arXiv:nucl-th/0411050 v2 20 Dec 2004

International Journal of Modern Physics A © World Scientific Publishing Company

ENERGY SPECTRA OF ANTI-NUCLEONS IN FINITE NUCLEI

G. MAO^{1,2,3} and J. GONG^1 1Institute of High Energy Physics, Chinese Academy of Science P.O. Box 918(4), Beijing 100049, P.R. China 2Institute of Theoretical Physics, Chinese Academy of Science P.O. Box 2735, Beijing 100080, P.R. China 3CCAST (World Lab.), P.O. Box 8730, Beijing 100080, P.R. China

H. STÖCKER and W. GREINER Institut für Theoretische Physik der J.W. Goethe-Universität Postfach 11 19 32, D-60054 Frankfurt am Main

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 onemeson loop. The tensor couplings for the ω- and ρ-meson are included in the model. The overall nucleon spectra of shell-model states are in agreement with the data. The calculated anti-nucleon spectra in the vacuum differ about 20 – 30 MeV with and without the tensor-coupling effects.

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 nucleons while the Dirac sea is full of the virtual nucleon–anti-nucleon pairs 1^,2. The shellmodel states have been theoretically and experimentally well established 3. It is the aim of our work to investigate the bound states of anti-nucleons in the Dirac Sea. The observation of anti-nucleon bound states is a verification for the application of the relativistic quantum field theory to a many-body system 4. Since the bound states of nucleons are subject to the cancellation of scalar and vector potentials S + V (V is positive, S is negative) while the bound states of anti-nucleons are sensitive to the sum of them S − V , consistent studies of both the nucleon and the anti-nucleon bound states can determine the individual S and V . In addition, the knowledge of potential depth for anti-nucleons in the medium is a prerequisite for the study of anti-matter and anti-nuclei in relativistic heavy-ion collisions.

We have developed a relativistic Hartree approach which describes the bound states of nucleons and anti-nucleons in a unified framework 5^,6. In finite nuclei the Dirac equation of nucleons is written as i ∂ ∂t ψ(x, t) = [ −iα · ∇ + β (M_N − g_σσ(x)) + g_ωω_0(x) − f_ω 2M_N iγ · (∇ω_0(x)) 1

2 G. Mao, J. Gong, H. Stöcker, and W. Greiner

+ 1 2 g_ρτ_0R_{0,0}(x) − f_ρ 4M_N iτ_0γ · (∇R_{0,0}(x)) + 1 2 e(1 + τ_0)A_0(x) ] ψ(x, t).(1) The field operator can be expanded according to nucleons and anti-nucleons and reads as ψ(x, t) = ∑ α [ b_αψ_α(x)e^{−iEα t} + d^+_α ψ^a_α(x)e^{iĒα t} ] . (2)

Here the label α denotes the full set of single-particle quantum numbers. The wave functions of nucleons and anti-nucleons can be specified as 7^,8

ψ_α(x) = ( i^{Gα(r)}_r Ω_{jlm}(^r ) F_α(r) r σ·r_r Ω_{jlm}( r ) ) , (3)

ψ^a_α(x) = ( −^{F̄α(r)}_r σ^{·r}_r Ω_{jlm}(^r ) i^{Ḡα(r)}_r Ω_{jlm}(^r ) ) , (4)

where Ω_{jlm} are the spherical spinors. Inserting Eq. (2) into Eq. (1) we obtain the following equations for the upper component of the nucleon’s wave function

E_αG_α(r) = [ − d dr + W (r) ] M^{−1}_{eff} [ d dr + W (r) ] G_α(r) + U_{eff} G_α(r), (5)

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

Ē_αḠ_α(r) = [ − d dr + W̄ (r) ] M̄^{−1}_{eff} [ d dr + W̄ (r) ] Ḡ_α(r) + Ū_{eff} Ḡ_α(r). (6)

Other components can be obtained through the following relations F_α(r) = M^{−1}_{eff} [ d dr + W (r) ] G_α(r), (7) F̄_α(r) = M̄^{−1}_{eff} [ d dr + W̄ (r) ] Ḡ_α(r). (8)

The Schrödinger-equivalent effective masses and potentials are defined as follows: for the nucleon

M_{eff} = E_α + M_N − g_σσ(r) − g_ωω_0(r) − 1 2 g_ρτ_{0α}R_{0,0}(r) − 1 2 e (1 + τ_{0α}) A_0(r),(9)

U_{eff} = M_N − g_σσ(r) + g_ωω_0(r) + 1 2 g_ρτ_{0α}R_{0,0}(r) + 1 2 e (1 + τ_{0α}) A_0(r), (10)

W (r) = κ_α r − f_ω 2M_N (∂_rω_0(r)) − f_ρ 4M_N τ_{0α} (∂_r R_{0,0}(r)) , (11)

for the anti-nucleon

M̄_{eff} = Ē_α + M_N − g_σσ(r) + g_ωω_0(r) − 1 2 g_ρτ_{0α}R_{0,0}(r) + 1 2 e (1 + τ_{0α}) A_0(r),(12)

Ū_{eff} = M_N − g_σσ(r) − g_ωω_0(r) + 1 2 g_ρτ_{0α}R_{0,0}(r) − 1 2 e (1 + τ_{0α}) A_0(r), (13)

W̄ (r) = κ^α r + f_ω 2M_N (∂_rω_0(r)) − f_ρ 4M_N τ_{0α} (∂_r R_{0,0}(r)) . (14)

Energy Spectra of Anti-nucleons in Finite Nuclei 3

One can see that the difference between the equations of nucleons and anti-nucleons relies only on the definition of the effective masses and potentials. The main ingredients are meson fields which can be obtained through solving the Laplace equations of mesons. The source terms are various densities containing the contributions both from the valence nucleons and the Dirac sea. They are evaluated by means of the derivative expansion technique 9. The energy spectra of the nucleon and the antinucleon are computed by means of the equations

E_α = ∫_∞ 0 dr{G_α(r) [ − d dr + W (r) ] F_α(r) + F_α(r) [ d dr + W (r) ] G_α(r) +G_α(r)U_{eff} G_α(r) − F_α(r) [M_{eff} − E_α] F_α(r)}, (15) Ē_α = ∫_∞ 0 dr{Ḡ_α(r) [ − d dr + W̄ (r) ] F̄_α(r) + F̄_α(r) [ d dr + W̄ (r) ] Ḡ_α(r) +Ḡ_α(r)Ū_{eff} Ḡ_α(r) − F̄_α(r) [¯ M_{eff} − Ē_α ]¯ F_α(r)}. (16)

The parameters of the model are fitted to the properties of spherical nuclei 5^,6. The major result is that a large effective nucleon mass m^∗/M_N ≈ 0.78 is obtained. In Table 1 we present the single-particle energies of protons (neutrons) and antiprotons (anti-neutrons) in^{16}O,^{40}Ca and^{208}Pb. The binding energies per nucleon and the rms charge radii are given too. The experimental data are taken from Ref. 10. It can be found that the relativistic Hartree approach taking into account 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 spinorbit 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 ω- and ρ-meson, while a large m^∗ stays unchanged. On the other hand, the anti-particle energies calculated with the RHAT set of parameters are 20 – 30 MeV larger than that reckoned with the RHA1 set.

Acknowledgements

The authors thank P.-G. Reinhard, Z.Y. Zhang and Z.Q. Ma for stimulating discussions. This work was supported by the National Natural Science Foundation of China under Grant No. 10275072.

References 1. N. Auerbach et al., Phys. Lett. B182, 221 (1986). 2. P.-G. Reinhard et al., Z. Phys. A323, 13 (1986).

3. A. Bohr and B.R. Mottelson, Nuclear Structure (W.A. Benjamin, New York, 1969). 4. B. D. Serot and J. D. Walecka, Adv. Nucl. Phys. 16, 1 (1986).

5. G. Mao, H. Stöcker, and W. Greiner, Int. J. Mod. Phys. E8, 389 (1999); AIP Conf.

Proc. 597, 112 (2001).

6. G. Mao, Phys. Rev. C67, 044318 (2003); High Ene. Phys. Nucl. Phys. 27, 692 (2003). 7. J.D. Bjorken and S.D. Drell, Relativistic Quantum Mechanics (McGraw-Hill, New York, 1964).

8. Yanhe Jin and D.S. Onley, Phys. Rev. C38, 813 (1988).

December 20, 2004 5:56 WSPC/INSTRUCTION FILE menu

4 G. Mao, J. Gong, H. Stöcker, and W. Greiner

Table 1. The single-particle energies of both protons (neutrons) and anti-protons (anti-neutrons) as well as the binding energies per nucleon and the rms charge radii in^{16}O,^{40}Ca and^{208}Pb.

RHA1 RHAT Expt. RHA1 RHAT Expt. 16O E/A (MeV) 8.00 7.94 7.98

r_{ch} (fm) 2.66 2.64 2.74 PROTONS NEUTRONS 1s_{1/2} (MeV) 30.68 31.63 40±8 1s_{1/2} (MeV) 34.71 35.78 45.7 1p_{3/2} (MeV) 15.23 16.18 18.4 1p_{3/2} (MeV) 19.04 20.18 21.8 1p_{1/2} (MeV) 13.24 12.22 12.1 1p_{1/2} (MeV) 17.05 15.75 15.7 ANTI-PRO. ANTI-NEU.

1s̄_{1/2} (MeV) 299.42 328.55 1s̄_{1/2} (MeV) 293.23 322.47 1p̄_{3/2} (MeV) 258.40 283.44 1p̄_{3/2} (MeV) 252.48 277.94 1p̄_{1/2} (MeV) 258.93 285.87 1p̄_{1/2} (MeV) 252.97 279.22 40Ca E/A (MeV) 8.73 8.62 8.55

r_{ch} (fm) 3.42 3.41 3.45 PROTONS NEUTRONS 1s_{1/2} (MeV) 36.58 37.01 50±11 1s_{1/2} (MeV) 44.48 44.98 1p_{3/2} (MeV) 25.32 25.95 1p_{3/2} (MeV) 32.98 33.83 1p_{1/2} (MeV) 24.03 23.63 34±6 1p_{1/2} (MeV) 31.71 30.99 ANTI-PRO. ANTI-NEU.

1s̄_{1/2} (MeV) 339.83 367.90 1s̄_{1/2} (MeV) 327.96 355.70 1p̄_{3/2} (MeV) 309.24 332.10 1p̄_{3/2} (MeV) 298.04 321.07 1p̄_{1/2} (MeV) 309.52 333.37 1p̄_{1/2} (MeV) 298.26 322.15 208Pb E/A (MeV) 7.93 7.88 7.87

r_{ch} (fm) 5.49 5.46 5.50 PROTONS NEUTRONS 1s_{1/2} (MeV) 40.80 41.74 1s_{1/2} (MeV) 47.40 46.70 1p_{3/2} (MeV) 36.45 37.38 1p_{3/2} (MeV) 42.66 42.31 1p_{1/2} (MeV) 36.21 37.18 1p_{1/2} (MeV) 42.45 41.64 ANTI-PRO. ANTI-NEU.

1s̄_{1/2} (MeV) 354.18 377.37 1s̄_{1/2} (MeV) 313.18 334.39 1p̄_{3/2} (MeV) 344.48 366.95 1p̄_{3/2} (MeV) 304.61 325.41 1p̄_{1/2} (MeV) 344.52 367.24 1p̄_{1/2} (MeV) 304.61 325.28

9. I.J.R. Aitchison and C.M. Fraser, Phys. Lett. B146, 63 (1984); O. Cheyette, Phys.

Rev. Lett. 55, 2394 (1985); C.M. Fraser, Z. Phys. C28, 101 (1985); L.H. Chan, Phys. Rev. Lett. 54, 1222 (1985).

10. J.H.E. Mattauch, W. Thiele, and A.H. Wapstra, Nucl. Phys. 67, 1 (1965); D. Vautherin and D.M. Brink, Phys. Rev. C5, 626 (1972); H. de Vries, C.W. de Jager, and C. de Vries. At. Data Nucl. Data Tables 36, 495 (1987).