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Abstract:

Dynamical polarization effect in heavy-ion elastic

scattering is investigated in the framework of the coupled-

reaction-channel theory. B> using the adiabatic approximation

at low incident energies, this effect is expressed as a spin-

crbit (L*S) interaction with a L- and S independent radial

function. The strength of the (L«S) interaction calculated

for the C+ C system is in the same order of magnitude as

deduced from experiments and is about two orders of magnitude

larger than that obtained from the folding model calculation.
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Recently, the importance of spin-dependent interactions

between heavy ions, especially spin-orbit interactions have

been studied by many authors [1-6]. The evidence for spin-orbit

interactions is obtained through the analysis of the experiments

using polarized-Lithium ions [1] and the analysis of transfer

reactions with unpolarized beams using the reaction asymmetry

[3]. The evidence is also obtained in inelastic scattering with

unpolarized C beams using spin-flip probability [4-5] , On the

other hand, attempts to derive the spin-orbit interaction have

been made by several authors [6] within th3 framework of the

folding model. The strength of the spin-orbit interaction,

however, is usually two orders of magnitude smaller than the

values deduced from experiments, although calculated values

vary by an order of magnitude. An exchange effect is considered

by Love [7] which can increase the folding model values, however,

the correction is small as compared to the experimental values.

T" t**r letter v/e report [8] another possibility of

strong spin-dependent interaction between heavy-ions, which

comes, as a dynamical effect, from the couplings with inelastic

[9] and/or transfer channels. This is discussed in the coupled-

reaction-channel (CRC) calculation of the scattering of C on

13C [8, 10, 11], where the excitations of13C*(3.086 MeVex;l/2
+

and 3.856 MeV ;5/2+) are taken into account and strong spin

polarization of C is obtained.

In the calculations of inelastic or transfer reactions,

it is well known that a spin-dependent interaction is no;

necessarily required in order to obtain a polarization of the



final residues. This is called dynamical spin polarization

[3, 12]. In semiclassical situations simple predictions for

such polarizations car. be nace in matching conditions for the

transferred angular momentum. The dynamical effect may be

also observed in elastic scattering, if the "incident"

particles with particular orientation of the spin favourably

couple to some reaction channels and if these processes are

so strong that the incident beam is appreciably affected. Such

effect can be described by a spin-dependent interaction in the

optical potential for elastic scattering.

with the use of the core-exchange model, we make the CRC

calculation of the elastic and inelastic scattering of C on

C [8, 10, 111, assuming that the C nuclues is an inert

core and the valence neutron is in the states: C(gr.l/2 ),

C*(l/2+) and C*(5/2+). They have single particle components

with cfp values of 0.80, 0.55 and 0.85 for the orbitals lpl/2,

2sl/2 ^nd ldS/2, respectively. The optical potential (V=-15.5

MeV, r=1.35 fm, a=0.20 ftn, W=-l.S-0.03 E c m, r^l.35 fm, a^O.35

fin) is introduced as the interaction between two inert C nuclei.

The single particle wave functions of the valence neutron are

generated by the potential which reproduces the separation

energies of the valence neutron in the C(l/2~,l/2+,S/2+)

states. In the calculation it is shown that the coupled channel

effect is extremely strong in the states of plus parity (II= + )

of the total system, while it is weak in the states of n=-

(see the calculation in refs. 10, 11). This is due to the

add'tive anc5 destructive properties of the "direct" and

inelastic transfer (core-exchange) processes in the states of

0 = + and -, respectively.

In fig. 1 the coupled channel scheme with rrspect to the

angular momentums L and S of the incident channel and L' and S'

of the inelastic channels are schematically drawn, with a fixed

value of L for both cases of J = L+l/2 (J™ = 3/2+,7/2+,ll/2+,•••)

and J = L-l/2 (j" = l/2+,5/2+,9/2+,•••). The figure suggests

there to be stronger coupled channel effect in the case of

J = L-l/2 than in the case of J = L+l/2 since the matching

conditions between L and L1 are advantageous with the negative

Q-value transitions of inelastic scattering. This is typically

reflected by the polarization calculated with the one-step

process going to the channel C+ C*(l/2+). We observe there,

as a whole, a positive polarization of C*(l/2+) (the dotted

curves in fig. 2), which corresponds to the negative (J - L-l/2)

polarized incident beam of C{l/2 ). The difference of the

coupled channels effect between spin up- and down orientations

of the incident beam causes the polarization in the elastic

scattering through the multi-step processes (higher than

second-step processes). This is shown in fig. 2 by the da^h-

dotted curves for the second-step calculation and by the solid

curves for the full CRC calculation. We find a strong dynamical

effect on the elastic scattering polarization. In the same

calculation, we see a coupled channel effect on the polarization

of the inelastic scattering, where the two-step process,

12C+13C(gr.) * 12C+13C«(5/2 + ) - 12C+13C* (l/2+) , contributes

mainly Lu the negative polarization of C*(l/2+). This is

plausibly explained by the macthing condition for L and L' in
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J = L+l/2 (see fig. 1).

We consider the problem how to incorporate the dynamical

effect of the polarization into the optical potential for elastic

scattering of heavy-ions. For the following discussion of the

effective potential adiahaticity is postulated between the motion

or the intrinsic system of colliding nuclei and the relative

motion between the two nuclei [9, 10, 13-15]. In the scattering

process the spin (j) of the nucleus may take, at each value

of the relative distance r, such a particular orientation that

the projection K of j on the molecular axis (the axis joining

the two centres of the coliding nuclei) takes its minimum value

(K = 0 or 1/2; see fig. 3); this kind of the configuration is

often considered in heavy-ion reactions [16, 17J. In the case

where particle transfer occurs, the no-recoil approximation is

employed and so the distance r is interpreted as the distance

between two core nuclei. For simplicity, we consider the case

where the colliding nuclei have spins 0 and 1/2, respectively.

For the CRC approach we introduce the following bcsis

functions in the helicity representation (ref. 10, 11):

n-:jK

system, resepctively, and n is a set of other quantum numbers

needed to specify the intrinsic system. The variable £ represents

the coordinate set in the rotating frame. In the case o£ the

1 2C+ 1 3C scattering 110, 11], • nIIjK<S>
 i s the single particle

wave function with the principal quantum number, the orbital

angular momentum ( O , the angular momentum ^ (= £+l72), and the

distance vector between the valence nucleon and the core nucleus

C, and T is determined by (-) . When particle transfer occurs

between identical core nuclei as in the case of C+ C, it is

taken into account with the use of the basis functions

(1+P12'*nnik'
 w n e r e p

1 2
 rePreuents the core exchange operator.

At each point of r, the total Kamiltonian H minus the

relative-kinetic-energy operator is diagonalized [8, 10, 11]

within the truncated space of the above basis functions, i.e.,

BJII(r))
p p

(2)

with

+ e «„ uo3
(3)

where J denotes the total angular momentum of the system and

M the z-component in the laboratory system. The quantities n

and n are the parities of the total system and the intrinsic

where E expresses the excitation energy of intrinsic state

of channel a = (nnjk). The operator U „ arises from the

interactions between the nucleons consisting of the system

and/or between the valence paiticle ^nd two core nuclei and causes
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the "direct" (inelastic) and/or transfer processes of the system.

The quantity L |. is the angular momentum cf the relative notion

and is the only J-dependei.i operator in eg. (3) :

T

+ Coriolis If-mixing term.
(4)

By the diagonalization (2), new basis functions (rotating

molecular orbital wave function) are obtained [4]:

(5)

which agrees with a function •^ " at the asymptotic region.

By expanding the total wave function with the above new basis

functions, we obtain radial equations for the wave functions

of relative motion, v l (r), as follows.

Cr) = 0 . (6)

In the derivation of the above equation, use of the adiabatic

approximation [d'/dr ,B ' (r)] = 0 is made. The validity of

this approximation is tested in the case of the elastic

scattering of C on C at energies (E ) lower than 10 MeV

and good agreement with the full CRC claculation is obtained

[13; for the system in T = + (In the case of n - -, the coupled

char-el effect due to U o is very weak on account of the
OB

cancellation of the "direct" and cor'.-exchange processes.).
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It is assumed that in the diagonalization (2) the effects

due to Coriolis forces, i.e,, the Coriolis K-mixing term and

the Coriolis decoupling term, (-) n + n+J~i<5], 1/2(j+I/2)(J+l/2),

are so weak that the transformation matrix B (r) becomes

almost J-independent. In fact in the calculation of the C+ C

system we obtain the ground-state channel as <t> _. , which belongs

to an almost pure state concerning the K-quantum number (K = 1/2,

95%). Thus, the following quantity may be regarded as almost

independent of J and diagonal with respect to the new basis

functior.s ;

(7)
- Coriolis decoupling and mixing terms)B *(r).

Generally, it means that the state $ has an almost pure

K-quantum number and that it is a mixed state with different

orbital angular momenta L. Nevertheless W1 regard the angular

momentum L for the incident channel as if it were a quantum

we put,

<t>

J = LiS (S = 1/2) .

Using the relations, J(J+1) = L(L+l)+ 2(L*S)+ 3/4, (-)J+Ll (J+l/2)

= (-)L(2(L-S)+l), and eq. (7), we have the expression for the

effective interaction in eq. (6) ,

), (8)
2ur<



with

c^(r,
a op

+ D+1/4 -(-) n + *lQ+j"1/2(j + l/2) } ,

(9)

where TTO denotes the parity r of the intrinsic system of the

incident channel. Since the J-dependence of T l (r), c '(r)

and dJ:(r) is assumed to be weak, the main contribution of

the J-dependence to Tr Ir) comes from the term 2(L-S)d ' (r).

It should be noted that the terms c (r) and d (r) express

the coupled channel effect itself (The elastic channel

(j=l/2,TT=TTo) does not give any contribution to them). In

another approach due to Feshbach's theory of generalized

optical potential 118], the coupled channel effect is replaced

by the effective interaction term PHQ(E+ie-QHQ)" QHP, where

P is the projection operator defined by the incident channel

-:.l Z i- --goal tc ;-?. This term, however, is non-loc<»l ;.•-:'.

too difficult for us to see the dependence of the spin s and

the orbital angular momentum L.

In fig. 4a the calculations for d i;7+(r) are shown for

each value of J in the scattering of C on C. Although

the behaviour of the curves of d "(r) depends on J suggesting

the effect of the Coriolis decoupling term not to be so small,

they take very similar forms overall. For comparison with

phenomenological (L-S) potential we use the definition,

dr (r) = (d
J=^"1/2'n(r) + dJ=^+1/2'" (r))/2; the values of dT <r>

IJ p— 1 p— i !•

at the distance of r = 6.0 and 7.0 fm are listed in table 1.

They are almost independent of L. Regarding the function,

2<"n d. (r)/2ur*"> as the average L-independent function multiplied

by the (L-5) operator, we get the values 0.278 MeV and 0.110

MeV at the distances of r = 6.0 and 7.0 fm, respectively. The

strength, 0.11 MeV of the (L*S) interaction at r = 7,0 fm is

two orders of magnitude larger than the value obtained from

the folding model calculation by Thompson [6] and is quite similar

to the value, 0.C3"̂ 0.12 MeV observed in the analysis of the

spin-flip experiment I3C(12C,I2C*(2+
f4.44MeV))

13C by Tanaka

et al. [S]. The splitting of the adiabatic potentials due

to the (E»3) interaction in our calculation is shown in fig.

4b for the case of L = 3 (jn = 5/2+, 7/2+).

In conclusion we have shown tha t polarization in hoavy-

ion elastic scattering is expected as a dynamical effect

due to coupling of channels. The polarization effect may be

understood as induced by the rotation of the symmetry axis

of the total system (twe centre configuration). This

approach would apply to transfer and direct (inelastic)

interactions in the same way. With the use of the adiabatic

approximation tit low incident energies, the effect is effectively

expressed by an (£•§) interaction in t-.he elastic scattering

optical potential, if the spins are 0 and 1/2, respectively.

In the case of the scattering of C on c the calculated

(.L»S) interaction is of the same magnitude as obtained in the

analysis of the experiment [5]. With the increase of the

energy the adiabatic approximation deteriorates and it may
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becoiae difficult to express the dynamical polarization effect

in such a simple form as an (L'S) interaction. However, the

interaction derived in this letter may contain the qualitative

discussions even for fairly higher energies as far as the

classical picture, which is often used in the explanation of

the heavy-ion reaction mechanism at lower incident energies,

is valid.

The dynamical effect of the polarization strongly depends

on the reaction mechanism, that is, on the Q-values of fie

reaction channels, the structures of colliding particles,

the intermediate structure ot the compound system and so on.

This implies that it is very difficult to get overall systematic

predictions of spin-dependent interactions in heavy-ion

scattering. However, polarization phenomena are a powerful

tool in investigating heavy-ion reaction mechanism. In addition

they can serve as models for spin iependent interactions of

cU.ti ^VUI^VJSJii_ objects.
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Figure captions

Fig. 1 Schematic figure of the relations of the angular

momentum couplings between L (or L') and j in the

elastic- and inelastic channels, C+ C (gr. l/2~,

3.086 MeVex; l/2
+, 3.854 MeVex; 5/2

+). In the upper

part of the figure the relations for J = L+l/2 are

shown and in the lower part the relations for J = L-l/2.

Due to the negative Q-values the coupling to intermediate

channels with values of L'<L is favoured.

Fig. 2 Differential cross sections and polarizations for the

elastic and inelastic scatterings, C+ c' (gr. 1/2",

3.086 MeV ; l/2+) at the energies of 9.88 and 7.8 MeV.

The solid curves show the full CRC calculations, the

dash-dotted curves the 2-step calculations, and the

dotted curves the 1-step calculations for the inelastic

scattering and the no-coupling calculations for the

elastic sjCaLLt:!. in9 . Tnc elastic polarizations with

the no-coupling calculations vanishes at all scattering

angles.

Fig. 3 Direct excitation- and transfer processes of valence

nuclecns in heavy-ion reactions. The projection of

the angular momentum of the nucleon on the z-axis takes

minimum value of K=l/2.

Fig. 4 Adiabatic calculations of the radial part of the

effective (£•§) potential for n=plus as function of

the relative distance r. The curves of ^pn^lr)

(see text) and those of the adiabatic potentials for

J=5/2 and 7/2 are shown in (a) and (b), respectively.
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IT = plus
(a)

direct excitation process .transfer process

orbitals of K = l/2 orbital of K = l/2

o 1 — - * 10

(b)

=L±l/2
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