CHAPTER IV

appLIcaTIoN: 1% - 1% mrastic

SCATTERING BY SEMICLASSICAL METHOD
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. IVe 1, Introduction

_Semiclassical methodsdhave already been used exten-
sively in the study'of heavy ion collision. The methods have
been found quite useful in determining various qualitative
aspects of the collision phenomena. However, the accuracy
of the semiclassical results in most of the cases are not
satisfactory. We intend to study here the:applicability,as
well as the accurac& of the generalized MillerfGood method
by considering a realistic problem e.g. 164 - }60 elastic
scattering. We have.considered this prohlem in two parts.
First, we have‘applied the real Miller-Good method. Since
the absorptive.part of thevnuclearipotential cannot be
neglected, we had to make use of a perturbative approach
for the imaginary part of the potentlal. Thus the turning
point is determined by the real part of the potential and

the phase integral is taken along a real traJectory. The
:1mag1nary_part only supplied-a<damping_factor to each of
the'partial waves.lThiSvapproximation is good if the
imaginary‘part is Small.‘lf the Miller-Good method is
found su1tab1e for a reallstlc problem, it may eliminate
~in some cases a lengthy direct numerical calculation,
particularly if. the accuracy demanded 1s not too high. In
this context we have’ also applied the complex Miller—-Good
" method to study the same problem. |

In the actual calculation, we have made a depar-

'ture from the usual trend 1n connection with the ch01ce of
Athe coulomb part of the potentlal. In the study of heavy

-ionvcollision, the coulomb part‘of the potential is usually
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taken'in an approximate uay. The'potential chosen is given
by either (a) that between a point. charge and a sphere of
unlform den31ty or (b) that between two uniformly charged

' ..spheres of appropriate rad;;. The approximation appears to'
be a good one_when the-nucleivare heavy and have Fermi
typefof eharge distributtons. However, it is not obvious'
‘Why this approximation'should be valid for light nuclei

‘igc, 16O,etc. which have been used asAprojectiles

like
for many experiments. Tnese p-snell'nuclei have a modified
harmonic well type'of charge distribution, which cannot be
represented we;l'by‘a uniform distribution. It is well-
known that the‘elastie scattering'of heavy ions depend |
" more cruclally on the real part of the potential around a
critical distance "Rwv 1.5 (A3 * A3 ) fm. Thus. the elastic
scatterlng normally places a very weak constraint on the
detalled structure of the potential However, considerln&
also phenomena like the fusion and the nucleon transfer
' reections‘one can determine thefpotential'nOre accurately.
Tne choice of the correct coulomb'potentiel will, therefore,
- be more useful when the entlre range of exper1menta1 results
"(elastlc scatterlng, fus1on and transfer reactions) are
'sought to be explalned with the _same set of potentlal'
:7parameters. It -seems, therefore,_worthwhlle to see if the
tinaccurecy7in the*charge’distribution:chosen is refieetedd

in theAmeasurable quantities; pertieulariy in the scatte~

r»firing cross-sections.‘With'this.view‘in mind we have

“considered here. two cases: (A) the case of two‘uniformly

charged_Spheres—of radii \/3/3 Rr m:s and (B) the case
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of the two diffuse oharge-distributions of the modified harmonic
well‘type. Thé coulomb potential 1n:both the cases cah be cal-
'oulated analytically by making use of the convolutloﬁ_theorem
of Fourier transforms. The nuclear potential between the nuclei
was- assumed to be givon by a complex Woods—Saxon function. The
phase shifts‘and the scattering cross—~sections for a pair of

p-shell nuclei (1° 16

0) were then calculated by the genera-
liied semiclassical method. The results indicafe some difference
ln phase shifts and in cross—sections in the cases (A) and (B).
lt may,4therefore, be.wortowhile to work with the correcf

VoL

charge distribution instead of the approxiﬁate distribution(A),
whlch is commonly used in heavy ion codes1 |
. The presentatlon of the mater1a1 is as follows. In
séction Iv.2., we Qave given the expressionS»for_the coulomb
potential between two oolliding,nuclei. The semiclassical
~method has been‘discussed ig seotion IV.3. Toe calculated
results are presented and analysed in section IV.d.. In.the

next section, we shall study the 160 4-16

0 elastic scattefing'
by the complex Miller-Good (CMG) method. The results will be
compared with other results, théorétioal‘and experimental. Our

conclusions are also summarized there.

IV.2. The coulomb potential | - v

To calculate ‘the coulomb potential between the
00111d1ng nuc1e1 we make use of - the following results.
If the charge form factors of the nuclei A and ‘B _

Cere ﬁ(%) and - .fm) ) G being the m"’“e"_t“‘“___f-



transferred, the potential between them in momentum space
is given by '
-\ 4TC 2 /> -
V(F): 7 BB L) £ ()
' | cee(4.1)
The expression (4.1)_follqws eaSily from the convolution

theorem of Fourier transforms. The potential in the

coordinate space is given by

’ eee(4d.2)

_aﬁd if the charge distribution is spherically symmetric,

()__2aze jg §z&_)§(@ £,€¥),

TTv
coe(463)

We shall consider two special casess$

Case I: When theiéolliding nuclei have charge distribu;
Atipns given.by the geéneralized sheil model (GSM).

It has been genérglly accepted2 that for nuclei
with an incompléte 1b_4sh¢11, the chargé‘distribﬁtion

is given by : B : - . a

] -_2— ‘. i . | 1 o( _pq_ ex},. —YF/Q:— ’
o) F mrag ( 7)ot (774)
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where

...(4.5)

E being the energy interval between two consecutive
levelé of the harmonic oscillator. The root mean square

radius ( @ ) of the distribution is given by

= Qe f—(2+5°<

2 (2 +3%)

ese(4.6)
with
. 3 <Z .')' oo e(4.7)

The form factor for the distribution (4.4) can be easily

‘evaluated and is seen to be given by

Y 2. ( sy
—_ QX -
F(% [1 (2(z+$9] F
[ ..(4.8)
Assuming that both the nuclei have charge distributions
of the type (4.4), we have calculated the coulomb poten-

tial exactly by using the relation (4.3). This can be

written as
V() = 2,70 -[%Eri’_ (o) + (8 + 7 D)o/ 1]

eee(4.9)



where
4 » .
B =[5a4, - 2(a + 4y B°] /aB’Vw
7
7 == AjA, / 8B Jﬁf
2 2 2
B = B1 + B2
with ' .
' - 2
Ay = % Qou /T2 + (2 + 3%3) ]
s i 2,
By = a°1//4 P
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oee(4.10)

eeo(d.11)

eoe(4.12)

-..;(4013)

eeo(4.14)

the suffix i (i = 1,2) refering to the i-th nuclei.

Caée,II; When the colliding nuclei have uniform charge

distributionss

The charge distribution here is given by

eo for r £ R

o (v)

= o . . for r > R

eee(4.15)

R TDbeing the radius of the charged sphéfé. The corres—

‘pbnding formm factor is given by
o | o
F(v) = ‘Z:—?? [Sinﬁ,R - C[,R C-‘os‘_q;R]

" eee(4.16)
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From (4.3) and (4.16) one gets:5

(1) for -~ .r > Ry + Ry,
2
: Z,2 e
172
Vc(r) = 000(4017)
(ii) for r <& Ry = Ry,
2
2,2, 2
S LSRN S T
c - R 2 2 R 2 10
1 1 Ry
000(4018)
° & R P
(iii) for R, . o £ r & Ry Ry,
' 1 © 3
2 i ‘ . 3
Ve (r) = 2 4ye [ T+ 329_5 (P1+P2) ]
160 r (Pipz) J=o
vee(4419)
where
1 = ?*, ’ ..l(4‘20)
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- and

C, = - 30 P1P2 -1
¢, = 120 p,p,

Gy = 15 - 180 p,p,

03 = 120 pyp, - 40

Q
N
"

1

C5 = .' 24

Q
- N
il

4 5 ° . | ‘ . . 0f0(4o21)

For two identical nuclei, the potential can be written in

a simpler form, viz:

22
v, (r) Ze {.1 + 6 _

3

u

=—c (30 rir%- r 80 Ry
160 R e

* 192 Rsr- - 160 R6)} ’

r £ 2R
22 8
= Zre , r > 2R
eee(4.22)

. We ghall do the calcuiations'hefe with both the potentials.

. '(Case I) and (Case II) The nuclear part of the potentlal

16

-HIOr "0 - w111 be taken to be a complex optical model

pdtehtial, as chosen by Maher et a14, viz
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vy (r) _ = (V, + 1 W)

1 +‘Exp'(r.-1;o)  eee(4.23)

with Wb depending on the collision energy.

IV.3. Semiclassical phase shifts and cross~sections

We shall consider here a perturbative method for
‘treating the complex optical potential, assuming that the
imaginary'part of the potential is small. Thus instead of

. working with the wave vector

. , . : _ |
K (r) = [ K2 - -2_".,'— ( V-R +1ivV ) - L‘L + 1! ]

-52

eoo(4.24)

we expand and keep terms upto first order in VI; The cont-
ribution of the imaginary part in this approximation is
contained in a damping factor e’?S(L)“for each partial

wave of angular momentum L, where

28 “)'- .A'&i ar , ..
s(L) = +2 _f 2[1:'2'.- 28 o o L(L + 1) ]}';'
- % L 1—\2 R - 2 4

L T

...(4.25)

Apart from this damping factor,-the problem is now that

of a real pdfential. Conséqdently, the‘turhing.péint and



the trajectory are both real and the generalized semiclassical
method can be applied to this problem in a straightforwerd
manner. The ﬁarametere chosen for the Woods-Saxon potential4
for % - 1% gcattering indicate that W, 1s indeed
much smaller than Vo) at least upto-about E_, = 50 Mev.
AThus, the appfoximation‘made above May be acceptable.

| .The detailsvofvfhe semiclassical method have |
already been given‘in ehapter II. The methed'has been
found'to give accurate results even at_low enefgies, where
the conventional JWKB method is inaccurate. We shall con—
sider only'tefms of 1owes£ er&er in “z. . Ve have chosen
as the model equation, the radial equation- for scatterlng

from a point charge w1th the same Sommerfeld parameter,

2
n = '2-F|_}Jé "';'_2— ) . . ‘000(4026) ’
2K .

tﬁhere kgﬁ7gﬂvis the C.M; energy. To obtain.an expre-
'ssion for the phase shifts, we first writé the radial

equetiqﬂ for the problem as -

@r(y) .t (y) | |
_L(y—). ‘+ . 1(y R(Y) '=‘:0 , ...(4.27) |
av2 §2 BT R
dy
l-‘with:- - | |
hzti(y) ‘- LiLy; 2 - f_\“Kr (Vg + 7))

':;'...(4.28)
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"where y = Kr and Vﬁ(y) and - Vé(y) are the nuclear and
coulomb part of the botential respectively. The model-
_equation is also written as ‘

2

R (s)  t, (s)

+
as® 2

with S - :
‘12 t2(8) =1 = % .— M"I%ﬂ .'- 000(4.-030)
H .8 . ‘
Let us now introduce Langer's substitution
y = e ] ’ )
x/2 . : o

_M.RL(y) = e / GL(x) P : eee(4.31)

to obtain the transformed radial equation for the problem

- as

N 2‘ ‘ . ,
cTatep(x). () " ,
dxz . + - -hz G’L(X) = 0, | 000(4032)
where

H K

o .2 ; - 2 | il
L - _(Lw % )? |

.,.(4.33)
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whefe ﬁﬁ (x) and 'Vé (x) are the potenfials in the new
variable., We can make a similar transformation for the

-model equation, Viz}

s-_-eZ’

0 %/2 .0 ' - , o
R (s) =e /2eGL (z) | ees(2.34)
to obtain the transformedfmodel equation as

“op (1) 9@
az= R

> (2) =0 Cee(4.35)

where

SRR S

%zq, (z) = e

.We now apply the Miller-Good method to the set of equa-

. eee(4.36)

'tlons (4.)2) and (4.35). The phase shifts in . the zeroth
order can be expressed in terms of the or1g1na1 varlables
,_as o | '

o c . G;di‘f

[N e L ’ ' : 000(4'-37)

. :Whé‘r.e .

R | ;-'2f - e u(4.38)
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and
- 1 42
diss - ny + (L + = )
o = (L +'£ )| E - sin 1 2 )
L 2 ) 5 —
FVo2 + (L +3)

2

)2

'Y -n +V§é - ony - (L + %
+ n\n (
2
)

V/;2 + (L +
)
'/§:2 - 2ny - (L +% )2 +g\/t1(y) dy

My eoe(4439)

ol

where y; is the classical turning point, and ¥ is a
large value of y, which we choose. The choice is such
that the total potentiai between the two nuclei is given
very accurately by‘oniy,the coulomb term 2n/y.

One of the problems in working with a semi-
classical methdd is to decide on the turning points that
has to be taken into account in calculating?the phase
shifts. Here, we follow the pfescriptions of Knoll and
Schaeffer, who made a systematic analysis of this problem.
For intermediate energies, there is a range of L values
for which there are three real roots of fLi (x) =0.
We have showh in Fig. 4,1 the effectivg:potential with-
the charge distribution (4.9).We have also shown in
Fig. 4.2 and Fig. 4.3 a typidal casé for the C.M. energy
Eom = 31.5 Mév aﬁd for a potential given by‘(4.9) and
(4.22). According to the criterion of Knoll and

‘Schaefferjfor L values lower than the orbiting value



Fig. 4.1.

The effective potential Vgpo(r) which

includes the real part of the nuclear

potential, the centrifugal term and the

coulomb field generated by GSM chargé

xdistribuﬁion,‘for differenf_values of L.
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Fig. 4.2. The real function ti(Y) for different
values of L with GSM coulomb charge

distribution at Egp = 31.5 Mev.
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Fig. 4.3. ‘The real function ti(Y) for different
values of L with uniform coulomb

charge distribution at Ecm = 31.5 Mev.
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(when the maximum of the potential barrier equals Ecm)’

it is the inmer turning point r_, which contribufes. At

2
the orbiting value L, pit? the phase shift jumps, since

. then the outer turning point  r, -alone starts giving the

1
phase shift. At higher energies there is one real turning
point which contributes. It may be pointed out that even
for ; réal potential, one has éoﬁplex turning points,
-which should in principle, contrlbute for L values
for whlch a pocket in the potent1a1 appears. Phy31ca11y,
this contribution accounts for the quantum mechanical ref-
lection of the wave passing ovef a potential barrier,
Howevér, the effect of this term is small and we will not
consider it in the calculation that follows. The problem
of the choice of turning points for the complex trajecto-
ries is more involved énd will be taken up in
section IV.5. | .

To calculate the cross-éectlons, one has to

 take into account the symmetry of the proaectlle and

the target. Thus, one can write for the amplitudes,

?(9) = §(8) + §(w-9
| ‘5 (9) +—E(2L 1)(e2Sf(L)"XL 2'&)?(““

L even .

"where S(L) is given by (4.25) and »'-5‘“(9) ., the -
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symmetrized Mott scattering amplitude is given by

g<9)= _ n_ [COS‘“ + Cos‘ﬁ]
M 2K | sin%h  cosp

_11_[ Sin« Sin@]

2K '
sin®es  Cos%p ‘
' eee(4.41)
with
—c
0( = 2 go - Mlmn Sy & R
' vee(4.42)
C
e=25°"“"ﬁ€os§ s .
| 2 Ceei(4.43)
and .
~C c 4 .
é/o = Arg r (1 4in) ., - eee(4.44)
. The ratio l/q— ~ of the symmetrized scattering cross—

sections can he easily calculated from _the above relations.
The summation in’ (4 46) can be termlnated for a value of L
so that all higher §, and 5,_ , dli’i‘er by a quantlty

‘which 1s less than a prea351gned small number.-_
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1v.4, Results and discussions

We have calculated the phase shifts as well as
the scattering cross-sections for the 160 - 160 elastic
scattering in the energy range Ecm = 26,5 = 43.5 Mef.
The pbtential parameters were chosen as follows?

1. For the GSM charge distributions
X =2, @ =2.,625 fm,
20 For the uniform charge. distribution?
R = 3.39 fm,

3o . The parameters for the nuclear potential were

as follows4:

Vo = 17 Mev, Wo = 0.4 + 0.1 Ecm
RO = 6.8 fm’ a°= 0049 fmg

. The phase shifts were calculated exﬁlicitly‘upto L = 100,
beyond which the phase shifts were assumed to be . given
,b& the coulomb phase shifts., Some of the real turning
points for ceftain valﬁés of angular momenta are shown
in Table VIf.ATﬁese'turning points were used in evalua-
ting the integral of equation (4.39). Our results-are
_as'fdllows: o |
(a) Phase_shifts:ana itsAvariatibn with energys
The'calcﬁlated phase shifts show a smooth

~ variation with energy. Some phase shifts with G S M charge



TABLE VII. Turning points (real) with G S M and
uniform Coulomb charge distributions.

The nuclear potential is real and as

given in ref. 4.

—— ase e Em e W ey Gem e CEL e Aew SRS EED SR el CEG G S Gt e D GRS Gaap  Gems  Gwme G

. Real turgiﬂg points Y
: GSM UNIFORM
0 0.724 0.704
2 3,499 3.416
4 50955 5.856
6 8.118 8.038
8 - 10.075 10.026
10 11,895 11.876
12 13.628 13,633
14 15,314 '15,333
16 16.996 17,020
8 18,751 18.776
" 20 20.876 20.897
22 274190 - 27.191
24 '~ 29.866 29,866

89
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distribution at different energies are shown in Fig. 4.4.
(b) Effect of the imaginary potential:

The effect of the imaginary potential is to
supply a damping factor to each of the partial waves. In
the present problem, (Ecm = 31.5 Mev) partial waves upto
L — 24 are affected, the higher partial waves are not
absorbed. The effect of this damping on the scattering

cross—sections is showm in Tables VIII and IX.
(c) ' Effect of charge distribution:

.The phase shifts for the G S M charge distri-
bution and the uniform charge distribution show slight
differences as shown in Table X, particularly for low
values of L. For higher values of L(L - 26 and upwards)
the difference almost vanishes, as expected.‘The results
indicate that one will have to alter the radius of the
uniform distribution appreciably, if one w;ﬁts to fit the
G S M results wifh a uniform model.‘This may be possible,
since the scatterihg.does not deﬁend-critically on the
poténtial excepting in a cértain region, mostly on the
tail of the potential. But the consequent change of
poténtial elsewhere may'be reflected in the cross—sections
for other processes, viz. fusion or transfer processes. It
is, therefore, useful to consider the realistic & S M
_ charge distfibution in ﬁhe study of heavy_ion-collision
‘ 16 12

processes with nuclei like 0 and ~“C.



Fig. 4.4. Variation of the semiclassical phase

shifts with energy for elastic

160 - 160 scattering. The potential

chosen is given by Maher et al;4
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TABLE VIII. 160‘ - 160 elastic scattering

cross=sections with G S M coulomb

charge distribution,

Qc-m ! dq-—‘;'/ AT ot : | < <’"‘"/"“"P\OTT
(degrees) :(With W, = 0.0) '(With Wy, = 0.4 + 0.1 E )
20 | 0.241 0.241
25 0.193 0.196
30 0.999 0.992
35 0.023 0.022
40 ‘ 0,912 0.925
45 0.426 - 0.424
50 - 0.328 0,320
55 0,494 _ 0.499
60 . 0.087 0.091
65 . 0.901 0.890 ..
70 N 0,643 - 0.648
75 2.588 2,632
80 - 0.793 0,784

85 0.049 0.047

90 0.464 | T 0.469
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TABLE IX, o = 160 elastic scattering cross-

sections with Uniform coulomb charge

distribution.

Ocm ' : dm/dfTMof-r : dg—"/ 4 v
(degrees) :(With W, = 0.0) :(With W, =,0°4 +
' \ . 0.1 E_)
20 0,223 . 0.224
o4 : 0.466 0.471
28 | : “ 0,310 0.307
32 | 0..839 0.834
36 ' 0.036 0.037
40 0.873 0.883
44 0,204 0.208

48 0.848 | 0.841
59 . 0,063 0,060

— e gt e s A e e e mae  Gmes e s A et Sn et gmen e peem  Shas  Mee e GSer  Seed See B



TABLE. X. -The phase shifts for
scattering with G S M

charge distributions.

is given by a Woods—-Saxon potential~.

L !
P o o e ot o v e mm
' GSM
——————— ! — e ume ema e e e - G —
0 16,051
2 16°244
4 164605
6 . 17.018
8 17 .409
10 17.736
12 ' 17.968
14 18.078
16 ©18.029
18 17,760
20 17.114
22 16.110
24 | - 16.358

3o

16

o - 16

1) elasfic
and Uniform Coulomb

The nuclear,potential
4

16.195
16.366
16,687
17.060
17,421
17.728
17,950
18.057
18.011
17,746
17.106
16 .200°
. 16.358



Iv.5. Complex Miller-Good Method

In this section, we shall consider the complex

-Mil_ler-.Good' (CMG) method for studying the _1.60' - 16

0 elastic
scattering:phenomena. For simplicity,'we-shall consider
energies for which there is only one contrlbuting complex '
traJectory. This makes it necessary to consider an energy
greater than‘25 Mev in the C.M.-frame. We have chosen the
'optical potential parameters given by Maher et al. Itvis
known that this potential doesvnot reproduce the?experi-
mental results, at the energles con91dered but our aim
here is 11m1ted to the study of the efficacy of the CMG
method 1n the case of a reallstlc scatterlng phenomenon, '
-_We have cons1dered the scatterlng at E 31 5 Mev in

.deta11 and compared our results with (1) the resultsv'

'obtalned by the perturbatlve method, d1scussed 1n the

.. last sectlon, (11) the exact results and (111) the expe-

- rimental results. The last two results have been taken
from‘uaher et al. . : |
In applylng the CMG method, the first step ls to
select the complex turnlng p01nts whlch will make the
’domlnant contrlbution. In the case considered the compe»
lex turnlng point turns out to be the analytlc continua-
- tlon Ain the cﬁmplex plane of the zeros of the functlon

Re ti(Y) 0, which are first calculated. ‘We have-shown

in Flg. 4.5 the complex roots cons1dered for calculatlng

~

36




Some compiex turning points for different
values off‘L for the %60 - 160 system
at Ecm'=~31.5 Mev with GSM coulomb
charge distribution. The nuclear para-

meters are as in Ref, 4.



L=20

FIG. 4.5.

48
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the phase shifts. These heve‘been determined by an itera=
tiue'method, giving the real‘root of Re ti(y) as an input.
Our choice of the roots are cousistent with the prescription
of Knoll and Schaefrer. The pathsintegrationshave been done
along the contour shown in Fig. 2 1. The differeutial cross-
section is calculated by considering (i) complex phase
"shifts upto L = 20, (ii) perturbative semiclassical phase
shifts for L = 22 to L = 100, and (iii) coulomb phase shifts
for larger Lo’The radial‘waves for L = 2? and higher are notv‘
lmuch absorbed so that it is sufficient to consider complex

' integration upto L = 20,

.. ﬁe nAQe shown the differential cross=section in

~ Fig. 4.6 at Ecm = 31.5 Mev, The.solid 1iue gives the CMG
results obtained as inlehove, while the uashed_eurve gives
_the results obtained‘hy the perturbative method. The dotted
1ine gives the experimeutal results of the Yale grougTGThe
CMG results seem to glve better agreement w1th the experi-
mental results than the perturbatlve method, though the
agreement is still.poor. This is not surprising, because
.even the exact numer10a1 calculat1on of Maher et al.

shows poor agreement w1th the data (Fig. 4.7). The weak-

" ‘hess. of the potent1a1 is ev1dent from the structure of

the theoretlcal cross-sectlon near 50° and 80°, which are
out ef phase w1th the exper1mental results. The approxi-e
E‘;mate results obtalned by us . show almost the same'

5features. However, theuhumber-end.positions of thefpeaks‘




100

‘TABLE XI.,  Some complex turning points with GSM coulomb

160.- 160 system

charge distribution for
at 'Ecm = 31.5 Mev. The nuclear potential
is as given by Maher et al.

L Real part Imaginary part

0 0.7092 -0.0823

2 344478 -0.3548

4 | 5.9005 -0.5043

6 '8.0682 -0.5808

8 | 10.0285 . -0.6288

10 11,8501 ~0.6683

12 - 13.5830 ~0,7082

14 - 15.2664 | -0.7544

16 ' 16,9411 ‘ -0,8169

18 . 18.6761 | -0.9276

20 ‘ 20,6635 =1.2689 "

22 27,2648 ~0.3408.

24 . 29,8674 . -0,0568

26 31.9916° =0,0160

28 34.0080 .- =5.0380 5-03'

30 . 73549950 .- - ~1.6309 E-03

2 . 3109747 - =5.3160 E-04

34 . : 39.9537 o -1.7329 E-04

6 © 41.93a1 -=5.6378 E-05
38 43.9161 | -1.8209 E-05

0 . 45.8998 © 7 =5.9257 E-06 .



Fig. 4.6.

16

16 0

Differential cross-section for (Ve
élastic‘écattering. The solid liné.rep:e- y

sents thelcross‘section obtained by the

- CMG method and the dashed line by the

perturbative treatment. The dotted line

joins the -data points of Ref. 4.
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Figo 4:073

16, 16

o - 0 elastic scattering angular
distributions reproduced from Ref. 4.
The solid line gives the exact results
and the dashed curvé interpolates the

experimental points.
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obtained b& the appfOXimate methods seem to‘agree well with
the exact reéults,-though théré aré’still qnantitative
discrépancies, particularly near the minima, where cor}ec-.
tion terms of_prdef “2_. shquld have béen coﬁsidéred.
It has been’suggested that the shaliow 17 Mev
optical pdtential is pot édequaté and either a repulsive
. core and/of'an L -dependant potential is needed along with
this shallow potential. Halbert et ai7,froilowing this
| suggestion, was ablé to get a better fit with the experi-
mental resuits at higﬁer energies. It is however,
'beyond-the scope of the present work to éim for an
accurate fitting of t,he'potentiai. We would rather
summarise our conclusions in the following: ‘
| “The Complex MiliérfGood me thod is an accurate
- method for-détermining the phase shifts, where the method
is'applicable'in a simple wéyo Howevery the cases where
. the real pért of ti(Y) has three or more réﬁl zéros, the
‘computation of the phase shifts becomes involved. Siﬁce
'in the semiclassical ﬁéfhod, eéch radial equation has its
own special feature and has to be studiéd‘séparately; it .
. is obvioﬁsly not é‘good alternatiié §§.an e;act numerical
'léaiculation. The sémiclassicéllcalpuiajion, nevertheless,
may- serve a usefui burpose, by‘giving'an approximate
- estimate of the phase shifts anq_;fogé%section§§ The
:hgeneral feaiufe revealed byitheseidpptoﬁimaté calculaf

tions may be used as a guide for a subsequent.numeérical
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computation, Moreover, where the gross features of the
scattering are all that are needed to be known, the semi-
classical method has already proved its utility. For
scattering froﬁ simple potentials, the semiclassical
methods often provide various bounds or exact results.
A}ready'in the realm of particle physics, the semiclassical
épproxiﬁations have found useful applications, pafficulafly
in the description of heavy quarkonia, the bound states of
a quark aﬁd its antiquark. These states ‘can be described
in terms of a Schrédinger's equation, because at small
distances the interaction potential which confines the
quarks is small compared to the constituent quark masses.

A number of usefui bounds and. exact results have been
obtained here from semiclassical considerétions? The

heavy ion scattering pfocesses are, of course, more
‘complex in nature. Stili, it is expected thgt the semi-
qlassical methods, because of its basic simplicity, can

. be quite useful in studying at least the gross features

of these complex manybody processes.
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