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Abstract:

It is confirmed that the strong coupled-reaction-channel

effects observed in the system of 12C+13C!gr.1I2~;3.086MeV,l/2+;

3.854HeV,5/2+) are due to the hybridization between the lpl/2 and

the "reoriented" ld5/2 orbitals of the valence neutron. The

transfer processes play an essential role in the hybridization.

This scheme is little influenced by the binding energies of the

single particle states and is not affected by the absorption part

of the optical potential between the two core nuclei.

A long standing problem in the interaction of two nuclei is

the description of the molecular orbital formation of the valence

nucleon(s) in the grazing region [1-6]. Molecular wave functions

for the active nucleons represent an alternative basis for the

description of such a scattering processes [7]. It is, however,

obvious that if the interaction between two nuclei, due to

transfer and direct excitation (or a combination of both) is

strong enough to form molecular orbitals, multiple interactions

will occur [8-10]. In such a situation a description with

eigenstates of the separated nuclei needs a complete coupled-

reaction-channel (CRC) treatment [11,12],

The occurence of strong multistep transfer- and direct

processes of the active nucleons between two core nuclei is

possibly in the following conditions:

(i) The active nucleons have large spectroscopic amplitudes of

single particle states,

(ii) The transitions occur in the peripheral region where the

core nuclei have not yet reached the stage of the compound

complex and the absorptive part of the core-core optical

potential is weak at the surface.

(iii) The binding energies of the single particle states are

small enough to give large total widths in the "grazing

region".

Further, the following conditions, which are well known in atomic

physics, are favourable to the formation of molecular bonds with

the active particles:

(iv) The mixture of different parity orbitals U-parity mixture/
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hybridization) gives characteristically deformed orbitals

which extend towards the other nucleus so as to make the

molecular bond feasible. As a matter of cause, polariza-

tion of single particle orbitals gives favourable condi-

tions for molecule formation. This has been discussed by a

few authors in the DWBA approach for transfer reactions

[14,15].

In our previous papers [16-18], we have demonstrated the

existence of strong CRC effects in the analysis of the elastic

and inelastic scatterings 13C(12C,a2C)13C*(gr.l/2~;3.086MeV,l/2+;

3.854MeV,5/2+). Good agreement is obtained with the data at E

= 7.8MeV. In this report we discuss the CRC mechanism from the

view point of the molecular orbital formation of the valence

neutron. It is shown that the formation, which is closely

connected with the hybridization between lpl/2 and 2sl/2, ld5/2

orbitals in C, occurs in the peripheral region, where the

transfer processes play an important role. The phenomenon is

enhanced by the reorientation of the ld5/2 orbitals. The strong

CRC effects are likely favoured due to the smallness of the

binding energies of 2sl/2 and ld5/2 orbitals (BE(2sl/2) =

1.86MeV, BE(lpl/2) = 1.09MeV), but the calculation with an

artificial change of the binding energies shows a weak dependence

of the CRC mechanism on the strength of the binding energies,

i.e., on the condition (ii).

The CRC equation for the radial motion for the relative

distances reads [16-18],

[E-(t+ucc+V+Kt+e)]uJJI = 0 (1)

where every operator is given by the matrix form with respect to

the subchannel indices, i = l,2,*»,n. The kinetic energy opera-

tor is denoted by t and the energies of the intrinsic states of

the system by (e).^ = £^8^.. T ne operator U represents the

core-core optical potential and is diagonal with respect to

channel indices. The operators V and K are the interactions for

direct and transfer processes, respectively (The detailed forms

of these operators are given in ref. 18).

To see the effects of the multiple interactions between

different channels, we investigate the Born series expansion in

powers of the following off-diagonal-channel interaction AU?

(2)

with the use of the distorting potential U° ((U 0)^ = Wcc
+Va

+Kii'Si')- T h e C R C e f f e c t s d u e t o t h e Au a r e roughly classified

into four types of classes by the total angular momentum J and

the parity n [18]. This is due to (i) the energy differences

between the potential barrier heights of lpl/2 channel and those

of s,d-channels and (ii) the exchange operation (gerade states in

II = plus; ungerade states in H = minus) for identical core

nuclei. Our attention is concerned with the CRC effects in the

system of J11 = l/2+, 5/2+, 9/2+, ..., since in this class of J

and II we get the strongest CRC effects. For these J and n we
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define the partial cross sections going to the 5/2 (or l/2+)

inelastic channel as follows,

with

°S/2(or 1/2} ...°5/2(or 1/2) ' ( 3 )

with

"S/2(or 1/2.

where S. . is the element of the S-matrix connected with the T-

matrix by S B I-2wiT, and k. is the wave number of incident wave.

In fig. 1 the strong divergences of the series of the

JJl=5/2+ ,partial cross sections a5/2 (n)(n=l,2,...) (slim lines) are

shown at the energy of E c m = 7.8MeV. The calculations include up

to the n-th order of multiple interactions (see fig. 2). The CRC

calculation without the l/2+ inelastic channel gives similar

results to those obtained by the full CRC calculation. This

means that the l/2+ channel couples only weakly to the other

channels and does not strongly affect the formation of the strong

CRC shceme discussed. Therefore, attention is paid in this paper

to the cross section for the 5/2+ channel.

We devide the coupling interaction 4U into two parts; the

one &5 responsible for the hybridization between pi/2 and s-d

channels, and the other AU responsible for the reorientation of

the ld5/2 orbitals;

AU

(51)
21

J41

where the subscripts "1" denotes the lpl/2 (sub)channel, the

subscript "2" the 2sl/2 (sub)channel and the subscripts "j i 3"

the ld5/2 subchannels.

The CRC effects due to the interaction AU alone, are tested

with the use of the series of the partial cross sections Oj.jln)

(n=l,2,---) which are estimated from the T-matrix elements;

m=0

Similarly, we estimate the T-matrix elements for AU;

(7)
m=0

AU = AU + iU , (5)

to see the CRC effects due to the interaction AU alone. In the

above equations u- are the wave functions generated by the

distorting potential U and g is the corresponding Green's

function. The schematic diagrams for the expansion series are

given in fig. 2. As is shown in table 1, both the series of the

cross sections, <J5/2(n) ando 5 / 2(n) (n=l,2,---), show convergence

except only for the case of °5/2(
nI f o r J" = 5 / 2 + a t Ecm = 7'8
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HeV. That is, the series in the expansion of AU owes the diver-

gence neither to t:ie multiple interaction of AU alone nor due to

the multiple interaction of 4U alone. This means that complex

operation of All and 40 causes the divergence, which is expressed

by the following expansion of the T-matrix elements T.. (j-2);

I
ro-0

G (8)

where the wave functions u^ as well as Green's function § are

generated by the potential (0 +AU) (see fig. 2 ) . The physical

meanings of the divergence of the above expansion are interpreted

as in the following way:

i) First, the reorientations of ld5/2 orbitals occur, which are

included in the wave function fl and Green's function g in eq.

(8). In this situation the density distribution of the

valence nucleon may extend along the axis joining the centres

of the core nuclei. In fact, we find in fig. 1 the evidence,

that

0 5 / 2(n=l) (ng2 or CBC) .

Namely, by virture of the polarization, the transition to the

reoriented system o_,2(CRC) has larger probability,

ii) Second, the mixing due to AU is so strong between the lpl/2

and the "reoriented" ld5/2 channels that the series (8)

diverges. This mixing causes extremely biased density

distribution (called hybridization) of the valence nucleon as

is shown in refs. 17 and 18.

To see the relative importance of the transfer interactions

(TI) to the direct interactions (DI), we make (i) the calculation

with AV+AU or AK +AU instead of the full interaction (AU+AU) and

also (ii) the calculation with AV+AU or A K V A U . In the calcula-

tions of (i) both the interactions Av and AK* works in a equal

way. (t>5/2(CRC) = 0.0014mb and lmb at ECJJ] = 7.8 and 9.88 MeV,

respectively, in both the calculations of (i)), while in the

calculations of (ii) the cross sections take the following

AV+AU and for the interaction AK +AU, respectively, and at E =

9.88MeV 0.4 and 1.1 mb, respectively. This means that the

transfer interactions play an essential role in the strong

multiple interaction scheme due to the hybridization. However,

it should be noted that the DI gives non-negligible effects in

the hybridization, since the DI contributes additively to the TI

in the system of II = plus (gerade system) , an effect which is

caused by the identity of the cores.

The transition to the reoriented system occurs mainly in the

outside region of the potential barrier (^6MeV) at the incident

energy of E = 7 . 8 MeV, since the barrier height of the

potential, U i i + c i , of the excited system
 I 3C*(5/2 +)+ 1 2C is higher

than the E c m (see fig. 3 ) .

The strong CRC mechanism •shown here holds even if the

binding energies of the single particle states become deeper than

the standard set (the standard binding energies, B g = 4.95MeV for

lpl/2, 1.86MeV for 2sl/2 and 1.09MeV for ld5/2 states) and so the

tails of the overlapping integrals are diminished. To test this
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fact, we have made the calculations with artificial changes of

the binding energies to deeper values; (i) Bs+5.0 HeV and (ii)

B +10.0 HeV. Following this change, however, the potential V _s n̂ >

between the core and the valence neutron becomes deeper. This

works so as to increase the CRC effects, since the potential is

just the interaction used in the overlapping integrals defining

the transfer and direct interactions. To remove the CRC effects

due to this part, we multiply the factor, Vn(,(the standard B s) /

V n C ( t h e deeper B g ) (= 0.830 for B s+5.0 MeV and 0.723 for B s+10.0

MeV) to the direcc and transfer interactions. The results are

shown also in fig. 1, where the bold lines and the very bold

lines correspond to the deeper binding energies of (i) and (ii) ,

respectively. Clearly, we still obtain very strong CRC effects.

The effects persist (although less pronounced) if the imaginary

part of the core-core optical potential U c c is increased from the

single-particle basis states in the peripheral region. These

findings suggest a general mechanism for the formation of the

molecular orbitals of the valence nucleon(s) in heavy ion

collisions. The CRC mechansm discussed here may appear not only

in the C+ C system but also in many other cases where the

energy of single particle levels of valence nucleon(s) belonging

to different parity states are close to each other.

The authors wish to thank Professor H. Wolter for his

valuable discussions in the earlier stage of the work. The

numerical calculations were carried out with the computers at the

Institute for Nuclear Study and at the Hahn-Meitner Institut.

another evidence for the occurence of the higher order transi-

tions at the contact distance of the two core nuclei.

In summary the reorientation of ld5/2 orbitals and then the

hybridization between these reoriented d5/2 orbitals and the

ground pl/2 orbitals causes the strong CRC scheme. The transfer

processes play the major part in the hybridization. As in the

case of atomic physics, the hybridization produces an extremely

biased density distribution of the valence neutron concentrated

(for n = +) around the "middle point" on the axis joinning the

centres of the two core nuclei [17,18]. The structure of the CRC

scheme obtained here is due mainly to the coherent mixing of the
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Figure Captions

Fig. 1. (a) Partial cross sections o ^ ^ 1 " 8 <CRC, n = 1 and 3)

of the 5/2 inelastic scattering as a function of

the angular momentum J (= 1/2, 5/2, 9/2,-").

Three kinds of calculations are carried out with

the single particle wave functions with (i) the

standard binding energies (see text) B , (ii) the

binding energies of B +5.0 MeV L (iii) the

binding energies of B +10.0 MeV.

(b) Partial cross sections oJJ1=5/25/2 (n) (n = 1,2,3,---)

and afj2
5/2 (CRC) of the 5/2+ inelastic scatter-

ing. The slim, bold and very bold lines show the

calculations with the standard binding energies

B , the binding energies of B +5.0 MeV and thes s

binding energies of B +10.0 MeV, respectively.

The calculations with the strong absorption

potential (W = -3.OMeV-0.03Ecm) are shown in the

lower part.

Fig. 2. Schematic diagrams representing the expansion series of

the 5/2 inelastic scattering. The matrix elements

T. J^ICRC) and T.-̂ ICRC) are expanded in powers of the

interactions afi and AU, respectively. The full matrix

element T.,{CRC) is expanded in powers of AU but with

the distorting potential including the interaction AU.

Fig. 3. Diagonal channel part of the interaction Ucc+Vii+Kii

plus the energy ei of the excited state of C plus the

centrifugal potential for subchannel "i". The incident

wave comes from the right side of the figure with the

energy of E

— 13 —
7.8MeV.
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