arXiv:hep-ph/0411205 v1 16 Nov 2004

g_s-factor quenching with quantum statistics

S. Hamieh^∗ Kernfysisch Versneller Instituut, Zernikelaan 25, 9747 AA Groningen, The Netherlands.^†

C. Bertulani^‡ Department of Physics, University of Arizona, Tucson, Arizona 85721, USA. (Dated: November 16, 2004)

We discuss the effect of quantum statistics on the gs-factor quenching in nuclear medium. We have found that the two nucleon correlation function can be described by a Gaussian with correlation length σ ∼ 1.2 fm. An estimate of the M1 quenching strength is given. The effect of quantum statistics on the retardation of the paramagnetic susceptibility is also discussed.

PACS numbers: 03.67.Hk

Quenching of the spin-M1 transition strength and the g_s-factor in nuclear medium has been reported in different experiments and has been found, in general, to be more pronounced for heavy nuclei. The Sakai group [3] found that the Gamow Teller (GT) transition (analogous to M1) is located at 30 MeV with ∼ 93% sum rule value. Thus, this cannot be explained by Δ-isobar as the GT transition should be at 300 MeV. A possible explanation of this puzzle can be found in [4]. Core polarization or p − h mixing with higher order contributions is the most promising mechanism but it seems to fail for heavy nuclei [4]. All these effects have been well studied in the literature and one may naturally ask if new phenomena could contribute to the quenching of M1 strength. This is our goal in this paper. We propose a simple mechanism, namely, the effect of quantum statistics on the nucleon spin correlation and consequently on the transition strength. To the best of our knowledge, for unknown reasons, this effect has been rarely studied explicitly in nuclear physics [5].

In a macroscopic system, quantum statistics has led to a number of interesting phenomena such as ferromagnetism, superconductivity and superfluidity. Recently, it has been shown experimentally that the free magnetic moments in solids that should manifest themselves in terms of Curie laws, are replaced by power laws for a variety of materials, e.g. salt LiHo_xY_{1−x}F_4. This effect is attributed to quantum correlations of spins in the Heisenberg chain, as seen in Fig. 1 of [6]. Motivated by these results, the aim of this paper is to evaluate the spin correlations in nuclear matter due to quantum statistics and its effects on the g_s-factor. It should be understood that the spin correlations discussed here are purely quantum phenomena due to the indistinguishability of nucleons without explicit reference to the nuclear interaction [7].

This paper is organized as follows. In the next section we evaluate the spin correlation function: the quantum

∗Electronic address: hamieh@KVI.nl †University of Nijmegen, NL 6525 ED Nijmegen, The Netherlands. ‡Electronic address: bertulani@physics.arizona.edu

Fig. 1: The correlation function at 0^∘ (solid line), the relative entropy of entanglement (dashed line) and the classical correlation function (dotted line), are shown as a function of kf r. Small circles represent our predictions for the nuclear matter where we have used kf ∼ 1.27 fm^{−1} and r ∼ 1.2 fm. The large dashed line represents the Gaussian approximation of the mixing parameter.

and the classical correlation between two protons inside a nucleus. In section II we discuss the effects of the spin correlations on the quenched g_s-factor in calculations of the M1 strength. Our conclusion is given in section III.

I. SPIN CORRELATIONS IN NUCLEAR MATTER

To illustrate the correlations between nucleons, the Fermi gas model is used [8, 9]. Thus the ground state of the system is described by

|Ψ_0⟩ = ∏ |k|≤k_f a^†_{σk}|0⟩ , (1)

where |0⟩ is the vacuum state and in the continuum limits [a^†_{σk}, a_σ′_k′ ] = δ_{σσ}′ δ(k − k^′).

In coordinate representation, the density matrix elements of two nucleons are

⟨Ψ_0|ψ^†_σ′_{2r}′_2 ψ^†_σ′_{1 r}′_1 ψ_{σ2 r2} ψ_{σ1 r1} |Ψ_0⟩ , (2)

where ψ_{σr} =^1_V ∑ k e^{ik·r}a_{σk}.

A straightforward calculation yields the explicit form of the two-particle space-spin density matrix [10] ρ^{sp} = 1 2 ( g(r_1 − r^′_1)g(r_2 − r^′_2)δ_{σ1 σ}′_1 δ_{σ2 σ}′_2

−g(r_1 − r^′_2)g(r_2 − r^′_1)δ_{σ1 σ}′_2 δ_{σ2 σ}′_1 ) (3) with g(r) =^1_V ∑ k e^{ik·r}.

Depending on the space density matrix, two spins may be entangled.

The two-spin density matrix, depending on the relative distance between two nucleons, r = |r_1 − r_2|, reads

ρ^s = 1 4 − 2f^2

1 − f^2 0 0 0

0 1 −f^2 0 0 −f^2 1 0 0 0 0 1 − f^2 ,

where f(r) = 3j_1(k_f r)/k_f r and j_1 is the spherical Bessel function. We find that ρ^s is a Werner state characterized by a single parameter p = f^2/(2 − f^2). This result can be explained intuitively. In fact, because S_z is conserved, the density matrix should interpolate between the completely random state and the singlet state.

In Fig. 1 we show the correlation function [13]

P (θ) =

N_{++} + N_{−−} − N_{+−} − N_{−+} N_{total} = p cos(θ) , (4)

as function of k_f r, and the relative entropy of entanglement [11]

E_r = min_{ρ∗∈D} S(ρ‖ρ^∗ ) , (5)

where D is a set of all separable states in the Hilbert space in which ρ is defined. Also shown in Fig. 1 is the classical correlation [12],

Ψ(ρ) = S(ρ‖ρ_A ⊗ ρ_B ) − min_{ρ∗ ∈D} S(ρ‖ρ^∗ ) , (6)

where ρ_A and ρ_B are the reduced density matrices. The small circles in Fig. 1 represent our predictions for the nuclear matter with typical values of k_f ∼ 1.27 fm^{−1} and r ∼ 1.2 fm [8]. We observe that the mixing factor, p(r), can be approximated with a Gaussian function

p(r) = e^{−r2/2σ2} , (7)

with σ = 1.2 fm, see Fig. 1. The mixing parameter, p(r), can be measured experimentally. In fact, following Bertulani’s work [5] for weakly bound nucleons, as in the 1H(^6He,^2 He)^5H reaction, one can argue that the relative energy distribution of the two outgoing protons from^2He is given by σ(E_{pp}) ∝ √ E_{pp} ( 1 + e^{−R2/2σ2} [cos( √ m_nE_{pp}/ℏ^2R)] ) , (8) where E_{pp} is the relative energy between the two protons and R is the size of the source region. Therefore, from experimental data [14] one can extract the mixing parameter σ [15]. Also our mixing parameter can be extracted from Coulomb dissociation of^{11}Li [16] (see forthcoming paper [15]).

II. QUENCHING OF GS AND PARAMAGNETIC SUSCEPTIBILITY

From the above discussion it is clear that there are nonnegligible spin quantum correlations effects in a nucleus. Therefore, a natural question arises, namely, do these correlations play a role on the observables that depend on the spin of the nucleon pair? We start our discussion by a calculation of this effect on the M1 transition strength. Evidently, we expect that when two nucleons are in a singlet spin state the M1 transition is suppressed, or even forbidden, due to Pauli blocking and the energy level structure. Similar arguments were given in [17] upon requiring that the recoiling nucleon lies outside the Fermi sphere. The amount of singlet state is controlled by the factor p(r), thus the number of the suppressed transitions should be proportional to p(r) [18].

However, we should not forget that the same correlation exists for all nucleons. This puts another constraint on the M1 transition and thus we need to evaluate the multiparticle correlation function. Unfortunately this correlation function is not known [19]. Nevertheless, we can intuitively assume that the relevant correlation will be two-body correlations and that they will be distributed uniformly among all nucleons. Thus, we expect that the g_s quenching will be of the form

g^{qs}_s = 1 − γA exp(βA^{2/3}) , (9)

where γ and β are the parameters of our model. Note that other global effects can be taken into account by multiplying g^{qs}_s by an overall factor as follows: g^{eff}_s = g^{qs}_s g^{other}_s . The experimental quenching factor for M1 [1] and our predictions are depicted in Fig. 2. The agreement is reasonable. The fitting parameters of Eq. 9 are γ = 0.008 ± 0.002 and β = −0.04 ± 0.008 with χ^2/dof ∼ 2.6.

This clearly gives a reasonable value for the nuclear susceptibility [1]

χ_{para} = e 2m ∑ n |⟨0| ∑ i g^i_l l_i + g^i_ss_i|n⟩|^2 (E_n − E_0) . The key to matching the experimental susceptibility is to use the correct g^{eff}_s , together with the reduced g_l due to pion exchange [15].

Fig. 2: Quenching as a function of the mass number, with γ = 0.015.

III. CONCLUSIONS

We have shown in this paper that quantum statistics play a major role in nucleonic spin correlations inside the nucleus. We have found that observables involving the nucleon spins, e.g. M1 transition amplitudes and/or the paramagnetic susceptibility, are highly sensitive to spin correlations. A decisive test of our predictions can be made e.g. with two-proton radioactivity. We face two major problems in our model, namely:

• a complete knowledge of the total density matrix and,

• a measure of multiparticle correlations.

We hope to address these issues in the near future.

Acknowledgments

S.H. acknowledge stimulating discussions with H. Wortche. This work was performed as part of the research program of the Stichting voor Fundamenteel Onderzoek der Materie (FOM) with financial support from the Nederlandse Organisatie voor Wetenschappelijk Onderzoek and was supported by the U. S. Department of Energy under grant No. DE-FG02-04ER41338.

[1] W. Knupfer, and A. Richter, Phys. Lett. B101, 375, (1981) [2] W. Knupfer, M. Dillig, and A. Richter, Phys. Lett. B95, 349, (1980) [3] T. Wakasa et. al, Phys. Rev. C 55, 2909 (1997) [4] Akito Arima, RIKEN Report 23, 16 (1999) [5] C. Bertulani, J. Phys. G 29, 769, (2003) [6] Ghosh, S., Parthasarathy, R., Rosenbaum, and T. F.

Aeppli, Nature 425, 48, (2003) [7] V. Vedral, Central Eur.J.Phys.1, 289 (2003). [8] The shell model and the optical potential model suggest that, to first approximation, we may picture the nucleus as a potential well with 42 MeV depth filled up to about 8 MeV below the edge. Thus, kf ∼ 1.27 fm^{−1} and r ∼ 1.2 fm. [9] Similar calculations can be done in the shell model.

[10] C. N. Yang, Rev. Mod. Phys. 34, 694 (1962) [11] V. Vedral, et al., Phys. Rev. Lett. 78, 2275 (1997) [12] S. Hamieh, et al., Phys. Rev. A 67, 014301 (2003) [13] S. Hamieh, et al., J. Phys. G 30, 481, (2004) [14] A. Korsheninnikov et. al, Phys. Rev. Lett. 87, 092501 (2002) [15] S. Hamieh, and C. Bertulani, in preparation [16] H. Simon, et al., Phys. Rev. Lett. 83, 496 (1999) [17] E. Moniz, Phys. Rev. 184, 1154 (1997) [18] Note that the state should be entangled, e.g. p(r) > 1/3 (see Fig. 1) in order to have such effect on the M1 transition [19] Note that the technique used in [5] under the assumption of a pure state will note work in our case because the multiparticle spin state will always be mixed