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Abstract: Elastic and inelastic scattering of a-particles on the

deformed nucleus C are investigated in the range of incident

a-particle energies of 9 to 11 MeV by using the coupled-channel

method with orthogonality condition. A doubly folded potential

generated by the shell model wave functions of the a-particle

and the deformed nucleus C is employed for the relative motion

between the a-particle and c. Good agreement between theory

and experiment is obtained for the elastic and inelastic angular

distributions and the resonance structures. It is found, from

the Born series expansion of the T-matrix, that the orthogonality

constraint stresses the effects of the channel-coupling between

the elastic and inelastic processes, and it indicates that the

DWBA does not work well in this system.

NUCLEAR REACTIONS Elastic and inelastic scattering of

a-particleson C; coupled-channel orthogonality condition

model, folded potential; calculated angular distributions

and phase shifts, resonances of 0; Born series of

T-matrices.
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1. Introduction

The study of the reaction mechanism and resonance structure

in composite particle collisions gives us fruitful information

on the dynamics and structure of the many-nucleon system. In

particular, when the scattering involves a deformed nucleus as

a target or a projectile and the coupling between the elastic

and inelastic channels is strong, it becomes possible to discuss

the importance of multi-step process and the sign (oblate or

prolate) of the deformation of the target (or projectile)

nucleus. For this purpose a careful investigation of the

angular distribution of the inelastic scattering to excited

states of the rotational band is necessary. Also, from a

phase shift analysis around the resonance energy and the study

of partial decay widths, it becomes possible to have valuable

information on the nuclear structure of the resonance.

Studies of composite particle scatterings involving a

deformed nucleus have been carried out mainly with the use of

a phenomenological model, i.e., a model with a generalized

optical potential which generates the elastic and inelastic

scatterings. As far as the elastic scattering is concerned,

we can obtain agreement between the calculations and experiments

to some extent by choosing the appropriate parameters of the

generalized optical potential. But it is verv difficult to

choose the optical parameters which reproduce both the elastic

and inelastic cross sections and especially the resonances

associated with the inelastic channels.

One of the reasons why we meet the difficulties mentioned

above is due to the fact that we do not know how to express the

optical potential which includes the effects of the Pauli exclusion

principle between the nuclei in the collision. The effect of

the Pauli principle on the potential for the elastic scattering

between composite particles, such as a+ct, 160+a and 16O+16O,

has been well investigated with the microscopic scattering theory3'

based on the resonating group method, the generator coordinate

method, or the orthogonality condition model (OCM)4);and the

importance of the effect has been pointed out by many authors.3)

In the case of the scattering involving a deformed nucleus, however,

there are few studies on the effects of the Pauli principle.

The system C+a is one of the simplest and most interesting

examples of elastic and inelastic scattering involving a

deformed nucleus. In a previous paper,5' employing the OCM

for this system,we have shown that the angular distributions of

the elastic scattering of a-particleson C and the resonances

of the system below the incident energy of 9 MeV can be successfully

reproduced. Moreover, the OCM calculations6' can nicely classify

the energy levels of 0 below the excitation energy of 15 MeV.

In these calculations it has been pointed out that both the

channel-coupling and the Pauli principle play important roles.

In this paper we show that the coupled-channel OCM is

also very powerful for describing the inelastic scattering of

a-particles on the deformed C nucleus as well as the elastic

scattering above the incident energy of 9 MeV. The framework

of this paper is as follows. Sect. 2 describes our theory.

In subsect. 2.1 the equation of motion for the relative wave

function is briefly explained according to ref. 5. Formulas
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a r e derived in subsect. 2.2 for expanding the T-matrix in powers

of the coupling interaction to see the effect of channel-coupling.

A physical meaning of the potential used in this paper is discussed

in subsect. 2.3. Sect. 3 gives numerical results. In subsect.

3.1 the angular distributions for elastic and inelastic scatter-

ing are compared with experiment. We also examine the

question whether the angular distributions can be reproduced

without the orthogonality constraint or not. Properties of the

resonances are discussed in subsect. 3.2. Effects of the channel-

coupling are discussed in subsect. 3.3 by examining numerically the

convergence of the expansion series of the T-matrix in powers

of the coupling interaction. Sect.4 gives a summary and discussions.

2. Theory

2.1. Equation of motion for relative wave functions

We define the channel wave functions (J>"?M(S) of the C+a

system having a total angular momentum J and its z-component M

as follows.

*JM, /12^
,ii.JK)). (1)

where $ (a) is an internal wave function of the a-particle, <J>_ ( C)
12 ^

is an internal wave function of C with spin I., and Y. (r) is the
l "i "

spherical harmonic - The spin 1^ is assumed to take the values 0,

2, or 4 of the ground rotational band of c. The symbol r, stands

for an angular part of a distance vector jr between the c m . of the

a-particle and that of c. The Paul! exclusion principle between

the a-particle and C is approximately taken into account by the

OCM. According to ref. 5 we can obtain the following coupled

radial equation for the wave function^ = (ufl(r), u-(r) , •••,

u (r)) of the C-Kx relative motion;

A[e - (T + U) ]Au = 0

f u = 0 , T = I - A

(2)

(3)

z denotes an energy matrix whose elements are defined by (e)^.

= (E-E.)6- - , where E is an energy for the relative motion and
12E A is an excitation energy of C with spin 1^. T is a matrix

for a kinetic energy operator whose elements are defined by

( T ) ^ = -S^ (*2/2y) (d2/dr2 - 4 ± (^+1) /r
2) . U = (V±^ (r)) expresses

a matrix of a potential for the relative motion, which causes

channel-couplings.

A projection operator r is introduced so as to eliminate

forbidden states from the relative wave function. It is defined by

(4)
aU a=0>

where the forbidden state w a is a solution of the following

eigenvalue problem with an eigenvalue 5 =0 :

Here J is an overlapping kernel defined as

(5)

(6)
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where \JL is an antisymmetrization operator for the whole system.

As has been shown in ref. 5, a formal solution of eqs. (2)

and (3) is expressed as follows.

JJ = Rv ,

R = I -
-1,

where v is a regular solution of the equation

[E - (T + U)]v; = 0 ,

and the Green function g is defined by

g = [c ( + ) - (T + U ) ) " 1 .

(7)

(8)

(9)

(10)

Hereafter we use the abbreviation, POT, for a quantity obtained

by switching off the orthogonality constraint, or for a viewpoint

without the orthogonality constraint. The wave function ^belongs

to the POT, while the wave function û  belongs to the OCM.

2.2. The Born series of T-matrix elements in powers of coupling

interactions

Effects of the channel-coupling in the OCM

make a different appearance from those in the POT since both the

operator R in eq. (8), as well as the POT wave function v,depend

on the channel-coupling interaction.

The potential 0 can be divided into two parts;

U = U° + 4U ,

where t u " ) ^ is regarded as a distorting potential for the channel

i and 4U is the interaction which causes channel-coupling. In

this subsection we derive a formula to expand the T-matrix elements

in powers of AU in order to make the difference mentioned above

clear. The derivation is performed in the following two steps.

(I) Express u in terms of uncoupled quantities:

Substituting eq. (11) into eq. (2), we obtain

M E - (T + U°)]Au = AAUAu_ . (13)

A formal solution of the above equation is expressed as

° ° , (14)

where u" is a regular solution of the equations

Ale - (T + U°)JAu° = 0 , ru° = 0 , (15)

and Q u is the Green's function which satisfies the equations

A U - ( T + U ° ) ] A 9 ° = A , r g ° = o . U 6 >

Following the discussion in the previous subsection, we can

derive a formal solution of eq. (15) such that

R° = i - g0r(rg°r)-
1r ,

(IT)

(18)

(11)

where j is a regular wave function of the equation generated by

the distorting potential U D, [e - (T + U°)]v° = 0 . The

Green's function g° is given by g° - t£(+) - (T + 0 0)]" 1. Thus
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3° defined by eq. (16) is given by.t)

= R°g° = g° (19)

where t(R ) is the transposed iratrix of R . The asymptotic form

of Q° is assumed to be that of g°. By noticing that Q°A

Q0(I-D = 9°' and A!i = 2.' et3-
^ follows,

c a n b e expressed without

(20)

It is interesting to note that eq. (20) is obtained by replacing

the wave function v_ and the Green function g , respectively, with

u_° {= R°v°) and Q°(= R°g°) in the equation v = £° + g°AUv. for

the POT wave function v.

(II) Expand T-matrix elements in powers of AU :

The T-matrix elements T i k are defined by the following

asymptotic form of the wave function u.^(r) describing a

scattering from the channel k to the channel i:

^ ( r J T ^ ) ( 2 u A h 2 k i )
1 / 2 (r*») , (21)

where F.(r) and H.(r) are the regular and outgoing Coulottb wave

functions, respectively, k^ denotes the wave number of the

relative motion in the channel i.

t) The explicit form of the Green's function in the OCM was discussed

in ref. 8 for the case of a single-channel model space.

Comparing the asymptotic form of u in eq. (20) with eq. (21),

we obtain

with

Tik (22)

(23)t)

In eqs. (22) and (23) the wave functions are expressed in a vector

form; e.g. j^ = (u
Qk,

•, u n k ) .

By solving u in eq. (20) iteratively and applying it

to eq. (22), we obtain the following Born series of T i k in powers

of 4U;

Tik ~ Tik
T ( 2 )
Tik

(24)

= <R°*v°*,

Similarly the Born series of the POT T-matrix t is given by;

tik fcik
( 2 )

ik
(26!

(27)

From formulas (25) and (27), it becomes possible to discuss higher

t) Equation (/0) in ref. 5 has a misprint and should read as



order effects of channel-coupling induced by 4U. It is interesting

to note that the only formal difference between eqs. (25) and (27)

is the appearance of the operator R .

2.3. Physical meaning rf coupling interactions

As in ref. 5, we take a folded potential for
Q

the potential!). To construct the folded potential the p [4 4)

shell model wave function is adopted as the state of the ground

band of 1 2C. we show in this subsection that coupling constants

for the potential obtained by the folding model are mainly due

to a quadrupole deformation of the above shell model wave function

of -^c. This type of deformation is often assumed

for the potential in phenomenological analyses of scattering

involving C.

By assuming the two-nucleon interaction as

v = vQ[w+BPo - HPT - MPoPtlexp(-pr
2) plus Coulomb potential,

we have the following potential ;

)3/V'lur f n2vr2
?vo(yr,)

3/V'lur [(3 - n + | n2»r2)«±j + f n
2vr2

?ij)

[(erf(s) - se"s ) S.
1 5s2

(erf(s)

- (1 + 4 s2) -?- se"s H, .1ij' '
(28)

t) This subsection is partly based on ref. 7. A more rigorous

discussion of the relationship between the folded potential and

the deformation has been given in ref, 9.

with

f(a b) 2 Z
1=1,3

1) UiO!UO|20)W(I1I..Jlil!..;2J)

(29)

U010 |bO)W(abll;2«) , (30)

'.) , (31)

Where Vfl - 2[8W + 4B - 4H - 2M]v0, Y=v/P, n=6/(5+6y) and s=/6v75r.

v stands for the harmonic oscillator constant (= mcu/2ft). By

comparing eq. (28) with eqs. (11) and (12), we see that the

coupling interaction (4U)^. is given by a product of t.. and

a function of radial coordinate r, which is independent of the

channels. The coupling constants ?^. represent the strengths of the

couplings between different channels.

Let us relate the coupling constant i^. to the coupling

constant which is obtained from the phenomenological opticiil

potential between the a-particle and c. When the deformation

of the potential is assumed as Legendre polynomial P2(cos8),

where 9 is an angle between £ and a direction of a symmetry

axis of c, the coupling constant of the phenomenological potential

is proportional to the following quantity u..:

~ < Ii )'i J Ml I >2 ( c o s e ) llj

(21^+1) (2*^1) (2*^+1) d^ Ui<H..0|20)»

(32)
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We r.ote that both CA • and u^ . vanish unless they satisfy the tri-

angular relation 11± - I.|£2£lj + I. anfl | i± - l.\&2ii.± + SL ..

By comparing eq. (29) with eq. (32), we have the ratio of K^ . to

C ± j / i : i j i j | (33)

which is independent of J. Table 1 shows that the ratio obtained

is approximately independent of the channels. This means that

the coupling constant obtained by the folding model is approximated

as

constant cos6) 11. & . JM> (34)

3. Results of the calculation

The parameters used in the present calculation are the same

as in the previous case ' ('.'=0.20 fm , v/p=0.49), except for the

potential strength VQ for positive parity states, which is slightly

modified so as to better predict 4 resonances. The value of V_

employed is -264.94 MeV for the incident ct-particle energy Ea59

MeV, -263.25 MeV for Ea£l0 MeV, and linearly dependent on E Q for

9<Em<10 MeV.

3.1. Angular distributions for elastic and inelastic scattering

Fig. l shows the results obtained for real phase shifts and

absorption parameters of the incident channel. The empirical phase

shifts , except for 6- and 6,,indicate the existence of narrow

resonances. The experimental phase shifts can be reproduced by the

OCM better than by the POT. The prominent discrepancies between

experiment and the OCM in 6Q and 63 are due to resonances which

cannot be predicted by the OCM as will be discussed later. Although

the discrepancies are large, it does not cause any serious problems

in the angular distributions, because the differences are approxi-

mately integer multiples of IT and occur in angular momenta lower

than the grazing angular momentum. On the other hand the experimental

absorption parameters cannot be reproduced well either by the OCM

or by the POT. The OCM absorption parameters are cpt to be larger

than the experimental ones at Ea>10 MeV.

The angular distributions of both the elastic and inelastic

scatterings are displayed in fig. 2. The OCM gives much better
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agreement with experiment than the POT. The OCM satis-

factorily reproduces the positions of peaks and valleys of the

elastic angular distributions and the magnitudes of the inelastic

scattering cross sections for the three lowest energies, it is

seen that the orthogonality condition improves the agreement

with the elastic angular distributions, particularly in the

forward angular region (8CM 60°). The prediction for Eo=ll MeV,

however, deviates consideiably from the experimental angular

distributions of both the elastic and inelastic scatterings.

This may indicate that the N+p channel should be taken into

account explicitly above E ̂ 10.2 MeV where the yield of the

reaction C(a,p) N begins to increase rapidly. '

It is concluded from the previous work ' and this work that

the OCM is very successful in reproducing both the elastic and

inelastic sc ttering cross sections in a unified way below Ea=ll

MeV. A recent attempt15' to explain the 12C+a inelastic scattering

by the generator coordinate method is not as successful as the OCM.

This is partly because there is not suitable effective two-nucleon

interaction which can reproduce the binding and excitation

energies of a-particle and C as well as interaction energies

between them.

Recently a folded potential ' has often been advocated

for a potential between heavy ions. But in applying the folded

potential it is usual to take no notice of the orghotonality

condition, as in the POT. The parameter Vo employed in the POT

calculation of fig. 2 is determined so that good fit to experiment

is achieved with the OCM. We examine the question whether the

angular distributions can be reproduced well by a suitable

choice of VQ without the orthogonality condition or not. By

fixing the value of v to 0.2 fm~ , we search for an optimum

balue of VQ at each incident o-particle energy. Fig. 3 displays

the angular distributions obtained in this way. It is found

that this method certainly improves the agreement with experiment..-

but still does not give a good agreement like that obtained by

the OCM. While the optimum values of VQ tend to be the. same

for states of both parities, they have too complicated an energy

dependence to be explained with a simple interpretation. In the

folding model it is found that the angular momenta other than

the grazing angular momentum sometimes also contribute to the

angular distributions if we require a good fit with experiment.

These investigations also confirm the validity of the OCM which

succeeds in reproducing many experimental data consistently.

3.2. Resonances

Table 2 lists the excitation energies, the decay properties

and the channel components of the resonances obtained by the OCM.

The theoretical values of the resonance energies are in excellent

agreement with experiment. The magnitudes of the a-widths and

t) We have used eq. (41) ref. 5 to extract the value of the o-width.

The equation has a misprint of factor 2, and should be

» « " ' - ( 2 J + 1 ) ^ 2^2 4 .

However, table 3 of ref. 5 is correct.
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the branching-ratios are reproduced fairly well.

The OCM calculation predicts a 1~ state at 14.6 MeV with main
12 +

configurations in the o+ C(2.) channel. Its experimental candidate

has not yet been confirmed in the a-particle scattering on C.

This discrepancy may be accounted for as follows, with reference to

a recent experiment performed by Frawly, Bray and Ophel. They

have found a previously unreported broad 1 level near 14.6 MeV

in the N+p reaction which has a large proton reduced width close

to the single particle limit and an a-width of a few tens of keV.

We postulate that two resonances in the channels a+ C{2}) and

N+p appear near 14.6 MeV and mix through residual interactions.

It is noted that the energy of 14.6 MeV is very close to the effective

a+ C(2^) threshold and is above the 15N+p threshold for the decay

of the 1~ level. If, as a result of mixing, one level with a large

component in the a-channel comes out enough below another level

with a large component in the proton-channel, the former may have

small penetration factors and hence very little possibility of being

observed. The latter, however, may be observed through the proton-

channel and is considered to correspond to the state found by

Frawley et al. A comparison of the level parameters of the OCM

1~ level with those observed by them is not appropriate and is

therefore not made in table 2.

The 15.26 MeV 2* level may also be discussed from the viewpoint

of chernel-mixing. The level is not easily observed in the

elastic 15N+p and 12C+a scatterings but is observed in the

N ) C reaction. Frawley et al. have xeproted that the level

It is reasonable to assume that the level has a small mixing of the

proton- and a-channel and consists dominantly of the a-channel.

The level parameters of the OCM 2+ level are compared with those of

the observed level at 15.26 MeV in table 2. it is noted that

Stroetzel and Goldman18' obtain the total width of 500±200 keV

from inelastic electron scattering.

The 14.67 MeV 5 level is considered as a single particle

resonance with a large a-width in the elastic channel. It is

interesting to remember that the lowest a-clustering states with

spin 0+ to 5" (6.05 MeV 0+, 6.92 MeV 2+, 10.35 MeV 4+, 9.63 MeV l",

11.60 MeV 3", 14.67 MeV 5~) have a dominant component in the elastic

channel 0+* U=J), while the lowest 6+ state at 14.82 MeV has a main

component in the inelastic channel, 2+x (J,=J-2). This is explained

by the balance of the following ; the energy loss due to the

excitation of C and the energy gain due to the lower orbital

angular momentum.

It is noticed from the previous work and from this work that the

OCM reproduces almost all the resonances below 15 MeV in excitation

energy. This, as well as the anqular distributions, establishes the

validity of the OCM. The natural parity levels which cannot be

predicted by the OCM in the energy range studied are 0+(14.03 MeV,

r-200±50 keV), 0+(15.17 MeV, F-190±30 keV), 2+(14.92 MeV, r~69±10

keV), 3~(15.45 MeV, T-100±20 keV). Among these, the lower 0+ and

the 2 levels have a considerable amount of branching to the protor-

decay, and seem to suggest the importance of coupling the C+a

channel to the N+p channel. The 14.92 MeV level previously

has very small proton- and ao-width (1<H2O keV) and a larqe t^-width.
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assigned J n=4 + has been shown ' to have J1F«2+ and is considered

as a counterpart of the 2 + level at 15.26 MeV. That the proton-

channel may easily couple to the a-channel for J^3 and excitation

energy greater than about 14.5 MeV (E o,10 MeV^iB also supported

from the consideration of the effective threshold, as will be

discussed in sect. 4. In addition, the experimental facts noted

in subsect. 3.1. also support this conclusion.

3.3 Effect of channel-coupling due to coupling interactions

We have shown in ref. 5 that the coupling of the elastic

channel to the inelastic channel is very important in the OCM

analysis for the elastic scattering. On the other hand the

effect of channel-coupling in the POT elastic scattering has

been found not so prominent as in the OCM, especially for high

incident energy. To explain this we have pointed out a difference

between the Born series expansion of the T-matrix elements t

and T i i (OCM) in powers of the coupling interaction AU;

(35)

(36)

The Born series of t ^ does not include the first order term of AU

while that of T ^ does include it. We have conjectured that the

difference of the effect of the channel-coupling is mainly brought

about by the first order term, presuming that the Born series (35)

and (36) are so rapidly convergent that the second or higher order

term becomes negligible.

The Born series of the T-matrix elements for the inelastic

scattering starts from the first order in AU in both the

POT and the OCM. The conjecture mentioned above is examined in

fig. 4 where the full coupled-channel calculation (CC) for the

inelastic scattering at £ =10 MeV is compired with the DWBA calcu-

lation which takes into account the terms up to the first order.

It is seen that the DWBA does not approximate the CC very well for

either the OCM or the POT, indicating that the conjecture about

the rapid convergence of the Born series is not always true and

thatterms higher than the first order are very important.

In the following we examine higher order effects of the channel-

coupling induced by AU. To obtain the value of each term in the

series (24) and (26) requires high accuracy in the numerical calcu-

lations so that we estimate the contribution of higher order terms

by investigating those T-matrices t.. (A) and T'l-tA) which are

obtained with the use of the coupling interaction AAU (04A=l)

instead of AU.

We show in fig. 5 typical examples for X-trajectories of t ^ ' (A)

and T:~ (A) which are defined as

f (1)

Ailc

(A)

(A) .

(2)

-

(37)

(38)

The curves shown in fig. 5 correspond to three sets of the channels:

(i) from k=(02) to i=(20), (ii) from k=(02) to i=(22), and (iii) from
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k=(04) to i=(22), respectively. Here the symbol (la) stands for

a set of the channel spins, the spin I of C and the relative

orbital angular momentum 2.. If the terms of higher order than the

first in powers of AU are small enough, the trajectory remains

near the point corresponding to the first order term (tJ^ or T^')

against the change of A. However, it is seen from the figure

that the variations of the trajectories are very large in particular

in the OCM case. Clearly this demonstrates the importance of the

second (and higher) order terms and is consistent with the result

of fig. 4 that the DWBA prediction deviates by a large amount from theCC

calculation. That the trajectories are not straight lines as is

shown in fig. 5 indicates the importance of the third order term

in the Born series. Further analyses on the second difference

have suggested that in the OCM the second and third order terms

are of the same order of magnitude as the first order term . More-

over higher order terms contribute to the total T-matrix elements.

However, the contribution from the higher order terms seems to be

small in the POT in contrast with the OCM.

We have also investigated the convergence of the Born series

at E =9.0 and 12.0 MeV. The calculation has shown the general

tendency that the effects of the higher order terms in case of the

OCM appear to be very strong for the T-matrices corresponding to

'r.he grazing angular momenta. On the other hand the importance of

the higher order terms in case of the POT are observable for the

T-matricss with lower partial waves but not so clearly noticiable in

the grazing partial waves as in case of the OCM.

We have observed in the OCM angular distributions that thei'

appear different oscillatory patterns between the DWBA and CC

predictions for the inelastic scattering (fig. 4) as well as the

elastic scattering (fig. 7 of ref. 5). This is understood in terms

of higher order effects of the CC T-r/iatrices at the grazing

angular momenta since these momenta make an important contribution

to the oscillatory pattern of the angular distribution.

In the case of the POT scattering both thn angular distribu-

tions predicted by the DWBA and the CC show a rather similar

behavior though the magnitude of the inelastic scattering cross

section shows large differences between the DWBA and the CC,

reflecting the minor contribution of the higher order terms to

the CC T-matrices corresponding to the grazing angular momenta.

As has been pointed out in subsect. 2.2, the difference between

the expressions of the Born series for the T-matrices in the OCM

and the POT is given by the operator R° of eq. (18). In the OCM

R operates on the wave function v and the Green's function g ;

in the POT it does not. The results studied here indicate that

the higher order terms of the Born series, expanded in powers of

aU, become significant when R operates on v and g . At present

we do not know why R° plays such a role in the Born series.
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4. Summary and discussions

We have investigated bottithe elastic and inelastic scattering

12of o-particles on C in the range of incident a-particle energies

of 9 to 11 MeV with the use of the orthogonality condition model.

The magnitudes and patterns of the angular distributions are satis-

factorily reproduced. The results of the calculation for the

excitation energies, a-widths and branching ratios of the resonances

are in good agreement with experiment. This work and a series

of our studies have shown that our approach is the best for

an understanding of the elastic and inelastic scattering of

o-particles on 12C and the structure of 0 up to 15 MeV excitation

energy. The coupled-channel orthogonality condition model has

been found to be powerful for describing the scattering involving

a deformed nucleus.

The potential used in this paper is obtained by folding the

two-nucleon interaction with the densities of the a-particle and

the C nucleus which is described by the SU(3) (04) wave function.

It has been pointed out that the main term of the coupling interac-

tion is induced by the quadrupole deformation of C.

The effects of channel-couplings have been examined by

expanding the POT and OCM T-matriees in the Born series. The

expansion of the OMC T-matrix, which is obtained by replacing the

wave functions^ and the Green's function g with those multiplied

by the operator R , has been shown to have formally the same form

as the expansion of the POT T-matrix. The DWBA which takes into

account the terms up to the first order has not reproduced the CC

angular distributions of the inelastic scattering very well in

case of both the OCM and the POT. The second and higher order

terms of the Born series have been found to contribute significantly

to-the full T-matrix(in particular around the grazing angular momenta

in the case of the OCM.

While we have neglected the N+p channel in the present

analysis, we have found evidence which suggest,the importance of

thischanneljespecially for total angular momentum J£3.

We cannot predict several states which have a large branching

to the proton-decay besides the a-decay,such as the 0 (14.03 MeV) and

2+(14_92 MeV) states. To reconcile the OCM predictions for the resonances

with Jn=l~ and 2+ with experiment, we must assume the existence

of almost degenerate states in the C+a and N+p channels and

the mixing of these two channels. It has been found, from the

analyses on the absorption parameters and angular distributions,

that the agreement between theory and experiment deteriorates at

higher incident a-particle energies where the flow of the incident

flux to the N+p channel becomes important.

It is instructive to discuss qualitatively to what extent the

proton-channel becomes important in the energy range studied here.

Fig. 6 shows various decay channels of O. The channels of

<x+12C(2*) and p+15N(l/2~, gnd) are active above the excitation

er.ergy of 14 MeV when we estimate the respective Coulomb barriers

as 3.7 and 2.7 MeV. The n+15O(l/2~, gnd) channel is still closed

below 15.7 MeV. There are three active channels of a+ C(01),

a+12C(2*) and p+15N for excitation energies of 14.0 to 15.7 MeV

- 22 -



which correspond to incident a-particle energies of 9.1 to

11.4 MeV. The effect of the proton-channel, however, becomes

negligible as the total angular momentum J increases because the

centrifugal barrier of this channel rapidly increases with J.

To examine this we assume the effective potential between the

proton and 15N as -5G/U +exp( (r-1.25xi51/3)/0.55) ] (MeV) plus the

Coulomb and centrifugal potentials, and estimate the effective

thresholds defined as the barrier height and the minimum values

at the potential pocket as a function of J. Table 3 shows that

both the threshold and the potential minimum exceed by far the

excitation energy considered in this paper in the case of j^4. This

indicates that the proton-channel may probably couple to the a-channel

in the case of Ĵ 3 but can be neglected for higher J, which

is consistent with the results of the numerical analysis presented

in sect. 3. To extend our model so os to include the proton-channel

will be a more ambitious and reliable irtudy.
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Figure Captions
The values corresponding to X = 0 are marked by the double

Fig. 1 Comparisons of the calculated real phase shifts (a) and
circles and along the trajectories a black circle is put

the absorption parameters (b) with the empirical ones
each time the value of X increases by 0.1. Shown are the

The solid, dotted and dashed curves represent the OCM,
examples, (i) from i = (I «) = (0 2) to k = (I' «,') = (

POT and empirical values, respectively.
2 0), (ii) from i = (0 2) to k = (2 2) and (iii) from i =

Fig. 2 Elastic and inelastic scattering of a-particles on C.
(0 4) to k = (2 2).

The solid and dashed curves represent the cross sections 16
Pig. 6 Decay channels of 0.

with the OCM and POT, respectively. The open circles denote

the experimental values taken from refs. 11, 12 and 13.

Fig. 3 Elastic and inelastic scattering of a-particles on C.

The solid curves are the POT calculations where the optimum

value of the interaction strength Vfl is chosen for each

incident a-particle energy. The values of Vfl employed are

the same for both positive and negative parity states:

8.76, 9.00,

10.14 and 10.26 MeV, respectively. The dashed curves

represent the OCM calculations with the use of the parameters

described in the text. The open circles denote

experiment ll).

Fig. 4 Comparisons of the inelastic scattering cross sections

by the DWBA (dash-dotted curves) with those by the CC

(solid curves). In the upper part of the figure the POT

results are shown and in the lower part the OCM results.

The open circles denote the experiments .

Fig. S Trajectories of t|£'(X) (light curves) and T|£'U> (bold

curves) at E = 10.0 CeV when X changes from zero to unity.
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Table 2 Values of the energies Ext widths r and channel components of the resonances

Ex(in MeV) rb)(in keV) Channel components0 xlOO(calc. with bound state approx.)

exp cal exp cal exp

15.26 15.62 300

360

780 0.04

0.17 24

0.14 8 51 47

1

6

22

1

6

0

0

.5

.01

13.88 13.93 75±7 120 0.65±0.05 0.94 37

0.95 70 42

75 0.4510.05 0.48 41 99

28 62

7 2

74 5 f

59 39 0.2 0.4 1 0.9 0.2

24 43 39 39 34 0.1 0.2

20 2 0.4 0.9 0.5 0.1 0.005

41 0.4 42 42 41 0.1 0.002

a) The experimental values for the 2= scate are based on ref. 17, and the data for the other states

are taken from ref. 14.

b) The width F denotes a sun of TQQ and ?a..

c) These quantities are defined by eq. (40) of ref. 6.



r

Table 3

Effective thresholds Q defined as the height at the barrier

peak R and the minimum values V at the potential pocket, R1 ,

for the N+p channel. The values of Q and V are given relative

to the ground state of 1 60. There is no peak for J > 4.

J

R(fm)

Q(HeV)

R1 (fm)

V(MeV)

0

5

14

2

- 1 6

. 7

. 8

. 1

. 5

1

6 .

1 3 .

0 .

- 3 2 .

3

6

0

8

2

5 .

1 4 .

2 .

- 1 6 .

7

8

1

5

3

5 .

1 8 .

2 .

0 .

0

0

5

06

4

4 .

2 4 .

2 .

1 8 .

4

0

9

0
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