arXiv:nucl-th/0008012 7 Aug 2000

DWIA Analysis for Spin Observables in Nucleon Quasi-elastic Scattering and Enhancement of the Spin-longitudinal Responce

Ken Kawahigashi^∗ Department of Information Sciences, Kanagawa University, Hiratsuka 259-1293, Japan

Kimiaki Nishida and Atsushi Itabashi Institute of Physics, University of Tokyo, Komaba, Meguro-ku, Tokyo 153-8902, Japan

Munetake Ichimura^† Faculty of Computer and Information Sciences, Hosei University, Koganei, Tokyo 184-8584, Japan (August 7, 2000)

We present a formalism of distorted wave impulse approximation (DWIA) for analyzing spin observables in nucleon inelastic and charge exchange reactions leading to the continuum. It utilizes response functions calculated by the continuum random phase approximation (RPA), which include the effective mass, the spreading widths and the Δ degrees of freedom. The Fermi motion is treated by the optimal factorization, and the non-locality of the nucleon-nucleon t-matrix by an averaged reaction plane approximation. By using the formalism we calculated the spin-longitudinal and the spin-transverse cross sections, IDq and IDp, of^{12}C,^{40}Ca (⃗p, ⃗n) at 494 and 346 MeV. The calculation reasonably reproduced the observed IDq, which is consistent with the predicted enhancement of the spin-longitudinal response function RL. However, the observed IDp is much larger than the calculated one, which was consistent with neither the predicted quenching nor the spin-transverse response function RT obtained by the (e, e^′) scattering. The Landau-Migdal parameter g^′_{NΔ} for the NΔ transition interaction and the effective mass at the nuclear center m^∗(r = 0) are treated as adjustable parameters. The present analysis indicates that the smaller g^′_{NΔ}(ß 0.3) and m^∗(0) ß 0.7m are preferable. We also investigate the validity of the plane wave impulse approximation (PWIA) with the eikonal approximation for the absorption, by means of which RL and RT have conventionally been extracted.

PACS numbers: 24.70.+s, 24.10.-i, 25.40.Kv, 21.60.Jz

I. INTRODUCTION

The study of nuclei by means of intermediate energy (∼100 MeV– ∼1 GeV) proton beams has been very active since the end of the 1970’s, and has led to various advances such as the discovery of the Gamov-Teller (GT) giant resonance and finding the quenching of their strength. In the 1980’s great progress was made in experimental facilities, which can afford to accelerate polarized proton beams with intermediate energies and to measure the polarization of scattered protons and neutrons and so on. This made it possible to carry out complete measurements of (⃗p, ⃗p^′) and (⃗p, ⃗n) scattering, namely, measurement of the polarization P , the analyzing power A_y and the polarization transfer coefficients D_{ij} . Theoretical investigations related to these experiments, such as search for the origin of the quenching of the GT strength and studies of the precursor phenomena of the pion condensation, have also been pursued vigorously [1,2].

In the course of these activities, a very interesting prediction was presented by Alberico et al. [3] at the beginning of the 1980’s. They claimed that in the quasi-elastic region with fairly large momentum transfer q(∼ 1–3 fm^{−1}) the isovector spin-longitudinal response function R_L(q, ω) is enhanced and softened while the isovector spin-transverse response function R_T(q, ω) is quenched and hardened, where ω is the transferred energy. The enhancement of R_L is attributed to the collectivity induced by the one-pion exchange interaction and thereby understood as one of the precursor phenomena of pion condensation. The quenching of R_T, on the other hand, is due to the combined effect of the repulsive short-range correlation and the one rho-meson exchange interaction.

A great deal of experimental work has been done in order to explore this prediction. Measurements of the polarization transfer coefficients D_{ij} were carried out at LAMPF for (⃗p, ⃗p^′) at an incident energy of 494 MeV, from

∗Electronic address: ken@info.kanagawa-u.ac.jp †Electronic address: ichimura@k.hosei.ac.jp which the ratios R_L/R_T were extracted [4,5]. Surprisingly, the ratios were less than or equal to unity, which seriously contradicted the prediction R_L ≫ R_T. However, the scattering (⃗p, ⃗p^′) mixes the isoscalar and isovector contributions, and thus the estimation of the ratios was not conclusive.

Later complete measurements of the (⃗p, ⃗n) reaction, which focused exclusively on the isovector contribution, were carried out at LAMPF [6,7,8] and at RCNP [9]. The ratios obtained were still less than unity. From these results, it was concluded [10,11] that there is no enhancement of R_L, namely no collective enhancement of the pionic modes, which was interpreted as evidence against the pion excess in the nucleus. With help of sum rules, Koltun [12] analyzed the data by means of a correlated nuclear theory, in which the two-nucleon correlation is dominated, and concluded that there is no disagreement between the data and the model for R_L, but R_T is not explained. He claimed that there is no collective enhancement of the pionic modes. However, we believe that there are many questions to be solved before such conclusions are reached.

The experimental evaluation of the ratio was based on the plane wave impulse approximation (PWIA) with eikonal approximation for absorption. Evidently we should take into account the effects of distortion more accurately. Since this causes the nuclear responses to be of surface nature, the semi-infinite slab model [13,14], the surface response model [15,16] and others, were introduced. The distorted wave Born approximation (DWBA) analysis of the continuum spectra of the intermediate energy (p, n) reaction was carried out by Izumoto et al. [17] where the response functions were calculated by the local density approximation. The calculation in the distorted wave impulse approximation (DWIA) for the spin-longitudinal and -transverse cross sections, ID_q and ID_p, in the continuum was first performed by Ichimura et al. [18] for (⃗p, ⃗p^′). We utilized the response functions calculated by the continuum random phase approximation (continuum RPA) with orthogonality condition [19] including the Δ degrees of freedom. We employed the optimal factorization prescription [20,21,22] to deal with the Fermi motion of the struck nucleon, restricted the spin dependence of the nucleon-nucleon (N N ) t-matrix to the terms with (σ_0 · q̂)(σ_1 · q̂), and (σ_0 × q̂) · (σ_1 × q̂) and neglected the interference between the different spin-dependent terms of the N N t-matrix. De Pace [23] treated the absorption by the Glauber approximation and calculated the spin-longitudinal and -transverse cross section up to the two-step processes. He also used the same assumption for the N N t-matrix. Recently, Kim et al. [24] also developed a DWIA formalism for calculating the spin observables in a form of inhomogeneous coupled-channel integral equations in the Tamm-Dancoff approximation. They also used the same assumption for the N N interaction and further neglected the spin orbit force in the optical potential. Noting this situation, we definitely need a more reliable method for analyzing the spin observables as well as the inclusive cross sections in the continuum.

In this paper, we develop a DWIA formalism for nucleon-nucleus (N A) scattering at the intermediate energy leading to the continuum, with the response functions non-diagonal with respect to the momentum transfer as well as the spin directions. This method does not require the above restriction on the N N t-matrix and can handle the interference between the different spin-dependent terms. Thus it is much more reliable for calculating the spin observables such as P, A_y and D_{ij}.

The original prediction of Alberico et al. [3] was based on the theoretical framework of (1) the Fermi gas model, (2) RPA, or more precisely the ring approximation, with the one-pion + one-rho-meson exchange interactions + the contact interaction specified by the Landau-Migdal parameters, g^′’s (π +ρ+g^′ model), and (3) the universality ansatz, g^′_{NN} = g^′_{NΔ} = g^′_{ΔΔ}. A number of improvements have been made to various aspects of the method, such as use of the continuum RPA to treat the nuclear size effects [25,18], and removal of the universality ansatz [26,27]. In the previous continuum RPA calculations, the mean field was assumed to be local and the spreading width of the particle was treated by the complex potential, but that of the hole was neglected. In this paper we take account of the non-locality of the mean field by the radial-dependent effective mass, m^∗(r), and the spreading width of the hole by the complex binding energy.

Special importance has been put on the choice the Landau-Migdal parameters. The position of the GT resonance gives severe restriction on the value of g^′_{NN} (≈ 0.6 − 0.7). Effects of Δ-isobar are very sensitive to the value of g^′_{NΔ} [26,27], which is also crucial for the cause of the quenching of the GT strength [28]. In the present analysis of the quasi-elastic (⃗p, ⃗n) reaction, we treat g^′_{NΔ} and the effective mass at the center of the nucleus m^∗(r = 0) as the adjustable parameters, and thus try to evaluate the value of g^′_{NΔ}. This is one of the main aims of the present paper.

This paper is organized as follows. In Sec. II we summarize the general formulas for the cross sections and the spin observables of the ( ⃗N , ⃗N^′) reactions, with special attention to the polarized cross sections ID_i. In Sec. III, the PWIA formalism with the optimal factorization and the eikonal approximation is briefly reviewed because it has been used to extract R_L and R_T up to now.

In Sec. IV we present the DWIA formalism for the intermediate energy ( ⃗N , ⃗N^′) reactions to the continuum in cooperation with the response functions, again utilizing the optimal factorization. Since we treat the finite nucleus, calculations are carried out in the angular momentum representation, details of which are presented in Sec. V. We describe a way of calculating the response functions non-diagonal in the coordinate space as well as the spin space, which involves the radial-dependent effective mass and the spreading widths of both the particle and the hole in

Sec. VI.

In Sec. VII, we perform numerical analysis for the reactions^{12}C,^{40}Ca(⃗p, ⃗n) at 494 MeV and at 346 MeV. We see that the spin-longitudinal cross sections are reasonably well reproduced. This is consistent with the predicted enhancement of R_L though the ratio R_L/R_T is less than unity. However, the spin-transverse cross sections are very much underestimated. The contradiction regarding the ratio seems to come from the large difference between the experiments and the theories in ID_p.

In Sec. VIII we test the reliability of the conventional method for extracting the response functions by comparing the PWIA and the DWIA results. Sec. IX is devoted to some other questions such as the effects of the spin-orbit force and the ambiguity of the optical potential. Sec. X consists of a summary and conclusion.

II. GENERAL FORMULAS FOR CROSS SECTION AND SPIN OBSERVABLES

We consider the nucleon-nucleus (N A) inelastic and charge-exchange reactions to the continuum. First we summarize the general formulas for the double differential cross section and the spin observables of a polarized nucleon scattering off a nucleus,

⃗N + A → ⃗N^′ + B. (2.1)

In the N A center of mass (c.m.) system, we denote the scattering angle by θ_{cm}, and the momenta of the incident and outgoing nucleons by k_i and k_f , respectively. The momentum transfer to the scattering nucleon is given by

q = k_f − k_i, (2.2)

and the energy transfer to the target is written as

ω_{cm} = E_N (k_i) − E_N ′ (k_f ), (2.3)

where E_α(k) = √ k^2 + m^2_α is the energy of a particle α with mass m_α.

As the coordinate system, we use either

ẑ = k_i |k_i| , ŷ = k_i × k_f |k_i × k_f |

, x̂ = ŷ × ẑ (2.4) or q̂ = q | q | , n̂ = k_i × k_f | k_i × k_f |

, p̂ = q̂ × n̂. (2.5)

These are called the x, y, z and q, n, p directions, respectively.

The unpolarized double differential cross section is expressed by the N A t-matrix T as

I(θ_{cm} , ω_{cm}) ≡ d^2σ dΩ_{cm}dω_{cm} = 1 2(2J_A + 1) μ_iμ_f (2π)^2 k_f k_i ∑ m_{sf} m_{si} ∑ n ∑ n0 ′ |⟨k_f m_{sf} Ψ_n|T |k_im_{si} Ψ_{n0} ⟩|^2

×δ (ω_{cm} − (E_B(k_f ) − E_A(k_i))) , (2.6)

where m_{si} (m_{sf} ) is the spin projection of the incident (outgoing) nucleon and J_A is the target spin, and μ_i and μ_f are the relativistic reduced energies

μ_i =

E_N (k_i)E_A(k_i) √ s_{NA} , μ_f =

E_N ′ (k_f )E_B (k_f ) √ s_{NA} (2.7)

with s_{NA} = (E_N (k_i) + E_A(k_i))^2. The wave functions Ψ_{n0} and Ψ_n are intrinsic states of the target A and of the residual nucleus B, respectively. They are governed by the intrinsic Hamiltonian H_A of the A-body system as

H_AΨ_n = E_nΨ_n. (2.8)

Note that the final states Ψ_n are mostly unbound. In the summation Σ^′_{n0} , n_0 runs only over the degenerate ground states of the target A.

To extract information of intrinsic states separately, we introduce the intrinsic energy transfer ω and rewrite the cross section of Eq. (2.6) as

I(θ_{cm}, ω_{cm}) = K 2(2J_A + 1) Tr [ Tr^′ [ T T^† ]] , (2.9)

with

Tr^′ [ T T^† ] = ∑ n ∑ n0 ′ ⟨Ψ_n|T |Ψ_{n0}⟩⟨Ψ_{n0} |T^†|Ψ_n⟩δ (ω − (E_n − E_{n0})) , (2.10)

where Tr means the trace of the spin states of the incident and exit nucleons and the kinematical factor K is [31] K = μ_iμ_f (2π)^2 k_f k_i dω dω_{cm} = μ_iμ_f (2π)^2 k_f k_i √ s_{NA} E_n . (2.11)

We note that the E_{n0} is the target mass m_A and E_n is the invariant mass of the system B.

We represent the Pauli spin operators in the i-direction of the k-th nucleon by σ_{ki}. To unify the notation we also introduce σ_{k0}(= 1_k) for the unit spin matrix of the k-th nucleon. The nucleon number k = 0 denotes the incident or exit nucleon. Then the polarization, the analyzing power and the polarization transfer coefficients are given respectively by

P_y =

TrTr^′[T T^†σ_{0y}]

TrTr^′[T T^†]

, A_y =

TrTr^′[T σ_{0y}T^†]

TrTr^′[T T^†] ,

D_{ij} = TrTr^′[T σ_{0i}T^†σ_{0j}] TrTr^′[T T^†]

, (2.12) where i, j = x, y, z or q, n, p. The DWIA calculation is usually carried out in the [x̂, ŷ, ẑ] frame, while the [q̂, n̂, p̂] frame is sometimes more convenient for the theoretical analysis. The relation between D_{ij} (i, j = q, n, p) and D_{ij} (i, j = x, y, z) is given by D_{nn} = D_{yy}, ( D_{pp} D_{pq} D_{qp} D_{qq} ) = ( cos θ_p sin θ_p − sin θ_p cos θ_p ) ( D_{zz} D_{zx} D_{xz} D_{xx} ) ( cos θ_p − sin θ_p sin θ_p cos θ_p ) , (2.13)

where θ_p is the angle between p̂ and ẑ.

To extract nuclear responses, Bleszynski et al. [29] decomposed the N A t-matrix in the [q̂, n̂, p̂] frame as

T = T_0σ_{00} + T_nσ_{0n} + T_q σ_{0q} + T_pσ_{0p} (2.14)

and introduced the polarized cross sections ID_i, which extract T_i exclusively as

ID_0 = I 4 [1 + D_{nn} + D_{qq} + D_{pp}] = K 2J_A + 1

Tr^′[T_0T^†_0 ], ID_n = I 4 [1 + D_{nn} − D_{qq} − D_{pp}] = K 2J_A + 1

Tr^′[T_nT^†_n], ID_q = I 4 [1 − D_{nn} + D_{qq} − D_{pp}] = K 2J_A + 1

Tr^′[T_qT^†_q ], ID_p = I 4 [1 − D_{nn} − D_{qq} + D_{pp}] = K 2J_A + 1

Tr^′[T_pT^†_p ]. (2.15)

The unpolarized cross section I is expressed as

I = ID_0 + ID_n + ID_q + ID_p. (2.16)

In the N A laboratory system we denote the angle, the momenta and the energy transfer corresponding to θ_{cm}, k_i, k_f and ω_{cm} by θ_{lab}, K_i, K_f and ω_{lab}, respectively. The unit vectors

N̂ = N̂^′ = K^i × K^f |K_i × K_f |

, L̂ = K̂_i, Ŝ = N̂ × L̂,

L̂^′ = K̂_f , Ŝ^′ = N̂^′ × L̂^′ (2.17)

are usually used to specify the directions, and are denoted by N, L, S, N^′, L^′ and S^′, respectively.

In this system, the unpolarized cross section is given by

I_{lab}(θ_{lab}, ω_{lab}) = d^2σ dΩ_{lab}dω_{lab} = K_f k_f I(θ_{cm}, ω_{cm}), (2.18)

due to the relation [32]

dΩ_{cm}dω_{cm} dΩ_{lab}dω_{lab} = sin θ_{cm} sin θ_{lab} = K_f k_f , (2.19)

and the observed polarization transfer coefficients D_{ij}(i = S, N, L; j = S^′, N^′, L^′) are obtained from the calculated D_{ij} (i, j = x, y, z) as D_{NN} ′ = D_{yy} ( D_{LL}′ D_{LS}′ D_{SL}′ D_{SS}′ ) = ( D_{zz} D_{zx} D_{xz} D_{xx} ) ( cos α_1 − sin α_1 sin α_1 cos α_1 ) (2.20)

with α_1 = θ_{lab} + Ω, where Ω is the relativistic spin rotation angle [30].

By use of Eqs. (2.13), (2.15) and (2.20), D_i’s are obtained from D_{ij} ’s in the N A laboratory frame as [30]

D_0 = 1 4 [1 + D_{NN} + (D_{SS}′ + D_{LL}′ ) cos α_1 + (D_{SL}′ − D_{LS}′ ) sin α_1],

D_n = 1 4 [1 + D_{NN} − (D_{SS}′ + D_{LL}′ ) cos α_1 − (D_{SL}′ − D_{LS}′ ) sin α_1],

D_q = 1 4 [1 − D_{NN} + (D_{SS}′ − D_{LL}′ ) cos α_2 − (D_{LS}′ + D_{SL}′ ) sin α_2],

D_p = 1 4 [1 − D_{NN} − (D_{SS}′ − D_{LL}′ ) cos α_2 + (D_{LS}′ + D_{SL}′ ) sin α_2] (2.21)

with α_2 = 2θ_p − α_1.

III. PWIA FORMALISM

Before presenting the DWIA formalism, we briefly review the PWIA formalism [30], which has conventionally been used in the analysis of quasi-elastic scattering to extract the spin response functions [4,5,6,7,8,9]. To avoid confusion, we suppress the isospin and Δ degrees of freedom until Sec. III D, where we discuss these degrees of freedom in detail.

A. PWIA t-matrix

The PWIA t-matrix in the N A c.m. system is written as

T^{PW}_{nn0} (k_f , k_i) = ⟨Ψ_n| A∑ k=1 t_k(k_f , k_i)|Ψ_{n0} ⟩, (3.1) where t_k(k_f , k_i) is the N N scattering t-matrix between the incident nucleon and the k-th nucleon in the nuclei.

To avoid the difficulty of Fermi momentum integration, the optimal factorization approximation [20,21,22,30] is often used, where t_k(k_f , k_i) is replaced by the N N t-matrix in the optimal frame, t^η_k(k_f , k_i), which is written as t^η_k(k_f , k_i) = ⟨k_f , p̃^′|t|k_i, p̃⟩ = ∑ ab t^η_{ab}(k_f , k_i)σ_{0a}σ_{kb} = A^ησ_{00}σ_{k0} + B^η σ_{0n}σ_{kn} + C^η_1 σ_{0n}σ_{k0} + C^η_2 σ_{00}σ_{kn} + D^η_1 σ_{0p}σ_{kq} + D^η_2 σ_{0q}σ_{kp} + E^η σ_{0q}σ_{kq} + F^ησ_{0p}σ_{kp}. (3.2) The optimal momenta p̃ and p̃^′ of the struck nucleon in the nucleus are given by p̃ = ( 1 2 − η)q − k_i + k_f 2A , p̃^′ = p̃ − q, (3.3) respectively, and the parameter η is determined by the on-shell condition E_N (k_i) + E_N (p̃) = E_N (k_f ) + E_N (p̃^′).

This N N t-matrix in the optimal frame is obtained from the observed N N t-matrix in the c.m. frame, t^{cm}(κ^′, κ) = ⟨κ^′, −κ^′|t|κ, −κ⟩ = ∑ a^′,b^′ t^{cm}_a′_b′ (κ^′, κ)σ_{0a}′ σ_{1b}′ = A^′σ_{00}σ_{10} + B^′σ_{0nc}σ_{1nc} + C^′(σ_{0nc}σ_{10} + σ_{00}σ_{1nc}) + E^′σ_{0qc}σ_{1qc} + F^′σ_{0pc} σ_{1pc}, (3.4) where κ (κ^′) is the initial (final) relative momentum in the N N c.m. scattering, which is determined from k_i (k_f ) and p̃ (p̃^′). Here the coordinate system is determined by q̂_c = q_c |q_c|

, n̂_c = κ × κ^′ | κ × κ^′ | = n̂, p̂_c = q̂_c × n̂_c (3.5) with q_c = κ^′ − κ. The relation between t^η(k_f , k_i) and t^{cm}(κ^′, κ) is given by t^η (k_f , k_i) = J_η (k_f , k_i)R^ℓ_{spin}t^{cm}(κ^′, κ)R^r_{spin}. (3.6) The Möller factor J_η is given by

J_η(k_f , k_i) =

E_N (κ)^2 √ E_N (k_i)E_N (k_f )E_N (p̃)E_N (p̃^′)

, (3.7)

where we neglect the mass difference between the proton and the neutron. The relativistic spin rotations R^ℓ_{spin} and R^r_{spin} are given in Eq. (3.29) of Ref. [30], and the relation between t^η_{ab} and t^{cm}_a′_b′ is explicitly given in Eq. (3.34) of Ref. [30].

The approximation q ≈ q_c holds [30] for the reactions we are interested in. Noting that n̂_c = n̂, we can identify the coordinate system [q̂, n̂, p̂] with [q̂_c, n̂_c, p̂_c]. We also showed [30] that the approximation R^{ℓ(r)}_{spin} ≈ 1 holds. Therefore we can safely write t^η_{ab}(k_f , k_i) = J_η(k_f , k_i)t^{cm}_{ab} (κ^′, κ), (3.8) namely, A^η = J_ηA^′, B^η = J_ηB^′, C^η_1 = C^η_2 = J_ηC^′, D^η_1 = D^η_2 = 0, E^η = J_ηE^′, F^η = J_ηF^′. (3.9) From Eqs. (3.1) and (3.2), the PWIA t-matrix with the optimal factorization is given by T^{PW}_{nn0} (k_f , k_i) = ∑ a ∑ b t^η_{ab}(k_f , k_i)F^{nn0}_b (q)σ_{0a} (3.10)

with the transition form factor

F^{nn0}_b (q) = ⟨Ψ_n| A∑ k=1 σ_{kb}e^{−iq·rk} δ (_A ∑ k^′=1

r_k′ ) |Ψ_{n0} ⟩. (3.11)

B. Response Functions

From Eq. (2.15), the polarized cross sections I_{lab}D_i in PWIA are expressed as

I^{PW}_{lab} D^{PW}_i = K_{lab} ∑ ab t^η_{ia}(k_f , k_i)R_{ba}(q, ω)t^{η∗}_{ib} (k_f , k_i), (3.12)

where K_{lab} = (K_f /k_f )K (see Eq. (2.19)) and R_{ba}(q, ω) are the response functions R_{ba}(q, ω) = 1 2J_A + 1 ∑ n ∑ n0 ′ F^{nn0}_a (q)F^{nn0∗}_b (q)δ(ω − (E_n − E_{n0} )), (3.13)

which are determined solely by the nuclear intrinsic states. Note that R_{ba} depends on only the magnitude q = |q|, because of the unpolarized target, i.e. the presence of the summation ∑_′ n0 .

For comparison with the results of different nuclei, the normalized response functions R̂_{ba}(q, ω) = 1 A R_{ba}(q, ω), (3.14) whose spin diagonal parts satisfy the relation ∫ R̂_{aa}(q, ω)dω → 1 for q → ∞, (3.15) are more convenient.

Noting Eq. (3.9), I^{PW}_{lab} D^{PW}_q and I^{PW}_{lab} D^{PW}_q are simply written, using the normalized spin-longitudinal and spintransverse response functions R̂_L and R̂_T as I^{PW}_{lab} D^{PW}_q = K_{lab}A|E^η(k_f , k_i)|^2R̂_L(q, ω), I^{PW}_{lab} D^{PW}_p = K_{lab}A|F^η(k_f , k_i)|^2R̂_T(q, ω) (3.16) where R̂_L(q, ω) = R̂_{qq}(q, ω), R̂_T(q, ω) = 1 2 ( R̂_{pp}(q, ω) + R̂_{nn}(q, ω) ) = R̂_{pp}(q, ω). (3.17)

C. PWIA with Absorption

In practical analysis we must include the effects of the absorption, which are usually treated by the effective nucleon number A_{eff} estimated by the eikonal approximation as

A_{eff} = ∫_∞ 0 2πbn(b) exp [−n(b)σ̃_{NN} ] db (3.18)

with n(b) = ∫_∞ −∞ dzρ_A( √ z^2 + b^2) where b is the impact parameter, σ̃_{NN} is the total N N cross section in the nuclear medium and ρ_A is the nuclear density.

Then I_{lab}D_i’s in PWIA with absorption, Ĩ_{lab}D̃_i, are given with A_{eff} by Ĩ_{lab}D̃_i = K_{lab}A_{eff} ∑ ab t^η_{ia}(k_f , k_i)R̂_{ba}(q, ω)t^{η∗}_{ib} (k_f , k_i), (3.19)

and especially Ĩ_{lab}D̃_q = K_{lab}A_{eff} |E^η(k_f , k_i)|^2R̂_L(q, ω), Ĩ_{lab}D̃_p = K_{lab}A_{eff} |F^η(k_f , k_i)|^2R̂_T(q, ω). (3.20)

D. Isospin and Δ degrees of freedom

Now let us take account of the isospin and the Δ isobar degrees of freedom. Following Ref. [27] with some modifications, we introduce the unified notation of spin and isospin operators, σ^α_{ka} and τ^α_{kκ}, of the k-th particle (N or Δ) as

σ^α_{ka} = σ_{ka} for α = N S^†_{ka} for α = Δ S_{ka} for α = Δ^∗

(3.21)

and τ^α_{kκ} = τ_{kκ} for α = N (T^†_k )_κ for α = Δ T_{kκ} for α = Δ^∗

(3.22)

with κ = s, 0, +, − where

τ_{ks} = 1_k, τ_{k±} = τ_{kx} ± iτ_{ky} √ 2 , τ_{k0} = τ_{kz} (3.23)

and S_k and T_k are the standard spin and isospin transition operators from N to Δ.

We extend the N N t-matrix of Eq. (3.2) to that which includes the isospin and the N Δ channel in a restricted form as

t^η_k = t^{η(0)}_k + t^{η(1)}_k τ_0 · τ_k + t^{η(Δ)}_k τ_0 · T_k + t^{η(Δ∗)}_k τ_0 · T^†_k = ∑ α ∑ κ ∑ ab t^{ηα}_{κ,ab}(k_f , k_i)τ^N_{0κ}τ^{α†}_{kκ} σ^N_{0a}σ^{α†}_{kb} . (3.24)

Note that T_{k,−κ} = (T^†_k )^†_κ = τ^{(Δ)†}_{kκ} and so on from the definition (3.22). The PWIA t-matrix of Eq. (3.10) now becomes

T^{PW}_{nn0} (k_f , k_i) = ∑ α ∑ κ ∑ ab t^{ηα}_{κ,ab}(k_f , k_i)F^{nn0,α}_{κb} (q)τ^N_{0κ}σ^N_{0a}, (3.25)

where the transition form factor of Eq. (3.11) is generalized as F^{nn0,α} κa (q) = ⟨Ψ_n| A∑ k=1 τ^{α†}_{kκ} σ^{α†}_{ka}e^{−iq·rk} δ (_A ∑ k^′=1

r_k′ ) |Ψ_{n0} ⟩. (3.26)

Then the response function becomes R^{βα}_{λκ;ba}(q, ω) = 1 2J_A + 1 ∑ n ∑ n0 ′ F^{nn0,α} κa (q)F^{nn0,β∗}_{λb} (q)δ(ω − (E_n − E_{n0})), (3.27)

where only R_{κκ}, R_{0s} and R_{s0} remain finite due to the charge conservation.

Now the polarized cross sections I_{lab}D_i are expressed in PWIA as

I^{PW}_{lab} D^{PW}_i = K_{lab} ∑ κλ ⟨N |τ^N_{0λ}|N^′⟩⟨N^′|τ^{N†}_{0κ} |N ⟩ × ∑ αβ ∑ ab t^{ηα}_{κ,ia}(k_f , k_i)R^{βα}_{λκ;ba}(q, ω)t^{ηβ∗}_{λ,ib}(k_f , k_i). (3.28)

The normalized response functions are usually introduced only for the diagonal parts in the isospin space as [9] R̂^{βα}_{κ;ba}(q, ω) = 1 N_κ R^{βα}_{κκ;ba}(q, ω) (3.29) with

N_− = 2N, N_0 = N_s = A, N_+ = 2Z, (3.30)

where N and Z are the numbers of neutrons and protons, respectively. The normalization relation then becomes ∫ R̂^{NN}_{κ;aa}(q, ω)dω → 1 for q → ∞, (3.31) if the Δ component does not exist in the ground state.

To use Eq. (3.28), we need information about t^{ηΔ} as well as t^{ηN} , but to our knowledge it is not available for such a very off-shell region. Suggested by the π + ρ exchange model, we assume [27] that t^{ηΔ}_{κ,ii} = f_Δ f_N t^{ηN}_{κ,ii} (3.32) for κ = 0, +, − and i = q, n, p where f_N and f_Δ are the πN N and the πN Δ coupling constants, respectively.

Then Eqs. (3.20) and (3.17) are generalized as

Ĩ_{lab}D̃_q = K_{lab}N_{eff} |E^η(k_f , k_i)|^2R̂_{−,L}(q, ω), Ĩ_{lab}D̃_p = K_{lab}N_{eff} |F^η(k_f , k_i)|^2R̂_{−,T}(q, ω) (3.33)

for (⃗p, ⃗n), where the effective neutron number N_{eff} is defined in a similar way as that of Eq. (3.18). For (⃗p, ⃗p^′) or (⃗n, ⃗n^′), N_{eff} should be replaced by A_{eff} and R̂_{−,L(T)} by R̂_{0,L(T)}. For (⃗n, ⃗p), N_{eff} is replaced by the effective proton number Z_{eff} and R̂_{−,L(T)} by R̂_{+,L(T)}. The normalized isovector spin-longitudinal and -transverse response functions, R̂_{κ,L} and R̂_{κ,T}, are defined as R̂_{κ,L} = R̂^{NN}_{κ,qq} + 2 ( f_Δ f_N ) R̂^{ΔN}_{κ,qq} + ( f_Δ f_N )_2 R̂^{ΔΔ}_{κ,qq}, R̂_{κ,T} = R̂^{NN}_{κ,pp} + 2 ( f_Δ f_N ) R̂^{ΔN}_{κ,pp} + ( f_Δ f_N )_2 R̂^{ΔΔ}_{κ,pp}. (3.34)

IV. DWIA FORMALISM

We now present our DWIA formalism. To avoid unnecessary complexity, we suppress the isospin and the Δ degrees of freedom until Sec. VI D

A. DWIA t-matrix in momentum representation

The matrix elements of the DWIA t-matrix in the N A c.m. system are written as [ T^{DW}_{nn0} (k_f , k_i) ] m_{sf} m_{si} = ⟨χ (−) k_f m_{sf} (k ′)Ψ_n| A∑ k=1 t_k(k^′, k)|Ψ_{n0} χ^{(+)}_{kimsi} (k)⟩ (4.1)

in the momentum representation, where χ^{(+)}_{kimsi} (k) (χ^{(−)}_{kf msf} (k^′)) is the distorted wave in the momentum space with the incident (outgoing) momentum k_i (k_f ) and the spin projection m_{si} (m_{sf} ) in the asymptotic region. An important difference from the previous section is that the momenta k and k^′ are now the integration variables, whereas in PWIA they are fixed as k = k_i and k^′ = k_f . To clarify this difference we use the notations

q^∗ = k^′ − k, (4.2)

q̂^∗ = q^∗ | q^∗ |

, n̂^∗ = k × k^′ | k × k^′ |

, p̂^∗ = q̂^∗ × n̂^∗ (4.3)

As in the previous section, we again adopt the optimal factorization approximation and set q^∗ = q_c, R^ℓ_{spin} = R^r_{spin} = 1 and thus identify the [q̂^∗, n̂^∗, p̂^∗] frame with the [q̂_c, n̂_c, p̂_c] one. Then the N N t-matrix in the optimal frame is written as

t^η_k(k^′, k) = ∑ a^∗ b^∗ t^η_a∗_b∗ (k^′, k)σ_{0a}∗ σ_{kb}∗ = J_η(k^′, k) ∑ a^∗b^∗ t^{cm}_a∗_b∗ (κ^′, κ)σ_{0a}∗ σ_{kb}∗ = J_η (k^′, k) [A^′σ_{00}σ_{k0} + B^′σ_{0n}∗ σ_{kn}∗ + C^′(σ_{0n}∗ σ_{k0} + σ_{00}σ_{kn}∗ ) + E^′σ_{0q}∗ σ_{kq}∗ + F^′σ_{0p}∗ σ_{kp}∗ ] , (4.4)

where a^∗, b^∗ = 0, q^∗, n^∗, p^∗ and the momenta κ and κ^′ are determined by k and k^′ through the coordinate transformation between the optimal frame and the N N c.m. frame.

B. DWIA t-matrix in coordinate representation

Since the distorted waves χ^{(±)}_{kms} are usually calculated in the coordinate space, we now move to the coordinate representation.

If t^η(k^′, k) were a function of only q^∗, i.e. t^η(k^′, k) = t^η(q^∗), its coordinate representation would be local and T^{DW} would be written as [ T^{DW}_{nn0} (k_f , k_i) ] m_{sf} m_{si} = ⟨χ (−) k_f m_{sf} (r)Ψn| A∑ k=1 V_k(r − r_k)|Ψ_{n0} χ^{(+)}_{kimsi} (r)⟩ (4.5)

with

V_k(r − r_k) = ∫ d^3q^∗ (2π)^3 t^η_k(q^∗)e^{iq∗ ·(r−rk)} (4.6) and χ^{(±)}_{kms} (r) = ∫ d^3k^′ (2π)^3 χ^{(±)}_{kms} (k^′)e^{ik′·r}. (4.7)

However, this is not the case in general. Neither the amplitudes t^η_{a∗b∗} (k^′, k) nor the directions a^∗, b^∗ = n^∗, p^∗ in Eq. (4.4) are not determined only by q^∗.

The amplitudes t^{cm}_a′_b′ (κ^′, κ) depend on both q_c = κ^′ − κ = q^∗ and Q_c = κ^′ + κ as well as the incident energy. Taking the same approximation as Love and Franey [35], we suppress the Q_c dependence and regard the amplitudes as only functions of q^∗, namely t^{cm}_a′_b′ (q^∗). We also replace the Möller factor J_η(k^′, k) by J_η = J_η(k_f , k_i) and thus it becomes independent of k^′ and k. This approximation works for small angle scattering at high incident energy.

As for the spin parts, the relations B^′ = F^′ and C^′ = 0 were assumed in Ref. [18]. Then they became only q^∗- dependent, because σ_{0n}∗ σ_{kn}∗ + σ_{0p}∗ σ_{kp}∗ = (σ_0 × q̂^∗) · (σ_k × q̂^∗). However, the approximation becomes poorer as the incident energy increases [50,51]. Therefore we rewrite and approximate t^η_k(k^′, k) of Eq. (4.4) as

t^η_k(k^′, k) ≈ t^η_k(q^∗)

= J_η [A^′(q^∗)σ_{00}σ_{k0} + E^′(q^∗)(σ_0 · q̂^∗)(σ_k · q̂^∗) + F^′(q^∗)(σ_0 × q̂^∗)(σ_k × q̂^∗) + (B^′(q^∗) − F^′(q^∗))σ_{0n}σ_{kn} + C^′(q^∗)(σ_{0n}σ_{k0} + σ_{00}σ_{kn})] (4.8)

where n̂^∗ in the last two terms is replaced with the averaged normal vector n̂ of Eq. (2.5), which is independent of k and k^′.

We now obtain the local interaction V_k(r − r_k) in the coordinate space from Eq. (4.6). Consequently the matrix elements of the DWIA t-matrix can be written as [ T^{DW}_{nn0} (k_f , k_i) ] m_{sf} m_{si} = ⟨Ψn|Sm^sf m^si |Ψn0 ⟩ (4.9) with S_{msf msi} ≡ ∑ k ⟨χ^{(−)}_{kf msf} (r)|V_k(r − r_k)|χ^{(+)}_{kimsi} (r)⟩. (4.10)

C. Cross Sections and Spin Observables

Inserting the DWIA t-matrix of Eq. (4.9) into Eqs. (2.9) and (2.12), we obtain the DWIA formulas for the cross sections and the spin observables. In this procedure we need to prepare the response functions for the operator S_{msf msi} of Eq. (4.9) [R_S (ω)]_{msf msi ;m}′_{sf m}′_{si} ≡ 1 2J_A + 1

Tr^′ [ T_{msf msi} T^†_m′_{si m}′_{sf} ]

= 1 2J_A + 1 ∑ n ∑ n0 ′ [T_{nn0} ]_{msf msi} [ T^†_{nn0} ] m^′_{si} m^′_{sf} δ (ω − (En − En0)) = 1 2J_A + 1 ∑ n0 ′ ⟨Ψ_{n0} |S^†_m′_{si m}′_{sf} δ(ω − (H_A − E_{n0} ))S_{msf msi} |Ψ_{n0} ⟩ (4.11) Explicitly writing the operation Tr in Eqs. (2.9) and (2.12), we express the cross section and the spin observables by R_S as I = K 2 ( [R_S ]_{++;++} + [R_S ]_{+−;+−} + [R_S ]_{−+;−+} + [R_S ]_{−−;−−} ) , IP_y = KIm ( [R_S ]_{++;−+} + [R_S ]_{+−;−−} ) , IA_y = KIm ( [R_S ]_{++;+−} + [R_S ]_{−+;−−} ) , ID_{xx} = KRe ( [R_S ]_{++;−−} + [R_S ]_{+−;−+} ) , ID_{xz} = KRe ( [R_S ]_{+−;++} − [R_S ]_{−−;−+} ) , ID_{yy} = KRe ( [R_S ]_{++;−−} − [R_S ]_{+−;−+} ) , ID_{zx} = KRe ( [R_S ]_{++;−+} − [R_S ]_{−−;+−} ) , ID_{zz} = K 2 ( [R_S ]_{++;++} − [R_S ]_{+−;+−} − [R_S ]_{−+;−+} + [R_S ]_{−−;−−} ) . (4.12)

where the suffices + and − means m_s =^1_2 and −^1_2 , respectively.

V. ANGULAR MOMENTUM REPRESENTATION

Let us now move on to the angular momentum representation in which calculation is actually carried out. We adopt the [x̂, ŷ, ẑ] frame and use the spherical tensor form σ^s_{kμ} for the spin operators and n̂_μ for the normal vector n̂, as follows:

σ^0_{k0} ≡ 1_k σ^1_{k ±1} ≡ ∓ σ_{kx} ± iσ_{ky} √ 2 , σ^1_{k0} ≡ σ_{kz}, (5.1)

n̂_{±1} = ∓ n̂_x ± in̂_y √ 2 = − i √ 2 , n̂_0 = n̂_z = 0. (5.2)

According to Eq. (4.8), the interaction V_k(r − r_k) can be decomposed as

V_k(r − r_k) = V^A_k (r − r_k) + V^E_k (r − r_k) + V^F_k (r − r_k)

+V^{B−F}_k (r − r_k) + V^{C1}_k (r − r_k) + V^{C2}_k (r − r_k). (5.3)

Each term of the r.h.s. is given in the angular momentum representation as A-term

V^A_k (r − r_k) = J_η ∫ d^3q (2π)^3

A^′(q)e^{iq·(r−rk)}σ_{00}σ_{k0}

= J_η 2 π ∑ lm ∫_∞ 0 j_l(qr_k)A^′(q)j_l (qr)q^2dq [ i^lY_l(r̂_k) × σ^0_k ]_l m † [ i^lY_l(r̂) × σ^0 ]_l m ≡ ∑ lm V^A_l (r_k, r) [ i^lY_l(r̂_k) × σ^0_k ]_l m † [ i^lY_l(r̂) × σ^0 ]_l m , (5.4)

E-term

V^E_k (r − r_k) = J_η ∫ d^3q (2π)^3

E^′(q)(σ_0 · q̂)(σ_k · q̂)e^{iq·(r−rk)}

= J_η 2 π ∑ JM ∑ ll^′ a_{Jl}a_{Jl}′ ∫_∞ 0 j_l(qr_k)E^′(q)j_l′ (qr)q^2dq × [ i^lY_l(r̂_k) × σ^1_k ]_J M † [ i^{l′} Y_l′ (r̂) × σ^1_0 ]_J M ≡ ∑ JM ∑ ll^′ V^E_{Jll}′ (r_k, r) [ i^lY_l(r̂_k) × σ^1_k ]_J M † [ i^{l′} Y_l′ (r̂) × σ^1_0 ]_J M , (5.5)

F -term

V^F_k (r − r_k) = J_η ∫ d^3q (2π)^3

F^′(q)(σ_0 × q)(σ_k × q)e^{iq·(r−rk)}

= J_η 2 π ∑ JM ∑ ll^′ (δ_{ll}′ − a_{Jl}a_{Jl}′ ) ∫_∞ 0 j_l(qr_k)F^′(q)j_l′ (qr)q^2dq × [ i^lY_l(r̂_k) × σ^1_k ]_J M † [ i^{l′} Y_l′ (r̂) × σ^1_0 ]_J M ≡ ∑ JM ∑ ll^′ V^F_{Jll}′ (r_k, r) [ i^lY_l(r̂_k) × σ^1_k ]_J M † [ i^{l′} Y_l′ (r̂) × σ^1_0 ]_J M , (5.6)

(B − F )-term

V^{B−F}_k (r − r_k) = J_η ∫ d^3q (2π)^3

(B^′(q) − F^′(q)) σ_{0n}σ_{kn}e^{iq·(r−rk)}

= J_η 2 π ∑ lm ∑ JM ∑ J^′M^′ ∑ μμ^′ ⟨lm 1μ|JM ⟩⟨lm 1μ^′|J^′M^′⟩n̂_μn̂^†_μ′

× ∫_∞ 0 j_l(qr_k) (B^′(q) − F^′(q)) j_l(qr)q^2dq × [ i^lY_l(r̂_k) × σ^1_k ]_J M † [ i^lY_l(r̂) × σ^1_0 ]_J^′ M^′ ≡ ∑ JM ∑ J^′M^′ ∑ l V^{B−F}_{lJMJ ′ M ′} (r_k, r) [ i^lY_l(r̂_k) × σ^1_k ]_J M † [ i^lY_l(r̂) × σ^1_0 ]_J^′ M^′ (5.7)

C_1-term

V^{C1}_k (r − r_k) = J_η ∫ d^3q (2π)^3

C^′(q)σ_{0n}σ_{k0}e^{iq·(r−rk)}

= J_η 2 π ∑ lm ∑ JM (−)^{M−m}n̂_{−(M−m)}⟨lm 1 M − m|JM ⟩ × ∫_∞ 0 j_l(qr_k)C^′(q)j_l(qr)q^2dq × [ i^lY_l(r̂_k) × σ^0_k ]_l m † [ i^lY_l(r̂) × σ^1_0 ]_J M ≡ − ∑ lm ∑ JM V^C_{lmJM} (r_k, r) [ i^lY_l(r̂_k) × σ^0_k ]_l m † [ i^lY_l(r̂) × σ^1_0 ]_J M , (5.8)

C_2-term

V^{C2}_k (r − r_k) = J_η ∫ d^3q (2π)^3

C^′(q)σ_{00}σ_{kn}e^{iq·(r−rk)}

= J_η 2 π ∑ lm ∑ JM n̂_{(M−m)}⟨lm 1 M − m|JM ⟩ × ∫_∞ 0 j_l(qr_k)C^′(q)j_l(qr)q^2dq × [ i^lY_l(r̂_k) × σ^1_k ]_J M † [ i^lY_l(r̂) × σ^0 ]_l m = ∑ lm ∑ JM V^C_{lmJM} (r_k, r) [ i^lY_l(r̂_k) × σ^1_k ]_J M † [ i^lY_l(r̂) × σ^0 ]_l m , (5.9)

where j_l(x) is the spherical Bessel function of the order l, ⟨lmsμ|JM ⟩ is the Clebsch-Gordan coefficient and a_{Jl} ≡ ⟨J 0 1 0|l 0⟩. The spherical tensor product is expressed as [ i^lY_l × σ^s ]_J M ≡ ∑ mμ⟨lmsμ|JM ⟩i^lY_{lm}(Ω)σ^s_μ. For an optical potential with a spin-orbit force, the distorted wave χ^{(+)}_{kimsi} (r) is expressed in the angular momentum representation as [34]

χ^{(+)}_{kimsi} (r) = ∑ m^′_{si} χ^{(+)}_m′_{si msi} (k_i, r)|m^′_{si} ⟩

= 4π k_ir ∑ l_im_i m^′_ij_i ∑ m^′_{si} m_{si} ⟨l_im_ism_{si} |j_im_{ji} ⟩Y^∗_{li mi} (k̂_i) ×⟨l_im^′_ism^′_{si} |j_im_{ji} ⟩Y_{li m}′_i (r̂)i^{li} e^{iσli} u^{(+)}_{liji} (k_i, r)|m^′_{si} ⟩, (5.10) where |m_s⟩ is the intrinsic spin state with the z-projection m_s and σ_l is the Coulomb phase shift. The radial part of the distorted wave u^{(+)}_{lj} (k, r) has the asymptotic behavior u^{(+)}_{lj} (k, r) ∼ e^{iδlj} sin(kr − η_C ln 2kr − lπ 2 + σ_l + δ_{lj} ), (5.11)

where η_C is the Sommerfeld parameter and δ_{lj} is the nuclear phase shift.

Using Eqs. (5.3) and (5.10) together with Eqs. (5.4)–(5.9), we can write as

⟨χ^{(−)}_{kf msf} (r)|V_k(r − r_k)|χ^{(+)}_{kimsi} (r)⟩ = ∑ lsJM S^{msf msi} (ls)JM (kf , ki; rk) [ i^lY_l(r̂_k) × σ^s_k ]_J M † , (5.12)

where S^{msf msi} (J0)JM (kf , ki; rk) = ∫_∞ 0 r^2drV^A_J (r_k, r)f^{msf msi}_{(J0)JM} (k_f , k_i; r) − ∑ lm ∫_∞ 0 r^2drV^C_{lmJM} (r_i, r)f^{msf msi}_{(l1)JM} (k_f , k_i; r) (5.13) S^{msf msi} (l1)JM (kf , ki; rk) = ∑ l^′ ∫_∞ 0 r^2drV^E_{Jll}′ (r_k, r)f^{msf msi}_{(l′ 1)JM} (k_f , k_i; r) + ∑ l^′ ∫_∞ 0 r^2drV^F_{Jll}′ (r_k, r)f^{msf msi}_{(l′ 1)JM} (k_f , k_i; r) + ∑ J^′ M^′ ∫_∞ 0 r^2drV^{B−F}_{lJMJ ′M ′} (r_k, r)f^{msf msi}_{(l1)J ′M ′} (k_f , k_i; r) + ∑ m ∫_∞ 0 r^2drV^C_{lmJM} (r_k, r)f^{msf msi}_{(l0)lm} (k_f , k_i; r) (5.14)

with f^{msf msi} (ls)JM (ki, kf ; r) (5.15) ≡ ∑ m^′_{sf} m^′_{si} ∫ dΩ_rχ^{(−)∗}_m′_{sf msf} (k_f , r)⟨m^′_{sf} | [ i^lY_l(r̂) × σ^s_0 ]_J M |m^′_{si} ⟩χ^{(+)}_m′_{si msi} (k_i, r)

= √ 24π k_ik_f r^2 √ (2J + 1)(2l + 1) ∑ l_i j_i ∑ l_f j_f i^{li +l−lf} e^{i(σlf +σli )} ×u^{(+)}_{lf jf} (k_f , r)u^{(+)}_{liji} (k_i, r)(2l_i + 1) √ (2j_i + 1)(2l_f + 1)⟨l_i0l0|l_f 0⟩ × l_f s_f j_f l_i s_i j_i l s J ⟨l_i0s_im_{si} |j_im_{si} ⟩⟨l_f m_f s_f m_{sf} |j_f m_{si} + M ⟩

×⟨j_im_{si} JM |j_f m_{si} + M ⟩(−)^{mf +|mf |2} √ (l_f − |m_f |)! (l_f + |m_f |)!

P^{|mf |}_{lf} (cos θ). (5.16)

We can now write S_{msf msi} of Eq. (4.10) as S_{msf msi} = ∑ lsJM ∫_∞ 0 S^{msf msi} (ls)JM (ki, kf ; r)ρ † (ls)JM (r)r 2dr, (5.17)

where ρ_{(ls)JM} (r) = A∑ k=1 δ(r − r_k) rr_k [ i^lY_l(r̂_k) × σ^s_k ]_J M δ (_A ∑ k^′=1

r_k′ ) , (5.18)

which is the radial part of the transition density

ρ^s_μ(r) ≡ A∑ k=1 σ^s_{kμ}δ(r − r_k)δ (_A ∑ k^′=1

r_k′ )

= ∑ lsJM ⟨lmsμ|JM ⟩ρ_{(ls)JM} (r) [ i^lY_{lm}(r̂) ]_∗ . (5.19)

VI. CALCULATION OF RESPONSE FUNCTIONS

In Sec. IV, we presented a method of calculating the cross sections and the spin observables by using DWIA. It was shown that what we need are the response functions R_S (ω) of Eq. (4.11). Here we describe a way of calculating them.

A. Polarization propagator

Following Refs. [36] and [27], we introduce the polarization propagators for the spin-dependent transition density in the angular momentum representation as

Π_{(l}′_s′_{)J} ′_M ′_{;(ls)JM} (r^′, r; ω) ≡ 1 2J_A + 1 ∑ n ∑ n0 ′ [ ⟨Ψ_{n0} |ρ_{(l}′_s′_{)J} ′_M ′ (r^′)|Ψ_n⟩⟨Ψ_n|ρ^†_{(ls)JM} (r)|Ψ_{n0} ⟩ ω − (E_n − E_{n0}) + iη + ⟨Ψ_{n0} |ρ^†_{(ls)JM} (r)|Ψ_n⟩⟨Ψ_n|ρ_{(l}′_s′_{)J} ′_M ′ (r^′)|Ψ_{n0}⟩ −ω − (E_n − E_{n0} ) + iη ]

= 1 2J_A + 1 ∑ n0 ′ ⟨Ψ_{n0} | [ ρ_{(l}′_s′_{)J} ′_M ′ (r^′) 1 ω − (H_A − E_{n0}) + iη ρ^†_{(ls)JM} (r) +ρ^†_{(ls)JM} (r) 1 −ω − (H_A − E_{n0} ) + iη ρ_{(l}′_s′_{)J} ′_M ′ (r^′) ] |Ψ_{n0}⟩ = δ_{JJ} ′ δ_{MM} ′ Π_{J(l}′_s′_{)(ls)}(r^′, r; ω). (6.1)

By using the Wigner-Eckart theorem, we can prove that Π_{(l}′_s′_{)J} ′_M ′_{;(ls)JM} are diagonal with respect to J and M and independent of M . The corresponding response functions are defined as R_{J(l}′_s′_{)(ls)}(r^′, r; ω) ≡ 1 2J_A + 1 ∑ n ∑ n0 ′ ⟨Ψ_{n0} |ρ_{(l}′_s′_{)JM} (r^′)|Ψ_n⟩⟨Ψ_n|ρ^†_{(ls)JM} (r)|Ψ_{n0} ⟩δ (ω − (E_n − E_{n0} )) = − 1 π ImΠ_{J(l}′_s′_{)(ls)}(r^′, r; ω). (6.2)

Using Eqs. (5.17) and (5.18), we obtain the response function R_S (ω) as [R_S (ω)]_{msf msi ;m}′_{sf m}′_{si} = ∑ JM ∑ ls ∑ l^′ s^′ ∫_∞ 0 r^2dr ∫_∞ 0 r^{′2}dr^′S^m ′ sf m^′_{si} ∗ (l^′ s^′)JM (kf , ki; r ′) ×R_{J(l}′_s′_{)(ls)}(r^′, r; ω)S^{msf msi}_{(ls)JM} (k_f , k_i; r). (6.3) Inserting these R_S into Eq. (4.12), we can calculate the double differential cross section and the spin obsevables.

In the following we consider only the case with J_A = 0, thus omitting the summation over n_0, and denote E_{n0} and Ψ_{n0} by E_0 and Ψ_0, respectively.

B. Single particle model

A simple approximation to evaluate the polarization propagators is the single-particle model in which H_A is replaced by the single-particle Hamiltonian

H^{(0)} = ∑ k ( − ∇^2_k 2m + U_k ) (6.4)

with m = [(A − 1)/A]m_N and the mean field U_k for the k-th nucleon. Here we only consider the case where the target nucleus is a closed shell Φ_0 in this single particle model.

1. Polarization propagator

The polarization propagator is given by

Π^{(0)}_{J(l′ s′)(ls)}(r^′, r; ω) = ∑ ph [ ⟨Φ_0|ρ_{(l}′_s′_{)JM} (r^′)|ph⟩⟨ph|ρ^†_{(ls)JM} (r)|Φ_0⟩ ω − (ϵ_p − ϵ_h) + iη + ⟨Φ_0|ρ^†_{(ls)JM} (r)|ph⟩⟨ph|ρ_{(l}′_s′_{)JM} (r)|Φ_0⟩ −ω + (ϵ_p − ϵ_h) + iη ] , (6.5)

where |ph⟩ denotes a one-particle-one-hole state and ϵ_{p(h)} denotes the single-particle(hole) energy. This is called the uncorrelated polarization propagator.

The infinite sum over p can be handled by the single-particle Green’s function [37] as

Π^{(0)}_{J(l′ s′)(ls)}(r^′, r; ω) = ∑ ph [ B_{(l}′_s′_{)J} (h, p) u^∗_h(r^′) r^′ g_p(r^′, r; ω + ϵ_h) r^′r u_h(r) r B^∗_{(ls)J} (h, p)

+B_{(l}′_s′_{)J} (p, h) u^∗_h(r) r g_p(r, r^′; −ω + ϵ_h) rr^′ u_h(r^′) r^′ B^∗_{(ls)J} (p, h) ] (6.6)

where p and h denote the sets of the single-particle quantum numbers p = (l_ps_pj_p) and h = (n_hl_hs_hj_h), respectively, and B_{(ls)J} (a, b) = √ 2j_a + 1 √ 2j_b + 1 l_a s_a j_a l_b s_b j_b l s J ⟨l_a||i^lY_l||l_b⟩⟨s_a||σ^s||s_b⟩. (6.7)

The radial part of the single-particle Green’s function is given by

g_p(r^′, r; E) = 2m W (f_p, h_p) f_p(r_<, E)h_p(r_>, E) (6.8)

where W is the Wronskian and r_{<(>)} denotes the smaller (larger) one of r and r^′. The radial wave functions u_h, f_p and h_p are the bound state, the regular and the irregular solution of the one particle Hamiltonian (−∇^2/2m + U ), respectively.

2. Spreading widths

To take account of the spreading width of the particle states, we adopt a complex potential for the single-particle potential U as in Refs. [18,38], U (r) = V (r) + iW (r), (6.9) while we use the real potential for the hole states. For such a choice, the orthogonality between the hole and the particle wave functions is destroyed. We therefore utilize the orthogonality condition prescription [19] , details of which are explained in Ref. [38].

To take account of the spreading width γ of the hole states, we replace the hole energy ϵ_h by the complex energy [39]

ϵ̃_h = ϵ_h + i γ 2 . (6.10)

3. Effective mass

In principle the single-particle potential U is non-local, and thus the Schrödinger equation for the single-particle states is − 1 2m ∇^2ϕ(r) + ∫ dr^′U (r, r^′)ϕ(r^′) = ϵϕ(r). (6.11)

We deal with this non-locality by an effective mass approximation [40,34]. We first introduce the Wigner transformation of the potential U (r, r^′) as

Ũ (r, q) = ∫ dsU (r + s 2 , r − s 2 )e^{iq·s}. (6.12)

We assume that Ũ is spherically symmetric with respect to r and q, respectively, and write it as Ũ (r, q^2). We expand it with respect to q^2 around the square of the local momentum κ(r)

κ^2(r) = 2mϵ − Ũ (r, κ^2(r)), (6.13) and we keep only the terms up to the first order. Introducing the radial-dependent effective mass m^∗(r) as m^∗(r) m = f(r) = ( 1 + 2m ∂Ũ (r, κ^2(r)) ∂κ^2 )_{−1} , (6.14)

we obtain the equation [ ∇ ( − 1 2m^∗(r) ∇ ) + U_L(r) − 1 8 ( ∇^2 1 m^∗(r) )] ϕ(r) = ϵϕ(r), (6.15)

where the local potential U_L(r) is

U_L(r) = 1 f(r) (Ũ (r, κ^2(r)) − ϵ) + ϵ. (6.16)

Since we do not know about U (r, r^′), we determine U_L(r) and f(r) phenomenologically. Note that here we only consider the k-mass but not the E-mass.

C. Ring approximation

Next let us take account of the nuclear correlation by means of RPA. To treat the exchange terms of RPA we further utilize the ring approximation, which replaces the exchange effects by a contact interaction. The polarization propagator then satisfies the RPA equation [33,36,27]

Π_{J(l}′_s′_{)(ls)}(r^′, r; ω) = Π^{(0)}_{J(l′ s′)(ls)}(r^′, r; ω) + ∑ l1s1l2s2 ∫_∞ 0 r^2_1dr_1r^2dr_2Π^{(0)}_{J(l′ s′)(l1s1)}(r^′, r_1; ω)W_{J(l1s1)(l2s2)}(r_1, r_2)Π_{J(l2s2)(ls)}(r_2, r; ω) (6.17)

where W_{J(l1s1)(l2s2)}(r_1, r_2) is the radial part of the effective interaction as

V (r_1, r_2) = ∑ JM ∑ l1s1l2s2 [ i^{l1} Y_{l1} (r̂_1) × σ^{s1}_1 ]_{J†} M W_{J(l1s1)(l2s2)}(r_1, r_2) [ i^{l2} Y_{l2} (r̂_2) × σ^{s2}_2 ]_J M . (6.18)

D. Isospin and Δ degrees of freedom

From Sec. IV up to here we have suppressed the isospin and the Δ degrees of freedom, but of course we have to include them in the actual calculation. Here we summarize the final formulas including these degrees of freedom. As was discussed in Sec. III D, the relevant quantities carry the superscript α (= N, Δ, Δ^∗) and the isospin subscript κ. The extension is straightforward and easily understood.

The transition density operator (5.18) is to be ρ^α_{κ(ls)JM} (r) = A∑ k=1 δ(r − r_k) rr_k τ^α_{kκ} [ i^lY_l(r̂_k) × σ^{αs}_k ]_J M δ (_A ∑ k^′=1

r_k′ ) , (6.19)

and thus the response function (6.2) becomes R^{βα}_{λκ,J(l′s′)(ls)}(r^′, r; ω) ≡ 1 2J_A + 1 ∑ n ∑ n0 ′ ⟨Ψ_{n0} |ρ^β_{λ(l′s′)JM} (r^′)|Ψ_n⟩⟨Ψ_n|ρ^{α†}_{κ(ls)JM} (r)|Ψ_{n0} ⟩ ×δ (ω − (E_n − E_{n0})) . (6.20)

Further details are given in Ref. [27].

The N N t-matrix was generalized as Eq. (3.24). Correspondingly, the source function (5.12) is generalized as ⟨χ^{N ′ (−)} k_f m_{sf} (r)|Vk(r − rk)|χ N(+) k_im_{si} (r)⟩ = ∑ κ ⟨N^′|τ^N_{0κ}|N ⟩ ∑ α ∑ lsJM S^{αmsf msi} κ(ls)JM (N ′k_f , N k_i; r_k)τ^α_{kκ}^† [ i^lY_l(r̂_k) × σ^{αs}_k ]_J M † (6.21)

with N, N^′ = p or n, which specifies the reaction type. Here the generalized forms of Eqs. (5.13) and (5.14) are S^{αmsf msi} κ(ls)JM (N ′k_f , N k_i; r_k) = ∑ ∫^∞ 0 r^2drV^{αX}_{κ···} (r_k, r)f^{msf msi}_{···} (N^′k_f , N k_i; r) (6.22) with f^{msf msi} (ls)JM (N ′k_f , N k_i; r) = ∑ m^′_{sf} m^′_{si} ∫ dΩ_rχ^{N ′(−)∗} m^′_{sf} m_{sf} (kf , r)⟨m ′ s_f | [ i^lY_l(r̂) × σ^{Ns}_0 ]_J M |m^′_{si} ⟩χ^{N(+)}_m′_{si msi} (k_i, r), (6.23)

where V^{αX}_{κ···} are the generalized forms of V^A_J , V^C_{lmJM} , V^E_{Jll}′ , V^F_{Jll}′ and V^{B−F}_{lJMJ} ′_M ′ .

Finally, we obtain

[ R^{(N,N ′ )} S (ω) ] m_{sf} m_{si} ;m^′_{sf} m^′_{si} = ∑ λκ ⟨N |τ^{N†}_{0λ} |N^′⟩⟨N^′|τ^N_{0κ}|N ⟩ ∑ αβ ∑ JM ∑ ls ∑ l^′ s^′ ∫_∞ 0 r^2dr ∫_∞ 0 r^{′2}dr^′

S^{βm} ′ sf m^′_{si} ∗ λ(l^′ s^′)JM (N ′k_f , N k_i; r^′)R^{βα}_{λκJ(l′ s′)(ls)}(r^′, r; ω)S^{αmsf msi}_{κ(ls)JM} (N^′k_f , N k_i; r). (6.24) in place of Eq. (6.3).

VII. NUMERICAL CALCULATIONS

We apply the DWIA formalism presented in the previous sections to the intermediate energy (⃗p, ⃗n) reactions around the quasi-elastic peaks. We calculate the polarized cross sections ID_q and ID_p of the reactions observed at LAMPF [8] and RCNP [9] as summarized in Table I.

A. Choice of parameters

First we present the parameters that we selected for our numerical calculations.

1. Optical potentials

For the optical potentials of the incident proton and the outgoing neutron, we took the global optical potential given by Cooper et al. [41]. It is designed for the proton but we used it even for the neutron by excluding the Coulomb part. To study the optical potential dependence, we also used the proton optical potential given by Clark et al. [42] and the neutron global optical potential given by Shen et al. [43]. Since these potentials have the form of the Dirac phenomenology, we rewrote them in the Schrödinger equivalent form and solved the non-relativistic Schrödinger equation to obtain the distorted waves. We used the relativistic kinematics and the reduced energy prescription.

2. Effective mass, single-particle potentials and spreading width

To obtain the effective mass, we have to determine f(r) and U_L(r), as was discussed in Sec. VI B 3. Suggested by Ref. [47], we assume f(r) has the form f(r) = m^∗(r) m = 1 − b 1 + exp (_{r−R} a ) (7.1)

with R = r_0A^{13} , since we consider only the k-mass. Note that m^∗(r = 0) ≈ (1−b)m. The parameter b will be adjusted to reproduce the energy spectra of ID_q .

For U_L we used the form

U_L(r) = −(V_0 + iW_0) 1 1 + exp (_{r−R} a ) − 2 m^2_π V_{ls} a exp (_{r−R} a ) ( 1 + exp (_{r−R} a ))_2 l · s + VCoul, (7.2)

where V_{Coul} is the Coulomb potential of a uniformly charged sphere with the radius R_c = r_cA^{13} . The shape parameters are fixed at r_0 = r_c = 1.27 fm and a = 0.67 fm [46], and the nucleon spin orbit potential depth V_{ls} is chosen to be 6.5 MeV for^{12}C and 10.0 MeV for^{40}Ca, respectively [27]. The real potential depth V_0 is determined in such a way as to give the observed separation energy of the outermost occupied state. The imaginary potential that represents the spreading width of the particle states is chosen to be W_0 = 5.0 MeV which is the typical value for the particle at the quasi-elastic peak. For Δ, we set m_Δ = 1232 MeV, V_0 = 30 MeV and W_0 = V_{ls} = 0.0 MeV [27].

For the hole spreading width γ(ϵ_h), we use the phenomenological energy-dependence [44] γ(ϵ_h) = 21.5 [ (ϵ_h − ϵ_F)^2 (ϵ_h − ϵ_F)^2 + 18^2 ] [ 110^2 (ϵ_h − ϵ_F)^2 + 110^2 ] (7.3)

in units of MeV, where ϵ_F is the Fermi energy.

3. Effective interaction for ring approximation

We take RPA correlation into account only in the isovector spin-vector channel (T = 1, S = 1 in Sec. III D). For other channels, we simply use the uncorrelated response functions. For the effective interaction in the isovector spin-vector channel, we employ the (π + ρ + g^′) model, in which it is written as

V^{αβ}(r_1 − r_2; ω) = (τ^α_1 · τ^β_2 ) [ V^{αβ}_L (r_1 − r_2; ω) + V^{αβ}_T (r_1 − r_2; ω) ] (7.4)

with

V^{αβ}_L (r_1 − r_2; ω) ≡ ∫ d^3q (2π)^3 e^{iq·(r1−r2)}W^{αβ}_L (q, ω)(σ^α_1 · q̂)(σ^β_2 · q̂), (7.5)

V^{αβ}_T (r_1 − r_2; ω) ≡ ∫ d^3q (2π)^3 e^{iq·(r1−r2)}W^{αβ}_T (q, ω)(σ^α_1 × q̂) · (σ^β_2 × q̂). (7.6)

Here W^{αβ}_L and W^{αβ}_T are given by

W^{αβ}_L (q, ω) = f_αf_β m^2_π ( g^′_{αβ} + Γ^π_α(q, ω)Γ^π_β (q, ω) q^2 ω^2 − q^2 − m^2_π ) , (7.7)

W^{αβ}_T (q, ω) = f_αf_β m^2_π ( g^′_{αβ} + C^ρ_{αβ}Γ^ρ_α(q, ω)Γ^ρ_β(q, ω) q^2 ω^2 − q^2 − m^2_ρ ) , (7.8)

where m_π (= 139 MeV) and m_ρ (= 770 MeV) are the pion and the ρ-meson masses, respectively, and the coefficient C^ρ_{αβ} is the ratio of the ρ-meson coupling to the π-meson one. The q-dependence of the Landau-Migdal parameters g^′_{αβ} is neglected [45] and the vertex form factors are chosen to be

Γ^π_α(q, ω) = m^2_π − Λ^2_π ω^2 − q^2 − Λ^2_π

, Γ^ρ_α(q, ω) = m^2_ρ − Λ^2_ρ ω^2 − q^2 − Λ^2_ρ

(7.9)

where Λ_π and Λ_ρ are the cutoff parameters. We note that we can identify Δ^∗ with Δ in g^′_{αβ}, f_α, C^ρ_{αβ} and Γ^{π(ρ)}_α .

We set the parameters as f^2_N = 1.0, f_Δ/f_N = 2.0, C^ρ_{αβ} = 2.18, Λ_π = 1300 MeV, and Λ_ρ = 2000 MeV [3]. As to the Landau-Migdal parameters, we fix g^′_{NN} = 0.6, g^′_{ΔΔ} = 0.5 and we adjust g^′_{NΔ} to reproduce the observed polarization cross sections as well as possible.

4. Energy Shift

The nuclear structure model used here is a simple one which is based on the mean field approximation with the RPA correlation, because we are interested in only gross structure of highly-excited states in the continuum. Apparently the model does not well represent the structure of the low lying states, especially the ground states of the deformed nucleus^{12}C. Therefore the excitation energy obtained by the present model should be smaller than the observed one, because the real ground state energy should be lower than that given by the model.

To remedy this shortcoming, we made the following modification. The observed energy spectra of^{12}C [7,9] show the eminent peak of the unresolved 4^− and 2^− states of^{12}N. We artificially add 5 MeV to the energy transfer ω to coincide the calculated peak to the observed one for the uncorrelated case (m^∗ = m and no RPA correlation). For the correlated case, this energy shift becomes 3.5 MeV, but we kept the 5 MeV shift for all different parameter sets. This small difference of energy shift does not affect our conclusion. Any shift was not made for^{40}Ca.

5. Convergence

In the actual calculations, we have to limit the infinite range of the summations and integrations by judging from their convergence. The maximum angular momenta of the distorted waves were fixed at 40, and the maximum transferred angular momenta were set at 9 for^{12}C and 12 for^{40}Ca for both the incident energies, because the transferred momenta are close in both cases.

The maximum momentum for the Fourier transformation from the momentum space to the coordinate space was set to be 4 fm^{−1}, though the main contribution comes from q near the observed transferred momenta shown in Table I. The radial integration was limited up to 10 fm, since the response functions are well damped at this radius.

B. Results of DWIA calculations

First we try to reproduce the spin-longitudinal cross section ID_q of the^{12}C(⃗p, ⃗n) reactions at 494 MeV by adjusting the Landau-Migdal parameter g^′_{NΔ} and the effective mass at the center m^∗(r = 0), namely parameter b, within a reasonable range.

The results are shown in the ID_q part of Fig. 1. The dashed line denotes the result with m^∗(0) = m (i.e. b = 0) and without the RPA correlation. The dotted line denotes the RPA results with the universality ansatz g^′_{NN} = g^′_{NΔ} = g^′_{ΔΔ} = 0.6 and again with m^∗(0) = m. We see that the experimental data are much larger than these two results, and therefore we reduced g^′_{NΔ}, guided by the fact that the response functions increase as g^′_{NΔ} decreases [27]. The dot-dashed line shows the RPA results with (g^′_{NN} , g^′_{NΔ}, g^′_{ΔΔ}) = (0.6, 0.3, 0.5) and m^∗(0) = m. Now ID_q drastically increases but the peak position is much lower than the observed one, owing to the softening. We then reduced the effective mass m^∗, guided by the prediction of the Fermi gas model (ω_{peak} = q^2/2m^∗) and the numerical calculation of Itabashi [39]. The full line represents the RPA result with (g^′_{NN} , g^′_{NΔ}, g^′_{ΔΔ}) = (0.6, 0.3, 0.5) and with m^∗(0) ≈ 0.7m(b = 0.3). By this change of m^∗, the peak position moves up very close to the observed one, though the peak value is reduced. This is consistent with the Fermi gas prediction (3m^∗/4qp_F, p_F being the Fermi momentum). Now the fit is very much improved by the choice of these parameters for ID_q .

The results of ID_p are shown in the right panel of Fig. 1. We see that the RPA correlation with g^′_{NN} = g^′_{NΔ} = g^′_{ΔΔ} = 0.6 markedly quenches ID_p, as was predicted, whereas the observed data are very much enhanced. When we reduce g^′_{NΔ} the results increase considerably, but are still quenched at low ω. When we further reduce the effective mass, the peak shifts upwards. We found that all of the calculated results are much smaller than the observed ID_p . In the end, we could not reproduce the observed ID_p by changing these parameters within reasonable ranges.

With the same sets of parameters we calculated the other reactions given in Table I. Fig. 2 shows the results for 40Ca(⃗p, ⃗n) at 494 MeV and Fig. 3 shows the results for^{12}C,^{40}Ca (⃗p, ⃗n) at 346 MeV. The features of the results are common for all cases, though the fit of ID_q is somewhat better for the case of 494 MeV than for that of 346 MeV.

VIII. TEST OF EIKONAL APPROXIMATION

In the previous experimental papers [8,9] the response functions were extracted by means of PWIA with the eikonal approximation described in Sec. III. We test this prescription by comparing the PWIA and the DWIA results. For this purpose, we estimate N_{eff} of Eq. (3.33) by means of the equations

N^L_{eff} = N

I^{DW}D^{DW}_q I^{PW}D^{PW}_q

, N^T_{eff} = N

I^{DW}D^{DW}_p I^{PW}D^{PW}_p

. (8.1)

In principle, this N_{eff} depends on the spin-longitudinal (L) and spin-transverse (T) modes as well as the excitation energy ω, but we ignore the ω dependence and determine them at a certain ω in this analysis since A_{eff} (N_{eff} ) of Eq. (3.20) is independent of ω.

We compare the DWIA (solid line), the PWIA (dotted line) and the PWIA with absorption,Ĩ_{lab}D̃_{q(p)}, estimated by I^{PW} D^{PW}_{q(p)} × N^{L(T)}_{eff} /N , (dashed line) with and without the RPA correlation at 494 MeV and 346 MeV in Figs. 4 and 5, respectively. The RPA calculations are carried out with (g^′_{NN} , g^′_{NΔ}, g^′_{ΔΔ}) = (0.6, 0.3, 0.5) and m^∗(0) = 0.7m. The obtained values of N^{L(T)}_{eff} are shown in the figures and summarized in Table II.

It seems to be permissible to set N^L_{eff} = N^T_{eff} unless the nuclear correlation is included, except for the case of ID_p at 346 MeV. However, once the RPA correlation is included, N^T_{eff} is increased but N^L_{eff} is reduced. The difference between N^T_{eff} and N^L_{eff} is very large for^{40}Ca, though not so large for^{12}C. This may be explained in the following way. The enhancement of R_L and the quenching of R_T are stronger in the higher-density region (the inner part) but they are masked by the stronger absorption in this region. Consequently, we should decrease N^L_{eff} to reduce the enhancement seen in PWIA but increase N^T_{eff} to reduce the quenching.

From these analyses we may say that the conventional way of obtaining the response functions works qualitatively for lighter nuclei such as^{12}C, but is very poor for heavier ones such as^{40}Ca on account of the stronger absorption. One may also say that it works better for a higher incident energy than for a lower one. The DWIA calculation is definitely necessary in order to obtain the results quantitatively.

IX. DISCUSSION

1. Effect of the spin-orbit force

One of our main concerns in the DWIA calculation is the effects of the spin orbit force of the optical potentials. We compared the numerical results with and without the spin orbit force in Fig. 6 for^{12}C(⃗p, ⃗n) at 346 MeV. The RPA correlation was not included in this analysis. We found that effects are larger for I^{DW}_{lab} D^{DW}_q than for I^{DW}_{lab} D^{DW}_p . Fortunately, however, they are so small that the spin-orbit force does not greatly disturb the separation between the spin-longitudinal and spin-transverse responses. We also reported similar results for^{12}C(⃗p, ⃗n) at 494 MeV [48].

2. Ambiguity of the optical potential

To investigate the effects of the ambiguity of the optical potentials, we compared the results in terms of the global optical potential given by Cooper et al. [41] with those in terms of the proton optical potential given by Clark et al. [42] and the neutron global optical potential given by Shen et al. [43]. Fig. 7 shows the comparison of I^{DW}_{lab} D^{DW}_q and I^{DW}_{lab} D^{DW}_p for^{12}C(⃗p, ⃗n) at 346 MeV. Here the RPA correlation was not included. We found that the ambiguity hardly affects the results.

3. Ambiguity of the NN amplitude

It has been pointed out [9] that the theoretical results are affected to some extent by the ambiguity of the N N scattering amplitudes obtained by the phase shift analyses. To determine the influence of this ambiguity we compared the results with the N N amplitude obtained by Bugg and Wilkin [50] and with that obtained by Arndt and Roper [51]. Fig. 8 shows the results of I^{DW}_{lab} D^{DW}_q and I^{DW}_{lab} D^{DW}_p for^{12}C(⃗p, ⃗n) at 346 MeV without the RPA correlation. The effects are less than 10%, and they are different for I^{DW}_{lab} D^{DW}_q and I^{DW}_{lab} D^{DW}_p .

4. Two-step processes

De Pace [23] calculated the one- and the two-step contributions in terms of the Glauber approximation. He found that the two-step process is more effective for ID_p than for ID_q . He concluded that ID_q is reasonably explained but that there is a large discrepancy between the observed and the one-step results for ID_p, and that the two-step contribution is sizable but not sufficient to provide an explanation of the large discrepancy. The Δ contribution was not included in his analysis. He made the simple assumption for the two-step process that the first step is caused by the spin-scalar isospin-scalar and the second step by the pure E (F ) amplitude and vice versa.

Recently Nakaoka and Ichimura [31] evaluated the two-step contribution through its ratio to the one-step one obtained by PWIA. They took into account all five terms of the N N amplitudes in both the first and second steps. They also found that the two-step process is more effective for ID_p than for ID_q . For ID_q it accounts in large part for the discrepancy between the DWIA and the experimental results in high energy transfer regions. They also found that the two-step contribution does not help to reduce the large discrepancy seen in ID_p.

5. Remaining problems

There still remain various other points to be considered, especially keeping in mind the large discrepancy in ID_p . On the structure side, they are (1) nuclear correlations beyond RPA [27,52,12], (2) use of genuine RPA [53] instead of the ring approximation, and (3) self-consistency between the mean field and RPA [54,55], etc. On the reaction side, they include (1) removal of the optimal factorization approximation, (2) removal of the averaged n̂ approximation, (3) off-shell effects of the N N t-matrix, and (4) more realistic N N − N Δ transition t-matrix.

X. SUMMARY AND CONCLUSION

We first summarized the general formulas for the polarized cross sections, ID_i, of the ( ⃗N , ⃗N^′) scattering to the continuum, which are closely related to the nuclear spin response functions. We then reviewed the PWIA formalism for the intermediate energy ( ⃗N , ⃗N^′) reactions, treating the Fermi motion by the optimal factorization and the absorption by the eikonal approximation. This has been widely used to extract the nuclear response functions. The Δ isobar degrees of freedom are also included.

Since the reliability of this method has been questioned, we here developed the DWIA formalism for the intermediate energy ( ⃗N , ⃗N^′) reactions to the continuum incorporated with the continuum RPA method. This formalism is described in the angular momentum representation in the coordinate space with the response functions, R_{J(l}′_s′_{)(ls)}(r^′, r; ω), which are non-diagonal in the coordinate space as well as in the spin space. The formalism still involves the optimal factorization and the averaged reaction normal approximation.

The response function calculation includes the radial-dependent effective mass and the spreading widths of the particle and the hole in the uncorrelated polarization propagator. The RPA correlation are calculated by use of the interaction of the (π + ρ + g^′) model.

The presented formalism is applied to^{12}C,^{40}Ca (⃗p, ⃗n) at 346 and 494 MeV in the quasi-elastic region. In this analysis, the Landau-Migdal parameters and the effective mass are treated as adjustable parameters.

From this analysis, we draw the following conclusions:

(1) The observed spin-longitudinal cross sections ID_q are reasonably well reproduced by adjusting g^′_{NΔ} and m^∗ and by adding the 2-step contribution. The analysis indicates that the smaller g^′_{NΔ} (≈ 0.3) and the smaller effective mass at the center (m^∗ ≈ 0.7) are preferable. This claim of the smaller g^′_{NΔ} is consistent with the conclusion obtained from the analysis of the GT resonances by Suzuki and Sakai [28].

(2) The observed spin-transverse cross sections ID_p are much larger than the calculated ones and cannot be reproduced within the present theoretical framework. However, one must note that R_T corresponding to the observed ID_p is also much larger than that obtained by (e, e^′).

(3) The N_{eff} method, which has been conventionally used to obtain the response functions, seems to work for uncorrelated cases except for the ID_p of^{12}C. However, once the RPA correlation is introduced, it becomes a poor approximation, especially for heavier nuclei such as Ca.

(4) From these findings, we stress that the observation of R_L/R_T ≤ 1 does not necessarily constitute evidence against the enhancement of R_L and of pions in nuclei. We rather conclude that the present experimental data support the enhancement of R_L. The contradiction regarding the ratios comes from the extraordinarily enhanced ID_p. Before drawing any definite conclusion about the response functions, we must disentangle the anomalously large ID_p puzzle. (5) We also investigated the effects of the spin-orbit distortion and the ambiguity of the optical potential and the N N t-matrix, and found that they are not especially significant.

ACKNOWLEDGMENTS

We would like to express our deep gratitude to the late Carl Gaarde and Thomas Sams with whom we started this project. We are grateful to Terry Taddeucci, Jack Rappaport, Hide Sakai and Tomotsugu Wakasa for providing us with experimental information and for valuable discussions. This work was supported in part by the Grants-in-Aid for Scientific Research Nos. 02640215, 05640328 and 12640294 of the Ministry of Education, Science, Sports and Culture of Japan.

[1] F. Osterfeld, Rev. Mod. Phys. 64, 4922 (1992).

[2] J. Rapaport and E. Sugarbaker, Annu. Rev. Nuc. Part. Sci. 44, 109 (1994). [3] W. M. Alberico, M. Ericson and A. Molinari, Nucl. Phys. A379, 429 (1982). [4] T. A. Carey et al., Phys. Rev. Lett. 53, 144 (1984). [5] L. B. Rees et al., Phys. Rev. C 34, 627 (1986) . [6] J. B. McClelland et al., Phys. Rev. Lett. 69, 582 (1992). [7] X. Y. Chen et al., Phys. Rev. C 47, 2159 (1993). [8] T. N. Taddeucci et al., Phys. Rev. Lett. 73, 3516 (1994). [9] T. Wakasa et al., Phys. Rev. C 59, 3177 (1999) .

[10] G. F. Bertsch, L. Frankfurt, and M. Strikman, Science 259, 773 (1993). [11] G. E. Brown, M. Buballa, Zi Bang Li, and J. Wambach, Nucl. Phys. A593, 295 (1995). [12] D. S. Koltun, Phys. Rev. C 57, 1210 (1998) [13] G. F. Bertsch and O. Scholten, Phys. Rev. C 25, 804 (1982). [14] H. Esbensen, H. Toki, and G. F. Bertsch, Phys. Rev. C 31, 1816 (1985). [15] W. M. Alberico et al., Phys. Rev. C 34, 977 (1986). [16] W. M. Alberico et al., Phys. Rev. C 38, 109 (1988).

[17] T. Izumoto, M. Ichimura, C. M. Ko, and P. J. Siemens, Phys. Lett. 112B, 315 (1982). [18] M. Ichimura, K. Kawahigashi, T. S. Jørgensen and C. Gaarde, Phys. Rev. C 39, 1446 (1989). [19] T. Izumoto, Nucl. Phys. A395, 189 (1983).

[20] A. Picklesimer, P. C. Tandy, R. M. Thaler, and D. H. Wolfe, Phys. Rev. C 30, 1861 (1984). [21] S. A. Gurvitz, Phys. Rev. C 33, 422 (1986).

[22] X. Q. Zhu, N. Mobed, and S. S. M. Wong, Nucl. Phys. A466, 623 (1987). [23] A. De Pace, Phys. Rev. Lett. 75, 29 (1995).

[24] B. T. Kim, D. P. Knobles, S. A. Stotts, and T. Udagawa, Phys. Rev. C 61, 044611 (2000). [25] T. Shigehara, J. Shimizu and A. Arima, Nucl. Phys. A477, 583 (1988). [26] E. Shiino, Y. Saito, M. Ichimura and H. Toki, Phys. Rev. C 34, 1000 (1986). [27] K. Nishida and M. Ichimura, Phys. Rev. C 51, 269 (1995). [28] T. Suzuki and H. Sakai, Phys. Lett. B455, 25 (1999) [29] E. Bleszynski, M. Bleszynski, and C. A. Whitten, Jr., Phys. Rev. C 26, 2063 (1982). [30] M. Ichimura and K. Kawahigashi, Phys. Rev. C 45 , 1822 (1992). [31] Y. Nakaoka and M. Ichimura, Prog. Theor. Phys. 102 , 599 (1999) [32] R. Hagedorn, Relativistic Kinematics (Benjamin/Cummings Pub., Inc., Readings, Mass., 1963). [33] A. L. Fetter and J. D. Walecka, Quantum Theory of Many Particle System, (McGraw-Hill, NY, 1971), Chap. 5. [34] G. R. Satchler, Direct Nuclear Reactions (Clarendon, Oxford, 1983). [35] W. G. Love and M. A. Franey, Phys. Rev. C 24, 1073 (1981). [36] W. M. Alberico, A. De Pace and A. Molinari, Phys. Rev. C 31, 2007 (1985). [37] S. Shlomo and G. F. Bertsch, Nucl. Phys. A243, 507 (1975). [38] K. Kawahigashi and M. Ichimura, Prog. Theor. Phys. 85, 829 (1991). [39] A. Itabashi, dissertation (Univ. of Tokyo, 1996). [40] F. G. Perey and B. Buck, Nucl. Phys. 32, 353 (1962) .

[41] E. D. Cooper, S. Hama, B. C. Clark and R. L. Mercer, Phys. Rev. C 47, 297 (1993); S. Hama, E. D. Cooper, B. C. Clark and R. L. Mercer, FORTRAN Program GLOBAL, 1993,

ftp://ftp.physics.ohio-state.edu/tmp/global/global.for.

[42] B. C. Clark et al., Phys. Lett. 112B, 211 (1983).

[43] Shen Qing-biao, Feng Da-chun and Zhuo Yi-zhong, Phys. Rev. C 43, 2773 (1991). [44] C. Mahaux and H. Ngô, Phys. Lett. B100 , 285 (1981). [45] W. H. Dickhoff and H. Müther, Nucl. Phys. A473, 394 (1987). [46] A. Bohr and B. Mottelson, Nuclear Structure (Benjamin, New York, 1975).

[47] Nguyen van Giai and Pham van Thieu, Phys. Lett. 126B , 421 (1983); C. Mahaux and R. Sartor, Nucl. Phys. A481, 381 (1988) , and references therein.

[48] M. Ichimura, K. Nishida, A. Itabashi and K. Kawahigashi, New Facet of Spin Giant Resonances in Nuclei (edited by H.

Sakai et al. , World Scientific, Singapore, 1997) p. 93.

[49] M. Ichimura, K. Nishida, A. Itabashi and K. Kawahigashi, Highlights of Modern Nuclear Sructure (edited by Aldo Covello, World Scientific, Sigapore, 1999), p. 393.

[50] Data provided by D. V. Bugg through T. Sams (1992); D. V. Bugg and C. Wilkin, Phys. Lett. 152B, 37 (1985). [51] R. A. Arndt and L. D. Roper, Scattering Analysis Interactive Dial-in program (SAID), Phase-shift solution SP98, Virginia Polytechnic Institute and State University (unpublished).

[52] V. R. Pandharipande et al., Phys. Rev. C 49, 789 (1994) [53] T. Shigehara, K.Shimizu and A. Arima, Nucl. Phys. A492, 404 (1989) [54] T. Suzuki, H. Sagawa and Nguyen Van Giai, Phys. Rev. C 57, 139 (1998)

[55] I. Hamamoto and H. Sagawa, Phys. Rev. C to be published.

TABLE I. Reactions to be analyzed. The values of qcm are those around the peak.

Target Ei,lab (MeV) θlab qcm (fm^{−1}) Refs.

12C 494 18^∘ 1.70 [8] 346 22^∘ 1.67 [9] 40Ca 494 18^∘ 1.71 [8] 346 22^∘ 1.68 [9]

TABLE II. Effective neutron number. ”No” means the no-correlation (uncorrelated) cases.

Ei (MeV) Target Correlation N^L_{eff} N^T_{eff} 494^{12}C No 2.17 2.17 RPA 2.14 2.40 40Ca No 3.90 3.90 RPA 3.52 5.78 346^{12}C No 2.58 2.58 RPA 2.53 2.82 40Ca No 4.54 4.54 RPA 4.18 7.10

FIG. 1. DWIA results of IDq and IDp for^{12}C(⃗p, ⃗n) at 494 MeV. The dashed line denotes the result with m^∗ = m and without the RPA correlation. The dotted and the dot-dashed lines represent the RPA results of (g^′_{NN} , g^′_{NΔ}, g^′_{ΔΔ}) = (0.6, 0.6, 0.6) and (0.6, 0.3, 0.5) with m^∗ = m. The solid line shows the RPA results of (0.6, 0.3, 0.5) with m^∗(r = 0) = 0.7m. Experimental data are taken from Taddeucci et al.[8]

FIG. 2. The same as Fig. 1,but for^{40}Ca(⃗p, ⃗n).

FIG. 3. The same as Fig. 1, but for (a)^{12}C(⃗p, ⃗n) and (b)^{40}Ca(⃗p, ⃗n) at 346 MeV. The experimental data are taken from Wakasa et al.[9]

FIG. 4. Comparison of DWIA and PWIA results at 494 MeV. (a) Without and (b) with the RPA correlation for^{12}C(⃗p, ⃗n) and (c) without and (d) with the RPA correlation for^{40}Ca(⃗p, ⃗n). The solid and the dotted lines denote the DWIA and the PWIA results, respectively, while the dashed lines denote the PWIA with absorption (ĨD̃_{q(p)} = [N^{L(T)}_{eff} /N]I^{PW}D^{PW}_{q(p)}). The values of N^{L(T)}_{eff} are shown in the figure.

FIG. 5. The same as Fig. 4, but at 346 MeV.

FIG. 6. Comparison of the DWIA results with (full line) and without (dashed line) the spin orbit force for^{12}C(⃗p, ⃗n) at 346 MeV.

FIG. 7. Comparison of the results with various optical potentials for^{12}C(⃗p, ⃗n) at 346 MeV. The full lines denote the results with the potential obtained by Cooper et al.[41] for both the proton and the neutron, while the dashed lines denote the results with the potential by Clark et al.[42] for the proton and by Shen et al.[43] for the neutron.

FIG. 8. Comparison of the results with the NN amplitudes given by Bugg and Wilkin (full line) and by Arndt (dashed line) for^{12}C(⃗p, ⃗n) at 346 MeV.