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Abstract

~The n +0¢ and p + oL systems are considered with the resonating-
group method in the one-channel approximation. The nucleon-nucleon
potential used has both 2 central nart and a srin-orbit component.
From the results it is found that very good agreement with exverirent
can be obtained in the(energy,region below the reaction thresholds.
Tr. fact, even above the reaction thresholds where the one-channel
approvimation is expeéted to be less valid, the results are quite

satisfactory. An effeétive potential betweeh the clusters is also

‘constructed. From this potential it is determined that ﬁhe requife-

ment of antisymmetry for the total wave function is very important.
In particular, it creates an odd-even feature, vherein the effective
central and the effective one-bodyvspin-orbit potentizls in the odd-4

states are sppreciably different from those in the'even-ﬁ states.



1.. Introduction

Single-channel resonating-yroup calculations have hitherto been
performed for‘a number of nuclear systemsl)'using a rather simple
central nucleon-nucleon potential which does not contain & repulsive
core and which has equal range in. the triplet and singlet states.
rhese calculations have generally yielded satisfactory but not - -
close agreement. with the experimental results. In those cases
where the singie-chahnel approximation is expected to be good,
such as ol + o and °L+5He scaitering in the energy region belovw : .
or close to the reaction thresholds, it is our belief that the lack
of a close agreement is not caused by the use of a potential without
repulsive core?), but is mainly a consequance of the simplified
nature in the long-rangze part. Indeed, it was our finding that the

calculated level spacings, which depend rather sensitively on the

3,h).

range of the nucleon-nucleon potential, were in genéral to0 large
' 5)

Motivated by this, we have introduced in our most recent calculation
an improved potential which has different triplet and'singlet'fénges
and wﬁich gives a very godd fit to the low-energy two-nucleon scattering
data. This potential was used to study the o+ oL scattering prob-
‘lems) and excellent results were in fact obtained. Thus it seems
worthwhile to use this improvéd potential to étudy other systems with
the resonating-group method. In this éalculation, ve conéi&ér the

o + n and oK+ p.systems; these are choéeﬁ since the low compres-
sibility of the o¢ cluster and the high reaction thresholds enable
us again to employ the one-channel approximation over a wide energy
renge. As will be seen below, such a calculation does yield results
vhich are significantly better than those obtained using the potential
of our older caléulation6). |

Also, o two-nucleon spin-orbit potential will be used in the

calculation, with the depth and range adjuéted to give a best fit

to the experimental ol + p and ol + n data in the low-energy region.



Clearly, the addition of such a noncentral componenf is necessary

in order to explain the observed splittings in the scattering phase
shifts. It is realized, of course, that the introduction of a ‘
tensor interaction will be a more desirable:procedure; but, the
calculation, if carried out vroperly, willzbeéqme ruch more compli-
cated. 1In any caée, the primary purpose of our calculétion with

a non-central potential is to extend our previéus study on the

&)

effective interaction between the clusters™’. In particular, we

‘wish to gain knowledge about the nature of the non-central part of

this interaction, with the hope that one can then use this infor-
mation to constuct more realistic one-body spin-orbit potential in
the optical model. TFor this latter purﬁose; it is our opinion
that the use of a simple two-nucleon spin7orbit pbtential, which
could however lead to satisfactory agreemeﬁt with the experimental
ol + p and ol + n results, should be duite sufficient. '

| In the next seétion, a brief formulation of the problem will
be given, together with a discussion of the central potential,

the'spin~orbit potential, and the ap?rokimations-Which are present

" in thre calculation. In sect. 3 we discuss the method used to

determine the depth and range of the spin—orbit interaction and
present the results for the phase'shift, Ccross seétion,_polarization
and spin-rotation parameter. Here also, the effect of the exchange
Coulomb interaction will be briefly studied. |

In sect. 4 we shail discuss the effecfive ol + .N potentials
derived by using the wave functions obtained from the resonating;

group calculation. Finally, in sect. 5, cahcluding remarks ‘are

made,




2. Formulation

In theé one-channel approximation, the wave function for the o(’+1 N

system is written es

Ep"_: ﬁ[ (,i‘(hﬂ, fz'[_j r‘l‘)jo‘ (A//;/é’z; 4’3,14’4,‘t|/t2't3’t4)
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vhere A ‘is an antisymmetrization operator, and the plus and minus
signs sre for the- o+ P and - oL+ n systems, respectively. The

function 50‘ is a charge-spin function and has the form
50‘(4[}4/'2} ,4/3/ /44 ; .6' ’tZ( -tj , t4_>
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vith d(2,74) ana O (%, "¢ )  denoting the spin and isobaric
spin functions, respectively. The ﬁmction ‘ﬂx describes the
spatisl behaviour of the ol cluster and is given by

= exp[ -4 Z (L- R«) ]

% (=1 | (3)




where

[?g is the position vector Qf the center of mass of the
ol clustéf; The width parameter o is éhosen'*o yield the
experlmentally determined value of the rms radius of the nucleon
distribution in the alpha part1cle7), it is equal to 0.51h fm-z,
which corresncndsto a rms radius of l.h8»fm8).' The function

'q;;li; is a normalized spin—anglé~funétion, belonging to

a state of total engular momentum J .whose z-component is M and

- which is a‘combination of an orbital angular momentum L wvith

1/2. Finally, the functions £,  describe the

relative motion of the clusters and are determined from the vari-

a spin s

ational principle

* _ - d7T = | :
Ocjg/(H E’Y Y dT o oy

vhere I is the Hamiltonian of the system and E' is-the total energy,
composéd of the internal energy of the cluster and the relative
energy E in the c.m. system.

The nucleon- nucleon potential is chosen as

‘V“J',z [22&' Vt+ o ”ﬂ 5 Rjr]

v, exp (-Ar REANICE £) (8 87) S
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where Vt and VS are the S-wave triplet and singlet potentials, given

by . .
Vt e~ VOt exp ("(trz) )

(6)
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The constants Vot,’it,‘v and}(s are adjusted to yield the correct

0s
values for tae two-nucleon effective-range parameters; in this way,

we find thatS)

Vor = 66.92 MeV)
Kt‘ = 0.415 A'{m'z,
Voo = 29.05. -Me Vv,
Ke = 0.292 {-‘m'z_

The parameters u, Vx and A, on the other hand, cannot be determined
from ‘the low-energy two-nucleon S-wave scattering data. In this
caleculation, we shall fix them by requiring that an overall good
fit to the experimental o+ N scattering data be obtained in

the energy region below the reaction thresholds, with particular
emphasis being'given to the behaviour of the P-wave shase shifis

in the resonance region. Thié will be discussed in more detail

in the next section.

In our calculation, a one-channel approximztion has'been
adopted. This means that the cpecific distorfion effect, i.e., the’
distortion effect over and above that already implicitly given by
the anticsymmetrization procedure, is not properly accounted for.
Also, to facilitate computations, we have employed . a rathér simple
nucleon-nucleon potential which contains no repulsive core. It is
hoped that, by fixing the value of u as de?cribed»above, we can
partially correct for the defects caused by the adoption of these -
simplifying assumptions.

It should be mentioned, however, thatfthe value of u determined
by the sbove-mentioned procedure should be close to 1, since it is
known that the experimentalAtwo-nucleon scattering data favour a
necar-Serber exchange mixture. If the resultant value for u should
turn out to be quite different from 1, then we should take it as a
clear indication that this crude vrocedure of varying u is not
accurate enough and more elaborate calculation'mqst be performed.

The nucleon-nucleon potential used here has two important

(7)



. . . 1 :
features not nresent in most of our previous calculations ). Firss,

the central part of the potential has different ranges in the triplet
and singlet states. As a consequence of thié, the effective-range
parameters can be well fittedS). Second, 3 vhenomenological two-
nucleon spin-orbit term has been introduced. This is necessary since
the experimental phase shifts are known to be split and a non-central
potential of this type is the simpleét.one which could account for
such splitting. , '

As was mentioned in the Introduction, the use of this potential
in the ot + o  case has yielded excellent resultSS). In fact,
the resultant value for u was equal to 0.925, wﬁich is gquite reasonable
in view of our discussion above. .

Bven with these improvements,,fhis nucleon-nucleon pctential
has still no.saturating character. Therefore, it is again necessary
to adort the c¢rude probedure of fixinj the width pardmeter ol as
0.51k fm'2 whiéh yields the correct value for the rms radius of the
nucleon distribution in the alpha particle. Using this value, the
expectation falue of the élpha-particle Hamiltonién obtained with the
function Yo of eg.(3) is -26.6 MeV, vhicn is,‘fdrtunately, quite
close to the experimental velue of -28.3 MeV. -

Using eq.(4), integrodifferential equations for the functions ;fiL'

can be dzrived. They have the form

B odr ) ] -
{3/: T~ ) E T o= et - Mgy Vso () Foal®)

I " . o _ -
=f ['k.t (rre')+ 'k}. (r,r')+7JL/kASO(r,r’)] {T-i(r')drr’
° f’ (8)

vhere p is the reduced mass end the quantities q?Jl, are given by

Tus g™ % Tesm Al Ts0=0. NCE



and VSO are the dlrect nuclear-central notentlal,

”he functions Vw’ VC
the direct Coulomb. potential and the dlrect spln -orbit notentizl,
respectively, while the functions kl, B kiL and kL S0 represent the
~ kernels arising from the exchange charncter in the nucleon-nucleon
potential and the antisymmetrization’ procedure. The expressions for
these functionz are guite léngthy and will be given in the'Appendix.
By solving eq. (8) numerically, ﬁhase éhifts in the variou: (J,4)
states can be obtained. Using these phase .shifts, the differential
cross section 407911 , the polarization P and. the spin-rotation

parameter P are given by the relations

L = l?la"'.f’f\-»ll

adl
2 Ke ( 79€A?)
p =
191 + |4l ,
| i &1%,(3A*);]
p= don. [ 1417 - 1A (10)

In these equations, the guantities g(6) znd h(e) are the spin-independent
znd spin-dependent scattering amplitudes; in terms of the phase chifts,

they can be expressed as
+ -

' (8, . o+ ) -
gior= v £ T (e ans’ + e Mang]
) o A

uo—- . :
- AR 8T o9 aif
”L(Q) = 'fz' ; [e Lmok* -~ e LMJL ].e ‘L
| » d P (e 0) -
x .
i dlc=0) | (12)

where fC is the pure-Coulomb scattering amplitude, (:L is the
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Coulomb phase shift, and él*'and. 61- are the nuclear phase shifts
for J= A+ 1/2 and J=" 4 - 1/2, respectively. ‘

3. TResults

3.1 COMPARISCN WITH PREVIOUS RESULTS

One of the major improvements in this calculation is that a
nucleon—nﬁcleon potential with different renges in the triplet and
singlet stateu 1s employed. Thus it is interesting to compure the
resulis obtalned vith this poteqtlal with those of our previous
calculatloné) where a s1mpler nucleon-nucleon potentlal was used.
For this purpose, we omit the spin-orbit term in eq. (5) and choose
a value for u which yields a good fit to n +X phase shifts
calculated using the ceéntral part of the oﬁtical potential obtained
recently by Satchlir et al, from a phenomenologicai gtudy of the
' 9

experimental data The comparison is shown in fig. 1, where the
so0lid and dashed lines represent the phase shifts calculated with
the potential of this investigation (u = O. 99) and the potential of
our previous studyf’ 6) (y = 0.95), re°pect1ve_y, ‘while the crosses
represent the phase shifts of Satchler et al as described above.
From this figure, it is clear that the introduction of the feature
about the ranges of the nucleon-nucleon potential does result in

a significan*ly better fit to the n + « A scattering data.

Together ‘with our previous finding that excellent reeults can
also be obtained in the ol + oL caseS), this leads us to believe
that, at least in the low- and medium-energy region, the use of a
near-Serber potential which yields a good fit to the low-energy
nuclecn-nucleon scattering data is quite sufficient in a resonating-
group calculation on light nuclear systems. The adoption of a
potential with A repulsive core ic of course desirabie, but, in

11

our opinion, not & really necessary procedure.

Af . The phase shifts given here are slightly different frem those
given in fig. 4 of ref. 6. The reason 1s that the exchange Coulomb
interactior, omitted in Ref. 6, is properly taken into account in this
calculation. ' | '

1t seec also ref. 2.
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3.2 PHASE SHIFTS

To determine the appropriate values for the parameters u, V, and
A in eq.(5), the following procedure will be adopted.. We chcose a
value for the spin-orbit range A and then adjust the values of u and
V, tc attempt to obtain a good fit to the n +o¢ phase shifts in

the energy region telow the reactioh;thresholds, as‘given by the
analysis of Morgan and Waltcrslo). The results show fhat it is
possible to fit these data very well using a wide range of values
for A. In tabie 1, four sets of these'parameter values are listed;
for convenience, these will be referred to as Set I, II, III and IV
in the following discussions. B |

From table 1 it is gratifying to note that while the value of u
is somewhat dependent upcn the choice of thé spin-orbit parameter X,
it zlways remains close to 1. As was discussed in the previbus

“section, this is an indication that the éssUmptions used in this
calculation are reasonably valid.

the results for 3, 5l+ and di— caleulated with Set I and Set ITT
are shown in fig. 2. 1In this figure the crosses rexresent the empirical
values for these phase shifts obtained by‘MQrgan and Walterslo). liere
one seés that the agreement between thé caléulated'and tﬁe empirica
values - is gquite good, with Set III perhapé marginally favoured over
set I. | '

With the same parameter values oﬁtained from fitting n + oL
data, we have also computed the P f'bi phase shifts. The results for
Set I and Set IITI are shown in fig. 3, where the experimentnl data-of

Brova et El.ll) » Satchler et 35.9) R and Weitkamp and Haeberlila) are
also shown. Here aghin, one sees that the agreement 1s guite satisfactory,
with the guality of fit Leing similar to that in the n +o  case.

For future references e have listed in tables 2AandA5 the values
of the n + o and p + o phase shifts for L=0 to 5. These
values ere cilculated with Set IIT. With the other sets, the values,
especially at higher energiez, are somevhat difTerent; for erawmsle,
ot 4O MeV with Set I, they are egual to 60.99°, 61.63", 35.72°, 31.50°%,

0O Q (0] -+ - + 4- -
bk, 16.99°, 4.62° for  §, &7, &7, 60, Iy, 85, &

in the N + « cise,.



In table 4 we compare the result of Set IIT with the real parte'of the
empirical phase shifts ob%ained by Giamati and Thalerl ) at 32 MeV for the
p + . system. From this table it is seen that even at such an energy where
the one-channel resonatihg-group calculation is expected to be less valid due
to fhe presence of various open reaction channels, the agreement is still
quite good. This indicates that, even with its present simplified formulation,
the reSOnating-group'caiculation can yield fesults vwhich are very useful in
situations where the lack of sufficient experimental information would other-

1)

wise iﬁpede the execution of a detailed phase-shift analysis .

3.3 CROSS SECTIOW, POLARIZATION AND SPIN-RdTATIQN PARAMETER

' Iﬁ this subsection we compare the results of our calculation for the
dlfferentlal cross section, polarization and spin-rotation parameter with
those from experimental measurements 12,15-20) for the p + ¢ system at
energies both below and above %he reaction éhreshelds.

Comparisons are made for the differential cross sections at 13.94% and
24.77 MeV in figs. 4 and 5, where the solid and dashed lines represent the
results for Set III and I, respectively. Hefe it is seen that the calculated
results are quite satisfactory at both energies and noechoice can be made
between these two sets. |

The polarizations calculated at 7.9, 13. oLk, 23. OM and 31.95 MeV are shown
in figs. 6-8. From these figures one notes that Set III, which has a spin-
orbit potential of rather short range, is slightly preferred over Set I. Also,
there is a trend towards better fits at lower energies. At 31.96 MeV the be-
. haviour of the calculated polarization is certainly correct, but detailed 4
agreement with experiment is lacking. As has been observed in other calcu-
lationsl) involving light nuclear systems, this is most likel& caused by the
adoption of a one-channel approximation in. our calculation. To remedy this
one would either have to perform the difficult task of taking into account the
various reaction channels explicitly or adopt a.simple but less accurate pro-

cedure of including a phenomenological imaginary .potential in the formulation.

1 In an optical-model study of 5He + o ‘scattering, Brownlj)has found that
the real part of 5l is only slightly affected by an adjustment in the ima-
ginary optical potential. From this we conclude that such a comparison is

in fact quite reasonable.
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The calculated and experimental results for the spin-rotation
parameter £ at 38.3 MeV are shown in fig. 9. Here also one finds
that the theory czplains tlie data quite vell. But for a more detailed
discussion it scems prudent to wait ﬁntil the results of a batter
bcalculation, vhich takes into consideration the presénce of the open

reaction channels as described in the above paragraph, become available.

5.4 ETFECTS OF EXCPANGE COULO!'B POTENTIAL AND TWO-NUCLEON SPIN-ORBIT
POTENTIAL ' ‘

In our previous calcul&tionsl>, we have computed the Coulomb
interaction between the clusters by using only the unantisymmetrized
par: of the wave function. For simplicity, the exchange Coulomb
interaction, represented by the quantity kfb'(r,r’) in eg. (8), has
been set equal to zero. Here we try to determine the importance of this
interaction by performing calculations both with and without the quantity
ki being included. The result is shown in fig. 10, vhere the p + &
phase shifts, obtained by uvsing u = 0,99 and V, = 0, are shown in the
energy rangze of O to 18 MeV, with the solid and dashed lines fepresenting
the cases with and without thre exchange Coulomb interaction, respectively.
Trow this figure, it is scen that the exchange Coulomb interaction
plays a relatively minor role. In fact, one can easily compensate for .
its omissicn by adjusting the‘value of u slightly. This is aléo showm
in fig. 10, vhere the crosses represent the values of the phase shifts
calculated by omitting ki (r,r’), but with u adjusted to be 0.955.

There is, however, one important feature contained in fig. 10 which
should be pointed out., The exchange Coulomb interaction is attractive
in the £ = 0 state, but repulsive in the .£ = 1 state. This indicates
that, in general, it may not be possible to omit the exchange Coulomb
term by making o conmpanseting adjustment in the value of u. This can
be done in the present case Qf'ﬂ'+0L scatterinz simply because the
exchange Touloxdb interaction has a very minor influence on d; , which
happens to be also rather insensitive-to a small adjustment in u. 1In
a general case where the phase shifts are more sensitive to the value
of u, thre exchang&boulodb term may have to be included, if a detailed

agreement with experiment is desired.
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Nekt, we briefly discuss the question of whether it is necessary .
to include a spin-orbit term in tne fwo-nucleon potential, insofer as
fitting experimental data is éoncernéd. In the energy region where
there are sharp resonance levels, for iﬁstahcel‘around 2 MeV-'in the
p + o case, the inélusion of such a potential term is certainly
necessary. 0a the othef hand, in the energyAregion where no sharp
level exists, semi~-gquantitative agréément with experiment can sti1l.
be obtained even with a purely central nucleon-rucleon potential,
This is illustrated with Set IIT in fig. 11, where the solid and
dashed lines represent the results for the differential cross section
of p +ol scaltering at-13,9h MeV with and ﬁithout the two-nucleon
spin-orbit term. As is seen, the main difference between these two
curves occurs only in the region of the diffraction minimum af about

1109; at other angles, the difference is in fact quite minor.

4, Effective Potential

In this section we continue our study on the effective potential

between the clusters, vhich was initiated in our previous investigaticn

6)

on the o + N system ’. To avoid unnecessary complication, we shall

omit the exchange Coulomb interaction and define thé effective potential

as

*

VJAL- (r) = VN(r) + 7J£/ Vso(r) . -

o0 ‘ :
N sO
+ 1 k + k £yt ' (13
'f‘?ﬂﬂjo(t (£ ‘)w(r)d’” -

>

where the functions f are obtained from solving eg. (8), with

A JL
kzr,set as zero. Clearly, because of the particular way of construction,

*
the potentlal VJL/

dependent and different in various (J,£ ) states.

has rather compliéated.features, being energy

. ) *
For convenience we shall further express VT as
L

L
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with Vce and Vo’e being the effective central and effective one-body

spin-orbit potentials, respectively. They are given by

q o % M
Voo =TT T Vesrfe, e * *""z-l/z,L] , (45)
and
* *
A . o
Voe™ L ¥ 1 ( VL‘+1/2,£ - VL-1/2,£) (16)

Obviously, these potentials are both energy- and A-dspendent. The
energy dependence is, however, quite slight, as is fouﬁd by explicit
calculation; hence, the main coneern here will be to investigate the
nature of the _{ -dependence of these potentials.

The effective central potential V , calculated with Set IIT, is

illustrated at 2 MeVv for £=0to03 in fig. 12 ) For corparison,

the direct central potentlal VN is also shown. From this figure one
can easily see the odd-even effect ’3), wherein the potentials in the
0odd- £ states are quite different from those in the even- £ states.
Also, it is noted that the antisymmetrization procedure plays an
important role. The effective ﬁotentials in all £ -states are very
different from the direct potential VN° In fact, the even-{ potentials
have only a rather weak attractive component, a feature also found by '
Swan and Pearceel) from a phenomenological analysis of the empirical
phace~ shi‘t data. -

The effective spin-orbit poten*t'!.al‘vo,e at 2 MeV with Set TIT and

the direct spin-orbit potential Vso are shown for the n + o case in

t ”he curve for A = 0 in fig. 12 is actually for the effective potential
V. N ~which 1s smely related to the effective potential V:,o ’
2

as was explalned ref. 6.



fig. i}. T'ere one sees again that the antisymmetrization effect need
to be properly considered. The effective spinforbit potential has
not only an odd—even\feature, but is also more attractive than the
direct potential VSo
To have a semi-quantitative estimate of the importance of the

in all orbital-angular-momentum states.

- anti-symmétfization procedure on the effective spin-ortit potential,
wve have performed a calculation where the kernel kio is set as zero
and a multiplicative factor is introduced to the potential VSO' The
result shows that if this multirlicative factor is chosen to be
around 1.3, the phase shifts given in table 2 can be roughly reproiuced.
This indicates,that,'in this particuiar case, the anti-symmetrization
procedure has about a 30% effect and is certainly important ehough
to warrant careful consideration. )

" Finally, we heve briefly studied the effective exchange Coulomb
pbtential‘defined as

[o5]

C Cc ) ' /

Ve« = % f Ay (reD fpy (A (a7)
JL Jo S

_aﬁd found that it is short-ranged and has also a distinct odd-even
feature. 1In the case of p + & scattering, this potential is attractive

in even-f states, but repulsive in odd-f states.

5. Conclusion :

In this study we have considered the & +p and «+ N systems with
the resonaling-group method in the one-chanhel'approximation. The
nucleon-nucleon potential used has both a central part, which has unegual
renges in the triplet and singlet states, and a spin-orbit component.

The results show that with a near-Serbér exchanze mixture and approvriate
values for the depth and range of the spin-orbit potertial, very good
fit to the empirical phase-shift data can be obtained in the energy
region below the reaction thresholds. ‘In fact, even above the reaction
thresholds where the result is not expected to be as good, the agreement

with the experimental cross-section, polarization and spin-rotation-



parameter data is quite satisfactory. .

We should point out that there are phenomenological aspects in
our calculation. The depth and range of the nuclédn-nucleon spin-
orbit potential and the exchange-mixture parameter u are adjusted to
yield a best fit with the low;energy n+ot scattering deta. But,
it should be mentioned that the adjustment in the value of u is rather
liﬁited'due to ourAinsistence that the resultant exchange nixture
should be close to that of a Serber potential.. Also, it is interesting
to observe that in a purely phenomenological analysis by Satchler EE<EE'9):
the number of parameters used to obtain a good fit with the n + « -and
p + o scattering data below the reaction thresholds is ten. Thus, it
seems to us that the present approach, which combines theoretical
consideration with a small number of,phenomendlogical paramefers, is o
very useful way in dealing with nucléar scattering problems.

We have also used the resultant wave function to construct an effective
potential between the clusters. The main purpose here is to assess the
importance of the requirement that the wave function be antisymmetric with
.Arespect to the exéhangez:the incident nucleon with a nucleon in the target
nucleus. From the result it is found that the antisymmetrization effect
‘is indeed quite important. In particulér,'it creates an odd-even feature,
wherein the effective central and the effective one-body spin-orbit
poﬁentials in the odd- L stateé are appreciably different from those in
' the even-{ states. It should be recalled that in the usual én&lyses
on heavier systems with the optical model, this particular feature is
not at ell considered. .Thus, from our viewpoint, the optical poteontial
used presently does not have enough flexibility and further "analyses on
heavier systems with an optical potential thch does take the odd-even

feature into account may very well be quite worthwhile.



Appendix ' A i8

EXPRESSIONS FOR THE DIRECT POTENTIALS AND THE KERNELS

The expressions for the direct ﬁo‘tentials Vs Veo and Vg, and

the kernels k.N, k.50 and k,C are as follows:

L’ 7L 4
. od T ' o K
V(0= —g' Vy (440, -1+ 2b; - 24;)‘(;}:;—,&:)‘
. 4 :
X exp(- —:j;—r2> , (A1)
4&4—3"{
. )
with
Vo = Vit , Viz= Voo ,
.\l = Kt ) K2—= K“ ,
N,—b.—wz"“—bz—- ‘U—/4_
m = A= Ma= Ay, = (2-W)/4
. 52 |
5 4o - bot N
. = =V, (——— ) exp (- ___,.z) A2)
VSO(r) 2 7‘(4a+3x P( hot4+ 3N - ( -
- gz’e® wé ,_
Vetn = —— 2 [(7 r} - - _ (A3)

with z, 2' being the atomic numbers of the two clusters and

y
d (V)= —;—:j exp (-t*) dt.
l’r .

)

N , £* 2 | | '
*/al ('”J,)= —‘5;“\7‘. Zj; V_oi(y:% ES | (A4)
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where M is the nucleon mass and E' is given by

£'= E+ Ex ;

' ‘f\z % 2/ aX
E = —o(—ZG(w""")V( >+e<—‘;

o :2M Z oL+2K

A=l

3, 4 %é : 34 2 /
o (B (B e [ 2 e )]

' R1E e ey o (32 )8 e _3__]
X >_ 1125 fr )S;z(qsd s X T< d)

with

g
,SL(V)»— y-“i(.))r)

L+3 ,

T, = 31;2(*)”:% 7 g 77

and 3 (vre’) being a hyperbolic spherical Bessel function,

3 - 3k : -
() (5 {(‘“ﬁ.‘*"‘;’-ﬂ%*il»;)sl(%a- 22 K1)

X expg[—'ﬁ%‘i&i (r*+ r;.z)]
3/,
+ (-3w, -3m;) (d::'() 34 ) "P[ —f o (T3 r'z)J

% 3o +6uou(-
)5, (

-t (‘:3134‘37“') Tsw+ 50K,

3d+aK
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- . k2 A,. 2 . )
- 340 + 2% K, 34 4 10Tk, . '
X [eXP.(“ K rz' — 'i r/l) |
TS ot + 50K 75t + SoK:

. K ‘ . . ‘
o 340"+ 108Ky 34"+ 28K
+ exp (‘ , < re - ACPNE ):{
o 15+ SoK, S IS« 4 50 l‘,‘ ‘

%)”‘sxf,—ww ]

>

", So N % . So 32 . 32
34 + 43)\ -
X exp[ : (r3+ r’z)] (AS)
5 .
QL (r,r’)= L, ) For M+t x sSystem
%‘ ’éi P , | for. I'p+ ol"»S)’Stem (A6)
where

4o V2 2o T 2 32 | 34 2
L) (%) S (B e[ Feiree]
2

- ()

and
3 3%, . .
CP = i ___4.0( 2 ’ — 34 2 ’2
4 —""(5) 37 e(awrr)%exP[ —~759((r +r )J

) { f eXP( 759<rr )a(/u) d/u
: - (r*+1r'? ;arrﬁ) ,

Mo

+ f .—é—exP(‘ %#”}*'?@(E—;Q) a(/t).o{/*



-

- T’{ ?"P(“ = f*‘*"-"/'“) NF—E Q’)E(/)yt

with

Q= 7'5—( 256 r2 + ler't+ 128 rr}u)

Y , 2 2 . > 2 ’
Q'z.TE ( 16 4+ 25Lr _-+: 1g9 rr/u)




Table 1

Values for the parameters u, V, and A

Set numb A
et number e 2) . (;\\Ifgv\ , u
I | 0.46 11.0 0.97
TI 1.0 48,5 0,96
TIT 2.0 22,8 0,95
v 3.0 591.1 0,94 4 |




Table 2

n + ol phase shif‘ts, in degrees, calcuwlated with Set III

23

50.0

18.56 7.8

(VeVv) 50 J, 6 52,* d, 53+ ‘53 é:: 54 55 55
0.5 161.35' 20,43 2.60
0.7 1157.99 | 46.12 L.38
0.9 [155.10 | 77.65 6.50 | 0.01 0
1.0 |153.78 | 89.85 T.67 | 0.01 O
1.5 [148.07 | 115.68 1k.4o | 0.02 O
2.0 {143.33 | 121,13 22,04 | 0,05 0O | 0,01 O
2.5 139.23 |122.05 29.74 | 0.08 0,01| 0.01 0.01
3,0 | 135.59 | 121.44  36.77 0.14 0.02| 0,02 0,02
4.0 {129.28 | 118.8% L7.45 | 0.29 0,05| 0.05 0.0k
6.0 | 119.21 | 112.68 57.28 | 0.82 0.19| 0.18 0.15
8.0 |111.27 | 107,03 59.41 | 1.70 0.k5| 0.41 0,34 | 0.01 0.01
10.0 | 104.70 | 102.09" 58.66 | 2.93 0.81} 0.76 0.62| 0,03 0.03
12.0 | 99.11 | 97.76 . 56.82 | 4.50 1.26| 1.22 0,98 0.07 0.05 | 0,01 0.01
16.0 | 89.97 | 90.52 52.19 | 8.45%°2.32| 2.48 1.89| 0.20 0.17 | 0.03 0,03
20.0 | 82.70 | 84.63 47.55 |13.03 3.38| k.09 2.92| O.b4 0.35 [:0.09 0.08
25,01 75.34 | 78.53 42.26 [ 18.78 L.Lk| 6,43 L.23| 0.90 0.69| 0,20 0.18
30.0| 69.30 | T73.%2 37.58|23.90 5.09| 8.97 5.40| 1.54 1.17 0.38 0.33
1 35.0| 64.23 | 69.08 33.46 | 28.13 5.35|11.55 6.35| 2.35 1.64 | 0.62 0.53
50.0| 59.88.| 65.24 29.81] 31.47 5.34|14.05 7.07| 3.29 2,17 | 0.9% 0.78
52,83 1 59.02 23.69 | 36.08 4.79 5.42 3,17 1L.75 1.35




Table 3 '

'p +of phase shifts, in degrees, calculated with Set III

2l

-~ + - - + - 4+ -

N R VO A P P S O I A A I P A IR SRR
(MeV) :

0.5 173.27 2.36 0.71

0.7 170.05 5.53 1.49

0.9 | 167.10| 10.68  2.52

1.0 165.72 | 1k.23 3.14 o

1.5 | 159.57| L4.81 .07 ] 0.00 O |

2.0 154.38 | 82.21 12.26 | 0.02 O

2.5 149.85 | 101.26 18.32 | 0.05 O | 0.01 O

3.0 145.82 | 108.96.  24.75 0.08 0.01| 0.01L 0.0

.0 | 138.84|113.17 36.75 | 0.19 0.03] 0.0k  0.03

6.0 | 127.73] 111.13 51.53 | 0.59 0.12| 0.1 o0.12

8.0 118.99 | 106.79 56.72 | 1.30 0.32 0.3% 0.29 | 0.01 0.01 |

10.0 | 111.80)102.k% 57.57 | 2.35 0.63| 0.64° 0.54 | 0.03 0.02 |

12.0 | 105.70| 98.42 56.61 | 3.72 1.04| 1.06 0.87 | 0.06 0.05 | 0.01L 0.0l
16.0 95.79 91.48 52.82 | 7.32 2.04| 2,22¢ 1.71 | 0.18 0.15 | 0.05 '0.03
20.0 87.82 85.70 4B8.48 {11.65 3.09| 3.71 2.72 | 0.39 0.32 | 0.07 0.07
25.0 | 80.08 | 79.70 L43.47 |17.28 4.22| 6.00 k.02 | 0.82 0.65 | 0.18 0.16
30.0 73.63 .68  38.91 |22.49 4.97| 8.40 5.15 | 1.43 1.05 | 0.36 0.31
35.0 68.20 70.28  34.72 |26.92 5.37{10.90 6.17 | 2.20 1.56 | 0.59 0.50
40.0 | 63.53 | 66.50 31.10 |30.45 5.k1 13.&1 6.93 | 3.0 2.05 |0.89 0.7k
50.0 56.15 60.20 24.97 | 35.40 k.99 18.00 7.76 | 5.20 3.06 | 1.68 1.31

«««««



Table 4 -

A comparison of the phase éhifts,in degrees, obtained

using Set III with the empirical phase shifts of Giamati
and Thaler at 32 MeV for the p +& system

+ - A o + .- + - | -
50 5’. g' g2. . 52 : 53 5:3 54 é_4- gs’ (S—S'
This A .
Calculation 71.3 | 72.8 37.1|24.4 s5.2| 9.5 5.6 {1.7 1.3 0.5 O.L
Giamati and ; '
65.5 | 7h.5 33.8|23.8 6.5(12.8 7.1 |3.6 0.3|1.5. 0.9

Thaler
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Fig.

Fige.

Fig.

Fig.

Fig.

Fig.

Figure Captions .

Comparison of n + e phase shifts obtained with the central

potential of eg. (5) (solid lines) snd the potential of S

ref. & (dashed lineés). The data points shown are obtained

by using the central potential given in eq. (8) of ref. 9.

Phase shifts foi n +® scattering obtained with Set I .
(dashed lines) and Set III (solid lines). The data points
represent the'empirical phase shifts of Morgan and Walters
(ref. 10).

Phase shifts for p + X scattering obtained with Set I
(dashed lines) and Set ITI (solid lines). The data points
represent the empirical phase shifts given in refs. 9, 11
and 12, “

s Cbmparison of p +« differential cross sections calculated

using Set I (dashed line) and Set TII (solid line) with
experimental data at 13.94 MeV. The'experimental data are
those of ref. 15. ' o

Comparison of p +® differential cross section calculated
using Set ITI with experimental deata at 24.T7 MeV. The
experimental data are those of ref. 1A.
Comparison of p +« polarizations calculated using Set I
(dashed line) and Set III (solid line) with experimental

data at 7.9 MeV. The experimental data are those of

refs. 17 and 18.

Comparison of p +¢ polarizations calculated using Set I
(dashed 1line) and Set III (solid line) with experimental
data at 13.9% MeV. The experimeﬁtal data are those of ref. 12,



Fié. 8:

Comparison of p + ™  polarizations calculated usiﬁg Set IIT

. with experimental data ét 23,04 and 31.95 MeV. The experimental

Fig. 9:

Fig.l1l0:

Fig. 11:

Fig. 12:

Fig. 13:

‘data are those of ref. 19.

Comparison of p +o spin-rotation parameter calculated using
Set IIT with experimental data at .38.3 MeV. The experimental

data are thosé of ref. 20.

Fhase shifts for p + o scattering vith (solid lines)'and
without (dashed lines) the exchange Coulomb interaction.

The crosses represent the values of the phase shifts calculated
without the exchange Coulomb inte;action, but with u adjusted
to be 0,955, ‘

Differential cross sections for p +e scattering at 13°9h M=V

with (solid line) and without (dashed line) the nucleon-

nucleon spin-orbit potential.

The effective central potential Vce at 2 MeV, calculated with

Set IIT, and the direct central potential V. in the n + &« case. -

N

The effective spin-orbit potential Vpe &b 2 Mev, calculated
with Set III, and the direct spin-orbit potehtial Vo in the

n +ol casee

28
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