a)A0(r), (12)

f

1
?ngOtXRO,O( r)+
fcu

W(r) =7 = 530, () = g w0u (2, Roo(r),
(13)
for the anti-nucleon
Meﬂ= E,, + My - g(,o'(r) + gmwo(r) -
1 1
P4 TOaR0,0(r)"'_e(l"'Toa)Ao(r), (14)
2 °°f 2
Z/'effz MN_ gag(r) - gwwo(r) +
1 1
?ngOaRo,o(r) —?e(1+ Toa) Ao (1), (15)
37 Ka fm f
W(r)zT (9 wo(r))_4M To,z(a, RO,O(r))-

(16)
One can see that the difference between the equations of nu-
cleons and anti-nucleons relies only on the definition of the
effective masses and potentials, that is, the vector fields
change their signs. The G-parity comes out automatically.
The main ingredients of the equations are meson fields which
can be obtained through solving the Laplace equations of

mesons in spherical nuclei. The source terms of the meson-
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field equations are various densities containing the contribu-
tions both from the valence nucleons and the Dirac sea. They
are evaluated by means of the derivative expansion tech-

2] " In numerical calculations the Laplace equations

nique
and the equations of nucleons and anti-nucleons are solved in
an iterative procedure self-consistently to determine the po-
tentials and wave functions. The energy spectra of the nucle-

on and the anti-nucleon are computed by means of the follow-

ing equations
* d

E, = dr{Ga(r)[—d—+ W(r)]Fa(r)+
0 r

E[ Lo W] 6,0 + 6,()U46,(r) -

Fa(r)l:Meff_ Ea]Fa(r)}! (17)
_ © d - _
E, = JO dr{Ga(r)[— ot W(r)]Fn(r) +
O[S+ W60 + C(NT4E.() -

Fa(r)[Meff_Ea]Fa(r)}- (18)

3 Numerical results and discussions

The parameters of the model are fixed in a least-square
fit to the properties of eight spherical nuclei. They are pre-
sented in Table 1 and denoted as the RHAT set and the

RHA1 set for the two cases of with and without the tensor-

Table 1. Parameters of the RHA models as well as the
corresponding saturation properties. My and m,

are fixed during the fit.

RHAL RHAT
My/MeV 938.000 938.000
m,/MeV 458.000 450.000
m,/MeV 816.508 814.592
m,/MeV 763.000 763.000
g, 7.1031 7.0899
8o 8.8496 9.2215
g, 10.2070 11.0023
b/fm~! 24.0870 18.9782
c - 15.9936 - 27.6894
(f./ My)/fm 0.0 2.0618
(fo/ My)/fm 0.0 45.3318
po/fm ™3 0.1524 0.1493
(E/A)/MeV -16.98 -16.76
m”/ My 0.788 0.779
K/MeV 294 311

ay/MeV 40.4 44.0

coupling terms. The major result is that a large effective nu-
cleon mass m "/ My~0.78 is obtained. The contributions of
the vacuum to the scalar density and baryon density are de-
picted in Fig.2. The computations are performed with the
RHAT set of parameters for “*Ca. Noticeable influence from
the Dirac sea can be found for the scalar density while the ef-

fect on the baryon density is relatively small.

020 k< - -~ valence |
SO e vacuum
—— total

Fig.2. The scalar density and baryon density in “°Ca. Dashed
lines denote the contributions of valence nucleons, dotted lines
represent the Dirac-sea effects and solid lines give the total

results.

In Table 2 and 3 we present the single-particle energies
of protons ( neutrons) and anti-protons ( anti-neutrons ) in
three spherical nuclei of '*0, *“Ca and *®*Pb. The binding
energies per nucleon and the rms charge radii are given too.
The experimental data are taken from Ref. [21]. It can be
found that the relativistic Hartree approach taking into ac-
count the vacuum effects can reproduce the observed binding
energies, rms charge radii and particle spectra quite well.
Because of the large effective nucleon mass, the spin-orbit
splitting on the 1p levels is rather small in the RHA1 model.
The situation has been ameliorated conspicuously in the
RHAT model incorporating the tensor couplings for the w-and
p-meson, while a large m™ stays unchanged. On the other
hand, the anti-particle energies computed with the RHAT set
of parameters are 20—30MeV larger than that reckoned with
the RHALI set.
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Table 2. The single-particle energies of both protons and anti-

protons as well as the binding energies per nucleon and the rms

charge radii in '°0,“Ca and 2®Pb.

RHA1 RHAT Expt.
160
(E/A)/MeV 8.00 7.94 7.98
ra/fm 2.66 2.64 2.74
PROTONS
1s,/,/MeV 30.68 31.63 40+8
1ps/2/MeV 15.23 16.18 18.4
1py1,2/MeV 13.24 12.22 12.1
ANTI-PRO
15,,,/MeV 299.42 328.55
1p3,,/MeV 258.40 283.44
1py1,2/MeV 258.93 285.87
“Ca
(E/A)/MeV 8.73 8.62 8.55
rg/fm 3.42 3.41 3.45
PROTONS
1s,,,/MeV 36.58 37.01 50 £ 11
1ps,»/MeV 25.32 25.95
1py 2/ MeV 24.03 23.63 34+6
ANTI-PRO
15,2/ MeV 339.83 367.90
1532/ MeV 309.24 332.10
1512/ MeV 309.52 333.37
ZOSPb
(E/A)/MeV 7.93 7.88 7.87
ra/fm 5.49 5.46 5.50
PROTONS
1s,,,/MeV 40.80 41.74
1ps/2/MeV 36.45 37.38
1py,»/MeV 36.21 37.18
ANTI-PRO
15,2/ MeV 354.18 377.37
1532/ MeV 344.48 366.95
1p1/2/MeV 344.52 367.24

Table 3. The single-particle energies of both neutrons
and anti-neutrons.
RHA1 RHAT Expt.
160
NEUTRONS
1s,,,/MeV 34.71 35.78 45.7
1ps/2/MeV 19.04 20.18 21.8
1p,,»/MeV 17.05 15.75 15.7
ANTI-NEU
15,,,/MeV 293.23 322.47
1p3,/MeV 252.48 277.94
1512/ MeV 252.97 279.22
“Ca
NEUTRONS
1sy,,/MeV 44 .48 44.98
1ps2/MeV 32.98 33.83
1p,,»/MeV 31.71 30.99
ANTI-NEU
15,,,/MeV 327.96 355.70
1p3,/MeV 298.04 321.07
1512/ MeV 298.26 322.15
208Pb
NEUTRONS
1s,,/MeV 47.40 46.70
1p3/2/MeV 42.66 42.31
1py,»/MeV 42.45 41.64
ANTI-NEU
15,,,/MeV 313.18 334.39
153,/ MeV 304.61 325.41
1512/ MeV 304.61 325.28
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WE BHLBIRBEARWRETHRZFRASHMX L Hartree EARFAARBF N EFER &
PR EANFI T RO ABRELEEER EAFAIANT o N FH oM TFTHRKERST. EMER
HENERERABANSEH, S UBTFARREN m™ /My=0. 78 HEREAWEFRBARR S LR
MR, EXRKERETNRNEEZ KRR FMABREM AT 20—30 MeV.
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