arXiv:nucl-th/0312036 v1 12 Dec 2003

Polarization phenomena in hyperon-nucleon scattering

S. Ishikawa^∗ and M. Tanifuji Department of Physics, Science Research Center, Hosei University, 2-17-1 Fujimi, Chiyoda, Tokyo 102-8160, Japan

Y. Iseri Department of Physics, Chiba-Keizai College, 4-3-30 Todoroki-cho, Inage, Chiba 263-0021, Japan

Y. Yamamoto Physics Section, Tsuru University, Yamanashi 402-8555, Japan (Dated: December 12, 2003)

We investigate polarization observables in hyperon-nucleon scattering by decomposing scattering amplitudes into spin-space tensors, where each component describes scattering by corresponding spin-dependent interactions, so that contributions of the interactions in the observables are individually identified. In this way, for elastic scattering we find some linear combinations of the observables sensitive to particular spin-dependent interactions such as symmetric spin-orbit (LS) interactions and antisymmetric LS ones. These will be useful to criticize theoretical predictions of the interactions when the relevant observables are measured. We treat vector analyzing powers, depolarizations, and coefficients of polarization transfers and spin correlations, a part of which is numerically examined in Σ^+p scattering as an example. Total cross sections are studied for polarized beams and targets as well as for unpolarized ones to investigate spin dependence of imaginary parts of forward scattering amplitudes.

PACS numbers: 24.70.+s, 25.80.Pw, 13.75.Ev

I. INTRODUCTION

Interactions between hyperons and nucleons are fundamental subjects in studies of nuclear structures and reactions that contain hyperons. So far, a number of theoretical models for hyperon-nucleon (Y N ) interactions have been developed based on boson-exchange models [1, 2, 3] or quark-cluster ones [4, 5]. On the other hand, experimental studies of the interactions through YN scattering have scarcely been performed, which leaves many ambiguities particularly on their spin dependence.

As is well known, polarization phenomena are a substantial tool in studies of spin-dependent interactions. In a phase-shift analysis of Y N scattering [6], which is an information source of the spin dependent interactions, polarization observables are shown to be indispensable to avoid ambiguities.

Recently, asymmetries of scattered hyperons have been measured for elastic scattering of polarized Σ^+ and Λ on protons [7], which provide an experimental evidence on characteristic difference of the spin dependence between Σ^+p and Λp interactions, though of qualitative nature at present. Considering that such kinds of experimental research will be developed more in the future, we will theoretically investigate polarization observables in Y N scattering in relation to the spin dependence of Y N interactions. In general, contributions from different kinds of spin-dependent interactions are mixed up in scattering

∗E-mail:ishikawa@i.hosei.ac.jp

observables. However, we will predict some linear combinations of the observables to exhibit effects of particular spin-dependent interactions. Analyses of such combinations will thereby be useful to clarify characteristics of the interactions and provide clear-cut criticisms on the spin dependence of the model interactions when the relevant observables are measured.

In order to relate the polarization observables to the spin-dependent interactions, we will decompose the scattering amplitudes into scalar, vector, etc., in the spin space, each of which describes scattering by central interactions, by spin-vector interactions like LS ones, etc., respectively. When the observables are described in terms of such amplitudes, one will be able to identify the contributions of particular spin-dependent interaction in the observables accordingly. Similar decompositions of the scattering amplitudes have been applied to analyses of nucleon-deuteron scattering [8, 9, 10], which have provided deeper understanding for effects of spin-dependent interactions in the scattering observables and have succeeded in clarifying the scalar, vector, and tensor characters of three-nucleon forces. Such success encourages us to extend the method to the Y N scattering.

In the present paper, we will consider a general case of scattering between two spin-1/2 particles, since the spins of nucleons and hyperons, Λ, Σ, etc., are 1/2. In Sec. II, the decomposition of the scattering amplitude into the spin-space tensors is given in a model independent way. Each component of the decomposed amplitude is related to conventional amplitudes by giving explicit forms for the tensors. In this way, elastic scattering is investigated in detail. As will be shown later, the present amplitude includes a vector component effective for mixing of total intrinsic spins, which is lacked in the amplitude of nucleon-nucleon scattering. Thus the polarization observables in the Y N scattering are composed of the constituents in a way different from those in the nucleonnucleon scattering [11]. Using the amplitudes given in Sec. II, we investigate typical polarization observables for elastic scattering in Sec. III, where the analyzing powers and second order polarization observables such as depolarizations are treated. Further, it is shown that total cross sections for the polarized beam and target as well as for the unpolarized ones exhibit contributions of particular spin-dependent interactions to the scattering amplitudes, when linear combinations are considered. In Sec. IV, a part of theoretical predictions is numerically examined as an example for the Σ^+p scattering by using the Nijmegen interactions [2], where the calculated quantities are compared between different versions of the interactions. Summary will be given in Sec. V.

II. SCATTERING AMPLITUDES FOR TWO SPIN-1/2 PARTICLES

A. Spin Tensor Analysis of Scattering Amplitudes

Let us consider the T-matrix M for scattering of two spin-1/2 particles, a + b → c + d, characterized by the isospin and the strangeness, where the parity is conserved. The matrix element of M gives the scattering amplitude as usual. To decompose the amplitude according to the tensorial property in the spin space, we will expand M by spin-space tensors of the rank K and z component κ, S^{(K)}_κ , M = ∑ Kκ (−)^κS^{(K)}_{−κ} R^{(K)}_κ , (1)

where R^{(K)}_κ is a coordinate-space tensor associated with S^{(K)}_{−κ} . Then the matrix element of M designated by the z components of spins of the related particles, ν_a etc., and the relative momenta between the particles in the initial and final states, k_i and k_f, is given by

⟨ν_cν_d; k_f|M |ν_aν_b; k_i⟩ = ∑ s_iν_is_fν_f ( 1 2 1 2 ν_aν_b|s_iν_i) ×( 1 2 1 2 ν_cν_d|s_fν_f) ∑ Kκ (−)^{sf−νf} (s_is_fν_i − ν_f|Kκ)

×M^{(K)}_κ (s_is_f; k_ik_f), (2)

where the geometrical part of the matrix element of S^{(K)}_κ is described by the Clebsch-Gordan coefficient due to the Wigner-Eckart theorem, and the physical part is included in the last factor M^{(K)}κ (s_is_f; k_ik_f), which is an amplitude of rank K and is given by

M^{(K)}_κ (s_is_f; k_ik_f) = (−)^{si−sf} √ 2K + 1

(s_f||S^{(K)}||s_i)

×⟨k_f|R^{(K)}_κ |k_i⟩. (3)

In the choice of the Madison Convention for the reference axes, ẑ||k_i and ŷ||k_i × k_f, R^{(K)}_{−κ} is related to R^{(K)}κ due to the parity conservation [12] as

R^{(K)}_{−κ} = (−)^{K−κ}R^{(K)}_κ , (4)

which leads to

M^{(K)}_{−κ} (s_is_f; k_ik_f) = (−)^{K−κ}M^{(K)}_κ (s_is_f; k_ik_f). (5)

Thus the scattering amplitude consists of the following non-vanishing independent amplitudes classified by the rank of the spin-space tensor: the scalar amplitudes U_j (j = 0, 1)

U_j = M^{(0)}_0 (jj; k_ik_f), (6)

the vector ones S_j (j = 1, 2, 3)

S_1 = M^{(1)}_1 (01; k_ik_f), (7a)

S_2 = M^{(1)}_1 (10; k_ik_f), (7b)

S_3 = M^{(1)}_1 (11; k_ik_f), (7c)

and the tensor ones T_j (j = 1, 2, 3)

T_j = M^{(2)}_{j−1}(11; k_ik_f). (8)

These amplitudes describe the scattering by interactions with the corresponding tensor property, where contributions of higher orders of the interactions are included under the restriction due to the tensorial property. For example, the scalar amplitude U_j’s include the higher order contributions as long as they form scalars in the spin space.

The present scattering amplitude is equivalent to the Wolfenstein amplitude in Ref. [3] in the sense that both are composed of two scalar components, three vector ones, and three tensor ones. Also, such decomposition of the scattering amplitude into spin-space tensor components is based on the theoretical development in Ref. [13] and is similar to that in Ref. [14] for nucleon-nucleon inelastic scattering. In practical cases, U_j , S_j , and T_j are calculated from ⟨ν_cν_d; k_f|M |ν_aν_b; k_i⟩, which will be obtained in conventional ways. More details are given in Appendix A.

In the elastic scattering, time-reversed states are equivalent to the original ones. Then applying the timereversal theorem [15] to the matrix element of M , we get ⟨ν_cν_d; k_f|M |ν_aν_b; k_i⟩ = (−)^{νc +νd −νa−νb} ×⟨−ν_a − ν_b; −k_i|M | − ν_c − ν_d; −k_f⟩, (9) which leads to

M^{(K)}_κ (s_is_f; k_ik_f)

= (−)^{si+sf −K} M^{(K)}_κ (s_fs_i; −k_f − k_i). (10)

This gives the following relations for the vector and tensor amplitudes, the derivation of which is given in Appendix B,

S_2 = −S_1 (11) and 1 2 sin θ (√ 3 2 T_1 − T_3 ) = − cos θT_2. (12)

Thus the independent amplitudes for the elastic scattering are two scalar ones, two vector ones, and two tensor ones. Since the composition of independent amplitudes depends on the property of the scattering, we will specify the scattering to the elastic one for further developments.

B. Conventional Representation for Elastic Scattering

For the elastic scattering, a + b → a + b, the T-matrix will be represented in terms of spin-independent, spinspin, symmetric LS (SLS), antisymmetric LS (ALS), and tensor components as

M = V_c + V_σ (s_a · s_b) +V_{SLS} (s_a + s_b) · L + V_{ALS} (s_a − s_b) · L

+V_T ( [s_a ⊗ s_b]^{(2)} · Y_2(r̂) ) , (13)

where L is the a-b relative orbital angular momentum, r is the a-b relative coordinate, and V^,s are form-factor functions, which include the higher order effects, for the spin-independent central interaction (V_c), the spin-spin interaction (V_σ ), the SLS interaction (V_{SLS}), the ALS interaction (V_{ALS}), and the tensor interaction (V_T). Here, exchange effects due to strangeness transfers between the particles are included in V_{ALS}. For the nucleon-nucleon scattering, the term of V_{ALS} is eliminated because of the equivalence of a and b.

We will connect the amplitudes of Eqs. (6)-(8) to those in Eq. (13) by specifying S^{(K)} and R^{(K)}_κ in Eq. (3) as 1 and V_c, (s_a · s_b) and V_σ, s_a ± s_b and V_{SLS}L_{κ=1} (V_{ALS}L_{κ=1}), where the terms of κ = 1 are effective due to Eq. (7), etc. For this purpose, we define new scalar amplitudes,

U_α ≡ ⟨k_f|V_c|k_i⟩, (14a) U_β ≡ ⟨k_f|V_σ|k_i⟩, (14b)

and new vector ones,

S_α ≡ ⟨k_f|V_{ALS}L_1|k_i⟩, (15a) S_β ≡ ⟨k_f|V_{SLS}L_1|k_i⟩, (15b) and obtain

U_0 = U_α − 3 4 U_β , (16a)

U_1 = √ 3(U_α + 1 4 U_β ), (16b) and S_1 = −S_2 = −S_α, (17a)

S_3 = √ 2S_β . (17b)

Then S_1(= −S_2) describes the scattering by the ALS interaction and S_3 the one by the SLS interaction. The former interaction couples the states of the total intrinsic spins 0 and 1, while the latter interaction does not.

The tensor amplitudes T_j (j = 1, 2, 3) are calculated as T_j = 1 2 ⟨k_f|V_TY_{2,j−1}|k_i⟩, (18)

where one of T_j is not independent due to the time reversal theorem, Eq. (12). For later convenience, we will choose independent amplitudes T_α and T_β as

T_α = 1 √ 6 T_1 + T_3, (19a)

T_β = 1 √ 6 T_1 − T_3, (19b)

which give

T_2 = − tan θ( 1 2 T_α + T_β). (20)

III. POLARIZATION OBSERVABLES

In this section, we will calculate analyzing powers, depolarizations, polarization transfer coefficients, and spin correlation coefficients for the elastic scattering, a + b → a + b, and total cross sections using the scattering amplitudes derived in the preceding section and show their linear combinations sensitive to individuals of the scalar, vector, and tensor interactions.

A. Vector analyzing powers

The vector analyzing powers A_y(a) for the polarized beam a and A_y(b) for the polarized target b, which are equivalent to respective cross-section asymmetries, are defined as

A_y(a) = 1 N_R Tr ( M σ_y(a)M^† ) , (21a)

A_y(b) = 1 N_R Tr ( M σ_y(b)M^† ) , (21b) where N_R is given by

N_R ≡ Tr ( M M^† ) = |U_0|^2 + |U_1|^2 + 2 ( |S_1|^2 + |S_2|^2 + |S_3|^2 ) +|T_1|^2 + 2 ( |T_2|^2 + |T_3|^2 ) (22)

and is related to differential cross sections dσ/d cos θ as dσ d cos θ = 2πk_f 4k_i

N_R. (23)

Using the amplitudes in Eqs. (6)-(8), we get

A_y(a) = 4 N_R Im { − 1 √ 2 U^∗_0 S_2 + 1 √ 3 U^∗_1 ( 1 √ 2 S_1 − S_3 )

− ( 1 √ 2 S_1 + 1 2 S_3 )_∗ ( 1 √ 6 T_1 + T_3 )

− 1 2 T^∗_2 (√ 3 2 T_1 − T_3 )} , (24a)

A_y(b) = 4 N_R Im { 1 √ 2 U^∗_0 S_2 − 1 √ 3 U^∗_1 ( 1 √ 2 S_1 + S_3 )

+ ( 1 √ 2 S_1 − 1 2 S_3 )_∗ ( 1 √ 6 T_1 + T_3 )

− 1 2 T^∗_2 (√ 3 2 T_1 − T_3 )} . (24b)

For the elastic scattering, in terms of the conventional amplitudes, Eqs. (14), (15), and (19), we get

A_y(a) = − 4 √ 2 N_R Im { U^∗_α (S_α + S_β) + 1 4 U^∗_β (−S_α + S_β ) − 1 2 T^∗_α (−S_α + S_β ) } , (25a)

A_y(b) = − 4 √ 2 N_R Im { U^∗_α (−S_α + S_β ) + 1 4 U^∗_β (S_α + S_β ) − 1 2 T^∗_α (S_α + S_β) } , (25b) and N_R = 4|U_α|^2 + 3 4 |U_β|^2 + 4 ( |S_α|^2 + |S_β|^2 )

+ 1 2 (tan^2 θ + 4)|T_α|^2 +2 ( tan^2 θ + 1 ) ( |T_β|^2 + Re(T^∗_αT_β ) ) , (26)

where we used the following relation due to the time reversal relation Eq. (12),

Im { T^∗_2 (√ 3 2 T_1 − T_3 )} = 0. (27)

Here, we will consider the sum and the difference of A_y(a) and A_y(b):

A_y(a) + A_y(b) = − 8 √ 2 N_R × Im {( U_α + 1 4 U_β − 1 2 T_α )_∗ S_β } , (28a)

A_y(a) − A_y(b) = − 8 √ 2 N_R × Im {( U_α − 1 4 U_β + 1 2 T_α )_∗ S_α } . (28b)

The quantities inside the curly brackets in Eqs. (28a) and (28b) are proportional to the matrix elements of V_{SLS}L_1 and V_{ALS}L_1, respectively, as shown in Eq. (15). Then we can separate the contribution of the ALS interaction from that of the SLS interaction by considering such linear combinations of the analyzing powers: A_y(a)+A_y(b) will be sensitive to the strength of the SLS interaction and A_y(a)−A_y (b) to that of the ALS one for given U_α, U_β and T_α. The boson-exchange model [3], for instance, predicts a strong SLS interaction for the Σ^+p system but a weak one for the Λp system. On the other hand, the ALS interaction is stronger for the latter than for the former, although their magnitudes are small. Measurements of these quantities therefore will give clear-cut examination of such characteristic features of the LS interactions.

B. Second order polarization observables

First we will define the observables to be discussed. When the colliding particle a is polarized in i-axis direction, one defines the depolarization D^j_i (a), which describes the polarization of a in j-axis direction after the scattering by

D^j_i (a) = 1 N_R Tr(M σ_i(a)M^†σ_j(a)). (29)

When we consider the polarization of the partner b after the scattering, we define the polarization transfer coefficient as

K^j_i (a → b) = 1 N_R Tr(M σ_i(a)M^†σ_j(b)). (30)

Finally we describe effects of the simultaneous polarizations both of a and b in the initial state by the spin correlation coefficient C_{ij} = 1 N_R Tr(M σ_i(a)σ_j(b)M^†). (31)

Specifying i and j to two of x, y, and z, one gets nonvanishing fifteen observables, whose expressions for the general scattering are given in Appendix C.

In the following, we will discuss linear combinations of such second order polarization observables for the elastic scattering, which are convenient for studies of characteristics of the interactions.

Let us examine the sum of the diagonal elements of the second order polarization observables. The results are

D^x(a) + D^y (a) + D^z (a) = 12 N_R { |U_α|^2 − 1 16 |U_β |^2 + 1 3 ( |S_α|^2 + |S_β |^2 − 4Re(S^∗_αS_β) )

− 1 3 ( |T_1|^2 + 2|T_2|^2 + 2|T_3|^2 ) } , (32)

K^x_x (a → b) + K^y_y (a → b) + K^z_z (a → b) = 3 N_R { 2Re(U^∗_αU_β ) + 1 2 |U_β |^2 − 4 3 ( |S_α|^2 − |S_β |^2 )

− 1 3 ( |T_1|^2 + 2|T_2|^2 + 2|T_3|^2 ) } , (33)

C_{xx} + C_{yy} + C_{zz} = 3 N_R { −|U_0|^2 + 1 3 |U_1|^2 − 4 3 ( |S_α|^2 − |S_β|^2 )

+ 1 3 ( |T_1|^2 + 2|T_2|^2 + 2|T_3|^2 )} , (34)

where the cross terms of the amplitudes with different ranks such as Re ( U^∗_β T_β ) are canceled out.

If we neglect the terms without the scalar amplitudes, for example in Eqs. (32) and (26), assuming that the scalar amplitudes are dominant over the other amplitudes, we get D ≡ 1 3 ( D^x (a) + D^y (a) + D^z (a) )

∼ 1 N_R ( 4|U_α|^2 − 1 4 |U_β|^2 ) (35) and N_R ∼ 4|U_α|^2 + 3 4 |U_β|^2, (36)

which give the magnitudes of the scalar amplitudes as |U_α|^2 ∼ N_R 16 (1 + 3D) , (37a)

|U_β|^2 ∼ N_R (1 − D) . (37b)

Moreover, for the second order polarization observables, there are several linear combinations that exhibit effects of particular components of the interaction: for example,

C_{xx} + C_{zz} + K^x_x (a → b) + K^z_z (a → b) = 8 N_R Re { (U_β + T_α)^∗ U_α } , (38)

C_{xz} − C_{zx} = 4 √ 2 N_R Re { (U_β + T_α)^∗ S_α } , (39)

K^z_x (a → b) − K^x_z (a → b) = 4 √ 2 N_R Re { (U_β + T_α)^∗ S_β } , (40) and D^z_x(a) + D^x_z (a) = − tan θ (D^x(a) − D^z (a)) = 4 tan θ N_R Re { (U_β + T_α)^∗ ( 1 2 T_α + T_β )} . (41)

The numerators of the right-hand sides of these equations are respectively proportional to the magnitudes of the amplitudes, U_α, S_α, S_β, and^1_2 T_α + T_β , and then the lefthand side quantities will give some kinds of measures of the strength of the corresponding interactions, when multiplied by the cross section. Since Eqs. (39), (40), and (41) include only U_β as the scalar amplitude, they will be useful for investigations of the spin-spin interaction.

C. Spin-dependent total cross sections

Total cross sections, when no Coulomb interaction acts, provide the imaginary parts of forward scattering amplitudes by the optical theorem. In the present system, three amplitudes with κ = 0, namely U_α, U_β, and T_1, survive at the forward angle, which are important sources of information on the scalar and tensor interactions. We will consider correspondingly three kinds of total cross sections by choosing proper polarizations of target and beam particles.

Let us denote the spin density of an initial state, which consists of the beam particle a and the target particle b, by ρ^{(a,b)}_i . Then the optical theorem gives the corresponding total cross section σ as σ = 4π k Im { Tr ( ρ^{(a,b)}_i M ) θ=0 } , (42)

where k is the magnitude of k_i.

One of the independent total cross sections is the unpolarized total cross section σ_{unpol} calculated from a density matrix

ρ^{(a,b)}_i = 1 2 I^{(a)} ⊗ 1 2 I^{(b)}, (43) where I^{(a)} and I^{(b)} are the unit matrices for the particles a and b, respectively.

As for the other two total cross sections, we consider those with longitudinal and transverse polarizations. In general, when the particles a and b are polarized in the j-axis direction with polarizations p^{(a)} and p^{(b)}, the corresponding cross section σ_j(p^{(a)}, p^{(b)}) is obtained with spin density matrix

ρ^{(a,b)}_i = p^{(a)} 1 2 σ^{(a)}_j ⊗ p^{(b)} 1 2 σ^{(b)}_j , (44)

where σ^{(a)} and σ^{(b)} are the Pauli spin matrices for a and b. The polarization axis is along the beam direction, j = z, for the longitudinal configuration and is perpendicular to the beam direction, typically j = y, for the transverse one. The longitudinal asymmetry Δσ_L and the transverse asymmetry Δσ_T [8] are defined as the difference of the cross sections provided by the reversal of the particle b’s spin:

Δσ_L = σ_z (+1, −1) − σ_z (+1, +1) , (45a) Δσ_T = σ_y (+1, −1) − σ_y (+1, +1) . (45b)

From these definitions, we obtain s

Im (U_α(θ = 0)) = k 4π σ_{unpol}, (46a)

Im (U_β (θ = 0)) = − k 6π (Δσ_L + 2Δσ_T) , (46b)

Im (T_1(θ = 0)) = − √ 2k 4 √ 3π (Δσ_L − Δσ_T) . (46c)

That is, for the imaginary part of the forward scattering amplitude, the spin-independent scalar amplitude is determined by σ_{unpol}, and the spin-spin scalar amplitude and the tensor amplitude are determined by Δσ_L and Δσ_T. Then measurements of such total cross sections will provide criticisms of the calculated amplitudes for scattering of neutral hyperons, for example, Λp scattering. Since the imaginary parts of scattering amplitudes reflect absorption effects due to related reaction channels, measurements of these cross sections will provide information of nature of the couplings with the channels, particularly, by clarifying which kinds of the spin-dependent interactions are important.

IV. NUMERICAL EXAMINATION IN Σ^+p SCATTERING

As a test of the validity of the theoretical predictions, we will perform numerical calculations for Σ^+p scattering with the Nijmegen soft-core One-Boson-Exchange potential models (NSC97) [2]. In Ref. [2], six different Y N potential models, NSC97a to NSC97f, which are characterized by different choices for the magnetic vector ratio, have been phenomenologically derived as descriptions of

FIG. 1: The magnitudes of the amplitudes, Uα, Uβ , Sα, Sβ , T1, T2, and T3 for the Σ^+p scattering at p_Σ+ = 170 MeV/c. The solid lines are calculations by the NSC97a potential model, the dashed lines by the NSC97c one, and the dotted lines by the NSC97f one.

existing experimental data. These potential models contain the scalar, vector, and tensor components of various strengths, and then should be suitable for the present test. In all of the figures below, we will plot results of three potentials, namely NSC97a, NSC97c, and NSC97f, to avoid an unnecessary confusion due to overclosed lines.

A. Scattering amplitudes

The magnitudes of the scalar amplitudes, U_α and U_β , the vector amplitudes, S_α and S_β , and the tensor amplitudes, T_1, T_2, and T_3, for the Σ^+p scattering at p_Σ+ = 170 and 450 MeV/c are plotted in Figs. 1 and 2, respectively. As seen in these figures, the NSC97 models give similar angular dependence for each kind of the amplitude in a global sense: a weak cos θ dependence of the scalar amplitudes except for forward angles particularly remarkable at p_Σ+ = 170 MeV/c, a hill-like distribution

FIG. 2: The same as Fig. 1, but at p_Σ+ = 450 MeV/c.

peaked at cos θ = 0 to 0.5 for the vector amplitudes, an one-node-like structure for the tensor amplitude T_1, etc. Such characteristics of the angular dependence will be understood by the plane-wave Born approximation as demonstrated in Ref. [16], where the matrix element of the coordinate-space tensor in Eq. (3) is given as

⟨k_f|R^{(K)}_κ |k_i⟩ = ∫ e^{iq·r}Y_{Kκ}(r̂)V_K (r)dr = 4πi^K Y_{Kκ}(q̂) ∫_∞ 0 j_K (qr)V_K (r)r^2dr. (47)

Here, V_K is a relevant potential for the tensor of rank K, and q is the momentum transfer in the scattering,

q = k_i − k_f. (48)

For the elastic scattering, the magnitude and azimuthal angle of the momentum transfer q are given by q = k √ 2(1 − cos θ), (49a)

tan θ_q = sin θ 1 − cos θ

, (49b)

where k = |k_i| = |k_f|. Eqs. (47) and (49) explain essential features of the angular dependence of the amplitudes in Figs. 1 and 2.

Eq. (47) indicates that the magnitudes of the amplitudes in Figs. 1 and 2 are measures of the strengths of the relevant interactions. At p_Σ+ = 170 MeV/c, the magnitude of U_β is much larger than that of U_α and of the vector and tensor amplitudes except for cos θ ∼ 1 where the Coulomb scattering is dominant in U_α. Such superiority of the spin-spin amplitudes is interpreted as the result of large contributions of the pion-exchange mechanism to the central interaction. On the other hand, at p_Σ+ = 450 MeV/c, the magnitudes of U_α, U_β , and the tensor amplitudes are comparable. The magnitude of S_α is very small, indicating weak ALS interactions. Both of |S_α| and |S_β| decrease with the change of the interaction from the NSC97a to the NSC97f, reflecting stronger LS interactions in the NSC97a and weaker ones in the NSC97f.

B. Cross sections

As discussed in Subsec. III C, a set of the spindependent total cross sections for a system without a Coulomb force works as measures of the strength for the spin-dependent interactions by the optical theorem. However, the Coulomb interaction in the Σ^+p system prevents such a measurement of the total cross section. In analyzing Y N data of 1960’s, an averaged value of the cross section over a certain range of the scattering angle, cos θ_{min} to cos θ_{max}, σ = 2 cos θ_{max} − cos θ_{min}

∫_{cos θmax}

cos θ_{min} dσ(θ) d cos θ d cos θ (50)

FIG. 3: ”Total” cross section defined by Eq. (50) for the Σ^+p scattering for 100 MeV/c ≤ p_Σ+ ≤ 600 MeV/c. See the caption of Fig. 1 for the definitions of the theoretical curves. The filled squares denote the experimental data from [17], the open circles from Ref. [18], the open triangle from [19].

was used as ”total” Σ^+p cross sections. In Fig. 3, the ”total” cross section with cos θ_{min} = −0.5 and cos θ_{max} = 0.5 [2] calculated for the NSC97a, NSC97c, and NSC97f is compared with the experimental data [17, 18, 19]. All of the measured cross sections are localized in the low momentum region below p_Σ+ = 200 MeV/c, where the cross section calculated by any version of the interaction has a similar magnitude and agrees to such low momentum data.

As indicated in Eqs. (23) and (26), the differential cross section consists of the absolute squares of scalar, vector, and tensor amplitudes. The ”total” cross section accordingly consists of the corresponding contributions:

σ_A = 2πk_f 4k_i 2 cos θ_{max} − cos θ_{min}

∫_{cos θmax}

cos θ_{min}

O_Ad cos θ, (51)

where O_A = 4|U_α|^2,^3_4 |U_β|^2, 4|S_α|^2, 4|S_β|^2, and |T_1|^2 + 2 ( |T_2|^2 + |T_3|^2 ) for A = U_α, U_β, S_α, S_β, and T , respectively. Such components of the cross sections are displayed in Fig. 4. It is seen that the ”total” cross section is mainly governed by the contributions of the scalar amplitudes and the contribution of the spin-spin interaction, U_β , is particularly dominant at the low momenta. This U_β contribution explains the main part of the measured cross sections in Fig. 3. For higher momentum region, the contribution from the tensor amplitudes becomes comparable with that from the scalar amplitudes as indicated in Fig. 2.

In Fig. 5, the calculated differential cross sections dσ(θ)/d cos θ at p_Σ+ = 170 and 450 MeV/c are displayed, which are very similar to each other for given p_Σ+ and agree with the experimental data [17, 20]. Since |T_j|^2

(j = 1, 2, 3) and |S_j|^2 (j = α, β) are small compared to |U_α|^2 and |U_β |^2 for p_Σ+ = 170 MeV as shown in Fig. 1, the differential cross section is governed mainly by 4|U_α|^2 +^3_4 |U_β|^2 according to Eq. (26), where the calculated |U_α| and |U_β| complement with each other: |U_β | by the NSC97a potential is larger than that by the other versions of the interaction as shown in Fig. 1 but the excess is compensated by the smallness of |U_α|, giving the resultant cross section similar to other calculations’ as seen Fig. 5 (a).

C. Analyzing powers

The calculated difference and average of the Σ^+ analyzing power A_y(Σ^+) and the proton analyzing power A_y(p),

ΔA_y = A_y(Σ^+) − A_y(p), (52a)

A^{avr}_y = 1 2 ( A_y(Σ^+) + A_y(p) ) (52b)

are plotted in Figs. 6 and 7 for the Σ^+p scattering at p_Σ+ = 170 and 450 MeV/c. Contrary to the similarity in the calculated differential cross sections among the NSC97 models, the difference in the linear combinations of the calculated vector analyzing powers among the NSC97 models is significant. The calculated difference ΔA_y reflects evenly the magnitude of the ALS interaction, giving the largest magnitude for the NSC97a model and the smallest one for the NSC97f model. On the other hand, the average of the analyzing powers A^{avr}_y is rather confusing. While the NSC97a and the NSC97c give almost the same magnitudes of the SLS amplitude,

FIG. 4: Decomposition of total cross section of the Σ^+p scattering into spin-space components defined in Eq. (51). See the caption of Fig. 1 for the definitions of the theoretical curves.

which are larger than that of the NSC97f, as shown in Figs. 1 and 2, the calculations of A^{avr}_y do not reflect this tendency. Particularly A^{avr}_y for the NSC97a potential has the opposite sign to the one for other versions at some angles. This happens due to the sensitivity of A^{avr}_y not only on the SLS amplitude S_α but also on a combination of the scalar amplitudes, the spin independent amplitude U_α and the spin-spin one U_β as seen Eq. (28a). The dependence on the combination of scalar amplitudes overrides that on the SLS amplitude in A^{avr}_y , while this is not the case for ΔA_y. We therefore conclude that the spin-independent and spin-spin central interactions in Y N scattering should be determined from other sources in order to obtain unique information of LS interactions from measurements of analyzing powers.

FIG. 5: Differential cross section dσ(θ)/d cos θ for the Σ^+p scattering at p_Σ+ = 170 MeV/c (a) and 450 MeV/c (b). See the caption of Fig. 1 for the definitions of the theoretical curves. Experimental data are taken from Refs. [17] for p_Σ+ = 170 MeV/c and from Ref. [20] for p_Σ+ = 450 MeV/c.

D. Depolarizations

Information of the scalar interactions can be obtained from, for example, depolarizations as discussed in the preceding section. Fig. 8 displays the average of the diagonal elements of depolarizations, D in Eq. (35), for the Σ^+p scattering at p_Σ+ = 450 MeV/c and the quantities defined as

|Ũ_α| ≡ |N_R(1 + 3D)|^{1/2} /4, (53a)

|Ũ_β| ≡ |N_R(1 − D)|^{1/2} , (53b)

which are predicted to give scalar amplitudes |U_α| and |U_β|, respectively, by Eq. (37). In the figure, the average depolarization D discriminates between the three versions of the NSC97 interaction, particularly with different signs at backward angles for the NSC97a and NSC97f. The extracted scalar amplitudes |Ũ_α| and |Ũ_β| follow the tendency of the amplitudes in Fig. 2 except |Ũ_β| at backward angles, where effects from the tensor amplitude T_1

FIG. 6: The difference of the vector analyzing powers Ay (Σ^+) − Ay(p) for the Σ^+p scattering at p_Σ+ = 170 MeV/c (a) and 450 MeV/c (b). See the caption of Fig. 1 for the definitions of the theoretical curves.

may not be neglected. Thus σ(1 + 3D) and σ(1 − D) at middle and forward angles will be good measures of the spin-independent and spin-spin central interactions. It should be noted that the components of D, i.e., D^x, D^y , and D^z , also discriminate the above versions of the interaction as well as D, although their interaction dependence is not displayed at present. However, D is favorable to identify the contribution of the spin-independent interaction and that of the spin-spin one separately.

V. SUMMARY

In the Y N scattering, we have investigated the contributions of the spin-dependent interactions to the observables by decomposing the scattering amplitudes according to the tensorial property in the spin space so that the contributions of the interactions are individually identified. In terms of such amplitudes, the expressions of the polarization observables are derived for general scatter-

FIG. 7: The average of the vector analyzing powers ( Ay (Σ^+) + Ay(p) ) /2 for the Σ^+p scattering at p_Σ+ = 170 MeV/c (a) and 450 MeV/c (b). See the caption of Fig. 1 for the definitions of the theoretical curves.

ing.

For the elastic scattering, we have found some linear combinations of the observables to be sensitive to particular interactions and thus to be favorable for studies of contributions of the interactions. In fact, the contributions of the SLS interaction and those of the ALS one are separated to each other by considering the linear combinations of the vector analyzing powers, the spin correlation coefficients, the polarization transfer coefficients, etc., each of which is proportional to the strength of the SLS or ALS interactions. Similar linear combinations have been found to be sensitive to the tensor interactions and the spin-independent and spin-spin central ones.

A part of the theoretical predictions is numerically examined for the Σ^+p scattering as an example. The observables have been calculated by the use of the series of the NSC97 interactions and it has been found that some linear combinations of the observables are useful to discriminate the different versions of the interaction even when their cross sections are similar to be indistinguish-

FIG. 8: (a) The average of the diagonal depolarizations of Σ^+ by Eq. (35), and (b) the extracted scalar amplitudes by Eq. (37) for the Σ^+p scattering at p_Σ+ = 450 MeV/c. See the caption of Fig. 1 for the definitions of the theoretical curves.

able.

The total cross section has been investigated for the unpolarized beam and target as well as for the longitudinal-polarized ones and for the transversepolarized ones. These provide the imaginary parts of the amplitude of the forward scattering by the spinindependent central interactions, the spin-spin central ones, and the tensor ones. Measurements of these cross sections in scattering of neutral hyperons by the proton therefore will provide important information of the interactions, particularly of the nature of the coupling with the related reaction channels.

Due to the significance of information on the Y N interaction, we hope more experiments to be performed for polarization phenomena in the Y N scattering so that the details of the interactions, which include the spin dependence, will be determined.

Acknowledgments

The authors would like to express their thanks to Dr. E. Hiyama for stimulating them by providing a lot of information on hypernucleus structures. This research was supported by the Japan Society for the Promotion of Science, under a Grant-in-Aid for Scientific Research (Grant No. 13640300).

APPENDIX A: SPIN-SPACE TENSOR COMPONENTS OF SCATTERING AMPLITUDE

The T-matrix M for general scattering a + b → c + d with a given parity, is described as

M = A B C D E F G H −H G F −E D −C −B A , (A1)

where the row is designated by the spin z components ν_a and ν_b as (ν_a, ν_b) = (1/2, 1/2), (1/2, −1/2), (−1/2, 1/2), and (−1/2, −1/2) from left to right, and the column by ν_c and ν_d as (ν_c, ν_d) = (1/2, 1/2), (1/2, −1/2), (−1/2, 1/2), and (−1/2, −1/2) from top to bottom. Applying Eq. (2) to A, . . . , H in Eq. (A1), we get

A = 1 √ 3 U_1 + 1 √ 6 T_1, (A2a) B = 1 √ 2 S_1 + 1 2 S_3 − 1 2 T_2, (A2b) C = − 1 √ 2 S_1 + 1 2 S_3 − 1 2 T_2, (A2c)

D = T_3, (A2d) E = 1 √ 2 S_2 − 1 2 S_3 − 1 2 T_2, (A2e) F = 1 2 U_0 + 1 2 √ 3 U_1 − 1 √ 6 T_1, (A2f) G = − 1 2 U_0 + 1 2 √ 3 U_1 − 1 √ 6 T_1, (A2g) H = 1 √ 2 S_2 + 1 2 S_3 + 1 2 T_2. (A2h)

Conversely one can calculate U_j , S_j , and T_j from A,

. . . , H

U_0 = F − G, (A3a)

U_1 = 1 √ 3 (2A + F + G), (A3b)

S_1 = 1 √ 2 (B − C), (A3c)

S_2 = 1 √ 2 (E + H), (A3d)

S_3 = 1 2 (B + C − E + H), (A3e)

T_1 = √ 2 3 (A − F − G), (A3f) T_2 = − 1 2 (B + C + E − H), (A3g)

T_3 = D. (A3h)

APPENDIX B: TIME REVERSAL THEOREM IN ELASTIC SCATTERING

In this appendix, we will give the derivation of the relationships due to the time reversal theorem for the vector amplitudes Eq. (11) and the tensor ones Eq. (12).

The time reversal theorem is described as [15] ⟨ν_cν_d; k_f|M |ν_aν_b; k_i⟩ = (−)^{νc +νd −νa−νb} ×⟨−ν_a − ν_b; −k_i|M | − ν_c − ν_d; −k_f⟩, (B1) where M is the T-matrix for the inverse reaction. One can transform this relation to that for the amplitude M^{(K)}_κ (s_is_f; k_ik_f) in Eq. (2) as

M^{(K)}_κ (s_is_f; k_ik_f)

= (−)^{si+sf −K} M^{(K)}_κ (s_fs_i; −k_f, −k_i). (B2)

We will transform the amplitude in the right-hand side of the above equation so that the direction of the momentum of the incident particle and that of the outgoing one are respectively same as those in the left-hand side amplitude. Since M is the same as M for the elastic scattering, the transformation is described by the use of the rotation matrix D [21] as

M^{(K)}_κ (s_fs_i; −k_f, −k_i) = ∑ κ^′ D_{κκ}′ (π − θ, 0, π)M^{(K)}_κ′ (s_fs_i; k_ik_f). (B3)

This leads to for K = 1

M^{(1)}_1 (01; k_ik_f) = −M^{(1)}_1 (10; k_ik_f) (B4)

and for K = 2

− √ 3 2 M^{(2)}_0 (11; k_ik_f) cos^2 θ − sin^2 θ = M^{(2)}_1 (11; k_ik_f)

cos θ sin θ

= M^{(2)}_2 (11; k_ik_f), (B5) which provides

1 2 (√ 3 2 M^{(2)}_0 (11; k_ik_f) − M^{(2)}_2 (11; k_ik_f) )

= − cot θM^{(2)}_1 (11; k_ik_f). (B6)

Eqs. (B4) and (B6) are rewritten as

S_1 = −S_2 (B7) and

1 2 (√ 3 2 T_1 − T_3 ) = − cot θT_2. (B8)

APPENDIX C: DEPOLARIZATIONS, POLARIZATION TRANSFERS, AND SPIN CORRELATIONS IN GENERAL SCATTERING BETWEEN SPIN-1/2 PARTICLES

In this appendix, the depolarizations D^j_i (a) defined in Eq. (29), the polarization transfer coefficients K^j_i (a → d) in Eq. (30), and the spin correlation coefficients C_{ij} in Eq. (31) are described in terms of the amplitudes in Eqs. (6), (7), and (8) for the case of general scattering between two spin-1/2 particles.

The depolarizations of a are described as

D^x(a) = 4 N_R Re { 1 2 √ 3 ( U_0 + 1 √ 3 U_1 )_∗ U_1 + 1 2 ( U_0 − 1 √ 3 U_1 )_∗ ( 1 √ 6 T_1 − T_3 )

+ 1 √ 2 (S_1 − S_2)^∗ S_3 + 1 √ 2 (S_1 + S_2)^∗ T_2 − 1 √ 6 T^∗_1 ( 1 √ 6 T_1 + T_3 )} , (C1)

D^y (a) = 4 N_R Re { 1 2 √ 3 ( U_0 + 1 √ 3 U_1 )_∗ U_1 + 1 2 ( U_0 − 1 √ 3 U_1 )_∗ ( 1 √ 6 T_1 + T_3 )

−S^∗_1 S_2 + 1 2 |S_3|^2 − 1 √ 6 T^∗_1 ( 1 √ 6 T_1 − T_3 ) − 1 2 |T_2|^2 } , (C2)

D^z (a) = 4 N_R Re { 1 2 √ 3 ( U_0 + 1 √ 3 U_1 )_∗ U_1 − 1 √ 6 ( U_0 − 1 √ 3 U_1 )_∗ T_1 + 1 √ 2 (S_1 − S_2)^∗ S_3 − 1 √ 2 (S_1 + S_2)^∗ T_2 + 1 2 ( 1 6 |T_1|^2 − |T_3|^2 )} , (C3)

D^z_x(a) = 4 N_R Re { 1 2 ( U_0 + 1 √ 3 U_1 )_∗ S_3 − √ 2 2 √ 3 U^∗_1 (S_1 − S_2) + 1 2 ( U_0 − 1 √ 3 U_1 )_∗ T_2 − 1 √ 2 S^∗_1 ( 1 √ 6 T_1 − T_3 ) − 1 √ 3 S^∗_2 T_1 + 1 2 S^∗_3 ( 1 √ 6 T_1 + T_3 )

− 1 2 T^∗_2 ( 1 √ 6 T_1 + T_3 )} , (C4)

D^x_z (a) = 4 N_R Re { − 1 2 ( U_0 + 1 √ 3 U_1 )_∗ S_3 + √ 2 2 √ 3 U^∗_1 (S_1 − S_2) + 1 2 ( U_0 − 1 √ 3 U_1 )_∗ T_2 − 1 √ 3 S^∗_1 T_1 − 1 √ 2 S^∗_2 ( 1 √ 6 T_1 − T_3 ) − 1 2 S^∗_3 ( 1 √ 6 T_1 + T_3 )

− 1 2 T^∗_2 ( 1 √ 6 T_1 + T_3 )} . (C5)

The polarization transfer coefficients from a to d are described as

K^x_x (a → d) = 4 N_R Re { − 1 2 √ 3 ( U_0 − 1 √ 3 U_1 )_∗ U_1 − 1 2 ( U_0 + 1 √ 3 U_1 )_∗ ( 1 √ 6 T_1 − T_3 )

+ 1 √ 2 (S_1 + S_2)^∗ S_3 + 1 √ 2 (S_1 − S_2)^∗ T_2 − 1 √ 6 T^∗_1 ( 1 √ 6 T_1 + T_3 )} , (C6)

K^y_y (a → d) = 4 N_R Re { − 1 2 √ 3 ( U_0 − 1 √ 3 U_1 )_∗ U_1 − 1 2 ( U_0 + 1 √ 3 U_1 )_∗ ( 1 √ 6 T_1 + T_3 )

+S^∗_1 S_2 + 1 2 |S_3|^2 − 1 √ 6 T^∗_1 ( 1 √ 6 T_1 − T_3 ) − 1 2 |T_2|^2 } , (C7)

K^z_z (a → d) = 4 N_R Re { − 1 2 √ 3 ( U_0 − 1 √ 3 U_1 )_∗ U_1 + 1 √ 6 ( U_0 + 1 √ 3 U_1 )_∗ T_1 + 1 √ 2 (S_1 + S_2)^∗ S_3 − 1 √ 2 (S_1 − S_2)^∗ T_2 + 1 2 ( 1 6 |T_1|^2 − |T_3|^2 )} , (C8)

K^z_x(a → d) = 4 N_R Re { − 1 2 ( U_0 − 1 √ 3 U_1 )_∗ S_3 − 1 √ 6 U^∗_1 (S_1 + S_2) − 1 2 ( U_0 + 1 √ 3 U_1 )_∗ T_2 − 1 √ 2 S^∗_1 ( 1 √ 6 T_1 − T_3 ) + 1 √ 3 S^∗_2 T_1 + 1 2 S^∗_3 ( 1 √ 6 T_1 + T_3 )

− 1 2 T^∗_2 ( 1 √ 6 T_1 + T_3 )} , (C9)

K^x_z (a → d) = 4 N_R Re { 1 2 ( U_0 − 1 √ 3 U_1 )_∗ S_3 + 1 √ 6 U^∗_1 (S_1 + S_2) − 1 2 ( U_0 + 1 √ 3 U_1 )_∗ T_2 − 1 √ 3 S^∗_1 T_1 + 1 √ 2 S^∗_2 ( 1 √ 6 T_1 − T_3 ) − 1 2 S^∗_3 ( 1 √ 6 T_1 + T_3 )

− 1 2 T^∗_2 ( 1 √ 6 T_1 + T_3 )} . (C10)

The spin correlation coefficients are described as C_{xx} = 1 N_R Re { −|U_0|^2 + 1 3 |U_1|^2 − 4 √ 3 U^∗_1 ( 1 √ 6 T_1 − T_3 )

+2 ( −|S_1|^2 + |S_2|^2 ) − 4S^∗_3 T_2 + 4 √ 6 T^∗_1 ( 1 √ 6 T_1 + T_3 )} , (C11)

C_{yy} = 1 N_R Re { −|U_0|^2 + 1 3 |U_1|^2 − 4 √ 3 U^∗_1 ( 1 √ 6 T_1 + T_3 )

−2 ( |S_1|^2 + |S_2|^2 − |S_3|^2 ) + 4 √ 6 T^∗_1 ( 1 √ 6 T_1 − T_3 ) + 2|T_2|^2 } , (C12)

C_{zz} = 1 N_R Re { −|U_0|^2 + 1 3 |U_1|^2 + 4 √ 2 3 U^∗_1 T_1 +2 ( −|S_1|^2 + |S_2|^2 ) + 4S^∗_3 T_2 − 1 3 |T_1|^2 + 2|T_3|^2 } , (C13)

C_{xz} = 4 N_R Re { − 1 √ 2 U^∗_0 S_2 − 1 √ 3 U^∗_1 ( 1 √ 2 S_1 + T_2 )

− 1 √ 2 S^∗_1 ( 1 √ 6 T_1 + T_3 ) + 1 2 S^∗_3 ( 3 √ 6 T_1 − T_3 )

+ 1 2 T^∗_2 ( 1 √ 6 T_1 + T_3 )} . (C14)

C_{zx} = 4 N_R Re { 1 √ 2 U^∗_0 S_2 + 1 √ 3 U^∗_1 ( 1 √ 2 S_1 − T_2 )

+ 1 √ 2 S^∗_1 ( 1 √ 6 T_1 + T_3 ) + 1 2 S^∗_3 ( 3 √ 6 T_1 − T_3 )

+ 1 2 T^∗_2 ( 1 √ 6 T_1 + T_3 )} . (C15)

For the combinations of i and j, (ij) = (xy), (yx), (yz), (zy), the quantities D^j_i , K^j_i , and C_{ij} automatically vanish.

[1] P. M. M. Maessen, Th. A. Rijken, and J. J. de Swart,

Phys. Rev. C 40, 2226 (1989).

[2] Th. A. Rijken, V. G. J. Stoks, and Y. Yamamoto, Phys.

Rev. C 59, 21 (1999).

[3] B. Holzenkamp, K. Holinde, and J. Speth, Nucl. Phys.

A500, 485 (1989).

[4] Y. Fujiwara, C. Nakamoto, and Y. Suzuki, Phys. Rev. C

54, 2180 (1996); T. Fujita, Y. Fujiwara, C. Nakamoto,

and Y. Suzuki, Prog. Theor. Phys. 96, 653 (1996).

[5] K. Shimizu, S. Takeuchi, and A. Buchmann, Prog. Theor.

Phys. Suppl. 137, 43 (2000); T. Takeuchi, O. Morimatsu,

Y. Tani, and M. Oka, ibid. 137, 83 (2000).

[6] J. Nagata, H. Yoshino, V. Limkaisang, Y. Yoshino, M. Matsuda, and T. Ueda, Phys. Rev. C 66, 061001(R) (2002).

[7] T. Kadowaki, J. Asai, W. Imoto, S. Iwata, M. Kurosawa, K. Nakai, A. Sato, K. Imai, H. Takahashi, C. J. Yoon, T. Maruta, M. Ieiri, T. Nagae, H. Noumi, T. Fukuda, P. K. Saha, and B. Bassalleck, Eur. Phys. J. A 15, 295 (2002).

[8] S. Ishikawa, M. Tanifuji, and Y. Iseri, Phys. Rev. C 64, 024001 (2001).

[9] S. Ishikawa, M. Tanifuji, and Y. Iseri, Phys. Rev. C 66, 044005 (2002).

[10] S. Ishikawa, M. Tanifuji, and Y. Iseri, Phys. Rev. C 67, 061001(R) (2003).

[11] A. K. Kerman, H. MacManus, and R. M. Thaler, Ann.

of Phys. 8, 551 (1959); R. A. Arndt, L. D. Roper, R. A. Bryan, R. B. Clark, B. J. VerWest, and P. Signell, Phys. Rev. D 28, 97 (1983).

[12] Polarization Phenomena in Nuclear Reactions, edited by H. H. Barschall and W. Haeberli (The University of Wisconsin Press, Madison, 1970), p. xxviii.

[13] M. Tanifuji and K. Yazaki, Prog. Theor. Phys. 40, 1023 (1968).

[14] R. Crespo and A. M. Moro, Phys. Rev. C 65, 054001

(2002).

[15] M. L. Goldberger and K. M. Watson, Collision Theory (John Wiley and Sons, Inc., New York, London, and Sydney, 1964), p. 351.

[16] H. Ohnishi, M. Tanifuji, M. Kamimura, Y. Sakuragi, and M. Yahiro, Nucl. Phys. A415, 271 (1984).

[17] F. Eisele, H. Filthuth, W. Fölisch, V. Hepp, E. Leitner, and G. Zech, Phys. Lett. 37B, 204 (1971).

[18] H. G. Dosch, R. Engelmann, H. Filthuth, V. Hepp, and E. Kluge, Phys. Lett. 21, 236 (1966).

[19] H. A. Rubin and R. A. Burnstein, Phys. Rev. 159, 1149 (1967).

[20] J. K. Ahn, B. Bassalleck, M. S. Chung, W. M. Chung, H. En’yo, T. Fukuda, H. Funahashi, Y. Goto, A. Higashi, M. Ieiri, M. Iinuma, K. Imai, Y. Itow, H. Kanda, Y. D. Kim, J. M. Lee, A. Masaike, Y. Matsuda, S. Mihara, I. S. Park, Y. M. Park, N. Saito, Y. M. Shin, K. S. Sim, R. Susukita, R. Takashima, F. Takeutchi, P. Tlustý, S. Yamashita, S. Yokkaichi, and M. Yoshida, Nucl. Phys. A648, 263 (1999).

[21] M. A. Preston, Physics of the Nucleus (Addison-Wesley Publishing Company, INC., Palo Alto. London, 1965), p. 609.