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Abstract

The n + 06  and p + 06  systems are considered with the resonating-

group method  in  the one-channel approximation. The nucleon-nucleon

potential  used  has  both  a  central  part  and a spin-orbit component.

From the results it is found that very good agreement with experiment

call be obtained in the energy region below the reaction thresholds.

Ir, fact, even above the reaction thresholds where the one-channel

npproximation is expected to be less valid, the results are quite

satisfactory.  An effective potential between the clusters is also

constructed.  From this potential it is determined that the require-

nient  of  antisymmetry  for. the total wave function  is very important.

In particular, it creates an odd-even feature, wherein the effective

central and the effective one-body spin-orbit botentials in the odd-f

states are appreciably different from those in the even-£ states.

#
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1. Introduction

Single-channel resonating-Group calculations have hitherto been

1)
performed for a number of nuclear systems using a rather simple

central nucleon-nucleon potential which does not contain a repulsive

core and which has equal range  in- the triplet and singlet states.

These calculations have generally yielded satisfactory but not

close agreement. with the experimental results.  In those cases

 ·,here the single-channel approximation is expected to be good,

such as  oL + 06   and   cl +3He scattering in the energy region below

or close to the reaction threshold.s, 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 consequence of the simplified

nature in the long-range part.  Indeed, it was our·finding that the

calculated level spacings, which depend rather sensitively on the

rn.nge  of the nucleon-nucleon potential,  were in general too large3,4).
51

Motivated by this, we have introduced in out most recent calculation

an improved potential which has different triplet and singlet ranges

aiid which gives a very good fit to the low-energy two-nucleon scattering

data. This potential   vas   used to study   the      ci  + ot scattering   prob -
£)lem' and excellent results were in fact obtained. Thus it seems

worthwhile to use this improved potential to study other systems with

the resonating-group method.  In this calculation, we consider the

00 +  n and  04 +    p systems; these are chosen since  the low compres-

sibility of the 06 cluster and the high reaction thresholds enable

us again to employ the one-channel approximation over a wide energy

ronge.  As will be seen below, such a calculation does yield results

which are significantly better than those obtained using the pot5ntial

of our older calculation6).

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

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

to the experimental     06 4.  p  and   06 +  n  data  in the low-energy region.
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Clearly, the addition of such a noncentral component 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 properly, will.become much more compli-

cated.  Iii any case, the primary purpose of our calculation with

a non-central potential is to extend our previous study on the
6)

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-

motion to constuct more realistic one-body spin-orbit potential in

the optical model.  For this latter purpose, it is our o©inion

that the use of a simple two-nucleon spin-orbit potential, which

could.however lead to satisfactory agreement with the experimental

06  +   p  and   GL +·n results, should be quite sufficient.

In the next section, a brief formulation of the problem will

be given, together with a discussion of thd central potential,

the spin-orbit potential, and the approximations which are present

in the 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, cross section, polarization

and spin-rotation parameter.  Here also, the effect of the exchange

Coulomh interaction will be briefly studied.

In  sect.  4 we shall discuss the effective  06 + N potentials

derived by using the wave functions obtained from the resonating-

group calculation.  Finally, in sect. 5, concluding remarks are

made.
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2. Formulation

In the one-channel approximation, the wave function for the 06'+ N

system is written as

 -               fol(fi  ,   fi,   f3,   I-4 )    i         (  6,·, .·4 2 ,  43  , A-4 ; ti, t2, 6, t4 J OL

ec> J--1 i
r.

x l 8 ( 5.*t ) 226 Z .f fic.)9*1
J=     1=J-i                                          J.6 it  J «                          (1,

)

where 99 is an antisymmetrization operator, and the plus and minus

signs are for the   c2 + p and   ol + n systems, respectively.   The

function jw is a charge-spin function and has the form

<  (4„A.2, 043, &14; t,,te, 23 't*)4 66

=        6    (A,   ,  121    6    (t.,  12)     6    (42,21)     El  #2,-213

X   3   (53   - )   J (  6 ,  *  )   J   (/4,- i)   S  ( 4, - * )' 1,

(2)

with  J (,4,7'15)  and  &(t, 7'lt> denoting the spin and isobaric
spin functions, respectively. The function tfec describes the

spatial behaviour of the of cluster and is given by

4

91 =   exp I - "  «  Z  ( r. -  g. )' J
t=,                  3               (3)

-
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where  -Rot  is the position vector of the center of mass of the

06  cluster. The width parameter  oL is chosen to yield the

experimentally determined value of the rms radius of the nucleon
distribution in the alpha particle7); it is equal to 0.514 fm-2,

which corresponds to a rms radius of 1.48 fm8). The function

 ]111 1      is a normalized spin-angld function, belonging  to

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

which is a combination of an orbital angular momentum 1 with

a spin s = 1/2.  Finally, the functions f describe theJ.L
relative motion of the clusters and are determined from the vari-

ational principle

J fp *   CH-E')    P    d Z           O (4)

where II is the Hamiltonian of the system and E'  is ·the total energy,

composed. of the internal energy of the oL cluster and the relative

energy E in the c.m. system.

The nucleon-nucleon potential is chosen as

(3.

v = I '+  6     4     +     ' ... PGr   14  ]f l- +     *     pj  J2-11   r 1

(1           2                2

_ Vl.exp (-Ar )(6 --rj) x (1 ,'-  j).C' ' 4 G-i) 1- '._ Z A

2e
+                             C   1  +    17,2   ,  C   I  +   732  )         ,4% (5)

where Vt and Vs are the S-wave triplet and singlet potentials, given

by

     =    -   lt  exp  ( - Ict r2 )
Vt                              )

(6)

Vb = - Ve* exf  (- f. r*).
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The constantn Vot, lit' Vos and Ks are adjusted to yield the correct

Values for the two-nucleon effective-range parameters; in this way,

we find that 5)

\/ = 66.qz MeV
'Ot

-2

2                    0.4 1 5        fm      ,

V04 29.05        M e V, (7)

11*            O.292     f™-2

The parameters u, V  and X, on the other hand, cannot be determined

from the low-energy two-nucleon S-wave scattering data.  In this

calculation, we shall fix them by requiring that an overall good

fit to the experimental  ol + 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 phase shifts

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

in the next section.

In our calculation, a one-channel approximation has been

adopted.  This means that the specific distortion effect, i.e., the

distortion effect over and above that already implicitly given by

the antisymmetrization procedure, is not properly accounted for.

Also, to facilitate computations, we have employed.a rather simple

nucleon-nucleon potential which contains no repulsive core. It is

hoped that, by fixing the value of u as described above, we can

partially correct  for the defects caused by the adoption of -these

simplifying assumptions.

It  should be mentioned, however,  that the value: of u determined

by the above-mentioned procedure should be close to 1, s·ince it is

known that the experimental two-nucleon scattering data favour a

near-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 procedure of varying u is not

accurate enough   and  more elaborate calculation   must be performed.

The nucleon-nucleon potential used here has two important
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1)
features not Present in most of our previous calculations . First,
the central part of the potential has different ranges in the triplet

and singlet states.  As a consequence of this, the effective-range
5)parameters can be rell fitted . Second, a phenomenological two-

nucleon spill-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 simplest one bhich could account for

suchsplitting.

As was mentioned. in the Introduction, the use of this potential

in  the      ot  +   ck         case has yielded excellent results5).     In  fact,
the resultant value for u was equal to 0.925, which is quite reasonable

in view of our discussion above.

Even with these improvements, this nucleon-nucleon potential

has still no saturating character.  Therefore, it is again necessary

to adopt the crude procedure of fixing the width parameter oL  as

0.514 fm which yields the correct value for the rms radius of the
-2

nucleon distribution in the alpha particle.  Using this value, the

expectation value of the alpha-particle Hamiltonian obtained with the

function (foc   of eg.(3) is -26.6 MeV, which is, fortunately, quite

close to the experimental value of -28.3 MeV.

Using eq.(4), integrodifferential equations for the functions fit
can be d3rived.  They have the form

f f r -'le -
eLL+,) 1

i .r . 8.r, r i         J    +     E     _       VN (r)   -     Vc I r)   -    1:r,t    Vs o  (r) 1    fil(r)     -

00

-5   I,£wir,r') +  ,A,cir,r')+ 9     4.     (r,r')1  f    (r')dr'
.    SO

(Jl K 3  31

°                                                         (8)

where B is the reduced mass and the quantities 1jj, are given by

9 64,1                                 '                     lt- t,
1 ,

=1 = -(1+1) , 74 0= O .       (9)
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The functiuns V V  and V are the direct nuclear-central potential,
N'  C      SO

the direct Coulomb. potential and the direct spin-orbit potential,

respectively, while the functions klN, kic and k ,SO represent the

kernels arising from the exchange character in the nucleon-nucleon

potential and the antisymmetrization procedure. The expressions  for
these functions are quite lengthy and will.be given in the Appendix.

By solving eq.(8) numerically, phase shifts in the variouL  (J,1 )

states can be obtained. Using these phase shifts, the differential

cross section dq/iA , the polarization P and·the spin-rotation

parameter B are given by the relations

dw-
1 1 1=  +    1.t l a01 il

2  Re   2  9*4)P=
1  9 1 0+  1.4 i        ,

2 -  -1 I  1 I...,(.14.) 1        (10)1  3 13 -   1.Ll·'       J   .

In these equations, the quantities g(e) and h(e) are the spin-independent

and spin-dependent scattering amplitudes; in terms of the phase shifts,

they can be expressed as
+                     -

ice)  =     fc   +     .1-    72    I  (1+,)c'4.3.'A, 4+   +   1  e,31'-/»zfl1

li 07x e F,    C  eeg. e ) (11)
,

(6.+   ·   t       &6£-       - 7  21.W.
1(e)  -    t    E   f  e       »- 0-4    -   e      »4 4   J  e/(

d  11 ( Co e)
x    »n, e 01   c  c ce.  e ) , (12)

where fc is the pure-Coul.omb scattering amplitude,  «L  is the
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Coulomb phase shift, and 31  and 6£- are the nuclear phase shifts

for J=  1 4  1/2  and  J=  1 - 1/2, respectively.

3.  Results

3.1  COMPARISON WITH PREVIOUS RESULTS

One of the major improvements in this calculation is that a

nucleon-nucleon potential with different ranges in the triplet and

singlet states is employed.  Thus it is interesting to compare the

results obtained with this potential with those of our previous

calculation where a simpler nucleon-nucleon potential was used.
6)

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 + 0< phase shifts

calculated using the central part of the optical potential obtained

recently by Satchler  et  al·from a phenomenological study  o f the
9) .

experimental data     Tne comparison is shown in fig. 1, where the

solid and dashed lines represent the phase shifts calculated with

the potential of this investigation (u = 0.99) and the potential of

our previous study
- (y = 0·95), respectively, while the crossest,   6)

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 significantly better fit to the n + a scattering data.

Together with our previous finding that excellent results can

also be obtained in the el + 0,   case5), 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 is of course desirable, but, in
it

our opinion, not a really necessary procedure.

t   The phase shifts given here are slightly different from those

given in fig. 4 of ref. 6. The reason is that the dxchange Coulomb

interaction, omitted in Ref. 6, is properly taken into account in this

calculution.

ft  See also ref. 2.
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3.2 PHASE SHIFTS
To determine the appropriate values for the parameters u, VA and

X in eq. (5), the following procedure will be adopted..<We chGose.a

value for the spin-orbit range X and then adjust the values of u and

VA tc attempt to obtain a good fit to the n + of phase shifts in

the energy region below the reaction.thresholds, as given by the

analysis of Morgan and Walters .  The results show that it is10)

possible to fit·these data very well using a wide range of values

for X.  In table 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.

From table 1 it is gratifying to note that while the value of u

is somewhat dependent upcn the choice of the spin-orbit parameter X,

it always remains close to 1.  As was discussed in the previous

section, this is un indication that the assumptions used in this

calculation are reasonibly valid.

The results for d0, 3 1-  and dl
calculated with Set I and Set III

are shown in fig. 2.  In this figure the crosses represent the empirical

values for these phase shifts obtained. by Morgan  and Walterslo).    Vere

one sees that the agreement between the calculated and the empirical

values'is quite good, with Set III perhaps marginally favoured over

Set I.

With the same parameter values obtained from fitting n  + ol

data, we liave also computed the p  + 0, phase shifts.  The results for

Set I and Set III are shown in fig. 3, where the experimental  data -of

Brown et al. , Satchler et El. , and Weitkamp and Haeber].i are11)                  9)                           .12)
--

also shown.  Here ag3in, on sees that the agraement is quite satisfactory,

with the quality of fit beinL similar to that in the n   + cl case.

For future references ve have listed in tables 2 and 3 the values
of     the    n        + 9 and p  + oL phase shifts for Ag.= 0 to 5.  These

values are c:lculated with Set III.  With the other sets, the values,

especially at higher energies, are somewhat different; for example,

at 40 Mev with Ret I, they are equal to 60.99 , 61.63-, 36.720, 31.60',
4.140, 16.900, 4.620 for  2-0,  3.1. '  2-1-'  6-2 '  cfz-'  d.3 ,  d-3
in the 'n 4. 0< case.
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1
In table 4 we compare the result of S6t III with the real parts of the

14)
empirical phase shifts obtained by Giamati and Thaler at 32 MeV for the

p + oL. system. From this table it is seen that even at such an e:iergy where

the one-channel resonating-group calculation is expected to be less valid due
to the presence of various open reaction channels, the agreement is still

quite good. This indicates that, even with its present simplified formulation,

the resonating-group calculation can yield results which are very useful in

situations where the lack of sufficient experimental information would other-
1)

wise impede the execution of a detailed phase-shift analysis

3.3  CROSS SECTION, POLARIZATION AND SPIN-ROTATION PARAMETER

In this subsection we compare the results of our calculation for the

differential cross section, polarization and spin-rotation parameter with
12,15-20)those from experimental measurements for the p + 4 system at

energies both below and above the reaction thresholds.

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. Here it is seen that the calculated

results are quite satisfactory at both energies and no choice can be made

between these two sets.

The polarizations calculated at 7.9, 13·94, 23.04 and 31.96 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

agreement with experiment is lacking. As has been observed in other calcu-

lations involving light nuclear systems, this is most likely caused by the1)

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.

t                                3                        13)In an optical-model study of   He  + H 'scattering, Brown has found that

the real part of 31 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 S at 38.3 MeV are shown in fig. 9.  Here also one finds

tliat the theory explains   the data quite T·-ello      But   for   a more detailed

discussion it seems prudent to wait until the results of a better

calculation, which takes into consideration the presence of the open

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

3.4     EFFECTS OF EXCHANGE COULOI'B POTENTIAL AND TWO-NUCLEON SPIN-ORBIT

POTENTIAL

In our previous calculationsl), we have computed the Coulomb

interaction between the clusters by using only the unantisymmetrized

part of the wave function.  For simplicity, the exchange Coulomb

interaction, represented by the quantity k  (r,r' ) in eq.  (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

k  being included. The result is shown in fig. 10, where the .p + 4
phase shifts, obtained by using u = 0.99 and VA = 0, are sliown in the
energy range of 0 to 18 Mev, with the solid and dashed. lines representing

the cases with and without the exchange Coulomb interaction, respectively.

From  this
 

figure,  it  is  seen  that the exchange Coulomb interaction

plays a relatively minor role.  In fact, one can easily compensate for

its omission by adjusting the value of u slightly.  This is also shown

in fig. 10, where the crosses represent the values of the phase shifts

calculated by omitting
k  (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 attracEive

in the   55 = 0 state, but repulsive  in the    1 =  1  state. This indicates

that, in general, it may not be possible to omit the exchange Coulomb

term by making a comp3nsating adjustment in the value of u.  This can

be done ill the present case of N + od   scatterin,3 simply because the

exchange Coulomb interaction has a very minor influence on 3/ , which

happens to be also rather insensitive to a small adjustment in u.  In

a general case where the phase shifts are more sensitive to the value
#

of u, the exchanglCoulomb term may have to be included, if a detailed

agreement with experiment is desired.
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Next, we briefly discuss the question of whether .it is necessary

to include a spin-orbit term in the two-nucleon potential, insofar as

fitting experimental data is concerned.  In the enerer region where
tliere are sharp resonance levels, for instance, around 2 MeV 'in the

p ·1- oL  case, the inclusion of such a potential term is certainly

necessary.  01 the other hand, in the energy region where no sharp
level exists, semi-quantitative agreement with experiment can still

be obtained even with a purely central nucl6on-nucleon potential.

This is illustrated with Set III in fig. 11, where the solid and

dashed lines represent the results for the differential cross section

of p + od scattering at 13.94 MeV with and without 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 at about
0

110.; 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, which was initiated in our previous investigatipn
on the  ol +  N system6). To avoid unnecessary complication, we shall
omit the exchange Coulomb interaction and define the effective potential

as

v* C
V  (r)    + 77 V    (r)J,6 \r)     N lJ,6 SO

+ 1
    e'( k  N     +       .7Jl,      k.1, (9 fJ.6    (r '  )   dr'                      (  13)f       (r)   J o   '    iJt

where the functions f are obtained from solving eq. (8), with
J.6

kt  set as zero. Clearly, because of the particular way of construction,
*

the potential V has rather complicated features, being energy
'T.6

dependent and different in various (J,1,) states.
*

For convenience we shall further express V asJL
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*
51 (r)     =     V        (r) +

91 V   (r) , (14)
ce (Jt Ce

with V and V being the effective central and effective one-body
ce O- e

spin-orbit potentials, respectively.  They are given by

*
V       1                       t L V

*

1 (15)
ce 21 +1

8£ 4 1)     V £+ 1/2,
Z 2-1/2,1   ,

and

* *
1

v = (V
-  VAL-1/2 L

  (16)0-e 21 + 1 ,          1+1/2, Z

Obviously, these potentials   are both energy- and 1-dependent.     The    

energy dependence is, however, quite slight, as is found by explicit

calculation; hence, the main concern here will be to investigate the

nature of the  1 -dependence of these potentials.

The effecuive central potential Vce' calculated with Set III, is
--t)illustrated  at  2  MeV for    .1 =  0 to. 3  in  fig.  12    . For comparison,

the direct central potential V„ is also shown.  From this figure one

can easily see the odd-even effect , wherein the potentials in the
I   1,3)

odd.- 1     states are guite different from those   in  the  even- 2 states.

Also, it is noted that the antisymmetrization procedure plays an

important   role. The effective potentials   in  all 1, -states   are   very

different from the direct potential V In   fact,   the   evdn- 1      potentials
No

have only a rather weak attractive component, a feature also found by

Swan and Pearce from a phenomenological analysis of the empirical21)

phare-shift data.

The effective spin-orbit potential V at 2 MeV with Set III andGe

the direct spin-orbit potential V are shown for the n + 0 case in
so

4- The curve for t= 0 in fig. 12 is actually for the effective potential
*

5
Vl  O  ,  which is simply related to the effective potential Vl,0   ,

Z'                    in                                                                    z
as was explainedAref. 6.
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fig. 13· :Tere one sees again that the antisymmetrization effect need

to be properly considered.  The effective spin-orbit potedtial has

not only an odd-even feature, but is also more attractive than the

direct potential Vso in all orbital-angular-momentum states.

To have a semi-quantitative estimate of the importance of the

anti-symmetrization procedure on the effective spin-orbit potential,
SO   

we have performed a calculation where the kernel k£   is set as zero
and a multiplicative factor is introduced to the potential V The

Sol

result shows that if this multiplicative factor is chosen to be

around 1.3, the phase shifts given in table 2 can be roughly reproduced.

This indicates that, in this particular case, the anti-symmetrization

procedure has about a 30% effect and is certainly important enough

to warrant careful consideration.

Finally, we have briefly studied theeffective exchange Coulomb

potential defined as

c i r 00
V                     -                        *Lc(  r. r')   fj£(r')    dr''                                     (17)

ex               j- 31,   J  0

and found that it is short-ranged and has alsh a distinct odd-even

feature.   In the case of p + 4 scattering, this potential is attractive

in even-L states, but repulsive  in  odd- 1 states.

5.  Conclusion

In this study we have consid.ered  the  « +p    and  9 +7      sys:tems  with

the resonating-group method in the one-channel approximation.  The

nucleon-nucleon potential used has both a central part, which has unequal

ranges in the triplet and singlet states, and a spin-orbit component.

The results show that with a near-Serbdr exchanle mixture and appropriate

values for the depth and range of the spin-orbit potential, very good

fit to the empirical phase-shift data can be obtained in the energy

region below the reaction thresliolds.  In fact, even above the reaction

thresholds where the result is not expected to be as good, the agreement

with the experimental cr,ss-section, polarization and spin-rotation-
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parameter data is quite satisfactory.

We should point out that there are phenomenological aspects in

our calculation.  The depth and range of the nucleon-nucleon spin-

orbit potential and the exchange-mixture parameter u are adjusted to

yield a best fit with the low-energy n + 01 scattering data.  But,

it should be mentioned that the adjustment in the value of u is rather

limited due to our insistence that the resultant exchange mixture

should be close to that of a Serber potential.·  Also, it is interesting
9)

to observe that in a purely phenomenological analysis by Satchler et al.--

the number of parameters used to obtain a good fit with the n + 0   · and

p + ed  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 phenomenological parameters, is a

very useful way in dealing with nuclear 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

respect to the exchange'  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 particular, it creates an odd-even feature,

wherein the effective central and the effective one-body spin-orbit

potentials  in  the odd-1 states are appreciably different f'rom those  in

the even- 1 states. It should be recalled that in the usual analyses

on heavier systems with the optical model, :this particular feature is

not at all considered.  Thus, from our viewpoint, the optical potential

used  presently  does  not have enough flexibility and further -analys-es  on

heavier systems witli an optical potential which   does   take   the   odd-even

feature into account   may  very  well be quite worthwhile.



-

Appendix                               18

EXPRESSIONS FOR THE DII·ECT POTENTIALS AND THE KERNELS

The expressions for the direct patentials VN, VSO and VC, and

the   kernels   klN,    ki.SO   and   k    are 'as follows:

v» Crl- - ;i v" C 44,- "4 ., b, - ' 4, ) (,4 :, ts),/2
/             4 Ot   f i 1\ (Al)x expl- S)

4 4 +  3<i )

with

VM    -        Vot                   ' Vol =   VOA.   ,

ft  -  'Ct                It*
= <& ,

*A-,   =    bi   =     ijz   =    -b z   =       41/4 ,

-     41=      mi=      -  'A i   =       (2-  ii)/4"771 1   -

5             /        4 4        \572              /          4 0(X 2\ (A 2)
VSO (r) =- -i-VA C  40(+3X ) 40 +3X   /

exp l- r   1

Z

    (r)  =                                3
2 z' e

f     [   C    44)1  r  ]                                                -                -         C  '3)
Cr

'

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

ry

35  (9) =   --3- j      exp (-t2).oltR .

42N (r,r')=-- J- TV. Or + E't (A4)
42      Z

1         aM
Z.-4                04        vi

4=1
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wkiere  M  is the nucleon  mass  and  E' is given  by

E' -    E  +  E*    ,

with

34

E   -  3.1 1 4  -  i  6  (f + mi ) Vo,  C    4 1
1   /   30<

aL 2 M 1 .     4   4 +2 Iii   /           +     e      C -ir-)Icrl
>

*   3,    4 4   )<exp  l. _34   «  (ra. +   r, 2)1J =  (5) (  3'm j 75

F 47 /561 a , -r  / ,1.1  *, )   9 32 \
/2,6 0(£( r'.+r'2)3 (li.0,1 - - d rr  M (75 )Jx    ls- 4   0,   (75 0')-     „ a s 1  .ls / 111S

,

With

47r
31  C  9 )   ==     --9        J t, =1    C    grr'  )

)

' f. A
71 C ') -   t'r        1      0( ,r ")

-

,        (V r r' ) 1
1+  23                             1) r r'    u £+ i

and      
(g r r' ) being a hyperbolic spherical Bessel function, -

-

. 36 r , 32 30 ., 7

49   -    (P'( %9     ](-i«, + 4*11- ail + 44.) c 75 :25    \./
1 -0/ -  - 4 .  1

X expl-      75f  340< + 4-3 <2 (rl+ r,2) 

+ (-3 wi - 37,1,)
c *11 * 5's

c 22. 0() exp
I- - - 0( ( rl+r'l) 

34

75                     75

/ 34

)36 S ( 31 « 2+ 64«<': 1+ (-3.5 -37%) l
30+ifi 1 ,      155 + SOK·  ./(#
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I                     /               3 4 4 2+   1 X  =< /(' 

2.
3 4 8 2+   l o y W ti     .      . 2    \

x  exp (-              r                   r' ))
75 0 + SOK· 754 +  So K ·

 1                               \.

/_ 34022+ 101.(Iii
34.1 2 +  n y o' N.i      r,2   )3  3+   e x p  (                                     r t-

7 5 et  +   so 'S 75 0   4   50    1:
>

6 - ("1)'( -ti '/.S, (ti«) ex't- 11«(r,-'r ,-J
'2. \ 7

3'rr

, SO 3   7     4 °<    \ 3/3   f          5 9 32 31X 3
.k*         C  r 'r"   =       VA  (s)     C --311)          C    « -  3 A   )    St    <   75

«
15   1

X  ex p  _  34ot + 41 1 c r a  +   r,2 )1 (AS)
75

C                                                C 92

1<   C r, r,)      4.'t                  for  9'L* 0<  Systen,
'

CP
for P + 0£ System (A 6)1

where

34. i
4                              39  /    C  ir /         4,1 (759() exf L-  95 4 (r  +r   )_1C.= -(t.)3(-ii-  C 21)2 22 9 /3.2 7 r 34 2     4.7

1 1

and

* C    t/2. 1  P = _ ( ) C -34)  e (2'11'rr') expf- % « ( r,-' r.,)J
32

,{if
'

e x p  (  -   95   «  r r.:" )  11  ( /u)

C   r a+   r,2  -   0  r rp)z            F

/  31

+     f, "      t-   e x,    1    -    'R  «  r r> )   *  (13'  0 )     tl   (/'i)   ar
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r' 1
+I - exf (-   Al  «r.f )  Of  ( '/   Q, )  11 (/i) f''

4 -1                    Q '

With
2

Q  =     it-    (   2 5 6   r 2    +     1 6  r,2   +     1 2  8   r '-21  )          ,

Q,-   1   (   16 r2  -1,   25L r'2  4    129  r r *„    15                                       -
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Table 1

Values for the paranieters u, VA and 1

Set number              1           VA            u
(fm-2) (Mev)

I 0046 11.0 0.97

II 1.0 48.5 0.96 :

III 2o0 224.8 Oo95

IV 3.0 591.1 0.94
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Table 2

n + el phase shifts, in degrees, calculated with Set III

( aN)   S°     6     6,-    6,+  62-   S.  33-  S -   &4-   85*   S5
+

0.5 161.35 20.43 2.60

0·7 157·99 46.12 4.38

0.9 155·10 77.65 6.50 0.01   0

1.0 153·78 89.85 7.67 0.01   0

1.5  148.07  115.68 14.40 0.02   0

2.0  143.33  121.13 22.04 0.05 0 0.01  0

2.5  139.23  122.03 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  118.84 47.45 0.29 0.05  0.05 0004

6.0  119.21  112068 57·28 0.82 0.19  0.18 0.15

8.0  111.27 107.03  59.41   1.70 0.45  0.41 0.34  0.01  0001

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  4.09 2.92  0.44  0.35 :0.09  0.08

25·0 75.34 78.53  42.26  18.78 4.44  6.43 4.23  0.90  0.69  0.20  0.18

30.0   69.30   73.42  37.58  23.90 5.09  8.97 5.40  1.54  1.13  0.38  0.33

35.0 64.23.  69.04  33.46  28.13 5.36 11.55 6.35  2.35  1.64  0.62  0.53

40.0  59·88  65.24 29.81 31.47 5.34 14.05 7.07 3.29 -2.17 b.94 0.78
50.0   52.83   59·02  23.69  36.08 4.79 18.58 7.84  5•42  3.17  1.75  1.36
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Table 3

p +ol phase shifts, in degrees, calculated with Set III

0-t + + t-
E       0      1    3,    Sy  JI 33 J-3- 54 54.-  5 55

(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 14.23 3.14

1.5 159.57 44.81 7.07 0.01   0

2.0 154.38 82.21 12.26 0.02   0

2.5 149.85 101.26 18.32 0.05 0 0.01   0

3.0 145.82 108.96 24.75 0.08 0.01 0.01 0.01

4.0 138.84 113.17 36.75 0.19 0.03 0.04 0.03

6.0    127.73  11i.13   51.53   0.59 0.12  0.14   0.12

8.0 118.99 106·79 56.72 1.30 0.32 0.34 0.29 0.01 0.01

10.0 111.80 102.44 57·57   2.35 0.63  0.64   0.54   0.03   0.02

12.0 105.71 98.42 56.61 3.72 1.04 1.06 0.87 0.06 0.05 0.01 0.01

16.0 95·79 91.48 52.82 7.32 2.04  2.22' 1.71 0.18 0.15 0.03 0.03

20.0 87.82 85·70 48.48  11.65 3.09 3.71 2.72 0.39 0.32 0.07 0.07

25.0 80.08 79·70 43·47  17.28 4.22 6.00 4.02 0.82 O.63 0.18 O.16

30.0 73.63 74.68 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 5.41 13.47   6.93   3.07   2.05   0.89   0.74

50.0 56.15 60.20 24.97  35·40 4.99 18.00 7.76 5.20 3.06 1.68 1.31

4

.1...

...

...12.
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Table 4

A  comparison  of the phase  shifts, in degrees, obtained

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

i..                                                                  1

30         3,+     si-      SL'"   5,-      11:    6-     34+   S.-      As,    'F'.-  1

This

Calculation 71.3  72.8  37.1 24.4  5.2  9.5  5.6  1.7  1.3  0.5  0.4

Giamati and
66.5  74.5  33.8  23.8  6.5 12.8  7.1  3.6  0.3  1.5, 0.9

Thaler
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Figure Captions

Fig. 1:   Comp,rison of n + a phase shifts obtained with the central

potential of eq. (5) (solid lines) and the potential of

refo 0 (dashed lines).  The data points shown are obtained

by using the central potentlal given in eq. (8) Of ref. 9·

--*---.....

Fig. 2: Phase shifts   for   n   + 4 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).

Fig. 3: Phase shifts for p + w scattering obtained with Set I

(dashed lines) and Set III (solid lines).  The data points

represent the empirical phase shifts given in refs. 9, 11

and 12.

Fig.  4:   Comparison of p + 1 differential cross sections calculated

using Set I (dashed line) and Set III (solid line) with

experimental data at 13.94 MeV.  The experimental data are

those of ref. 15.

Fig. 5:  Comparison of p + d differential.cross section calculated

using Set III with experimental data at 24.77 MeV.  The

experimental data are those of ref. 16.
-

Fig.  6:    Comparison of p + o< 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.

Fig·  7:    Coniparison  of  p + o< polarizations calculated using  Set  I

(dashed line) and Set III (solid line) with experimental

data at 13.94 MeV.  The experimental data are those of ref. 12.

A
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Fig.  8:   Comparison of p + 0( polarizations caldulated using Set III

with experimental. data at 23•04 and 31.96 MeV.  The experimental

data are those of ref. 19.

Fig. 9: Comparison of p + 0, spin-rotation parameter calculated using             -
Set III with experimental data at.3803 MeVo  The experimental

data are those of ref. 20.

Fig.10: Phase shifts for p + od scattering with (solid lines) and

without (dashed lines) the exchange Coulomb interaction.

The crosses represent the values of the phase shifts calculated

without the exchange Coulomb interaction, but with u adjusted

to be 0.9550

Fig. 11: Differential cross sections  for p + eL scattering at  13.94 MeV

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

nucleon spin-orbit potential.

Fig. 12: The effective central potential V at 2 MeV, calculated withce .-i

Set III, and the direct central potential V  in the n + 06  case.

Fig. 13: The effective spin-orbit potential V at 2 MeV, calculatedge -<
with Set III, and the direct spin-orbit potential V in the

SO
n + oc casee

-0-- -
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