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- ABSTRACT

o N 3. 3 . .. 3 . .3
Studies on (d,q);( He, Hej;(d, He);(

He,d) and {d,n) reactions are
reported in this work. The {d,d) dngular distriduticns were measured

. S . - 45 40 37
at an incident energy o 12,0 MeV on  Sc, Ca and at 13.0 McV ¢ (1,

27 23 3. 3, . o
Cl, Al and " Na. The ( He, de) angular distributions were measured

. i 29 .. 5. .
at an incident energy of 14,0 MeV on Sl and Ng. he resulis of

35

o

elastic scattering studies were anailysed to extract optical potential
parameters fcr the analysis of the transfer reaction experimentse

3 . : . 45
The (d, He) angular distributions were measured on targets  Sc,

40Ca at an incident energy df 12,0 MeV end on 37Cl, 35Cl, 27Al and 23Na
at 13.0 MeV. The (SHe,d) angular distributicns were measured on targets
of 2981 and 2§Hg at an incident'eﬂérgy of 1409 MeVe The reaction 2951@;ﬂz¥
was studied ét 3.0 MeV. The results of transfer féaétioﬁ studies were
analysed using DWBA and Hauser-Fechbach theories and &iécussed in the
light of the structure of the nuclear states invoived. It has been
possible in some cases to assign spins and parities to nuclear .evels
from these studies. -Implications of reaction mechanism in some cases
have alsc Lcen considered. The problem of absolute nﬁ:mulization cf

DiW3A calculations has been investigated using the results from some

3
(d, He) studies,
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CHAPTER I

INTROZUCTICON

It has been known for a long time that a large amount of information

can be obtained about nuclear states Ly studying transfer reactions,

By
transfer reaction, a rearrangement collision is mezant, in which a nucleon
or a cluster of nucleons is directly transfTerred between two colliding
nuiclel in a one step process., Such a reaction tekes place in time

L) ] . . o~ 1 . . ,' . ""23
comparable to transit time of the incident particle (~10 sec) over

the dimension of the target nucleus, The distinctive feature of suchf

reaction is that it shows very strong dependence on direction of emission
c¢f the reacticn products,

By measuring the angular distributions of the reaction products
angular momentum transfers can be deduced. Micing use of the angular
momantum selection rules information on

of the nucl

Lhe relative spins

ns and parities
iclear ned, Fron; the strength of
transit;qn it is possible to extract the overla) between o
final states

tates can be o5t

tal ‘the pearvicular

e initiel and

B et as P
1IN0 erms O

of thc target nucleus., This is usually done
spectroscopic fTactors which are defined as the reduced width

caplitude
for the transferred particle and are directly related to fractional

coefficients between the statess,

These snectroscopic factors

—8
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can be used (o identi . srecilic configurations of the nuclear states

involved. Distorted wave Born approximation (LVB:, calculations are used
. [
to evaluate these factorse. -

It will be shown in later chapters that the differential cross-section
Tor a direct reaction can be factorised in the fom
do

aa =R Si,2%,¢

(6
Jst
where different allowed values of spin and angular momentum contribute
separately to the yield. The speciroscopic Tactors Sj 7
2

nuclear structure information and R is a statistical factor involving

contein all the

spin and iso-spin of the states involved, The reaction mechanism is

aszociated with the term oj Z(G) which contains the eneryy and angular
3

cencotlence of the cross—section evaluated from the DWBA calculation.

In recent years due to the availability of large coimputing pewer,
shell model calculations including many active nucleons cutsiﬁe the
Closed’core have become feasible. These calculations have succeeded in
yielding enérgy spectra of large'number of nuclei in reasonable agrecment

with the experimental pictures. However, these agreemcnts are only

meaningful if the theoretical wave functions of the varicus levels are

o

1so, equivalently good approximation to the physical situation. This
relationship between the shell model and actual nuclicar wave Tunctions
is one of the main concerns of this work., Comparison of the experimental

spectroscopic factors to the corresponding theoretical values provides

an index of the extent to which the actual nuclear levels are ccenstructed

—9—



accoruing to the particular shell mcdel prescrintion used.

@

Comparisons with the rotational mcocl predictions have also been

(

¢

made in appropriate cases wiere there was any previous cvidence of the

applicability of this mecdel.
The studies reported in this work are on thc proton transfer

3 '
<

He,a) and (d,n). Some clastic scattering studies
[(d,d) and (SHe, He) ] have also been repcrted which were conducted to
evaluate the optical potential parametérs for use in the D¥BA calculations
for the transfer reactions, ‘ !

The scheme of presentation of the main body of information is as
follows. In the 2nd chapter theoretical background and the problems
associated with the various calculations performed in this work are
reported. The Ird chapter contains the descripoions cf the various
instrumentation systems wnd the zccelerators &sed in the experinments..

The experimental and dava reduction procedures are reported in the 4th
chapter. The elastic scattering, pick-up and stripping rcaction studies

arc reported in the Sth, 6th and 7th chapters respectively. The

conclusions from the studies are presented in cach chapter. .

—~10—



CHAPTER  TT

2.1 Irtroduction

One very striking phenomena about nuclear reactions is the presence
of a large number of viable competing theories., Some such theories give
an exact fTormula Tor the scattering amplitude which can apply, in
principle, to any reaction. KHowever, in order to apnly such a theory
to practical céses, it is'necessary to assign a central role to some
particular physical mechanism. Once such an approxinmzition has been
introduced to the exact formula, the results are just gucd for those

|
cases wacre this mechanism actually dominates.!

Two extreme cases can be distinguished. Firstly, the éase of sharp
resonances, when we say a compound nucieus L5 formed end the Breit-Wigner
resonances formula applies.

Secondly, the case of direct reactions, a transition teakes place
directly between initial and finai states, which can typically be
expressed by some sort of Born approximation. The cross—section varies
slcaly with energy.

Howvever, this is not to sgy that they are the only two types of

phenomena encountered. In recent years experiment has thrown up a



greac variety and subllety of phenomena which @@vﬁmumesimmmwﬁum
between the two ex;:uﬁ S e

This work 1s mainly concerned with the direcc reacticn, hence a
Tormalism of the direct reaction thecry is included here. The DWDA

celceulations have been used extensively in this work for L.c extraction
t

N

roscopic factors as pointed out in the chojter I. Hence the

D s
01 5spec

cF

rroblens associated with the TWBA calculations are reported in detail in
this chapter. Also included in this chapter dre scme discussions on

spectrosceplc factors and theilr relation to the nuclear models.

The direct reaction theory of nuclear reaction can -be considered
as an extension of the optical mcdel. According to the optical model,
the elastic scattering between two nuclel can'be described by a complex
potential well., The direct reaction theory accepts the optical model
as a Tirst approximation, but introduces as a perturbation an additional
intcraction which gives rise to the non-elastic processés. This

additional interaction affects some simple internal degrees of f rcedom

of one or two nuclei involved in the collisione

The simplest and most widely expleoited type of internal degree of
freedem, used in direct reaction theery, is the casc wiea one nucleus is

cansidured to be composed of two nuclides held togetlhier in a cound state
by mutual wiiractione. The other nucleus i1s allcowed to interact directly
Ll

with one of these two sub-units to preduce an inclastic scattering or

a rearrangement collision. The process of stripping and pick-up are sicn

pictorially in figures 2.2.1.



v(e‘a)e

g(q‘e)y

-

m .\\!lo
Z .
ﬁMV e s 0 eecw . . .-. .4
T R
A Ld

NOISITIOO d3idy

 dn-¥o1q (9)

gutdd

TI3s (B) T°2°2 Su4

©

O
1

NOISITION HyoJgid

-13-




o

This interaction is treated as a pertur bz:_da added to the optical
potential, which acls between the centre ¢f mass of the incident and
tae target nuclel. A more sophisticated medel would be to regard the

13,

torget nucleus as consisting of a core with sevéral nucleons bound to
it, the core resulting from all the nucleons i the closed sheil and
the nucleons bound to the co e being the nucleons in the _ncomalete
shell, ‘

A third type of interaction which has been used, is the interaction
of one ﬁucleus with collecﬁive modes of motion of it.e other, his kind
of interaction gives rise to L1b1a5b¢c scattering cue to rciational and
vibrational states,

Such simple picture of nuclear reaction process represents an over
simpliification of the true situztion. However, this mocel has proved to
Le usefulAto‘b;e understanding of many structure problems and has become
a very important tool of nuclear spectroscopye

We give below a description of the formalism of distorted wave

Born approximation (IWBA) theory which shows its salient {eatures but

(e}
o
W
6]
M
[
g
f~
C
]

nct wie details of evaluation of the cross-sections. Th
is similer to that of Satchler [Sa 64].
The transition amplitude of reaction A{a,b)B can be written in

the oW formalism as

‘,
/\ ) N 3 3
DN = jﬁ /‘dyb 93__b)<u b‘V{A,Q, Xy (b a’Xa (2.2.1)

-1



Here 7 is the relative displacement of "a' from "A" and VD hae displace~
—a
went of 'h' from 'BY, where J is the J an o° the transformation Lo

o

these relative ccordinates. The Tunctions . and Y. are the "dist

waves''s  They e elastic scaltering wave functions which describe the

'

relotive motion of the palr "a,AM

before the collision or the pair "b,3"

Asymptotically, the x's nave the form of

when there is no coulcmb field present,

Q

(with k.) alter the collision
a plane plus a scatitered wave

x's can L¢ written as

+ . ixX
x (k) = explikoy) + £(8) e K;Q (2.2.2)

~

the
The superscript (+) or (-) denoctes, usual cut-going or in-going boundary

condition, the two are releted by time reversal which in the avsence of

spin has the. form '

In the optacal model approximation, the

] 2 Dy
V7 w107 e = [ U (-
e -5 ) - U] ]
s

x(k,¥) =0 (2.2.4)

where U{Y} is the optical mcdel potential, U, the coulomb potenclal and

L is the recduced mass of the pair,

VWiwen the particies "a'" and '"b" have

'—

is irncluded in ULY) 4n CULablOW 20 2:4.

spin, a spin orBit potential

Tre function ¥ then becomes



matrix in spin spoce X, . where m Is the Z

m°#m allow the nossibility of spin=-Tlin during the elastic scabttering.

The time reversal reiztion 2.2.3 then becomzs

In similar way, counling to the nuclear spin weculd meke ¥ dependent
upon spins @lsos

The remaining factor in the amplitude 2.2.1 is the matrix clement
of the interaction causing the ncon—-elastic event, laken Lebween €

internal states of the colliding pairs,

o
[0V
w

~

<ng{v{g,a> = ﬂrD AEAALS (

where & represents all the coordinates independent of v _ and v, . This
factor is a function of v and plays tihc role of wn effective

intcracelion between the elastic

®. and xba il contains

o
<

[

cil vhe irrormation on nuclear structure, angular momentum selection

rulcs and the type of reaction being considered,

the integrand of amplitude 2.2.1 has great

acioprization 67
sivintages. It makes it possible to treat the dynamics ol
scatiering while making use of very general (for examnle robational)

oronerties of the nuclear matrix elerents 2.2.8. The Yphysics'" of the

rcaction then appears in the magnitude and radia shape of this factor

2 ~ ¥ o
(.Lneu (L‘q:) 2@ 20\1) o

-16—



Sae mamtrix elements 2.2.6 can be expended into terms w

correspond o the transfer to tine rucleus o7 a definlte angular momentumn

S
£
a
jul

J, which in turn is comprised of orbital part spin part S. IT
the particles 'a' and '»' have spins 'S ¢! and ’Sb“,'und the target and
<h

residdul nuclear spins are JA and JB respectively, we cefine

[
|
<
[
1
o
w
1
w
i
U
(S
1l
<y
)]
| O]
~
o
L
(]
o
~J
S

Very often only one value of 2, S and j is alloved or is important in
a given transition. The multipole series expension of 2.2.8 mey be
written with Clebsch-Cordan coefficient corrossonding to the vector

coupling of the cuantities in {2.2.7) as

w
—=
o
(40
5
%
A
w
W
©
)
=
b=
1
Y

x <¢sm, m -m ijMMA > . (2.2.8)

where m = M3~Ma+muﬁﬂa- The symool 'aA', “bB" as arguments of G denote
. Fgt J < N

dependence on the various nuclear quantum nurbers (other than Z

component of snin). The function G may Le defined by the inverted

form of expansion 2.2.8,.



Sa—sb I
¢ (o Yy M, Mo-M Mo <SS men ISy -n >
~ ( ) J‘L&v _A" B -f& J a b a o a
X <2S M, m =iy J \”—4ga> (2.2,9)

it is useful to write G as procduct cf two facters
(o) {2.2.10)

This scparation into spectroscopic ccelficient *A' and a form fTactor 'f
is one ol convenience, so that, for exaupie, stondard type of form

simplie normelisation may be used in compututic~, It is

e, TN o oy LRGI SN -1n Ea . . 3 e mpde o oy
cierrioients Tor the Zidtial or the fingl noclear states and the
interaction sirength.

The amplitude 2.2.1 involves an integration cver thg space of botl
REER and the numerical evaluation of such a six dlumcnsional integral
is quite difficulta. For this reason, the so called "zero range"
approximation is often introduced. This zero range assumption has the
physical meaning that the particle 'b' is emitted at the sume point at
wiiich particle Ta' is absorbed, so that ¥, =

Uhe musses of the corresponding nuclei). The form factor 2.2..0 ca

then be written



7
~Zere) o Ay ) . A ,
T gsj,m (-Yb"f-a) = 0ly= 5 vy fzsjjrﬂ.(‘D T g e, s
! far N \_):‘n P {ne s ___:j S
=7, ) Y (aacpd) 6‘34.-, =) o (2.2.11)

Az & result, the awaplitud

iategral waich is i

cozificient

considerably

e 2.2,1 is reduccd Lo z throe-dimensional
easier to evoluate, Using expansion

~T 32

ansition amplitude can |

T =<k ,3M.,Sm V]| K ,j M, Sm>
oW o730y | a’Ja A’ Caa”
Z (=) s (+)
- N S ; Y At 1'¢
= J d~ /.cm_r. A IV mtML > % K 4n
[ =a | =b Xmgmb 3 ’ a A" “ml ,m”(—a’-fa)
< <«
m’ m!
“n o

where m = M~ M, + mbw.: o The reduced amplitude B is given by
1, moma

o222 A a t 3 T R

Z2+7;7 2., K, 5 ) = <fsn gmt -t l =01+

(2 33 (-D’—a) : VTl d Lo &

m! m' m

N S . D R

X <5 5. mf-ult , Smt —-m' > (=1) ~ v G
Ta"b Ma b a b (=) / o

{~r

R
q&_a,_fa)



PR S U 1 T - S SN I
{2j+1) B3] b Ta {No 8.0.) = <£su,m1~nb Jiem, k>
A Sfl—‘m.‘u k im
< Qo < Liy2 “
R m ~m T, o -1 221 ST 2 14
""b a 4 o hd a2 "D X\ J ( J HSJ ( o2a u)
WHETe Now

7N
~ (—:-/ r =
x T, Eas ‘ I\ AC ?_. 2 1
) as;5n53w94a) N ( a"a) (22,15)
This £ will depend upon 'S* and 'j*® if the form of 'f' depends upon

theoe quanitum nunberse

ross—section for the unpclarised projectiles and

oy
W
0
b
)
lop’]
[¢)
]
(@]
=
cr
i-l
©
[
o

unpolarised target nuclei is given by

e K 2
i% : 22 zl7] (2.2,16)

ah 23 .s\ o
b (-JAf )(~baf?)

where By and P, are the reduced masses of the respective particies,
the sum is cover Mp,m Wiln s Tt e In terms of reduced amplitude 2.2,13,
V7 a8

this becceomes “

-20~
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K 23,1 =
dz B I3 Nl
’IQ— 7‘: e [N / / ‘j
= Ta (23, +1){35 +1) L. e

A a .
Jmoomom
ve note that sum over ‘\ and HB has made different j
but interference belwecen different s and ¢ remains.
ol s and ¢ are important or aliocved, ecuation 2.2,17
s L X I2
i A
s "JD 2s] (C\
aq T oz O3 VY
Ja 28 +1

where the reduced cross~—section is

b K, Ianmm
(e) _ab b "3 ba 2
79 e Togs

Ly = £
(2517) “a =J

m m,m
D a

When chere is no spin—~crbit

may be wo

5. .
Ll TA 00
. e a f)

B TETT

283753

(-mw)

vealues inccohierenc,

ititen

(2.2019)

coupling, we use ceguation 2,2.14 to chtain

2
7 ¢ 235" B ‘Aﬁéw )
&7 (No 5.0.) —— (No 8.0.)  (2.2.20)
as Bt Ly 28

O \ oty Kb " o jl

iIn this case, the free sum over m, and m, has made, ¢

In the next section we shall sce explicitl

in the general formclism outline

sorted iIn this work,

dhove as

sum incoherent

and s



2.3 The (3He,d) (diHe) reactions and DWBA

In this section special considerations are given to some of the

factors in the general formulation of the previous section as applied

to the reactions (SHe, d) and (d,sHe). Figure 2.3.1 shows schematically

3

the situation in the case of A(d, He)B.
//-\\ .
\ .
(S
d /—\A B \db}
,= P\\ //////” - 3He,
O—s O
\ )
. \\-/I

: - 3
Fig. 2.3.1 Schematic diagram of reaction A(d, He)B

The hamiltonian of the system can be written as

+ T

B,p T Ta,atV

d,B + V

H=T B,P

+ V
,dsp‘

+V

| 3 .
=Tgy He + Ty o+ Vo p*Ve,p* VB,a .

The initial and final state hamiltonians are

1= Taa* et Va,p
HF = TB,SHe + Td,p + Vd,p

—22-

"l

(2.3.1a)

(2.3.1b)

>

(263.2)

(2.3.3)

. e,




So tihe interaction potesial which produces the reaction using prior

intcraction form would be

! (2'30 F)
=V + V., - V..
d,n a,B cz
where V is the optical poterntial chosen to describe ciustic scattering

OPT
in the 'd+A' system. Arguing that Vd“ and V., cancell cnch otlicr, the
He) (VRS
interaction potential becomes Vd p* This epproximation seems rcascnable
J

enougn physicallye

Viith this approximetion the ruclear matrix elemant can be written

3 , . 3 . :
<3 “HelV, |¢,4 > = Bla> <Tre v, _ld > (2.3.5)
dp Gy
]

The Tirst term will be taken up in the section on becund state wave
functions and will be sacwn to be concerned with spectroscopic factors.

The second can be written in the form

2
o
<
M
(@]
Vv
I

-

He

1,
Ve fde ¢ (p) Vo ¢ (v,p)

i ‘
v'e D(y) (2.2.6)

Il

wiere o is the internal coordinate of the deuteron and vy is the coordinate
oT the nucleon relative to deuteron centre of mass, The Tactor v arises

from anti-symmetrization and is equal to the number of ecuivalent nucleons



in the three nucieon system, arnd C is the coelficlent of fractional

$ el

parentage. oo decomposition ¢ff three nucleon systen into triplet

detteron and captursd nucleon, the preiucsh, v C = Vi, It is convenlent

To rTactor the integral in 2,3.6 into an ampiitude DO and a range

function F{Y) with

and

[ / PP
£{v) = == j dp ¢.(p) V. ¢lx,p) | (2.5.8)

In lhe zero-range approximation the raage Tunction £(Y) is taken as

Intt

- o7 -
5 .
X =3 Q x 107 ‘! - (2.3,10)

. .. . 3
wilere DO is in MeV fm ,

With this definition of 'N!' the differential cross-scction for

{"He,d) becomes [Hi 67]

ot
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W



PR P
i .3 { 2. P - \

:\:Z"““‘ ( H&_‘,d) =N ',;3;—:;'{ C b{.zgu‘) O‘ij\b) (20&0‘11
- !

Py

Yor the inverse reaction one obicins

-

ao, . .
e, ey = E2Nnc o o, (6 (2.3.12)
) » RSl = RRRERRE A : T

where S(£j) is the usual speciroscopic factor, 'C' is the isospin

~

Clebsch~Gordan

]
(¢l
(o]
("]
N

where & = %(N-Z) of the target, m = ~%, The reduced cross—section

oyj(s) has already been defined in the equation 2.2.9. The normalization
v

. . . C 2.
coenstant has been defined here in such a way [by the inciusion of % in

s 3. cL . L, .3 \
the case of (d, He) ] that it is the same for both the (4, He) and

("He, ¢} reacticns,

.

The normaiization- constant 'N' has been evaluated both thecretically

'y

and experimentally on a number of occasions. There is considerable scatter

cn the values quoted. The value of 4.42 cvaluzted by Bassel [BaSG ]

liews been widely useds

.
~

- o . e e it aien ctba (A O
One of the aims of this work, in the study of some of the {(d, He)

reactions has been to investigate this variation in 'N'. 7l problem
1
concerning the variation in "™N' 18 | considered in detail in

.

. , 3 ,
chapter VI where (&, He) work . . A5 reportede



~ The DWBA calculations reported in this work were performed by
us.Lng the Un.werSLty of Colorado spin orblt vers.Lon of‘ the programme
DWAI\E modified to run on the Harwell IR 360/75 computer (c f‘. appcndlx B).

The calculatlons -were’ performed in the zero range approxlmatlon B

using local potentials only, because the net ef‘fect of non~loca11ty of‘

o"

nuclear potentlal and the flmte range approx1matlon .1.1'1 the DWBA
calculations is to 1ncrease the magmtude of the cross sectlons [H167] o'
Th.l.s is equlvalent to a decrease in the value of‘ 'N‘ and hence is of no:'i
consequence ln the extractlon of tr‘e rela tlve spectroscomc‘f‘actors.

2.4 Bound State Wave Functlons and DWBA .

"In the formulation for ‘dir'ect reacti on -A('a b)B Where' one ‘nucle on
is transferred to or from target nucleus, the tranSJ.tlon amplltude
' contalns as a factor the overlap of the J.mtlal and the fmal nuclear

wave f‘unctlons (i.e. equatlon 2.3.5) Thls f‘actor can be wrltten as
<¢BI¢A > = ‘/‘II"B (E,,X) wA(QdE

'=.Z<JAJM mIJ >¢BA*( )

im

H(2.401)

In equation 2.4.1 an expanslon lnto states of defJ.rute total angular
e i
P .

momentum J has been done, J and J_.afe the spms of‘ t'he target and

=B
residual nuclei respectlvely, MA and MB ‘are thelr Z-prOJectlons.
,Clebsch—Gordan coef‘flc.Lents take care of the angular momentum couplmg.-‘ S
If the 1so-—spm formallsm 1s used 2 4,1 will also contam an 1so—-spm

'C-G coefflclent. The symbol g stands f‘or .mternal coordlnates of‘ the

L loe-




target nucleus, winile x =

o SO B R B i g s - o
nocmalised to unity o.en i

the translerrcd nuclecn ccordinates elone, -0 1s frequently referred

©o as the wave Tunction of the captured (picked-un) particle.

croical @}Qj(x) i.e. eligenstates of some single wnarticle potential well,
1e
The orbital angular momentum ¢ is restricted to one of the values
!=j); according to the pariify change in the transition, since
' R/
Ty = (=1 (2.4.2)
A

The expansion then is cver principal qugntum mober noanag of courée
continuum states if the well chosen is ¢ finite depths We would like
Lo ithink that only cne such term is important and it is on this basis
that most of the distorted wave calculations of stripping have. bOEn
mades This gpproach is very recsonable for closed shell targets. IT
there is nesiigiole rearrangement of the closed shiell case when extra
.nucleon is added, then equation Z.<.T defines the shell model single.
T

particic wave Tunction. This alone is not of course, sufficient to

cetermine the shell model potential well of which it is an eigenfunction.

w

Swever we can be guided by optical model analyses of nucleon elastic

scattering ffom the targets and assume that the bHound nucliedns move in

potential well similar shape with same radius and surface diffusencss.

—27-




We then adjust the depth of the well Lo give “inding enersy equal to
the observed sepiralion energy of the nuclela, One of the properties
I tae Torm ractor ¢ in equaticn 2.4.1 of wiich we are cerveln is that,

asymptotically, it must decrease esporcnticl’ly as exp (=XKy) with decay

N AP I . . ;
lengin K cetermined by the separation ENerLy g,
Cn; = E.n - E, (20403)
Fayay O ~
2 . 2 .
K7 = 2e(3,8)/a , (2.4.4)

50 the usual prescription is t¢ genz-ate ¢ as an eigen function in a

o

leads tc the correct asymptotic form of tail {(but nol necessarily with

correct nor_-lisation). This prescrijstion is kaown as the separation

energy procedure. Bul we do nct know whers and hovy To match this tail
w-

on the medel ¢ which we are using,the nucleer interior. This aublguous

¢t
=
£
3]
(Ix
(-t-

lon occurs at surface regiot from where the most important
contribution to siripping Comes.

Two aupects of these urncertainties i ¢ may be distinguished, gThey
are shape and magnitude of ¢ in the suriace region. The shape of ¢
aflfects the shope of the sﬁripping angular cistribution, beccuse it
determines the relative weight with which various partizl waves

contribute. The dependence is not strong provided the tall falls

exponentially with decay, which does not violate ccuation 2.4.3 and

\&]

«4s4s too violently.
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3 S vezma PRl TiAn (K RS ot s T Y a A e '
in sclo cuses [‘A.lo’iy YiG3, I1082], led to resuliis diflfering Y
e ERR N AT T sem o A S A g3 m o o T -
froa tnose expecced from ehell model consideration. This has Lod to
1 1t e saead et o QT . ,
an alternative prescripticn (ShG4, Vas3, I182] of fixinz well depth

so &3 to give a bin

—~ . R T v iney o e e P, S 5 ey e S ke
single particle energy for that orbit, irrespective of

my e e e o iyt o +1 ~ oo - ~ Y
Tne discreprncles just menciconed then sean 1o be largely rainoved. On
4+ Sl e Ty e =T e P Ta o A T = 3 - o e
{he olner hand there are cases whsre this second prescripticn does not

the problem of the relationsiiip
BA .

ses of form factors. The form factor &. (x) in

presence of exira core nucleons w;th residucl interactions satisfies

the ecuation

.

BA J 3
whare i ’
d 2 ¢
T = - =—(x" == ) =+ +1
1 = . [ dX Cx ) Z\Z )]
2m X

gv]
to
5e
—~
b
-
{
I
'l
S
o
[\
L2
o
"
-
-
~
i)
N
<
—~
o
L
A g
Cq
X
<<
=
LAY
b
N’

z

BN

where &8 stands for coordinaztes

: A +C ~r 3 . T
- the extra COore NUCLEONS. UJ(A) is the

eflTective central field as explained by Prakash and Austern (Pré@l.

Gther quantities have been defined in context of equation 2.4, 1,
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DA
> Riar g
b, . P
wiere U {x) = —=
¢ ()
. ~ ‘o g i min 4 PP
is the pseudo-petential whose addition to U, (%) woulu imitate the effec:
J
- ; J5A . .
of the inhonogenecus term P {(x reenent or otherwis: ¢f the solutions
frow equation 2.4.7 with the separation energy procedure degends on the
. ..P,
shape of UL{x) because this prescripiion assumos qat tho effect ¢of 4
Ry, .
1 -1 - . e - < <l TS A - o -~ e 7 -
the irhomcgenzous term P () is to add a p:ea;o—puUu“u*ai hav only
OO NS k] 1 Y c . - [a} - Ty LI
citers the desth of J(\; witlicat ering the Saxon-ijood =i8ne.

50, in principle one can disnonse with the empirical prescriptions
As
Ly osGlving equatlion 2.4.0.this can nol be done with the computer

TECOREIEe 3 allszble to us, we shall contince to use different empirical

yreecriptions. The procedure adoptad and consequent ¢itects will be

us light nuclei from

EN]

d in great detall in the

)

Lasl decawe. It has become customary to analyse elastd

ta in terms of an optical model.

cal model analysis is relevant to nuclear structure for two

.

main reasons. Firstly, the optical model potenticl is simply the shell

model potential externced into regicn of positive cnergy, and seccndly,

!
Y
—

1




knowledge'of the optical potential is needed to extract information
on the nuclear structure from the direct reaction measurements,
The most frequently used phenomenological optical potential has

the form

Y

] '
[

V() =V (x) + Ur(y) + iWg(y) + Uh(y) 2.5 | (2.5.1)

where Vc is the coulomb potential, U and W are the real and imaginary

depths of nuclear central potential, US is the spin-orbit potential

deptﬁ, f(y), g(y) and h(y) £heir respective form factors, an& L.S the
spiﬁ-orbit operator. There is little'phenomenoiogical evidence for
an imaginary part of the spin orbit potential so it is usually considered
to be absent, |

It is a sufficiently good approximation to assume that the charge

of the incident nucleon or nuclei is concentrated at a point and nuclear

.charge is uniformly distributed throughout a gsphere of radius R. ' This

gives ‘ ' : .
Zze 1%
-~ (3 - ) = for y <R
. 2R R2 .
v () = : ' (2.502)
2
—ng—— for v >R

It turns out, however, that the calculated cross—section are ven&
insensitive to the details of the coulomb potential,

The form factor f(y) is generally taken to be Woods-Saxon type

-32-




£(y) = 1 : , (2.5.3)

1+exp(:£;3-)

apl:vox.l"mai'e’g
In this expression R is the radial distance at which f(¥) has half

its maximum value and also its greatest rate of change. It thus
corresponds approximately to the region where nuclear density is.'
likewise falling rapidly and so is referred tq as the nuclear radius.
The quantity R = Yo A16 where A is the ;nass number and ¥y, * 1,31,

The parameter 'a' determines the rate at which the function f(¥)
falls from i'ts maximum value to zero. If it is small the function falls
off sharply around y=R while if it is large, the fall ié gradual., It
is thus convenient to refer to it as the surface diffuseness parameter
and has a value around .5 to 1f. Theoretical arguments [Ho66] suggest
that.imaginary part of the potential is pr‘edom.inantly p¢al<edain the
rggion of nuclear surface at low energies and progressively spreads
thr'ough' out' the nuclear interior as energy ‘increases. The requiredA
surface peaking and exponential fall-off can be obtained by allowing
g(vy) to have the form of the radial derivative f(y) normalised so that
g(R) = 1. Thus the surface absorbing potential

4 exp[(y-R)/a]
g(Y) = (2o5-4)

{1+ exp [y-R)/a] }°

A Gaussian function peaked at surface given by

—_

e
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gy =exp [- (IR  (2.5.9)
has also some times been used for g(y).

It is however found that the calculated cross-sections are very
insensitive to the form chosen for g(¥y), providing that in each case
all the variable parameters are optimised and indeed many SuCCe:S_Sf\ll
calculations have been made using the same Saxon-Woods form for g(y)
as f(y). Conversely, this implies that analyses of experimental data
can not be used to determine the form of the imaginary part of the
potential. The spin dependent terms in the optical potential, arise
from the spin orbit and tensor forces in nucleon-~nucleon interaction.
The spin orbit form factor h(Y) has been found to have the Thomas

form, ' ' '

afly) " (2.5.6)

’

1
h = - 0
(v) v dy

i

Deuteron Optical Potential

' A great number of studies éﬁd feQieWs have been publisﬁed about
the deuteron optical potential [Ho66, Di65, Ha64]. It has been found
that there is a series of depths for the real potential [Ho66, EL65]
whichAcan be used to fit the elastic scattering engular dietribution
data. If the wave functions corresponding to diffefent depths of the
potential are examined, it is found that for a glven partlal wave they
all have the same a@mptotlc form and hence the same phase Shlft, so that
they can not be separated by _further measurements. They differ in that,

the wave function corresponding to each potential, in the series, has




one half wave more inside the nucleus than the next shallow)pbtential
[Pe63]e

Theoretical considerations {Ro65, Ab66] indicate that to first
order the physically appropriate potential is that obtained by adding"
the contribution from each nucleon. This is indeed what is to be
expected since the binding energy of deuteron is very small compared
to. the nuclear potential.

The deuteron optical potentials show only a few rather ill defined
systemétib variations and the deviations from them do not correlate
with any obvious feature of nuclear structure. S

It has been foﬁnd.tﬂat the differential cross-section is usually
insensitive to the presence of spin dependent terms in thé optical "
potential. The analysis of such data can not be used at all to extract
potential depth reliably. It is thus preferable to use a central
potential only.

As pointed out earlier, elastic’scattering data is determined by
the aymptaﬁic form of the wave function. Nucleaf reactions involving
deuterons depend however on ﬁatrix elements that are essentially overlap
integrals of the deuteron wave functions, an interaction pbténtial, and
the wave fuq9tion of the other parficle involved in the reaction. This
integral is evaluated through §ut the nuclear volume and is therefore
sensitive to the deuteron wave funﬁtion in the interior of the nucleus.
This introduces uncertainty in thevspectroscopic factors calculated,

Effects arising from this source will be pointed out in relevant places.

RN
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éHe Optical potentials

A review of 3He (helioﬁ) 6ptical potential has recently been
conducted by Hodgson [HO88]. It has been found, as in the case of
deuteron, that a series of potentials are capable of explainingAélastic
scattering data. To first o;der,the physically appropriate potential is

i obtainéd by adding the’ three contributing nu¢leon potentials
[Ro65,Ab66]. As pointed out before in deuteron case, this-is te be -
expected since the biﬁding energy’of helion is small compared with
depth of the nuclear potential.

A fewistudies of the variation [Gi67, Ha67] of the potential with =~ =
SHe energy ;éve been made for selected nuclei. The results for %e
scattered by 40Ca and 58Ni show very small variations [Gi67].

15

Study conducted by Hibert et al; [Hi67] for °N and 39K with a

séries of pétentials in the DWBA for the (d,sHe) reaction show that the
shape of angular distributgoﬁ-is unaffected for 6 < 500, However the
magnitude of the cross—section has been found to be affecteds As in .
the case of deuteron potential, effects from this source will be
discussed in relevant cases.

'Thefe ﬁas'beeh little evidence for thelimportance of ‘spin orbit

potential in Sie optical potential [Hi67,H068]. So, in all our

calculations a spin orbit potential was. not included.

2.6 The Coefficients of Fraction:rl Parentage and the Spectroscopic
Factors.,. C

Ty ’ o
In this section only the relationship between the:coefficients

of fractional parentage (cfp) and the spectroscopic factors are shown, i

and no explicit considerations are given to the shell model or the
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schemes of angular momentum coupling apart from a few commenﬁso

The antisymmetrised N—nucleon wave function can  be expanded in
terms of the states of the first (N-l)'particles, the n-th particle
being vector coupled to these statess Using thedirect product notation

of French and MacFarlane [Fré0] we have

GaCr = ) cernlonsoy @R

COJ‘O
Lj - (2.641)

Z+S=j~T :
- " U :Zj
- z (1) <C I TleI T >, VS Tezd) , x
c.J, : -
o0
Lz i
' L n n
AR AN

(24642)

If only identical particles are involved or neutroné and protons are
antisymmetrisea separately, the iso-spins may be ignored. On the left
hand side of the equation 2.6.1 the symbol 'C' stands for all the
ﬁuantum numbers, apart from J gnd T aﬁd their'z—éomponents, necessary
to define the state. For example 'C* might define:a shell model
configuration along with L-S cdupling shell model states or it might
define the so calléd seniority or symplectic symmetry if the system

is a pure JJ state. Or if the state is not simply described in terms

=37~




of;some well known scheme, 'C' might stand for an catire sét of
expansion coefficients giving the state in terms of a complete set.
The symbol 'CO' on the right hand side 6f equation 2.6.1 does the same '
thing for the (N-1) particleAstates.' On the RHS the particle numbered
'n' has been separated out and its £,5(=%) and J are specified and of
course also the radial quantum number or other such necessaﬁy information .
is to be understood. Each ﬁerm in the expansion is antiésymmetric
in particles '1,2,......(N-1) but not in general in all 'N' particles,
though the sum is. The quantity <CJ T CoJoTo>ej is a generalised
coefficient of fractional parentage connecting states (CJT) and
(COJOTO). The ¢ value is determined by thé parity and the J value.

It is convenient to change from the representation in equation
2.6.1 to that given in equation 2.6.2 using recoupling technique of
angular momenta. The spectroscopic factor 'S' for orbitals angular

momentum ¢ and channél spin Z is given by

1 1 ZSesjJ o
$?(¢,Z) = N*? Z (=1) U(JOS j £:2J) € JT|ICJIT >

oo
J
(20643)
Summing over the channel spiA and using the unitarity property of o
the 'U' function, it can be shown that the.ihterference between
.different J vanishes and the spectroscopié factor becomes
s(¢) = N Z< ¢ 3 TleT T, %J (2.6.4)

3
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The factor N' occurs because cfp describes the separation of particle
n where as the reaction allows every particle to be emitted onvthe
same footing but of course with no'interference.

Usual sheli model calculations yield the cfp which can be used
to eVaiuate the spectroscopic factors. The model calculations vary
in complexity depending on the numbers of active nucleons considered
outside the closed shells. The comparisonlof the experimental
spectroscopic factoré with calculated Values from the shell model
gives an index of the correctness or otherwise of the shell model wave
functions from a particular calculation; In the later case the
comparison brovides guide to future extension of calculgtions by
indicating where and how the existing model begins to fail.

2.7 Rotational Model and Sbectroscooic Factors

In the rotational model, the wave function of the nucleus is
eipressed as a product of a function ¢, éescribing the vibration of
the nucleus, the function D;(m By déscribing the rotatién of the'
nucleus, and of ﬁhe function xb, desgribing the internal motion in

a deformed, axially symmetric potential,

y S
2I+1 \ I I-J ; I
1lI(IMK Q) = (-‘E—i > ¢ { XQ DMK + F"') X_‘Q D""KM } (2.7.1)

The internal wave functions Xq is the antisymmetrised product of singl

- -

particle wave function waa; with the projection of angular momentum
vector on the symmetry axis Q, the parity o and the energy a as good.
quantum numbers.

™

Ty
[
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According to Nilsson [Ni55] the functions X(q are the solutions
to the Hamiltonian

H=H, + CL.S + De? (2.7.2).

with

1
H = o, (<be D) = sn/s (D Py

0 (26743)

20

The deformation of the potential is expressed here with parameter &,
but more often given in ﬁerms 6f parameter m, which is related to
8 as:

. : 1 .
8 8. .42 16 3 4

osolo8

where K = %(C/hmg) and wg = wofs = 0)« The numerical value of K,

adopted by Nilsson was 0,05,
The functions XQwo € expressible in terms of wave functions

of a spherical potential, ¢NLJQ

Xwa, .=Z Gy %wja ' (2.7.5)
B Nej N

- p— - -

The summation refers actually only to different orbitals ¢,j of the
same shell (N=constant), since the model neglects the interaction

between different shells, The coefficient CNLJ‘(Qwa) are related to

—
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coefficient ANLA’ tabulated by Nilsson as

— E 1, . :
CNLj (Qwa) = j{; ANLA -t AL Q> (2.7.6)
A .
The coefficients C§LJ.(QOJ,04) obey the following sum rules
: 2
Z CNLJ (Q(D(I) =1
NLj (247.7)
Qwa = conste 3
and
-\ 2 . . .
E_/ CNLJ (Qwa,) = 2j+1
(2.7»8)

Quwa,

. . "l
NLj = const,

i

In the first case the summation 'refer_ to all orbits ¢,j of particular
state N that contribute to certain level Qoda,, while in the second it

refers to all levels Qwa that receivé some contribution from the

unperturbed orbit NLj. )

e

As derived by Satchler [Sa58] the spectroscopic factor exmressing

the overlap between initial and final nucleus of a stripping reaction is

(+) o 2Ii+l

.2If+1 .

. 2 1.2 2
< IJ K0|IKT < ¢p > O (WD -~ (2.7.9)
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where the quantities with subscript 'i' refer to initial nucleus
and those without subscript to transferred particle. The coefficient
g2=2, if either Ki=0 or Kf = 0 and g2=1 otherwise. Another special case

where gz=2 is the case of odd—odd of nuclei with Q1=Q2, and parallel

tat

coupling. J' is the' angular momentum of the transferred particle.
For pick up
2] +1 ' RN ’
(=) 2 < : . b2

(267.10)

where the dqantities have meaning mentioned earlier, The core overlap ’
<¢il¢f> of the initial and tﬁe final nucleus is hgrmally taken to be
unitye. In calculating the'spectroscdpic factors from the rotational
model quoted in this work the core overlap was assumed to be unity
throughoﬁt. An incomplete oberlap téﬁds to dgcréase the spectroscopic

factors. The values of the ‘Csz! coefficients used in calculations

reported here were taken from the tabulation by Chi [Ch66].



CHAPTER III

- INSTRUMENTATION
3.1 Introduction ' '. . .

Several distinct types of instrumentation systems have been used
in the experiments reported within this work. They are:

1) particle identification system idth semiconductor detectors,

2) particle identification system with Buechner magnetic

spgctrograph using position sensitive detectors,

3) multigap-maénetic spectrograph with nuclear emulsion plates

4)  time of flight neutron spectrometer with scintillation

counters,

The particle identifiCaéion system using'a sémiconductor counter
telescope, its cooling system and special eleétronics were designed by
the author. The other systemsnwere available as standard Larwell
facilities. |

In the folloWing sections the instrumentétion systems are described

in some detail. Brief descriptions of the acclerators used i.e. the

Tandem and IBIS Van-de-Graaff are also included.
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3.2 Particle Identification ' . )

Measurements of the spéctra of particles emitted in nuclear
reacti;ns constitute bne of the brinciple methods of nuéleér spectroscopy.
In energy ranges available from maéhineé like the Tandem4V5n~de—Graaff,
nuclear reactions in geheral lead to a very many different channels.

For example bombardment of 27Al by deuterons (say at 13 MeV) lgads to
elasfic and inelastic scattering, (d,p), (d,sHe), (d,alpha) and (d,n)
reaction channels. Since the final nucleus éan be produced'in a séries
of excited states, the energy of the outgoing pa;ticles in each case will
have a series of values Qetermined by the lévels iﬁ the final nucleus.
In addition there will be particle groups from impurity and contaminants
in the target, specially 12C and 16O.

Interprgtation of the energy spectra in such cases is virtually
impossible. Peaks due to iower yield reactions may not even be
discernible from the back-ground. Unless some means of identification
and seﬁaration of different particie'groups can be achieved, propsects
of studying reactions other than eléstic scatteriﬁg and'a few specially
favoured cases are quite hopeless.

Two types of particle identification systems were used for our
experiments; (1) a system made of semiconductor detectors and (2) a system
using a magnetic spectrograph. Both systems have advantages and
aisadvantages. THQy\vere used in a complementary way to get maximum

advantage.



3.3 Particle Identification with Semiconductor Detectors
Introduction

The semiconductor particle identification systems are based on the
fact that different kinds of particles of the same energy loose encrgy
in absorbers at different rates. A thin transmission particle detector
(AE detector) placed in front of a thick detector (E-detector) allows
simultaneous determination of rate of energy loss (signal in AE detector)
and total energy (signal in AE aﬁd E detectors added together), for
particles passing into counter system. If a suitablé calculation using
the two signalé is’cafried out it is pbssible in‘principle to determine
what type of particle has been r‘egister‘ec_i° 'Eérly sy stems based on this
concept used scintillation detectors or gas:chambers. But with the
availability qf suitable silicon semicon&uctor detectors the fesolution
and energy range‘of such systems have bgeﬁ tremendously improved and -
extended. | .

To achieve its maximum usefulness a particle identifier must
produce an output sigﬂal whose aﬁplitude determines'the type of particle
with no ambiguity even though.several types ;f partiélés each covering
a wider range of energies may pass through the counter system, Thusla
5 MeV proton shoul& ideaily pfoduce the same identifier 'signal as a
.30 MeV proton while 10 MeV and 50 MeV alpha ﬁarticles should p?oduce the
same output signal as each othef gut quité dif ferent from that pfoduced

by protons. This case is a simple one as alpha particles and protons

differ greatly in their energy loss rate., However the problems become

45—



quite difficult in other cases, for example, if one wishes to separate

SHe and alpha particles for which the rate of loss of energy differ

only by 25 per cent. There are two principles for particle identification,
with semiconductor detectors, one based on Bethe-~Livingstone rate of
energy loss equation and the other on the emperical'range‘energy
relationship. We shall describe the second principle below which

was used in oﬁr systém. This method of particle identification was

introduced by Goulding [Go 64],

Principle of particle identification’

Empirically it has been found that the range of charged particles

in matter can be well approximated by the formula

b

R=akE | | - (3.3.1)
where R = particle range in absorber

a = a constant depénding on the particle type

E = incident energy of the particle -~ - - -

b = a constant independent of particle type.

A slight deviation from this relation occurs for helium ions at low

4

ehergies,vbututhese are only about 2%. Over an energy range of 1 to
30 MeV the gradient is fairly constant at 1.73. In fact a gradient
" between 1265 to 1.75 can be fitted fairly well.
In figure 3.3.1 the use of this range-energy reiation is illustrated
in a particie identifier. fhé particié passes through a AE detector

&
and produces a signal AE, then enters and stops in an E detector and
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produces a signal E. The relation given in equationA3.3o4 shows that the
quaniity T/a is characteristic of particle type only because 'a‘ is a
function of particle type and 'T' is a constant.- So wé cén see that the
identity of a pafticle can be established by generating the function

' 1,73 1,
(E+AE) g7

for each particle passing through the system of
counters. This fanction being energy independent has advantage over
other methods mentioned earlicr. In the following we shall describe

principle and working of an identifier based on ‘this priﬁciple.

The Identifier
The identifier wus>basea on the principle and design described by .
Fisher and Scoﬁt [Fi67] . A planer field effect transistor has a voltage

characteristic of the form [Sh52]

.

: 2 Cy1es 1.5 %
1=6 [Vd "3 {(Vd+vg+vdiff) .= VgVaier) } No :l

‘(3.3.5)’.
where 1 1s the soufce to drain current, Vﬁiff ié the diffusion potential
for the.contfolling junction andtva;vg aré the véltage of the drain anq
gate terminal measured relative to the source tehniﬁal. G_is a_constant
of the particulér field’efféct transistor, essentially source to drain
conductance at zero voltage and Vo is the p;nch of ff Orlsaturgtion voltage.
The above vqltage current char;cteristic is obeyed only for voltages below

the voltagéwvo and varies widely for the type of transistor. For Texas

2N2499 typically the value is about ~ 5V. If V, is identified with AE



and (Vg + Vdiff) with E, it can be seen that (i—cva) has approximately
the same functional dependence as T/a in equation 334

VEquation 3.3,5 is for ideal infinite planar device. In practice
a power index between 1.6 and 1.7 rather than 1.5 fits the experimental
data best. A difficulty arises in identifying'the power law |
umambiguogsly because the part of the total drain current linearly .
proportional to ?he drain voltage must be subtracted to yield the part
depending on the power law, ‘The constant, G is also a p?rameter to be
experimentally determined and an uncertainty in G results in quite large
.uncertainty iﬁ estimétes of the power indéx. This difficqulty suggests
that ;n practice the power law dependence of (i-G Vd) on Vﬁ and Vg may
be vafied over a small range by selecting.different values of G. It is
possible to obtain an effective power index of 1.50 to 1.%5 for input
signal amplitude covering a range 50:1'w£th only 5% departure from the

theoretical formula., Typical values of different parameters for

Texas 2N2499 are: G= 3.3 x 10> AN

’Vdiff = "032\,, Vo= .505V and power

index ~'1.G. The values are‘also temperature depehdent.

The block diagram of the complete masé aﬁalyser is shown in figure
3.302; Figure 3.3.3 shows the complete circuit4diagrém. The FET was
chosen so that it.had nearest required characteristic among the available
sample.

The units were built as sihélé width mo&ules'compatible wdtﬁ standard .
Harwell ZOOOiEeries. The’counter signals were attenuated to % of their
amplitude before be}ng applied to the FET, so that the pinch off voltagé i

Vb is not exceeded and the characteristic equation obeyed for input into 7

49~
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volts. The FET was mounted on to a brass block kept at a constant
temperature of SSOC to ensure tﬁat the characteristics of the FET did not
vary with the change in the ambient temperature. The short circuit gate
in fhe input was used to gate only the wanted signals.

The summing amplifier combined E and AE signals to give a pulse
corresponding to total energy. In our case of low eneréy applications
a substaﬂtially large fraction of energy was lost,iptthé AE counter
s0 it was necessary to add both the signais to get the f;ll energy
spectrum.

The gain of the adding circuit had the same value for each input
channel. To satisfy the equal gain condition, necessary, for pulses fed
to the mass analyser circuit, it was necessary only to set AE and E gains
such that they give the same output amplitude from the summing amplifier

. . . 41
for some energy calibration line (usually an 2 Am alpha source).

Set up and Performance of the identifier System

The block diagram of the complete electronic set up for a typical
experiment is shown in figure'3.3.4. The monitor éounter is used to have
a continuous check on the target condition. Tge power index of the
identifier is set up by adjustiﬁg G in the identifier circust and checked
using a pulse generator before the star£ of thé experiment,

Figure 3.3.5 shows the identifier épectruﬁ for 12 MeV dueteron
bombardment of 4OCa target on carbon. The counters used had a thickness

amd. {000 Miciong
of 25 microns,for the AE and E counters respectivelyo

A not very good separation between the protons and the deuteron

was due to the use of a very thin AE counter which was necessary so as

~52-
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not to stop the He particles in the AE detectoro

 the arms were supported on roller bearlngs. Thls was specxally 1mportant"

The separatlon between 3He and’ alphas was not very good and bccame H:{
worse at forward angles where leaklng alpha tall caused serlous background
problem. Figure 3.3.6 shows a separated spectrum of He partlcles for the,
deuteron bombardment of Al at 13,0 MeV. The large leakage alpha tall =
was due to wide gate settlng for the He partlcles so that none of them L
was missed. el | .
Overall energy resolutlon of the system was . about‘~ IOO KeV and thlsfi

—
was one of the llmltatlons whlch made the system unusable when the levels

of the re51dual nuclel were close together. Another serlous llmltatlon

of the system was 1ts 1ncapac1ty to deal wmth hlgh count rate. ThlS fﬁ

pos51bly arose due»to.capac1t1ve"coupllngs 1n“he 1dentlf1er C1rcu1t.;;

ThlS made the system unusable at’ forward anglesffurther than 20 to 25

degrees due to the large number of elastlcally scattered partlcles ‘}tmf'fe"

passing through thesystem. ,

3.4 The Scatterlng Chamber

Figure 3.4.1 shows the photograph of the scatterlng chamber Wthh."

is made mostly of alumlnlum alle. The 51de plate fabrlcated spec1ally

for our purpose is shown demounted from the chamber 1n flgure 3 4.2.;3.

_ ‘ : |
The rotatlng ‘arms were kept vacuum tlght by us1ng cyllndrlcal O—rlng ,

- .

seals. The two arms formed a concentrlc assembly and could be movedjﬂ

around 1ndependently of each other.' For ease of movement under vacuum,

for the outer arm because lt had conSLderable area supported agalnst"

vacuume - Even then 1t was comparatlvely stlffer than the central ann.-
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Fig: 3.4.2 The scattering chamber with the side plate demounted,
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Figure J.4.3 shows a sectional view of the side plate. The positidn
of the counter arms ;re shown by pointers on a circular angular scale
on the outer side of the piate. There was some backlash error in the
movement of the arms and the angular accuracy of setting was estimated
to be ~ 1 degree. .

The electrical feed throughs were provided to each of the central
bearings of the moving arms so0 as to avoid entargling of tﬁe wires
inside. Six feed throughs were availabie for éach arm, two 15 amperes
porcelain insulated conductors for the power éo the cooling device, two
amperes porcelain insulated conductors for the thermistor for temperature
control, two co—axial 100 ohm PET connector for signals and EHT supply
to the counters. There were aiso four co-axial feed throughs onlthe
plate itself for the fixed counters;

Facilit& for cooling the counters was provided by semiconductor
thermo-electric devices based on the Peltier effect. The devices used
were made by Melcor Ltd (USA) and were of type CP 2-31-10, Their duoted
capacity was 51 Bthu/hour for temperature difference of 1500 at 27OC .
It required a current of 8.5 amperes at 3.65 volts. Figure 3.4.4 shows
a sectional diagram of the counter holder.

Figure 3.4.5 shows the power supply and control electropics for the
Cooiing device., The temperature of the counter holder was sensed by a
thermigtor which was essentially ‘a negative temperature coefficientv
resistor. The thermistor formed awpart bf a resistance bridge. The
control circuit could compare the potential at the bridge junction to a

preset potential which represents the temperature reqﬁired.-'Whenever'fv
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A section diagram of the side plate.
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this temperature was reached ccoling was switched off and if the
temperature had risen again it was turned on by the operation of a relay
by the control circuit. The temperature control system was designed by

the authore.

3.5 Spectrogranh System

Introduccion

In discussing the limitations ofAthe counter telescope particle
identificavion system, it was pointed out that‘the systen was incapable
of dealing with high count raﬁe (> 1O4 per second). So the system
could not be used at forward angles where the count rate due to elastically
scattered particles increased tremendously.

For this reason it became necessary to use the Buechner magnetic
spectrograph ;to get data at angles less than 20 to 25 degrees. 1t was
possible with suitable setting of the magnetic field andldetectors to
look only at required groups of particles. The main disadvantage of the
spectrograph Was its poor geometfical efficiency and hence was not used .
when count rate.and resolution permitted the use of the telescopé system,

The Magnetic field of the spectrograph is uniform with a circular
boundary and is capable of focussing particles from a source outside the
field onto a hyperbolic focal surfacei ?articles of energy varying as
mﬁch by a factor of 2.5 can be focusse& on to the.chal plane. Details
of the spectrograph have been described elsewhere [BrSG] .

Until recently the only practical focal plane detector for use

with the spectrograph has been nuclear emulsion plétes. They suffered |



from serious disadvantages that (i) data are not available quickly,
(ii) accidents like light fogging and incorrect exposuire remain
undetected until it is tos ..ute to remedy the situation.

But with the availability of thé position sensitive detectors,
situation has changed and it is now possible to get data ‘'on line!
electronically. The system which we have used was designed by
Allan et al. [Al68]. A béiéf description of the use of position
sensitive detectors (PSD) in conjunction witﬁ the magnetic spectrograph
is given below.

Use of Position Sensitive Detectors (PSD) with the Spectrograph

The method of using a PSD is illustrated ih figﬁre 35.5.1. The
construction énd performance of the PSD's used have been described
elsevhere [OwS87]. A PSD is a surface barrier detector with resistive
layer coated on one face, one end of which is earthed and the othef
connected to pre—amplifier (figure 3.5.1)., The charge deposited in the
detectof by a charged particle is divided between the two ends of the
resiétive layer in such a way that the fraction arriving at the input
of the pre—amplifier is proportional to the total enérgf‘E deposited
multiplied by the distance X between the point of entry of the particle
and the earthed end. "

The relationship between the energies of the various types of

reaction product is given by

=E =2E, =2E =%E (3.5.1)

—G64—
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3.5.2 Illustration of the energy spectrum from a
PSD used in conjunction with a magnetic
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for a given magnetic rigidity Bp, of these product the protons will
always awve the greatest range and if the depletion layc. depth is
insufficient to stop them while stopping the other particles, the energy
spaectrum appears as illustrated in the figure 3.5.2. Particle selection
can bc accomplished by setting a window across the encrgy group
corresponding to the desired particle,

To extract the position information x from the output pulses E.x
it was hecessany 10 divide this output signal by the energy signal E,
Tris had the.added advantage of eliminating positic,~al inaccuracies
caused by spread in the E siénal. The spectrum corresponding to chosen.
reaction product is obtained by analysing the output EEZ of a divider
circuit in coincidence with the window ocutput of the particle selection
circuit, , .

The system was capable of ﬁsing a maximum of eight detectors. The
figure 3.5.3 shows the block diagram of the electronic system used in
conjunction with a PDP-8 computer. However in our case_it was n&t
necessary to use all eight detectors on any single occasion.

The detéctors used were of thickness of one millimeter and had
positional reso;ution of ~ 0.5 mm. They were uséd with a tantalum.

mask of Smm x 44mm dimension.

3.6 Multigap spectrograph

As mentioned earlier, due to non~availability of high enough
beam current the multigap spectrograph had to be used for some of our

studies, The advantage of the multigap over the other methods is the .
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possibility of observing reaction products at many angles simultaneously
ard eliminationlof the target deterioration problem. A Lrief aescription
of the Harwell nulti-gap spectrograph is included here. More detailed
description of multi-gap spectrographs can be Tound in liteéature

[(Mi62, En63].

The multigap spectrograph is based on the same principle as phé
single gap spectrograph described earlier. The Harweil multigap
spectrograph (originally of Aldermaston) is essentially a combination of
24 single gap spectrograph afranged around the target in a circle,

The separation between the gaps is 7.50 with thé excepﬁion between the
12th and 13th ﬁhere it is 2.50. The angle of ihe first and the last
gaps are 5 and 175 degrees respectively. The solid angles for the
gaps is ~ 3 ;.10“4 str. for 4th to 24th gap.. The.first, second and
third have maénitudes of %, %, 1/1.33 of the ;ormal value respectively.

The solid angle varies along the focal plane so that correction
has to be applied to data on this account.

The length of the focal plane is one meter. The only practical
method of detectioh of particles at the focal plane available at the

<
moment is nuclear emulsion. The maximum and the minimum radii of
curvature of the focal plahe are 59.08 and 31,26 cm respectively.
Contributions of the spectrograph geometry to energy resolution is of

the order of ~ 10 KeV.



5.7 Necutron Detection end Time of Flight Svstem

Neatrens being electrically neutral have ﬁo be aetected indirectly,
such as looking at recoil protons in hydrogenecous material due to
collision with the neutron or charged particles produced in ncutron
induced reaction. This makes it very difficult tq measure energy or the
neutrons precisely.

The most suitable method of energy measurement for neutrons in the

energy region of 100 keV to 20 MeV is the time of flight method. In

' -

this method time of flight of neutrons between two fixcd points and hence
the velocity'of neutfons is determined. Energy is fhen deduced from
velocity. What is required for this method is.a neutron source which
should emit neutrons during a short interval, so that time of emission
can be determined accurately.

Pulsed Qan—de—Graaff at Harwell (IBIS) has a pulse length of
~ 1 nano-second and is very well suited for this technique. Scintillation
counters are normally used to detect the neutrons because of their‘fast
response time, In the following we shall give a brief descripﬁion of the
actual detector used and its associated electronicso<

The system used for our experiments was»cqnstruc?ed by Adams et al
[Ad67]. The scintillator used was NE-213 and the photo-multiplier was
XP~1040 (AVP-56) which has a rise time of about ~ 2ns, Two pulses were
taken from the detector. A fast pulse frOm.a floating aﬂode‘was used

for timing &s well - as pulse shape discrimination. A linear pulse from

the 11th dynode was taken out and was used for energy (noise)

—69- .
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discrimination purpose. The energy bias was set by using an:‘ Am

spurce,xﬂmieh procduces GO KeV y—rays, wiich epproximately corresponds
to 500 kev neutrons. This is illustrated in figure 3.7.1.

, The timing pulse from the detector was used as start pulse of the
time to amplitude converter (TAC). The pulse, corresponding to‘arrival
of the charge particle beam at neutron producing target was picked by
a holiow copper cylinder placed near the target and was ﬁsed, with
suitable dclay, as stop pulse. This reversal of sequence has the
aavantage that it avoids unnecessary dead time in the TAC.

Sensitivity of the scintillator to yhréys constitutes background problem
as Y»fays are invariably present in all experiments. The prompt y-reys
arevthe fastest arriving particles at the detectors and so give a single
peak irrespective of energy. But more troﬁbles&me ones are the random
y-rays produced by the decay of the reaction products in the target and
other sources which may be present in the vicinity. This gave rise to
white background which causes seriocus problems for low yield experimentsf
In order to eliminate this randqm background‘a pulse shépe
discrimination (PSD) system has been developed at Harwell [Wh66, Ad67]
which 1s Dbasced on the Tact that y-ray pulses decay faster than neutron
pulses. The output of the detector is divided in .two pérts which.are
integrated over 30 and 500 nanc-seconds respectively. The amplitudes
from both the inteérators are equal in the case of w~rays since y-ray -
pulses decay within 30 ns and they are unequal for neutrpns gue to the
presence of a long tail in the neutron pulses, Figure 3.7.2 shows the

block diagram.of the PSD set up. Figure 3.7.3 shows the complete
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counting system using pulse shape 7 ool nation,

3.8 Tandcem Van-De-Graaff Cenerator

In the t;ndem ven—de-Graaff a single high voltage terminal is used
twice to accelcerate charged ﬁarticles using the charge exchange principle.
Figure 3.8.1 shows a schematic diagram of the Harwell cancdem together
with the plan and section of the building.

The ion—source at the top injects singly charged negative ions into
th¢ accelerator tube. These negative ions get accelerated to the
positively charged terminal where they undergo change exchange to become
positive ions. These positive ions receive further acceleration éue to
repulsion from the positively charged terminal. The maximum attainable
voltage of thé terminal is 6.5 million volts. Main attractive features
of tandem are: ) ' » - - .

1) Gonod energy stability, which is of the order of few KeV,

2) Continuous variability of the energy.

3) High beam quality and low machine background.

3.9 The Ibis Van-de-GraafTf

The IBIS (Intense bunched ion source) Van-de-Graaff is a nominally
3 MeV machine. The principal feature of this machine is its capacity
to produce pulsed ion beamssof very short duration (1 ns). The principie
of pulsing is illustrated in the figure 3.9.1. A 10 ns ica brust, at
: <
one Mhz repetition rate, is produced at the ion source by using rf

electro static deflection., After the acceleration this 10 ns pulse is

compressed to 1 ns using Mobley bunching mechnism.
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V'ith this type of bunching there is no loss of ions in compressing
the ion burst by a factor of ten and virtually no increase in the
intrinsic beam energy spread. There is introduced, however, an angular

sprcad in the ion beam which depending on the ion velocity can be up to
-0 . . ; . o .
2.5 « The IBIS is used mainly to accelerate light ions, ..e. protons,

, 3.. 4
deuterons, iie and. He.o
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HAPTER IV

EXPERIMENTS, DATA AND THEIR REDUCTION

4,1 Introduction

In this chapter different experiments and data analysis procedures
are discussed. Tnz description of different experiments have been
grouped together in sections where same instrumentation were used. The

data recduction procedures have been collected together in another

section,

4,2 Beam and Target Technique,

A schematic éet-up of the beam optics is shown in figure 4.2.1,
Beam from the machine was bent thréugh 90 degrees by the bending
(analysing) magnet, which was then focussed by a pair of magnetic
quadrupole lenses., The flap box had the‘faciliﬁy for monitoring the
beam. The shape of the beam spot could be monitored by puttiﬁg
a quartz flap in the path of the beam and looking thrcugh a closed
circuit television camera. The beam current could be monitored by
bringing in a tantalum flap in the beaﬁ path° The beam was then

collimated by a system of apertures to satisfy the geometrical
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requiremcnts of the experiment. Specific details of the collimating
requirements are pointed out in each experiment under discussion.

Beam monitoring

After passing through the target the bceem was collected in a

. [
raraday cup. Charge collected in the cup was measured 5y using
standard Harwell 2040 system. It gave measurements directly in
fractions of a coulomb, the absolute value of which “eé believed to be
correct Within‘3%‘ The relative values were more gcéurate. Tre
calibration of the beam monitoring system was checked from time to time
by using a precision current generator;

In order to avoid error in the integrated Qharge due to emission

of secondary electrons from the Faraday cup magnetic and electric
suppressions were used. Magnetic suppression was used in the single gap

spectrograph experiments. This was achieved by maintaining a constant

the Faraday cup. Electric

_ .

magnetic field (~ 1 XG) near the entrance 7
suppression was used in the scattering chamber experimentshwhich was
achieved by maintaining a one inch diameter guard ring at a voltage
of —=120 near the entrance to the Faraday cup.: Aperture of the Faraday
cup was chosen so that it was large enough to colliect the beam without
significant losse
Targets

Targéts were made by evaporation of the elements in suitable form
onto proper backing. In é few cases the targéts were self supporting.

Table 4.2.1 shows the composition of the targets used.
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Element ‘ Enrichment Material ‘ Backing Thickness
| i -
| | ,
45 ! TThi 5 :
Vse i Natural Metal hin car 02n '~—1COpg/cm2
L ( 1Opg/cm”)
Oa " Oxide " ' ~1OOpg/Cm2
37 Silver— . S 2
el 97,8 Chloride ~50ug/cm
35(:1 96°95 1 ! n 1"
¢
f) ' .
2Yg3 92,0 Element z ~200ug/cim’
27, 2
Al Natural Metal Self- ~100ug/cm
: suppating
e 98.2 " " ~200ug/cin®
23 . . 2
Na Natural Oxide Thin carbon 100ug/cm
& ' :
romide
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4,3 Scoiterinzg Chamber Expo-iments

The Scattering chamber described in scection 3.4 was used for both
clastic scattering and transfer recaction studies for angles greater than
20 to 25 degrecs. A schematic set up of an experiment using scattering
chamber is shown in figures 4.3.1.

A singie aperture of 2mm diameter about a meter away was used as
collimator. There were several (2 to 3) anti-scattering slits of Smm
diameter.

In elastic scattering experiments single counters were used for
monitoring and angular distribution measurements. For the transfer
reactions the angular distributions were measured using the counter
telescope. The monitor was a single counter as in the elastic scattering
cases. The monitor counter gave the status of the target while tae
experiment wés going on. The data from the monitor were also used to
correct for changes in target thickness due to change of”target
orientation or evaporation of the material of the target due to heating
by tiic beams.

.

The telescope was set-up for equal gain for both E and AE counter
prior to the experiment using an alphafSource u;ually 241Am. The energy
resolution of the system with counters cooled to 10°C was ~ SO KeV.
Cooling to lower temperature was not ﬁossible due to different coefficient
of expansion of silicon and the mount of AE detector. The energy,'.
resolution was found to be ~ 150 KeV with the beam on. 'As suggested by

Anderson et al. [An67], the deterioration in the resolution with the beam .

on was assumed to be largely due to electrons produced in the target.

- . - -
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Ir, order to stop these low energy electrons reaching the detectors, small
permenent magnets with field strength of ~ 1 KG were placed in front of
both the telescope and the monitor, The field was strorz enough to
sweep away the electrons without effecting the heavici particies. With
this arrangement an overall resolution of 90 to 100 KeV was obtained.

A biock diagram of the total electronic counting systen has been
shown in the figdre 3.4.1., The various scalers shown in the diagram
were ncckxed 1O a master controller of Harwell type 1857B, which could be
used for printing out the counts in all the scalers, starting and stopping
all of them as necessary in single coperation. In fact the mastér
controller was also coupled to the current integrating system. A pre-set
scaler was used to produce a signal when the bombardment of the target was
completed for the required charge. This signal initiated the controller

action which shut off the scalers and beam current. The beam current was

‘>

cut of f by using an electrically operated tantalum flap.

A PDP-8 computer interfaced to accept data from analogue to digital
converters was used for spectrum analysis. This computer has 8k memory
of 12 bit words, one teletype unit, two DEC magnetic tape transport, and
a display with ligﬁt pen facility. For operation of the computer in
data acquisition mcde, a display programme with interrupt facility was
used., Whenever any data arrived from the ACC, the diéplay was
interrupted. The counting of the address advance in the interface unit
was initiated by a start pulse from ADC. The number of address advance *:
pulses give the channel addréss. On arrival of an accumulate pulse

display was interrupted and one was added in the address registered.
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This opzration took about ~ 2u~sec and 50 did not contribute significantly
'

4

to the cead time ¢ the. systen. The cead time war  stly due to

ATNAY 4-

conversion time in the ADC. For tae Herwell ADC type 2011 with a

of :
conversion rate,4 MUz , the dead time was one microsecond per four

channel. . Apart from this there was a dead time of Su~sec for every

pulse rejected dué to non—-fulfilment of coincidence condition. The dead
time estimate was obtained by gating a one mega—qycle'clock (not shown

in diagram 3.4.1) with the dead time outpgt of the ADC unit. Similar
system was used to register monitor dead time. In most of our uses the
computer was used as two independent multichannel @nalysers with two ADC.
input each of 1024 channels. It could also be used in other modes such
as 'one group with 2048 channels' or 'eight groups with 256 channels each'
At the end ¢f a run data was stored §n DEC magnetic tape by using another
orogramme, The data transfer rate to thé magngtic tape was very high an&
it took only few seconds to transfer a spectrum of 2048 channels., About
45 such runs could be stored on a single DEC magnetic tape. At the end
of the cxperiment data tapes were printed out on the line printer of
Harwell IBM 360 central computer and wfitten on IBM 7-track magnetic

tape Yor subsequent analysis.

4.4 The Spectrograph Experiments,

The spéctrograph system was used when resolution requirements were
beyond the capability of the counter telescope system or to check the
data obtained with the countef telescope system. Therefore in some
cases the system wés used as an alternative rather than in a complementany‘

manner. The experiments were performed in lots of 2 to 3 days which are

,
i
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refered to as runs hereafter. 1T was more efficient 1o use a single
systeca in any one run due to time wastage involved in the beam line
change.

The instrumentation aspcct of the specirograph system has already
been udcscribed in section 3.5. The beem opiics were similar to those
described in section 4.2. A rectangular aperture imm high and 3mm wide,
half a mcter away from the target was used as collimating slit. A single
Smm x Smm anti-scattering slit was used. The anti-scattering slit system
w.s equiped with a paper roll device so that a burn mark could be used

to check the bean spot dimensicn and aligrments.

)

f

In order to use the system for experiments, detectors were positioned
at required places along the Tocal plane from Kinematic consideration of_
the reaction to be studied. This positioning could be done only roughly,
the exact limiting radii of the detectors were determined later by using
either a 241Am souirce Or elastic scattering from a thin gold target.

The gains of the E and E.x amplifiers were set up so that the full length
of a detector could be accommodated in the 258 channels allocated to it,
This was achieved by using elastic scattering from a thiék target and
setting up the magnetic field so as to provide a uniform spray of .
pairticles over all the counters and adjusting the gains until rectanglegs
corresponding to full length of the detectoré were observed in the spectra.
The resolution of the detecting system was about ~ 30 KeVe

The required reactions were studied by setting up the magnetic field
to required values from kinematic calg;lations, s0 that peaks were :

4
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o

nositioned at the centres of the detonlors. The rmegnetic fields were

set by using a profon resonance Ticid measuring probe. The required

Ting up the encrgy couditions as

s

type of particle was chosen by set

4

explalied in section 3.5. The use of the P~ computer for data

acquisition was parailel to the descrigiion in section 4.3,

, o ARC .
A 30lid state detector was usec ac SO0 to the

monitor the targel during the experiments. The elastic scactering from

3

the targel scen by monitor was used TO correct the changes in target
thickness arising either from evaporation or caange in the target
orientation. The monitor was also used for normalizacicn purposes

vien the integrated beam currenc measurement were not aveailabie, which

. ol N 13 o P ]; 1.‘"0 e S ol A N
occurred for studies at angles less than 5 when the Faraday Cup had
to be removed to avoid obstruction of L. spectrograph aperture,

4

Corrections had to be applied to the data from the spectrograph

system due to changes in solid angle along the focal piane., This was

done by using ihe calibration curve shown in the figure 4,4.1. The

— — .

quantity ‘R in the figure refer to mean radius wiiich was taken as

50 cm,

i) 4

4.5 Multigan Spectrograph Experiments. ' . ’ -
The Ha&well multigap spectfograph has been described in section”
3.6 where the reason for the use of the system was also pointed out.:
The beam optics used in the multigap experiments were difTerent
Cirom the description in section 4.? in several ways. qucollimating slits
were used at all in this case. The machige slits were sét to the

dimensions 0,060" inch high x 0,040" inch wide, he magnetic quadrupoles’



were used to produce an imege of the machine slit on the target with a
magnification of % in the vertical direction and one in the horizontal
¢irection, The field acdjustmeats of the cuadrupcles were cone by
positi@nlng a 0,020" x 0.040" slit at the target wosition, four sides
of wiiich were insulated from each other and eaca could be connected to a
current monlitoring device. It was possible po ¢ghtain field settings for
the quadrupoles by trial to get a transmission better than $C7% through
the slit. Once the beam geometry was set up, the =.ip was replaced by
the target. This could be done without breaking the vacuum by sliding
the target assembly which could hold many targets usinZ a stepping
motor device., The positioning of the térget could bLe done accurately to
within a few thousandths of an inche

The detectors used were Iiford L4 emulsion plates bf 50 micron
thickness,. bolythene absorbers of 0,0i5" thickness weré used in front
of the emulsicn plates. Thé effect of the absorbers was to stop the
deuterons in the emulsion ﬁhich made it possible to distinggish_ﬁhe
deuterons from the protons which were not stopped in the emulsion,

The magnetic field was set in each experiment so that the first

reqaired group arrived in the first gap, at ieast 10 cm fFOm the top end,.‘
of the enulsion plate, -

A solid state detector was used to monitor the target condition by
looking at the elastic scattering. The problem of target deterioration

does not arise in multi-gap experiments becauze all the gaps are equally

affected by any change in the target condition.
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A routine procedure was used €0 process the plates before scanninge
The scanning of the plates were done in me strips, only in sc.ected
- wces from the knowledze of the energy levels of residu. . .cleons and
Kinematics ~-.isiderations,

The only correction needed for the data was the sclid angle
variation along the {ocal plane. This correction &long with the
1:;:5?ofmation to the centre of mass system was achieved by using a
computer programme {(Cof. Appendix B)°:

4,6 Time of Flight Experiments,

G 3 .
The time of flight system was used to study the 2JS.’L(d,n) OP

reacticn. The instrumentation for the time of flight experiments had
already been'described in section 3.7. Two detectors with pulse shape
discrimination were used in the experiments.  One of the detectors was
used for ang&lar distribution measurements and the other was set at a
fixed angle (150 to the beamn direction) to monitor the target condition,.
The detector used in the angular distribution measurcuents had a
scintillator {NE213) of 4" inch diameter and "I" inch thickness. The

monitor detector scintillator had 2" diameter and 1" thickness.

A illustration of the time of‘flight set-un is shown in the

*h

igure 4.6.1. The cylindrical target in the picture was absent in our

. ' . . . 2 . 29..
case. The target used in the experiment was ~ 100 pg/cm” thick (77Si)
made by evaporation on a 0,05" thick gold backing and placed at the “end
of the beams line in a roviting can which was cooled by a stream of

compressed air.
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Lelore e experiments, lincarity checks were done on the
~nstrumentation system using the Ywhite spectrum methed!. In this method
start and stop pulzes were generated from the random evénts’invthe
detcétor cdue to an Sm source and a one Mhz clock respectively and tie
parameters in the electronic set up were adjusted until a flat time
snectrum was obtained. Figure 4.6.2 shcws a typical white spectrum,
Apart from very low pulse hcight region a iinearity Loiter than 1%
was achiicved. As the experimeﬁts were in the linear region, the luw
pulse height non-linearity was of no consequence,

The flight path used was about “'Q_meters {or both the detectors.
The angul:sr distributions were obtained:by rotating the larger detector
around the target. In order to keep the distance between the target and
the detcct“? fixed, the base of the }otatable counter tower was fixed
t0 a steel bar which pivoted about a point directly below the target

{obteined by droping a plumb line). The angular positions were

determined from permanent markings on the ficor which are believed to be

o 0 e s . .
accurate within = % . The best time resolution obtained was better
X . - o 29.. 30, . ;
than 4 ns. A neutron time of flight from ~ Si(d,n)” P is shown in
the figure 4,603,
Corrections due to variation in the efficiency of the detectors

were applied in the determination of angular distributions using the

<
calibration measurements by Adams (Ad69). The relative efficiency curve

is shown in the figure 4.6.4.
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4,7 Crocs-Seciticon Calculatiocns

For the cross—section calculation purpose, en ésscl..lly parallel
beam wvas assured to strike the target, The differeniial yield measured

by the deteetor is given by

av(0) = N, 0 € a(6) dl (4.7.1)

where N, = Number of particles in the beam
n = Atomic density of the target

g = eflTiciency of the detector

(@]

Q
i
E

lifferential cross—sections

)
5
1

soiid angle subtcaded by the

cetector at the detector.

The experimeﬁtal results were essentially measurements of d¥.o) for

known values of No which was measured by monitoring the‘integrated beam,
he broblems of beam monitoring -ha.e already been dealt with in section

402, Thé quantities nt dQ Were eliminated frbm'thelequg?ion by

Ii.therford scattering measurements. The Rutherford yield is given by:
V ) = { o o
d“R(QR) Nn Eok\SR) dQ (447.2)

where the symbols have parallel meaning to 4.7... ombination of two

equations yield
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Do Auvierford cross—sections being knoan o9y could be calculated. The
cross-sections thus calculated were transformed into centre of mass
system for subseguent analysis. A computer orogramme was writien for the
calculations of the cross—sections and to eifect the transformations to
the centre of mass system (c.f. Appendix A and Bj.
The following precautions were taken 1.0 order to ensure the
correctness of calculated o(6):
(i) Changes in the target thickness due to evaporation durirg the
experiment were corrected by using a fixed moﬁitor counter and
looking at the elastic yield and normelising the yield to

L

the veiuwe just before or after the Rutherford measurements.

[

{(1i) Incorrect normalization of o(§; cculd arise from o, not being
i

pure Rutherford. In fact oi‘s were taken to be optical
A

cross—sections due to some reasonable paraneters instead of
pure Rutherford. The measurements of Ok were made at several

angles so that consistency checks could be made,

4,8 Data Analysis

In this section only generalities of iz data analysis are considered,
peculiarities associated to each technique were considered earlier in this
<«
chapter,

The experimental data were essentially spectra of particles

consisting of a series of peaks. The first step in the data analysis was



to Tind the arcas of the peaks. When tiae peaks werce well resolved, this
was deone by using the light pen Tacilities of uhe PDP-8 wad DDP-378
computers at tihie Nuclear Physics Division, Harwell. It was @is50 pessible
to do simple straignht line background subtraction In this process,.

Zn the cases of overlappingz peaks, a lcast'squaré fitc lLQ computer
presrieae {c.l. Appendix 3) was used for the purpose. This programme
Titted The overlapping pcaks to a given line shape using a least sguare

i

it. It was

t-l)

meTihod and gave areas due to individual peaks at best

(o]

possible to do linear, parabolic or cubic background fit and subtraction
with this programme.

The next step consisted of .ormalisation of the calculated peaks
areas Lo a common charge exposure and correction of these'areas due to

target deverioration cifect. he data so obtained were used for tae

Cross—=sce A.CalCUTdthH as cescribed in section 4.7,

The centre of mass cross—section obtained from the cross—section
programne were generally at irregular angular intervals. As it was
convenient to have data at regular angular iﬁtervals Tor subsequent
analysis in many cases, the C.M. éross;sections werce found at required
intervals for the necessary cases by interpclation uJ*ng a Legendre
Poiynomial least square fitting computer programme (c.f. appendix B).
In some cases.satisfactory Tits could not be obtained using the above
method and free hand fitting‘was used.

The next step in the data analysis consisuv -« in fiﬁting.the~aaéav
Co the theories. In the case of elastic scattering, the optical model

fitting is described in detail in chapter V.
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Forowne transtfer reaction casges oA Tittings wers dong to the
cxperinciital angular distributions to et -iue - & spectroscopic factors,
in the pure cases, i.e. the casces whcre cinly one U“JLb;l angzuiar
momentun ool was allowed, the spectiroscopic Tactors were found by R
macching the Tlsn experimantally observed peaﬁ in tﬁe anguldr uwistributions
10 the DWBA cross—sections.

In the cases wihicre more than one orbital angular mementum transfer
wes alloved, a computer progranme (c.T. Appendix B) was used for

ccomposition ¢of the distribution into its camponents. In tils work

composite distributions were cue cnly to ¢ = 0+2 transfers. Three

Lypical cases of decompositions are shiown in figure 4.5.%. In the

[

pick up cases data were not available at angies near zeroc—degree wherce

~

=0 distributions are chearacterised by their large cross—section. So

'

Q,

the spectroscopic factors found using the decomposition procedure were

not vuory accurate. For the stripping cases the maximum [WV3A cross—section
for ¢=2 transfer is typically an order of magnitude smaller than the
maximum DWEA cross-section for =0 transfer. This g1§es rise to large
uncertainty in the spectroscopic factors for ¢=2, extracted by dsing
the Titting procedure. As even the pure distributions did not fit

o]

very well with the DWBA calculations for ecm > 407, it was not possible

to estimate accurately the variance on the spectroscopic factors

extracted by the fitting procecure. For the stripping cases estimates

show that the ¢=0 spectroscepic factors are quite accurate but the £=2

spectroscopic factors are accurate within a factor of 2.

..
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Uncerolilocies Ln the spectroscopic Tactor aric. g Trom the

4 -~

the decompesition are not shown in the tabulaticas of

cabigaitics in

spectroscopic factors.

4 '~3 and Theip Lval-ration

o]

[+]

There are various sources of error in a scacicring cexperlinente.
The importance of different errors depends on the geomeiry of the

experiment. Some of Uie Common errors are

—

) statistical error,

'2) error due to finite angular cpening of the counter
3) error due to size of the beam spot.

4) errors cue to multiple scattering in absorbers

5) errors due to slit system used.

;atisﬁical ¢ooor are there in comm&n with all oo counting
processes, it is particularly serious in casa2s of overlapping peaks
and peaks with high background. Standard procedure was adopted, to
evaluate them. The statistical errors are not shown in the tabulation
of the spectroscopic factors unless they are greater chan 10%.

Error due to finite angular opening of counters are important «
where cross-—sectiocn vary very rapidly with angle. Thls is a second
order effect beceu.t Linear chaﬁge cancels each other on two sides of
central angle. This could be important in our counter'telescope system
for elastic scattering at forward angles because of its rather large
angular_opening but this system was not used at very forward angles.

For spectrograph experiments this was not very important because of

.

-100-

AN



its very small angular opening.
Beam spot dimensicns in all cur experinents were very small

RN 3

co.pared to the distance of thie counter Tro.. the targel so that error

wee Lo oo =000 size was unimportante
It night e suspected that the crror dee to nuiltiple scallicring
2 the AL counter, in the telescope experiments may be significant,
nowever, calculatioas show that even in the worst case <9 V.st les;
"

then 2 degrees, Counters in tiie telescope were arranged without any

coliimating slits between E and AZ counters, sc thet there was no

Zrror due to slit edge penciraticon fs unimportant for energy
mcasuring experiments because this effect shows up in energy change and
is automatic§lly eliminated.

Coher errors arising in specific cases are discussed in relevent
piaclise Examples of these type of errors are:':rrors in peak areas due
to overlapping of peéks, errors in targct thickness, errors in the

-~

spectroscopic Tuctors arising from cecomposition into components etcCe
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LAPTER W

=LASTIC  SCATTERING STUDIES

e utility of optical potential parameters in cur studies has

already been pointed cut in scotion 2.5. It was alsc noted that
deuteron and F optical potentials shaov a few 111 defined systematic
variations and s0 it is not quite safe ©o extrapolate poctentials from

neighoouring'nuclei and even from the same nuclei ab differeni energics.

S0 it wus decided we should evaluate the necessay ontical parameters

as muca as possible in order to reduce the vagaries in DWEA associated
witii opuical parameters. In practice measurencnts were limited to

targets on which other studies were done as well, o

Deuteron e¢asflc scattering angular distributions were measured

. C . ' 40 -5
at an incident energy of 12.0 MeV for targets Ce, Sc and at an

- - 5 3
incident energy’ of 13,0 MeV for targets 07Cl, SOCl, “7Al and 2 Na.

. . . (o2 .
Angular distributions of He elastic SCQLE ering cross-—-sections

0
o 4

25 , 29, L
on Mg and S1 were measured at an incident energy of 14,0 MeV,

~102~
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L0 Experimenteal metnods used were those; descrioed 1n sections 4.3

- 3 ™

and 4.4, 20Un The counter telescope and the specirograni systams were
used in (¢,d) studies. The counter telescope ¢ Jn not be used at
forward angles cue to wirsening resolution from high count rate and
progressive smailness of the kinematic shifit which made th: resolution
T the impurity groups impossible. At Torward angles the spectrograph
system was used. Thnls also provided ai inderendent check on the
normaiisavion. Even with the spec.. U _..owsh gysten it wes not possible
27
- b} -y 3 - - S _0 4‘5 v , . [0}
to explore forward angle less than 25 for S¢c and Na and 20 for
chlorine due to the presence of lmpurity groups and the target thickness
efTects Errors in cross—sections are quite hi: even at these angles due
e am . - 3. 3., .
to overlapping of peaks. Tor { He, He) cases spectrograph was used
because it was not considered worthwhile to change the beam 1ine as some
- .3, s R - . L
checks on v, He) reactions were also being made on the same run.
The ccmposition of the targets used have already been described in
table 4.2.1.

Figures 5.2.,1 show scne representative counter telescope spectra
choeained in experiments to determine (d,d) cross—sccticns. Figure 5.2
shows o typical position sensitive detector spectrum. The rather poor
resolution in the {igure was due {0 target thickness. Absolute
normalisations for (d,d) cases were obtained by ccmparing the cross—

sections with elastic cross—secticns at 4.0 MeV, by taking the cross—

sections to be due to some reasonable optical potential rather than pure

_'[03—
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Fig: 5.2.2 A typical position sensitive detector spectrum

(eLab = SQO) from 40Ca(d,d)4OCa at Ed=12.0 MeV.
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Rutherford as pointed out in section 4.7. After the evaluaticpiof.the
finalvpotentials‘checksvwere made on these correctioaspusihgifhe finail'l
~ potentials which showed the goodness of the approkimatiom.A Pfdcedure’ita'%li
for finding absolute normalisation for (3He, 3He) casesuareﬁmemtioned u;:l'l
in each case under'consideratlon. p ' | . s

General aim was to keep statistical error less than 3%, Wthh was - 'ijfyf
taken as the crlterlon of good statistics. However 1n some cases errors’ﬁ51;

turned out to be larger than this.

5.3 Methods of Analysis

The method of flndlng optlcal potential for a glven data set

consists in vanylng the paraneters of the optlcal potentlal untll the

difference between the calculated and measured cross—sectlons 1s as smallj

* as possible. A convenlent measure of thls dlfference 1s the quantlty

".'..

>
1
N S
8!
I e
%

P

where o and o i'Bob are the calculated and experimentalicross—section

at a particular angle and the summatlon runs over all the N experlmental

points. This quantlty may be mlnlmlsed by systematlc parameter varlatlont
using an appPOpPlate computer programme. - In this way a satlsfactony
fit to the experlmental data may usually be found w1th SOme exceptlons

to be dlscussed in the followxng sectlons.

The results of the analys;s of a partlcular set of experlmental data”

depends on the number of parameters of the potentlal that are"allowed

U -106-
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to vary. ' The number,of parameters to be varied.depends.onvthé tYpé.or'iia?if
analysis required. | ’ '

If the object is to obtain as good a fit to a set of data as pOSSlble,ﬁf
then this will be achieved by varying all the parameters. If it is ' |
desired to obtain the best overall fit"to a range Of,nuClelvthen it is S
more appropriate to varv a few parameters'onl;y° . o

Even when the varisble paraﬁeters have been.selecteddaocording to;_;;u
the aim of the analysis, it is not necessarily best to vary.them.all atJ i3§;.

once, as some times this gives rise to ill determined equations for¢

optimum parameter shifts and hence to erratic behaViour of the automatic
search routine. It may ' be better to vary the parameters 2 or 3 at a time
until the best fit is founds No general rules can be given for this as ;‘i”
it depends very much on the peculiarities of the particular experimentalji

data,

It is usual to start the process ‘with parameters that have already *b
been found to give a good fit to data on similar nuclei at Similar
energies. However, if the calculations are started With markedly differentf

parameters it is frequently found to converge to qu1te a different set

of parameters. Thus, there may be more than one optical potential that

gives an equally acceptable fit to a particular set of experimental data.j

It turns out that there are several distinct sets of parameter ambigUitiesf'
Some are continuous, SO that all sets of parameters in a particular fpf
region of parameter space give equally good fit Other ambigUities are
' discrete in the sense that only a 'series of particular values of the ’

I

parameters give acceptable fits while intermediate values do not.,f‘

v? 107~



5.4 Types of Paramcter Ambivuities

504.1 Normallsatlon anbigzuities,

Experimental ly measured cross-sections are‘subjeCted not only.4?;
to a statistical error depending on the.number of‘partlclesocounted atp'&:;"
each angle but also an overall normalisation error dependlng on the ,: ii
calibration of the detecting apparatus and thickness of the target. 'lt:fﬁg
is only the statistical error that is taken into acconnt-ln calculating:ff~~

A, but even 1f the normallzatlon error of tne order of 57 lS added to

bo, the uncertalnty in the cross—sectlons, the amb1gu1ty stlll remalns.:’;"’

Dickens and Perey [DiGS] analysed data on elastic Scattering of

12 MeV deuterons by Ni, Zr and Cd using different normallzatlons. Their‘;

results showed that some parameters are qute senSLtlve to the normallza-f

tion factor; v

It is possible to determine the normalization factor by allo&ing it'f”'f

to be one of the parameters that is varied to optimize the flt,;but..zﬁ'f

experience shows that this ls not reliable and usually'introduces ah';i

substantlally additional uncertainty in the values of the optlcal model

parameters. For elastically scattered partlcles, the coulomb fleld

dominates the scattering at small angles and thls fact can be used for :

normalization of the cross—sectlons. However in thls reglon the cross—if
-section is both large and vanylng very rapldly with angle, so 1t is not¥
. easy to measure 1t with the necessany precxsxon. Indeed, 1t lS usually
the case that the accuracy in normallsatlon obtalned by thlS method 1s

331m11ar to the accuraqy obtalnable by the technlque of absolute

measurement. The presence of the normallsatlon amblgulty show the 4'

: 1mp0rtance of the accurate measurement of absolute cross—sectlono N

- =108= &




5442 Valley Ambhiguities

The value of A may usefully be thought es definingfa'surface-{”:
in space.with as many dinensions'as there a?e.variable'barémeters plus one;;:}
The best fit, corresponds to the deepest minimum and the presenee of '.i'ifih;f
ambiguities imply that there are several such minima. In practlce it 15'*73

often found that a minimum is very broad and shallow, so it 1s possxbleuTﬂghi

to vary several parameters at once in a particular way wlthout.'

significantly varying AY The more accurate the spectroscopié.data"‘

the more restricted are the areas of allowed parameters, Some times a = = .

minimum is broad and shallow in one direction -and steep in the‘other“so!f""._

that regien of best fit cerrespohds to the floor of the narrowivalley.f;}
This implies that the fit remains unaltered if say Just two parameters‘;f
are varled in a spe01el way together. An examplecls the Ur amb1gu1ty,liffj
in which the fit remains almost the same if r, is varled as much as

10% either way from 1ts optlmum value prov1ded U is varled at the same:f;
»tlme SO thatIJrE remalns constant., élmllar amblgulty 1nvolv1ng W and a
has also ‘been noted [H066]

5.4.3 Potential Depth Amblguities.

These have élready”been diséussednin sections .2, 55 where
it has been pointed out that. there are a serles of potentlal depths to

which elastlc scatterlng can be fitted,

5.4.4.Form Factor Amblgultles. ST

A It is poss1ble to obtaln good flt to deuteron and He elastlc..
‘scatterlng wuth ‘wide range of potentlal forms. ThlS range may be greatly

“,reduced by the phy51cal condltlons but there stlll remalns many forms £

‘, . 09‘1_
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For example excellent fits can be obtained using either volume or

surface absorption poteotials,for a series ofﬂpotential depbhs [PE63;' b
Ho66]. Even reaction cross—sectlons remain substantlally Lhe sameo.J
So, it is not pos51ble to dlstlngulsh volume and surface absorptlon by
'measurlng this quantity. - .

The ambisuities assc c1ated with dlfferenn form faccors are u<Uall)
dealt with in practice by choo51ng one form and using it con51stent1y.";'
If this is done analyses of different sets of data are all COmparable -
and the varlatlons of parameters may be 1nterpreted phy51cally.‘ ‘All the
‘results that are obtained using one equivalent form could also be N

a

obtained with any of the others.

5,5 Results and Discussions S T S ERREe
The figures 5.5.1 show the experimental cross—sections together
with the optical model fit. The data points where no erfor‘ber has been‘;;}

shown means that errors come within the circles.

In order to evaluate the optical model paranetefs a‘progfamme dué
to Wilmore [Wi69] was used. Errors in the data p01nts were the actual
statistical errors of the experlmental data. We shall now brlefLy

discuss the case of each of;the nuclei studied.
29 ' .

Sl( He, He)

This reaction has prev1ously been studled by Zurmuhle [Zh68] at'5
15,0 MeV. This study was COnducted at 14oO MeV to obtaln optlcal
'potentlal for DWBA studles of 2 Si ( He, d) P which has also been

‘studled at the same energy. The statlstlcs were good and theiangular

region covered was adequate._ Absolute normallsatlon of the'cross-sectlons%

-tio-




was done by taking the cross—-section at 200(Lab) to‘be 'equai tothe
Optlcal model cross -section due to the potential by Zur'muhle shown in- .
table 5.5.,1. Data point at 20 was chosen because th.l.S was the smallest

angle where the impurity groups were well resolved.' The value of thls

h )

normallslng cross-section 1s in good agreement with the cross-sectlon
calculated with the final potential after the search.fa | |

The same potential by Z;A:~xrn]'klle was also used as the staf-‘tving
potential for the optical model search. Initially a.four.paraﬁeter ey

search (U, a,r W, rw) was carried out on the,argument‘that', ‘as the

initial potential is for the same nucleus at comparable energy only'a, .
small variation in the paraxheters would be needed so '_thatv (U;ru) and N

(w,aw) ambiguities will be ‘operative. However it was f‘oond:t'ha't the o

_fit about 50 (CM) was not good, so a five parameter' (U,au,W ALY ) S

search was carrl ed.out V\hlch gavean 1mproved flt. The loglc f‘or as

parameter search bemg, whereas (Usry, ) amblg'Ult.Y is known tO be
operatlve for ~ 107 varlatlon in U, the range of (W,aw) 1s not so well
known. Actual experlmental errors on the data p01nts were used ln the
search in order to av01d flttlng some pmnts at the cost of some others.'
Search was carrled out also by using 57 errors on all- data po.mts whlch. :
gave a comparable fit. The angular' dlstrlbutlon with Optlcal model f.l.t
' is shown in f_‘ig. 5.5.1, the ﬁnal potentlal parameters are shown m

" table 5.5.2.

L M-




3 3..2
2%@(He,HQ %@

The reaction has previously been reported at 33,0 MeV by -

Dehnhard [Dh67]. This study was conducted at 14.0 MeV to findioptical}
. ) 25 ‘ .

potentials for use in DWBA studies of Mg(sHe,d)26Al. Both_statistics,l!J

‘and angular range coverage of data were good. Absolute normallsatlon
has been obtained by taklng the cross—section at 15 (Lab) to be due to. ”;]f
potentlal by Dehnhard. Like the 2981 case cross—sectlon calculated L
with final potentlal at this angle agrees very well wmth the values '
used, | |

Due'to reasons abready pointeo out in 298i’caseﬁa.rouriparameter E
(U,a,, W,rw) search,Was carried out using the-potential by'Dehnhard~V;'
shown in table 5.5.1. Flnal potentlal after search is shown in table
5.502. The rather large value of A is due to a 51ngle p01nt at 22, 36 (GWX}?

which for some unknown reason turned out to have a very large;value..f:?t*‘"

The angular distribution with optical model fit is shown in figure 5.5.1

458C(d d)45

‘nms also rather small The poor quality of data was due to the presence

'_ of large amounts of tantalum and another heav1er but less ma551ve Mwwu1& !

This study has been conducted at 12, 0 MeV for use 1n DWBA for -
45

Sc(d, 3He) Ca reactlon.' On prev10us study on this reactlon has been

" reported by Hansen [Ha68], the potentlal parameters’ from whlch is shown.“izf

in table 5.5.1.

The quallty of data was not good and the coverage of angular range

1NMm 5% -

unldentlfled 1mpur1ty group ln the target. Normallzatlonfprocedure
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Table 5.5.1 Initial Potential used in Optical Model Search
Reaction i Tu % W Tw S MEV : Pa;zr:iexrs - Comments
Mev | fm fin Mev | fm | fm S| Varied o o SR
3. 3, 29, : . e o :

2951 (%ne,’ne)*%i| 173.0 | 1.25 | 0,65 [17.06 S | 1.580 | 0.78 | 15.0 |U,a ,w r ,a | ®si potential [znes]
Mg (e, ’He) Vel 1671 | 1,10 | 0.688 |20.5 s | 1,668 | o0.75 | 330 Uya,Mor, - | PMg potential [pne7)
Bsc(a,)®se | 115.7 | 1.0 | 0,785 [12,06 D | 1,418 | 0.64 | 755 | v, o | ®sc potential”[Hass]
Oca(a,0)™a | 93.5 | 1.168 | 0.791 |21.55D | 1,477 | 0.428 | 12,1 |UaWor, o - | *ca potentidl [Ry63]
— . _ — — T

ci(a,)*’cr | 1128 | 1,021 [0.846 . [19.8 D | 1.47 | 044 | 120 | v,awin e | *%a potential [pess)
35¢c1(a,a)¥c1 112,8 | 1,021 - | 0,846 [19.8 D | 1,47 | 0,444 | 12,0 | U,a ,W; rw,aw " | *ca potential [Pess]

A, * A | 1030 | 1.0 | 0.943 |29.6 D | 1.501. | 0.527 | 10.95 | v,al,ir M potential [sa6s]

PNa(d,d)PNa | 108,98 | 1,0 © | 0,881 [25.37D | 1.507 | 0,527 13‘;0}-*‘ potential (tnis | -

work)

The letters S and D 1n the .1mag1nary potentlal parameter column ref‘er to Sa.xorHVood and Saxon—-Wood deri\;étive




" one and. too good a fit was av01ded. The flnal potentlal 1s shown 1n

-

described in sectionls.é was used forhobtaining_absolute'valuee of ‘the
cross-sections,. | | o |

The parameters by Hanscn was takcn as the startlng for a‘four -Jﬁ(::;
parameter search (U,au,w,rw) The angular dlstrlbutlon together w1th the-?j
optical model fit is shown ln flgure 5.5.1. The fit could be'lmproved
by decreasing the errors on the data but this was not consxdered
.desirable because of the ambiguity it 1ntroduces_1n the_parameters found;;ﬁf
The final potential parameters are shown in table 5.5.2;‘:!?151‘ Ce

40ba(d,d)40

Cross—section for elastlc ‘scattering of deuterons on 4Oba has been

measured and optlcal potentlal extracted on numerous occaSLOns [Ho66]

Targets used in our measurements was natural calCLum_(abundance of 4ocaiévhf
'96.97%). Statistics of .the’ data is fairly good but normalization'for?'~
_target thlckness change was 1naccurate at angles greater than 70 duelﬁ
- to acc1dental loss of monltor spectra. So the normallzatlon for these
angles was done by u51ng total 1ntegrated monltor count whlch was ;'%
recorded on a scalar whlch was obVlously not veny satlsfactory‘and a
bulge in the angular dlstrlbutlon can be seen correspondlng to the j?i
beginning of thls region around 70 . To get the absolute values of the -
cross—sectlons procedure 1n sectlon 5o 2 was adoptedo ,'. i'v‘ |
The potentlal by Raynal [Ry63] wmch is shown in table 5 s 1
. was used as the startlng potentlal for a four parameter (U au W r )
search. " Due to the normallzatlon problem nentloned above, the alm had

'~,been to get a reasonable fit w1th a potentlal close to’ the startlng

table 5 5 2 The angular dlstrlbutlon along w1th optlcal model flt

RTEEN



is shown in figure. 5.5.1..

37Cl£d,d)37Cl and 3501(d,d)35

Deuteron elastic scattering from either" of .these’nuclei. 'has_not o ;
been reported. Our studies were conducted at 13.0 MeV. Tatée'ts used . e
were same as those shown in table 4.2.1. R

The quality of data was hot good and angular range co.v"'erage‘ was | NI
also small, In the absence of optical potentials for these nuclel, the ‘_
starting potential for Optlcal model search used was that by Perey (Pe63)
- for 4oca which is shown in table 5. 5 1. In both cases f‘lve par‘ameter‘ o
(U,a,s W, r» @) were carried out. Figures 5.5.2 ehow the’fl?tq tha

data. The final potential parameters are shown in table 5.5.2.

27,1(4,0)% a1

Elastic scattering of deuterons from 27Al has been studied on
numerous occasions [Ho66]., Our studles were conducted at 13. O MeV
for use in DNBA for 2/ Al(d, Si1e) 20 R L ;jf,j"

The startlng potentlal used for optlcal model sear'ch is shown i

in table 5.5.1 WthhlS due to Satchler [Sa65] A f‘our- parameter (U,au, !

W,r ) search was car'rled out. Flgure 5.502 show the fit to the data. S gk

Final potentlal parameters are shown in the table 5 5 2.

23Na(d,d) %>

Deuteron elastic scattei‘ing ‘from '23Na has' not been 'repd‘r“te‘d'
previously. Our studles were conducted at 13 0 MeV.
The quallty of data 1s not partlmlarly good due to contammants 'i

oxygen and carbon 1n the targets. ‘ AJ. potentlal eva_luated .m thls

! . _1]6_, .
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work was used as starting potential for five parameter (U a, W'r',a )
search. Fit to the data‘'is not very good and thcre is a marked phase .
shift about 70 . The fit to the higher angle could not be 1mproved

w;ithout changing the errors on the data points WhJ.Ch f‘or reasons

mentioned earlier was not considered advisable. The flnal potentlal |

is shown in table 5.5.2. The fit to the data is shown in flgur'e 5.5, 2.,.

5.6 Conclusion | | S
The differéntial cross-seetions fbr elastically'eeattefed:deuterona‘:

were measured at a bombarding energy of 12,0 MeV from 455 4OCa and at

13.0 MeV from 37Cl, 35Cl, 27.Al, ZQNa. The dlfferentlal elastlc scatterlngif
cross—section for 3He from 29Si'and Mg were measured at a bombardlng
‘energy of 14.0 MeV Optlcal potentlal parameters were extracted hy '-if

fitting these, data for use 'in pick up and SU1pp1ng reactlon studles '7f'""

reported in chapters VI and VII,
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" CHAPTER VI

THE (d, He) REACTION  STUDIES

R « 3 ) . . B ‘ ) . ) "..‘
6.1 The (d, He) reactions leading to ground states of 44Ca, K, ~ 8 -

and 34S

6.1.1. Introduction.

The equations for the direct reaction croSsésections

(i.e.equations 2.3.11 and 2.3.12) contain a normalization factor

'N' arising from the overlap‘between the light particle wave.faacfioneite
.which has already been dlscussed in sectlon 2,3, As this occurs as a:
- congugate multiplicative factqr w1th the DWBA cross—seetlons,'a prec1se
estimate of this factor is necessany ln order to evaluate accurate .‘
absolute spectroscoplc faetors.; For the zero-range~DWBA calculatlonsr
of ( He ,d) and (d, He) reactlons, the value by Bassel (Ba66) of 4042
has been wadely used but varlous ‘other values both theoretlcal and |
' experlmental have been reported. As DWBA cross—sectlons are subJect.h
to variation w1th the ch01ce of optlcal model parameters and bound
- state'wave functlons, the evaluatlon of 'N' 15 also subJect tolthese

; vagarles.

-120-



Here an attempt has becn made to evaluate the zcro—rangc ‘N"
from the studies of (d He) tran51t10ns to the ground states of 44Ca,n
3 .
39K, 3GS, 4Sh The deuteron channel optlcal potentlal‘has been

' evaluated at the correet incident energies for all these‘reactions

which hopefully would minimise the amblgultles ar151ng from thls source.'f”

The optical parameters for ‘the 3He channel have been taken from the ,3‘1Qil'
Allterature at close enough energies for the same nucleus or ther

nelghbourlng nucleus being studled In any case the out g01ng energles' R
of the He particles whlch are doubly chargedgue low, and the domlnant:‘t:
contribution to elastic scatterlng is' from the cou10mb fleld and hence

. -the calculatlons should be stable agalnst small varlatlons ln the sHe‘ "

parameters. It is hoped to manlmlse the bound state amb1gu1ty by
using a constant prescrlptlon throughout.» e

Of course tests and comments will be made on the rellablllty or

P

otherwise of the values obtalned Some d18cu331ons wmll also be made

-an the 1nd1v1dual tranSLtlons. A brief rev1ew of the past work on the

” o

normallzatlon is included below.

6.1.2 Review of the past WOnk on normalisatiOn;m,f"
' The table 6.1.1,  summarises theAexperimentalf?alueé;bfﬂFhefh'

normalization constant feborted in iiterature.ﬂ'?

Cet2= T




Table 6.101

Summary of experimental values of normalization constant .’

Reaction . N ’ References
54’56Fe(3He,d)55’57Co.5 ' . '4.4 , Ro67a-;
BeaCte,)*sc 47 | Eres ».

(SHe;d) on ' S ;g<a,j
28 neutron nuclei . 3.720.6 | ACG6 - L
40ca(d,3ne) 3% - 4,42 | Hié7._; =

o 2.4%0.45 | Yoo -
1.44 .| cu62
6o, )N | 4wz | H1'.67l
| 1,45 " Ccusz

It can be seen from the table abbve that there isiconsiderable'*’
scatter 1n the experlmental values of ‘N* Many attempts have
been made in order'to evaluate the normallzatlon constant theoretlcally‘”

~as well. The table 641.2 summarises the theoretlcal values of“D2

(deflned in equatlon 2. 3 7) and 'N* evaluated us1ng varlous

B

prescrlptlons.ﬂvu




‘Thompson [Th?O] has been calculated u51ng the same parameters for )

‘_4‘

Table 6,1,2

Theoretical valuecs of the normalization constant.

2 =y
. D : ‘
Theory in 10%Mev Fm; N | References
1. Hulthen Wave functions for )
botH deuteron and °He, - 2054 | 3% L'LTh7OJ

'

2, Velocity dependent nucleon-
nucleon potential, Hulthen| . LA
function for deuteron, -~ |- 3413 4,68| - [Li69]
trl—nucleon wave fUnctlon ‘ ‘ B D
with 27 mlxture.

3o Ohmura Wave function with | - ‘ D
hard core potential B 7.4 " 11069 [Ro67]
(rc = 0.2 fm) - . CUo s

4. Hulthen function for ) . o o O
deutgron and Irv1ng~Gunn.(" 2,99 - 4.42] {BaGS]"
for  He wave function S G

The calculations by Rook [R067] are too senSLtlve to the
parameters and the values are too large.‘ The other three values a
are within 20% of the mean value 4,18. The values by Bassel [Ba66], Eﬁ:
it has been p01nted out hy L1m [L169] is due to ch01ce of a wave ;

function for 3He Wthh has Sane been proved wrong.‘ The value by

a number of reactlons whlch gave agreement math the experlmeftal

values and hence poss1bly more conSLStent,




6el1a3 Data A .

The (d,SHe) transitions leading to the.ground State'of
44Ca, 39Ca, 36S, 34S'were studied at an incident,energy'of 12.0 for
the flrst two cases and at an incident energy o 13. 0 for the last two ,;; .
cases. The experimental procedures adopted were the same as those .
described in the sections 4.3 and 4.4. Both the counter teleScope andi ;;;;
the spectrograph systems were used. For’458c and 40Ca targets the
counter telescope‘was used to find the angular distributionsfuhich Were‘d*x’
checked at several angles.with the spectrograph system. Forithe 37o1”fgfi:

case only the spectrograph system was used. The case for7thei;$Cl o

.

target has been described in section 6.2. The composition of thé targets?ﬁi

have already been described in the table 4.2.1.

The absolute normalisations for the‘(d,sﬂe) cross—sections were'€7
obtained by comparisoniwith_the elastic scattering cross-sections at {fj-
4,0 Mev which were assumed to be due to optical potentials'as”explainedul
in sections4.7 and é 2. There were contamlnant problems wuth the 458¢#2
target and the errors 1n the absolute cross-sectlons can be qu1te.h1gh.

The absolute estlmates for the other cases are belleved to be correct

_within 10% . No correctlon for the isotopic abundances has been applled N

as they are onLy a few percent. The flgures 6.1. 1 (a,b c) show the

angular dlstrlbutlons,_along with DWBA flts for the ground state

transitions to ::4?Ca, 39K and ®s. The 34 *s case 1s shown in”

BN

figures 6.2.1,
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6.1.4 DWBA analysis

Local zero—-range DWBA calculations were dohe feh the:;
transitions studieq. The parameters used in the calculatlons are
showmn in the table 6.1.3. For the bound state form factor the |
: separation energy prescrlptlon was used throughout. The parameters.;];ffﬁh
for the 35 Cl(d He) S(O) are not shown in the table as they are h
included in sectlon 6. 2. | A : ‘
‘Table 6.1.3 - . .fffe?j' TS

" Parameters used in the DWBA Calculations

CHANNEL ‘U | R A w | R | A {r

{ (44Sc+d) a) [120.69 | 1.0 | 0,77 | 27.28 D | 1.138 | 0.648
( Ca+3He)i b) [167.9 | 1.07| 0,775 | 16,79 S | 1.611 | 0.60

Ca§ c)|90.89 | 1468] 0.817 | 18.22 D | 1.540 | 0.43 -
( k+ He) = d)[181.0 | 1.07| 0,854 | 16,125 | 1.81 | 0,592

( C1+d) e)[113.34 | 1.02] 0.84 | 15.93D | 1.44- | 0,578
(3%s¥3He) 1) [173.0 | 1.25| 0.63 17,06 S | 1,58 | 0,78

BoundStates g)

carp - | 67.09 | 1.2-| 0,65 - =
gep T | 53.59 | 1.2 | 0.65 - =
sip o | 54020 | 1.2 |05 | - |- a

a) This work (458c+d) parameters at 12,0 MeV (c.f ~table 5 5. 2)fr7
~b) [Do67](46Ti+3He) parameters at 12,0 MeV., = .
¢) This work (4Oca+d) parameters at 12,0 MeV (c.f° table 5. 5 2) w
- d) [B165] (5%+SHe) parameters at 9.0 MeV .
" e) This work (37Cl+d) parameters at 13,0 Mev (c f. table 5 5 2)
) [Ga62] (325+3He) parameters at 15.0 MeV S i
g) Bound state potential depths have been adJusted to satlsfy,blndlng :
energy condltlon.',j::~ S :

U 126-




The table 6.1.4 shows the results from the calculations. The values -
2 2 | | o

3 NC'S have been extracted by matching the first maximum t;,oi”»the DW'BA.':';
‘Table 6.1.4
Reaction % n?s D | ¢ D) N .
*sc(a, te) Pca(0) 0,73 0.45 ¢ | 2,43
Ocad,’ne)*%k0) | 8.7 | 4.0 d) 3,26
or(a,’me)Ps0) | 2.9 1159 | siee
35c1(a,%e) (o) | 2.7 | 07139 | a6

a) This work

b) The values in this column have been derived by n:aking.:'ﬂle"'_

" ‘sum of the experimental spectroscopic 'factor_-‘s ‘1 :

; Z'Czs .%'Shell model valt_xe N

" ¢) [Ma69] |

~ d) simplé shell model value

o) “[puco]

B

, v;‘12’7_”“' »,




6.1.5 Sensitivity test‘on the;DWRA calculations to Opticai farametersvtiu
The sensitivity of the DﬁBA calculations to optical pérémetersf f  7”

has been tested for the transitions to 44Ca and S?K grbund éfé§é4using

a different set of potentials than shown in the tablé‘6Q1.3.§:Sénsitivicy o

checks for transitions to SQS and 348 were not done due to;nAAAVailabi;iﬁxj€

of suitable barameters in'the deuteron channels.’:The‘iable 6;3;5‘  L

summarises the results of the calculations. The potentiél sets 'A* in

~ the table 6.1.5 refer to the same potential.as listed in the:ﬁébiel6.i.3;‘ii

In the potential set 'B' deuteron parameters have been replgégd by t@g'gt%iﬁ

values shown in the table 6,1.6.

Table 6.1.5

Results of sensitivity tests on DWBA calculations.?~f

Transitions " Parameter set | 2 ne2s aAa‘Nv.l

45

s R SR EEE R
se(d,’He))*ca0) | - A o o073 | 2043

B |10 | 38

Oca(a,’ne)’%k(0) |- A - |87 | 3.26

B . | 7.5 | 2050

e




Table 6.1.6

Deuteron Channel Parameters used in Set B,

I

Channel - Ul R A W R | A ] Re
( "Sc + d) ©a)|113.7 1.0 |0,785 12,96 D| 1.418 09648- ‘1.3A‘” :
("cat d) b)| 93.5 |1.168 [0.791 |21.55 D| 1.477 | 0.428 | 1.3 |-

a) [Ha68] (  sc + d) paraneters at 7 5 MeV.

b) [Pe63] ( Ca+ d)' paraneters at 12.0 MeV.

6.1.6 Discussions and conclusion

It can:be seen from the table 6.1.4" that values of the"ﬂ
.normalization obtained are falrly close except in the case of
Sc(d, He) Ca. It has already been pointed out that there was't f
contaminants problem with the “Bse target which mlght have lead to o
smaller cross-section. 'This‘problem may have &rfected the optlcal
parameters as well‘for‘4SSc(d.d) Sc uhlch in turn may have lead to
even smaller value of Nt s 1t can be seen from the sen51t1v1ty
test on optical parameters (1 e. table 6;1 5) that use of ( Sc + d)‘t
parameters by Hansen [Ha68] leads to 357 increase 1n the value of 'N'i
Wthh brings the value in llne w1th the other values.n The average value

NP
RN

of 3.8 £ 0.6 for the . remalnlng three tran51tlons 1s 1n agre ner




| value of 3.7 * 0,6 from another detailed study by Annstrong et al

- [Ar66] on 28 neutron targets.. From these results 1t seems very llkelv
that the value of 'N! lles in between the theoretical values of 3 45
by Thompson [Th70] and 4.42 by Bassel [Ba66]. However it can be seen :‘ﬂ!;
from the sensitivity test on'the 4OCa(d He) K(O) case (1 e. table
6.1.5) that the difference noted from either theoretlcal value could AR
arise from the ambiguities in the Optlcal parameters° ?_'i:j" |

-

6.2 The 35 cl(d, He) 45 reactlon - ‘ ' L ﬁ}?'

6.2.1 Introduction
The region of nuclei in the upper half of s—d shell
(Zs—ld%) has come under con51derable attentlon both’ experlmentally and -

theoretically recently. The reason is that this reglon of»nuclel

provides a good testlng ground for shell model calculatlons [G068]

. Shell model calculatlons in thls region have been reported [G164 St67]

whlch reproduces observed spectra reasonably well However, thls
agreement 1s only meanlngful lf the theoretlcal wave functlons of the"'

varlous levels are equlvalently good approx1mat10ns.‘ It has already

:been p01ntedA .;yiii: ._¥and II) that thehspectroscoplc factors
for SLn,gle nucleon transf‘erbw are dJ.rectly related to the wave functlon :
of the nuclear states, hence a comparlson between the theoretlcal and

experlmental spectroscoplc factor prov1des a crlterlon for the goodness
or otherw1se of the wave ﬁlnctlons of the nuclear states concerned.
It was reported by Taras [Ta66] that low lylng states of SC |

could be explalned as rotatlonal exc1tatlons bullt on the ground state

: ""200 .

whlch was assumed to correspond to Nllsson orblt no—B w1th n

~130- -




.-

This value of 7 is consistent with ground statebeleetric'quadnlpole

moment. Hence comparison‘of'the spectroscopic faetors to'the rotational”‘
model values‘are also made.
Two studies on thls reactlon have been reported recently at

34,5 MeV [W.I.GS] and at 23,35 MeV[Pu69] One other study for the ground

state transition only was reported by Cujec [cu62].
6.2.2. Data |
The reaction 3SCl(d 3He)54S has been studied:at an lncident

energy of 13.0 MeV. TranSLtlons to the ground (o ), 2. 13 MeV(2 )
and 3.13 MeV(2+) states have been observed. The experlmental procedure'f
adopted has already been described in sections 4.3 and 4'4ﬂ~AB°th the }'5fh
counter telescope and the spectrograph system wene'used inoa‘complementan&i
manner. | | ; B

Initially, experiments were conducted with the counter‘telesCOpe:;{*
system using a‘natural NaCl target, ”The first excited state}of ;45.5 RN
and the ground state of_36S could not be resolvedvand'the.data‘could*fu{

riot be normalised because it was not possible to resolve theicontaminant'fV

groups in the elastic scattering atu4.0 MeV. Later experlments to flnd

the absolute normallzatlon and the angular dlstrlbutlon to the flrst
ex01ted state {2.13 MeV(2 )) were conducted with the' spectnoénaph ;igl
system using separated Ag Cl target the compos1tlon of Wthh 1s shown
in the table 4.2.1. The absolute nonnallzatlon'was evaluated by L
’ comparison with the elastlc scatterlng cross—sectlons at 4.0 MeV as

pointed out in section 4.7.l An approx1mate estlmate of the error 1n‘z

the absolute normalization“ls ~ 107 Flgures 6 2, 1 (a b c) shows the‘

angular dlstrlbutlons along w1th local. zero--range (LZR) DWBA cur'ves.'-"
—131- ) et I
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6.2.3. DWBA analysis

Local zero-range DWBA.calculations were done for thé"observed:,
© transitions. Bound state form factors were assumed to be 1d§,ﬁ for the .-
'¢=2 transitions, for the (=0 transitions 28, form factors wef'e assumed.,
: ' : 2 . R

)

The table 6.2.1 shows the parameters used in the DWBA calculations, : -

“Table 6.2.1

Parameters used in the DWBA calculations. -

. U R, | A, WoO[R | A R, -
Channel - MeV‘ m fm Mev - | fn | fm " f‘m"‘

Cl + d X a) 108066 1902 0.784' 12055 D| 1.36 . 00772 1.3 B
4. 3. - X ' ) - i} ISR IR S
34 o ' |

S+ p - c) oL
Ex=0,0 MeV

g | 5275 |12 |0.65 | - S 1.3
Ex=2.13 MeV = e | e R
1d 55.98 |12 _foes |~ Ll = 1.3 |

25, | 5824 112 owes | O 1.5

Ex=3.13 MeV o ST EED S B
g 57.72 [1.2 0,65 | = . | =] =10| 1.3

25, ’ 60,09 1.2 0.65 e T RS

~a) This work ( Cl + d) parameters at 13.0 MeV(c.f‘. table 5 5. 2). .
b) [Zf‘63] (*% + He) parameters at 15 0 Mev.’ g




For the ground state transitlon the experimental angular distribution .
agrees well with the DWBA calculation. The angular distributiondfor.the ﬁrst
excited state is available over a small.region only.: For the second 2
state only an (=0 distribution is plotted as the contrlbutlon from the
£=2 dlstrlbutlon is very small, The deep minima at 20 shown by the
‘ DWBA is not seen in the experimento | , ; ?, - -

The table 6 2,2 shows the spectroscoplc factors obtalned along Wlthiiaii
all the other theoretical and experlmental values aVallable in the |
literature. The normalization factor of 4.42 by Bassel (Ba66) was. used.nggﬁf

to extract the spectroscoplc factors. For the ground state tranSLtlons

a spectroscopic factor was obtalned by matchlng the flrst maXLma w1th

- the DWBA calculations. 'The £—O and £ = 2 decomp051t10n for the‘

tran51t10n for the tran51tlon to 2,13 and -3.31 MeV states were done using -

a least square flttlng c0mputer programme. Statlstlcal errors less than'l -

10% are not shown in the table.‘ The decomp051t10n 1nto z O and { = 2
distributions prov1des best values and hence no errors are shown -on. them. ?;f

6.2.4 Discussions.

A comparison of the SpeCtFOSCODlC factors in the table 6 2 2

fshows that the values of the spectroscoplc factors obtalned 1n thls work.Aiff

is in fair agreement with: the values at 23.35 MeV [Pu69] and 3405 MeV j::jt?
[Wi68]. For the £=0 transitionat 34.5 MeV - the spectroscoplc factor .
‘ for the first exc1ted state 1s in excellent agreement w1th thls work but
~ the ¢=0 tran51tlon for the second ex01ted state 1s about 307 lowero “
‘.The values for the 5—2 trans1tlons are conSLStently hlgher ln 23 35 MeV

work than elther thlS or 34.50 MeV work but the Z—O transltlons are in

Lz o



Table 6.2.2

‘Sﬁéctrdsédéic‘factorévférysscl(d;sﬂe)34s tranéiﬁidﬂé;'

Group Level

B.E. of -
separated
particle

- E=13.0 Mev®)
c%s :

E=150 MeVb)
CZS :

E=23,35 Mev®)
c%s

E=34.5 Mev®)
c%s )

Shell Model®

Shell Modelf)

Rot, Moder® - .-
Pick up . C'S .

Mev

4 L =2

. (d%)

2735 .

=0 =2

“ .

- t=2 =0 t=2 |e=0¢=2 | OPIt o
(S‘é) - BT I oo

6,366 .| = 1,26 . - 0,86 | =

= @
i
o

BRCE I B - |02

-8.496 BEPTN B <21 o147 o061

DOIT R

<07 | 0.69]° oust |07 | D 0.35] =

: [Wi68) (set'a) ,
2. Lous2) oo ueed Gseem)

.0y [Pu69] - g). Calculated using eqo 27,10 -

V) fwies]



‘excellent agreement with this_work. The divergence may.be:nartially

due to the ambiguity in decomposition into £.= 0 and ¢ = 2 dlstrlbutlons>
and partiallyidue to ambiguity in the‘absolnte normalizathn‘ar;51ng ffneffd
from optical parametervambiguities. The disagreement of thehgrodnd 2
state spectroscopic factor by Cujec [Cu62] is due to the use of '
different normalization for the DWBA calculations than'the.othen worke;hgii}

The spectroscopic factofs obtained in this work are in g6Qd agreementii;

~with the shell model calculations 'set A' (table 6.2, 2) for'the'érodndﬁ h
and the first excited state but this calculatlon predlcts a 3Q7 lower fﬁ :
value for the second excited state.' The calculatlons in set B (table6 ZZf

improves the agreement with ‘the second excited state but at the cost of S

S

divergence from the flrst excited state. The experlmental spectroscoplc R

factors disagrees very strongly with the rotatlonal model'values.' Such.vivﬂ’

a strong disagreement even for the ground state tran51tlon p01nts agalnst e
a rotational description for the ground state of 3501 (c.f. sectlon 207) :
60245 Conclueion . “_};1> 4 o : :_ f:f-h ‘,iﬂ;i*
“T Cl(d, He) S reactlon studled at an 1n01dent‘energyvof
13.0 MeV. The tranSLtlons to the ground state and the flrst twovhihi.(
exc1ted states have been observed and the SpeCtPOSCODLC factors ‘for the.
tranSLtlons have been extracted us1ng DWBA. The spectroscoplc factors“
show fair agreement w1th the prev10us work and the shell model L

calculations. The spectroscoplc factors dlffer veny strongly,from the “

' rotational model values. .




7 3
6.3 The 2 Al(d, He)26Mg reaction

6.3.1 Introduction

A great deai'of‘e#perimental work has beenfperforned to
investigate various features of 26Mg.’ The interest is.due‘toﬁthe factdﬁn
that it lies in the tran51tlon reglon from prolate to oblate deformatlon
[Go60] and from strong to weak coupling (cr65]. e i‘_ 'hﬂji ?_4';,7;§f

The 27 Al(d He) Mg reactlon has been studied prev10usly at 82 MeV
(Wa69], 34 Mev [Wi68], 15 Mev [Cu62] and 12,8 MeV [Pe63] The : '
spectroscopic factors exhibit narked energy dependence. They essentlalLy

.. fall into two groups. The studies at 82 MeV and 34 MeV are qulte . 4
consistent with each other and the shell model descrlptlon of the low‘
lying states seem reasonable.f Onihe other hand ion energy measurenentsv..:'“

- at 15 MeV and 12.8 MeV are in better agreement w1th the rotatlonal-

vibrational model. Al(n,d) Mg reaction at 14,0 Mev [GlGl] also ,; e

- leads to the same conclusion. However, these lower energy studles were

conducted employing difficult technlques. 'The spectroscoplc:factors for
12,8 MeV and the (n d) experiments were'extracted using'PWBA;ﬁf“

The purpose of the present study is to 1nvest1gate thlS energy

‘1;.”dependence of spectr0scop1c factors and hence also to understand the

L dconflgUratlons of the low lylng states.-ff-;‘f

>'6 302 Data

"*}§Mg was studled,a an'1n01dent o

‘ energy of 13 OJMeV » Trans1t10ns to the ground and the flrst two exc1ted

e e '3 i
states were observed. The angular dlstrlbutlons of the He partlcles
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were measored using the counter telescope system and checkedlat some
angles using the spectrograph.system. In‘the figure‘3.3'8.aisoectrum 3
obtained with the counter telescope system for Al(d He) has alrcady‘oii:
been shown, |

" Absolute cross—sections were found by comparisonbndth’scattering.i
‘cross—section at 4.0 MeV'and assnming thebcross~section to'be:reasonablef'?”
optlcal potentlal as explained ln section 4.7. For an element as"light'

Al nuclear contributions to the elastlc scatterlng even at 4.0 MeVT'

are qulte substantial and are the main cause of uncertalnty 1n the
absolute normalization. An error of lO to 15% in the absolute CPOSS- ffff!f
sectlons is considered to be a conservatlve estlmate. Flgures 6.3.1 |
(a,b,c) show the angular distribution along wath LZR (local zero range) p“éj

DWBA curves. The errors shown in the flgures are purely statlstlcal 1n

nature, The transition to the 2.94 MeV level shows poor agreement w1th ; .

the DWBA calculation,

6343 DWBA,Analy51s

The flrst set of DWBA calculatlons were done u51ng the d:
separatlon energy procedure for. bound state form factors 1 e,, w1th ;t
bound  state energies equal‘to_actual separat;on,energles. Local zero{n?
. range approximation was used:in the caleulations. The table 6 3 1

summarlses the optlcal potentlal as well as the bound state parameters '

used in the calculatlons. S
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Table, 6.3,1

Parameters used in the DWBA calculations -

Channel | MUQ Ru Ah W Rw f A R .
' € i fm Mev | fm fm | “c
27 © o a) , ’ ne IS D
Al+d 108,8 | 1.0 | 0.88 |25,37 D|1.507 [0.527 |13
Cygene D) 14750 | 1011 | 0,74 [36.36 51,430 0.75 1.3
26M N c)
S.E. Proc _ R i
Ex = O, o/’ds/2 61,43 | 1.2 eoes - L 5; 27;»., L3
Ex = 1.809/dg /' 64,29 | 1.2 0,65 | - | - |- -]1.3
” 25, | 66410 [ 1.2 0,65 = | = |- |13
Ex = 2.94 1dg 66.04 | 1.2 | 065 - | - |- |13
2sz' o fe7ee8 | 1.2 | L0wes | = |-l e 1.3
E.B.E. Proc. | 1 | A P
EX = l 0809/‘15/2 . 61 .4T3 1‘. 2 0.65 . -' : _‘ cT- 1 .}3 A
28y - 63.01 | 1.2 0.65 | =. | .= = |13
Ex = 2. 94/65/2 64.06 | 1.2 1 0.65 R B B 1f§ -
28y 65.85. | 1.2 | 0.65 | = | - .| =" [1.5]

a) This work ( Al+d) parameters c.f. table 5.5, 2'f
b) [zr68] ( He) parameters at 15.0 MeV. -

c) Bound state potentlals were obtalned by vanylng the depth of : the well
~ to SUlt the blndlng energy COndltlon. , : o N




Table.6 3.2 snows tne‘ébeetnosceple factors ueing the normalliation

factor by Bassel [Ba66] of 4 42. For the two excited states the angular

momen tum transfer of £~O is allowed in addition to ¢= 2, so 1t 1s

1mperat1ve that one should try to fit the angular dlstrlbutlons fof these':ii
‘states wuth weighted combination of ¢=0 and ¢=2 DWBA dlstrlbutlons. Tniej:’-
was attempted and spectroscoplc factors have been calculated aSSU]TLI_ng ‘[
both pure ¢=2 distribution and{¢=0+2 composite dlstrlbutlon.vlThe
spectroscopic factors in the‘former case were extracted by metcningvDWBA vl
crbss—sectlon to the first observed peak for the-ground and'tne"finst

excited states and Tor the 2.94 MeV state by matching to 15°fd:ét-a. ‘E“o-r" LS
decomposition of the angular‘dlstributions into ¢=0 and z=2vcemponente‘ﬁ
procedure described in seetion 4,8 was adopted. The spectroecepic

factors extracted were not venylreliable because data‘were not availablet L

for angles near zero degrees where l—O distributions have veny large

values. This was more so because the flt to the DWBA calculatlons was '
not very good even for pure dlstrlbutlons at angles greater than «-40 °ﬁ
- The DWBA fits to the two exc1ted state angular dlstrlbutlons are shown ¥

in the flgure 6. 3 2 with compos1te (£—0+2) DWBA fito _j;,s
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Table 6.3.2

Spectroscopic factors from separation energy calcuiationslfor‘

26Mg states.

B.E. of Allowed 2. a) .2 - b)
LﬁYsl J™ | transfered A cs s C ?;j‘ : o
€ ' proton - | transfer L =2 =0 " ‘v‘e =2
0.0 | o | -8.212 | .2 0645~ | -~ = | 0.43
1,809 | 2" | -10,082 - |  or2 1.47 | 0a11 | 1,32
294 | 2¥| -11.212 | o2 | 0.38 0.04 | 0.37 .,

a) Assuming pure ¢ = 2 transfer

' b) From least square fit with £ = O+2 distribution (variance,§-1q%)i*1ni'>h

The second set of DWBA calculatlons were done us;ng the effectlve‘; Ldii

binding energy procedure assumlng a rotatlonal descrlptlon for. 7Al.

The same binding energy of 8,24 MeV was used for the’ ground state and fﬂi

"the first excited state since in the rotational model plcture they arei*

.

-

members of a K=0 ground state band formed by plckup from Nllsson orbltf
- NOeS. For the second excited state plckup has been assumed from ; N
Nilsson orbit no.7 which is, 1.69 Mev below orbit no.5 for n = 3.0 ‘a ;;d
Vva;ue widely quoted for Al. Hence a blndlng energy of 9. 9% MeV was'fl
' used in the calcnlationvfor.thls,level. These blndlng energles are "{
the same as those used hy CuJec [Cu62] Optlcal parameters and the 5

normallzatlon used were the same as in the prevxous calculatlons.'f‘

jThe table 6. 3 3  summarises” the spectroscoplc factors.



.

The same'procedure for decombosition into 5 = 0 and l" 2 dlstrlbutlon o
was adopted for the two excited states as in the prev10us case and the
same comments apply to the yalues obtained. As the distributions are

very similar to the previousvcalculations.they have not been plotted.

Spectroscoplc factors from effectlve blndlng energy procedure
_ 26 .

Mg states.l»=7i'

" Level 3™ | ErgnsfgiredA - Allowed ' C?s ) - 'Czs N ); -
MeV proton ‘;4. transfer L =2 - t=0 t=2 %;:
0.0 o" . =8.,272. 2 ' 0.43 T "0.4_3'

1.809 | 2" | -8.272 |  os2 0,91 | 0,00 | 0,786 |7
2,94 | 2F -9.93 . | 0+2 | 0.20- | 0,04 | 0.255

a) Assuming pure ¢ = 2 transfer

b) From least square fit with ¢ = O+2 distribution (varianeefafio%){;;

6.3.4 Sensitivity of speotroscopio factors to Optical‘oaraheters.fr‘

In order to check the sensitivity of dependence“ofﬁthe‘ﬂ
SpGCtPOSCOplC factors on the optlcal potentlal parameters, DWBA

calculations were done for the ground state tran51t10n u51ng the three

sets of parameters shown in the table 6.3.4. The set ‘A’ 1s the same

as used 1n the prevxous calculatlons (c f. table 6 3 1) Table 6 3 5

. shows the spectroscoplc factors for the ground state tran51t10n for




Optical parameters used in sensitivity check on DWBA .-

Set Channel Mg§‘ Ry Ay W  RW Awi-‘ ' Rc,7 -
fm fm MeV - fm fm fm . |
27, a) ' AN
Al + d 108,8| 1,0 | 0,88 |25.27 D| 1.507 |0.527 | 1.3
1" Pug + %te | 173.0] 1.1 0.74 [36.36 5| 1,450 0,750 | 1.3

B { a1+ a4 9| 105.0| 1.0 | 0.943|29.6 D] 1.501 0527 | - 1.3

26Mg + He 173.0) 1.11| 0,74 [35.36 S| 1443 |0.75 1.3

o [ 2701 + d M 184.0] 1.25| 0.765 |15.5 | 1.275 0.645 | 1.3
26

Mg +3He ‘e)

174.15) 1,10} 0.714117.96 S| 1,631 |0.75 1.3

a) This work (27Al+d) parameters c.f. table 5.5.2.

b)‘[ZrGS].(26Mg + 3He) paraméteré’at 15.0 MeV, =

c) [Sa65] (27Al + d) parameters at 10,95 MeV, -

d) [Cos6] (27Al+d) parameters'gt 15.8 MeV.

e) This wobkv(stg +’3He) parameters at 14.0 MeV (c.f. £able.5.5;2). f7fj

"~ ‘Table 6.3.5

Sensitivity test on DWBA for 26Mg ground state, i -

Parameter %

- set: =2
A ' ’0043
B 0,43
c 0,32




" was used to extract SpeCtrOSCOplC factors.»

different sets of perameters.;‘Figure 6.342 (¢) shows the'plot%for‘the‘nt‘f ‘

“three distributionso | A . o
The potential set 'B' givles remarkably precise e%greementv‘_with set

A where as set 'C' yields value which is about 23% lower. This rather'_f;{

large difference essentlally p01nts to the degree of confldence in the ,

absolute values of the spectroscopic factors peported here [HlG?]o

Hdwever it should alsolbe remembered that set ol potential for,thev

deuteron, is at a dif ferent energy from this eicperimeht, »and..the‘SHe

" potential is not for the.same:nucleus; The relative spectroscopic y s e

factors are quite stable with the variation of the optical paremeters.

6.345 Discussions

The table 6.5.6 shows the compilation of all the (d, He) spectro— S

26 : R R B A.' i .
scopic factors for the states of Mg that have been observed in thlS
work and also the (n,d) spectroscoplc factors for the flPSt two- states.?~fff~

It can now be clearly seen that the dlscrepancy between the

spectroscoplc factors derived from lower and hlgher energy experlments'

can be explained due to dlfferent bound state wave functlons used 1n'qu

DWBA calculations. R |
The sbectroscoplc factors (relatlve) found by uslng ‘the actual

) separatlon energy as the blndlng energy for calculatlon of . wave functlon

of picked up particle, are.in excellent agreement w1th the results of.

_ Wagner DWa69] and Wlldenthal [W168] at 82 MeV - and 34.4 Mev respectlvely

".in which cases a 51m11ar procedure for the. bound state wave functlons g




S _ Table 6.3.6

Compilation. of Spectroscopic Factors for ~ Al(d, He) Mg and

27A1(n,d)26Mgg'

- 1300 W™ E=13.0 Mev") EI\:/[1\2/°SCJ E=15,0 Mev?) | E=34.4 Mev © E;SZQO wev') 127;(;’ d)zaMg:g) VRot._ Mod>elh) ‘7 Shell Modeli,)v
: . - ,
oroup |~ % e s o/on | 5/50 oZs e - oo s T R o 925 s/ss | c’s S/%
=2 =2 : =2 | ez eeof e=2 | 2 |0 | T s T =2 0] 0
o | ows | 10 | 0ws 0 [ 1o |oas| 1.0 1 o | -] 10 0.2 ',"‘;;'q 033 1o 029 - '1'5.’6.
BRI IRECLA -2 IO R 1052 | 085 | 187 |1.05 | <0l 5.5 | 0,92 | 3.4 218 5 '6,1"5.9" vi-,js. 075 001 25
2 | 0.38 ] 0,88 | 0,20 | 0,67 o.sz,(! 0.29 | 0.65 [0.23 | <Off 0.77| Q.19  0_.7__1 ss '1.101“ 6,29‘ ,“_obpts 1.0

‘ a) This work S E. Proc. calculauons (c f° Table 6 3. 2) b_ f; '[Wasg} )

b) Tms work E. B E. Proc. calculatlons (c.f. Table 6 3 3) g [GlGI]v

") [Pe62] (Spectroscoplc- factors extracted usmg DWBA)o v_ h) [Pe62] ‘




The absolute values in this work are consistently higher in each .

Y

case from the Values by Wagner and Wildenthal but arelwithinfthe combined'¥

‘uncertalnty of the valucs here and the values mentloned earller. "It can“”/

. also be seen that by u51ng bound state wave functlons from rotatlondl

~and § conflguratlons glve results shown in table 6. S 6 Whlch also e'*

.,model conSldcratlons 51mllar to those used by CuJec [Cu62], lt is p0551ble

1;t0 get spectrOSCOplc factor rtldtlve) whlch are 1n falr agreemcnt with -

'jthe results#ofléujec [Cu62] and Pellagrlnl [PeSS] and the (n d) results f.)f

of Glover [GlGl], con51der1ng that in the last two sets the spectroscoplc

factors were extracted using PWBA and also that dlfflcult experlmental' - j

technique was used in the work by Pellagrlnl. | A: L B
In the follOWlng we shall dlSCUSS the implications of (d 3IIe)

'spectroscoplc factors leadlng to the first three states of 26Mg observed

in this work, | | | o

, . |
Shell Model and the Spectroscopic Factors

In the extreme shell model plcture =2 pleup can be con51dered ‘

~1 =2

as being due to (d to (d. T = 1 tranSltlons. In such case4;,f“ﬂ{

5/2 5/2

, 2
spectroscopic factors are C S = 0,33, 1 66 for J = O , 2+ states
resoectively. These values (relatlve) are in good agreement Wlth the,¢

values of Wagner and Wlldenthal and the values obtalned 1n thls work

from calculations uSlng separatlon energy procedure, 1f spectroscoplC SO

o factors for the first two. 2 ‘states are summed. :'; ' 'f_‘ S

Y

The more reflned effectlve lnteractlon calculatlons [W168] ln d5/27

%
. agree well with the experlments.' Thls calculatlon PPedlcts Very smallﬂ

¢=0 strengths for the trans1tlons. The values of the spectroscoplc




.- experiment.

o from the deformed orbit. The deformatlon parameter of n = 3 O has been

.27

f‘or plckup f‘rom the rotatlonal OI‘blt are glven by equatlon 2 7 10 The/
'.table 6 S 2 shows the spectroscoplc factors for thls model for a

'def‘ormatlon of‘ 'q = 3.,0.; The results concernlng orblt—-S are .mdependent

factor for ¢ = 0O tranSJ.tlonsm obtalned in this work (c f. tablcs 6 3'2

and 603,3) is rather larger. However thls is not necessarlly a
disagreement as it has a_lready been pomted out the decompOSLtlons 1n
to £ =0 and ¢ = 2 strengths are not very rellableo ThlS calculatlon

by Wlldenthal [W.168] describes nearly quantltatlvely the Spl.l.ttlng of “
the 2" strength which is essentlally due to (d5/2) (28, )2 conﬁguratmn.
An increase of the nuxmg of' the states should carry part of‘ the { = 2 e

strength from the 2nd 2 state to the f‘lrst 2 state and at the same tlme

pushing the states further 'apart and thus _improvmg the agreement w.Lthj ', L

e

Rotational model and spectroscopic factors. S

s

The rotational model w1th prolate deformation glves a good

qualitative description of many of the propertles of low lymg levels of R

Al [Al60, Ke64], so it is imperative that one should COl’ISldeI‘ plckup

widely quoted. Flgure 6.3, 3 ‘shows schematlcally the ground state o

configuration of Al in the rotatlonal model The spectroscoplc factors

<

f the def‘ormatlon paramet r.

There is eVldence that the 0 8round state and the 2t fll"st
exc1ted states of‘ Mg are members of K=0 rotatlonal band.,,-.T e

enhancement characterlstlc of‘ E2 w1th1n the same rotatJ.onal band 1s present?
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. The mean life time of the 2+;state is'(s.o £ 1.3) x 10713 sec; which
is close to life time of 3,X 10 ?3 derlved from correspondlng tranSLtlon_h;?
2 Mg. applying energy correctlon is thlrty tlmes faster than the E2 g:ﬁ:?
single particle value of 10 1 sec [Cu64].
Spectroscoplc factors from this work shown in tables 6’3 3 and
6.3.6 are in fair agreement w1th the rotatlonal model assumptlon. ThlS ;:i

calculation assumes complete overlap between the deformed core states

of the target and the flnal nucleus Wthh is not necessarlly true. The‘b'f

basis for using EBE procedure has already been p01nted out in the

.- section 2.4. The p01nt is that, without solv1ng equatlon 2. 4 6, one .
can not vouch for the accuracy or otherWlse of the wave functlons S
generated in the procedure.t So thls apparent agreement does not necessarlly

prove the K=0 band a851gnment.

'On the other hand as pointed out earlier using bound state Wave,
functlon with blnd1ng~energy equal to the actual separatlon energy whlch
has asymptotlcally the .correct shape leads to much too blg a value for'

the ratio of the spectroscoplc factors between the two states than

‘expected from the rotatlonal model., Therefore unperturbed K=O band 55

aSSLgnment for these states 1s in confllct wath the (d He) data.“;‘

B Thls is also supported by ‘ Mg(d,p}%tranSLtlons [Lu66 Cu64]

ors. between theseltwo states 1n (d,p)

.24 compared to‘the,_alue of o 36

ﬁfrom the rotatlonal model.'

Thls 507 dlfference in relatlve spectroscoplc

factors can not be explalned amey as due to vagarles 1n DWBA




2,94 MeV State

The yutranSLtlon probablllty for this state is con81stent with
the assumption that this is a member of N —1 K—2 rotatlon v1brat10nal ;
band [Cu64]. Comparable spectroscoplc factors are found in thev' |

'stripping reaction [Cu64] . for this state and the otherVSupoosed meﬁbef,j

- of the band 3 (3.94 Mev) staté in agreement w1th thls assumptlon°

However (d, He) results at 84 MeV and 34 MeV are not in agreement w1th

this. It has been pointed out by Wagner et al, [Wa69], that thls coulg.

point to the fact that the intrinsic NY = 1 band is not excxted at allf .
but only the part of the wevevfunction of the second 2 state mlxed 1n;.
from the first is seen. ThlS 1nterpretatlon would requ1re an 1ncreasefﬁ

“in 2 strength in the flrst exc1ted state whlch 1s already too blg {'l-

from the rotational model deSCPlpthH.-"

3.5.6 Conclusions
27, .4, 3. .26 . - S e e L

The “‘Al(d, He) Mg reactlon has been studled at an 1n01dent :

' energy of 13,0 MeV. Trans1t10ns to the first’ three states 1n the ]:1

o re51dual nuclei have been observed and the spectroscoplc factors for

‘these states have been extracted.

PR

The energy dependence of the spectroscoplc factors for'these» '
states from earlier studles has been explalned The spectrOScoplc factors
have been found to be 1n better agreement with shell model calculatlons

W1th effectlve 1nteractlon than w1th rotatlonal model




23 3...22 S IR
6.4 The ~ Na(d, He) Na reaction . = AR

6o 4 1 Introduction

' ‘25
The statlc propertles of low lylnO ex01ted states of

are consistent with Nilsson rotational description [Hoﬁ?] w1th a prolate J'_

"deformatlon in the reglon of 1 = 4o O ‘

Tewar Jand BanarJee [Te66] have'done shell mode calculatlons‘

for the O 2 and 4 states in’ 2Ne.‘ Accordlng to their calculatlons‘AV

the wave functlon;have qulte pure K=0 conflguratlons‘and the‘admlxturelf ,;ﬁ

of K=2 band is quite small."

The purpose of this work is to see to what extent these observatlons'f;
. are supported by (d, He) studles. A comparison w1ll also be done wath
the shell model predictions. A study on this reaction conducted at

34 0 MeV has been reported recently [W168]

6e4.2 Data

" This study has been conducted at an .an1dent energy of‘
13.0 MeV, Tran51tlons to the ground state and the 1 274 MeV flrst
excited states have been observed The experlmental;procedure was thef
same as mentloned in sectlon 4.7. ‘Both the counter:teléséooefsndlthev?
Spectrograph system were used in a comolementany Way?asddescribedi;;f

elsewhere (e.g. section 6. 2 2)°

Flgures 6. 4 1 shows the experlmental angular dlStPlbuthﬂ

N

along w1th local zero—range DWBA,,whlch shows strong‘dlvergence_'fi-
from the experlments at 400 The same comments asuinj27Alicase_;

’(sectlon 6. 3 2) applles for the normallzatlon. f"

B
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6.4.3 DWBA calculations |
Local zero-range DWBA calculations were done with:the ‘
parameters shown in the,table 6.4.1. The spectrOScoptc factors were
obtained by matching the principal peaks with the DWBA‘calcuiations.
The spectroscopic factors are shown in the table 6.4,2 along:With thé_‘;}“”

values by Wildenthal [W169]{andithe ones calCulated from thepmodels; L

The second value quoted for the 1.274 MeV state has been obtalned by ‘E?T
using the same separation energy as thez;round state.

6o4e4 DlSCUSSlOnS ,

It has already been p01nted out that the spectroscoplc

factors have been obtalned by matching the principal peak ln the

.angular distributions with the DWBA calculatlons, the reason is that'~j

the DWBA calculatlons have been found to be more stable in the reglonv?
w1th ‘the changes in the parameters. The absolute spectroscoplc factors'f
from this work are con31stently hlgher than the values reported Qy
Wildenthal et al [wl69] (c. f. table 6.4. 2 column a and b) but thef“*lf
d1vergences are within the comblned uncertainty of the two sets,p T.i

In the (1d 2s,) shell model plcture, the ground state

5/2"

tran51t10n is J forbldden and the tran51tlon 1s due to 1@% admaxture.a

In the rotatlonal moder ‘the tran51ton proceeds w1th small amplltude.

The table 6.4, 2 (column c) shows the spectrOSCOplc factors fr0m the‘,

" rotational model wath the assumptlon of plckup from the Nllsson orbl

No.7. The ground state conflguratlon of 3Na is . shown schematlcally

. in the flgure 6.4.2. ﬂ,‘ﬁﬂ




Table 6.4.1 -

Parémeteré?usedwlﬁmDWBA'Ceiceieﬁibn

Channel S S TR B A [ W R 'A,et R

23 a)

Na + d 80.73| 1,0 | 0,92 |37.28D| 1.39 |0.585 | 1.3 |

1)

22 165.19| 1.14 | 0.72 [13.195| 1.86 |0.72 | 1.3 [ "t

3
Nc + He

22NC + D . C)
S.E. Proc

Ex=0 - | 6663 1.2 | 0,65| = | . =| = |13

EX = 1.274 © .| 68.600 1.2 | 0.65 | ~ | =) 0| 1.3
EBE Proc = ‘ | o o

Ex = 1.274 66,634 1.2 | 0.65 | = | = =i | 1.3

a) This work ( Na + d) parameters at 13.0 MeV (c f. table 5 5 2),;~f5.

b) [Zr68] ( Ne + He) parameters at 15 0 MeV

. ¢) Bound state potentlals ‘have been found by varylng the depth'to5ﬁrp

satlsfy the blndlng energy condltlons.i _r'

“tsom
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The shell model spectroscoplc factors quoted in table 6.4, 2 (column d) eo_;w
are the same as Wlldenthal [W168] The obscrved spectrosc0plc factor'“aﬂkif
for the ground state transxtlon though small is large compared to the a}s"t

values predicted from either modcl. The extent of the 1(1% ad"_‘l?(mre :
in the ground state of 23Na (‘40%), shows the inadequacy of'the"v‘ ;-

" truncation of the shell model calculatlons by 1nclud1ng only 1d /'~2Sy:;:"“

conflguratlons.

The comparison of the relative spectroscopic factors wouidfnot

be meaningful because of this‘comparatively large value‘for~the'groundhﬁ L

state transition. The absolute value for the spectroscopic factor

for the 1.274 MeV state is in‘agreement with bothvthe_modeis;ndthin“fslg”z
the vagaries in DWBA as pointed out earlier-(c‘f. section 6. 3.3).

The spectroscoplc factor for thlS state calculated ln the ef‘f‘ectlve
blndlng energy procedure assumlng the same bound state energy as the
ground state is nearer 1n value to the rotatlonal model value._ However,.
as it has been already p01nted out (c.fe sectlon 6 3 5) thls could be ‘

fortuitous.

6e4e5 vConclusion . o » :

The 23 Na(d He)Ne 22 reactlon has been studledvat an .

1n01dent energy. of 13, OaMeV.. The tran51tlons to the ground state (O )
and the 1.274 MeV (2 ) states in 22 Ne have been observed,e:The;}.
' 3d spectroscoplc factors have been extracted for these states‘uslng LZR'
v._DWBA and compared wath the rotatlonal and the shell model predlctlonso

'The ground state tran51t10n has been found to have larger spectroscopl

factor than predlcted by elther model whlch 1ndlcates the degree of'hk

admlxture in the 23Na ground stateo B

",-15'9‘—~




'CHAPTER VIT S e T

THE ( He,d) AND THE (d,n) REACTION STUDIES "

7.1 Introduction

The primary incentive to study the ( He ,d)and (d n) reactlons e;:
leading to T = O final nuclel in the -s-d shell came from work by .
. Siemssen et al. [8166] In thls work a discrepancy of the spectroscoolciéi
, factors between T=0 and T=1 states ln ( He ,d) reactlon was found from- ji,f
model consxderatlons. Dlscrepan01es were also reported between _ s
( He ,d) and (d,n) reactlons for transitions leadlng to the same TLI ‘wiﬁi~;
final states in the res;dual nuclei in thls work° TR |
The experiments reported in this chapter were perforﬁed to .
1nvest1gate the dlscrepancy of spectroscoplc factors mentloned earller
and also to compare the SpECtPOSCOplC factors obtalned w1th the varlous
model calculatlons reported., Each reaetlon studledlls reported unqer f;
alseparate section, R :i.-;f'"i;".5?';;'ﬂ: | e

: 3 T R
7.2 The 2981( He,d)SOP Reaction - o S

- 7.2.1 Introductlon - !fa‘ S o

The energy levels of the self conJugate 30P nucleus rT:'V




Ha66b,Ha67], (d,a) [En58] and (SHe,p) [Ve69] studies.

Firm spin and parity assignments have been made for the O O O 67 'l,;;
0.71, 1.45, 1. 98 2 04, 2.96 and 4,18 MeV states only. For the other B
states there are elthen several alternatlve a551gnments or the f
a551gnments are dlsputed. The , SplnS and parltles of the states an;tu

considered in detall An. sectlon 7.2.4. | | R

A shell model calculatlon of 3OP has been reported by Glaudman et al Efl

[G164] which explained quite well-the energies of the low lylng statesai;Vih

A comparlson of ‘the spectroscoplc factors from this work was done w1th'jwh?ﬂﬁ
the spectroscopic factors from Glaudman calculations to check the
correctness or otherwise of the wave function of the calculated states. -

Rotational model calculations with residual neutron protoni,

’interactionbhave'been reported by Pickard and de Pinho [P166]'fand by

Ascuito et al LAs68] These also shbw good agreement w1th the flrst ;"
i
three levels. However, no spectroscoplc factors were reported in these

paperso

No experlmental spectrosc0p1c factors for thls nucleus have S0 farl
been reported. Hence thlS work provxdes a substantlal body of completely

new information.

7.2.2 Data
The reaction Sl( He d) P was studled at. an 1nc1dent energy
of 14,0 MeV. TranSltlons to 19 states up to 4 61 MeV exc1tatlon werefﬁ

observed. Angular dlstrlbutlons for the 15 trans1tlons up to 4.23 MeV

excitation were detennlned.'

The Harwell multlgap spectrograph was used 1n the experlment The

-161-;




properties of the target used.has been shown'in the table-2'4.1;
Although exposures were taken in all the 24 gaps of the spcctro raph,
only the flrst nlne gaps (l e° frOm 5° to 65 (Lab) at an 1ntcrval S

1

of 7.5 ) were'scanned The over all resolutlon was about «tSO KeV

‘fwhlch was mostly due to target" hlckness. The ground state Q~Value =

he excxted states.were found to be lni*f._f,;
C>agreement wath the values'by Endt and Van der Leun [En67] to w1th1n |
; 2O KeV, '

The absolute normallzatlon of the data was obtained by combarlngsﬁu.f~f

“the ( He d) ‘ground state CPOSS-SeCthH with the elastic cross—sectlon_ffl'ff

.at 15° at 14,0 MeV using the single gap system (c.f. sectlon.S.S). The - ”if’

absolute‘values are believed to be correct within «-20%."Thé large '
uncertalnty in the absolute value of the spectroscoplc factors is due Ahf;ffl
to the fact that measurement was done at a s1ngle point (6Lab 40 )

where the cross-section varles rather rapldly wath the angle. A spectrum;i‘f
of the deuterons at 12 5 (Lab) is shown in flgure 7 2.1. The angular

dlstrlbutlons along with apprOprlate DWBA are shown ln flgures 7 2 20 ;_;

762:3 DWBA Calculations

The DWBA calculatlons were done for the observed tran51tlons'j:‘fi

using the parameters shown 1n the table 7 201. The separatlon energy

‘prescrlptlon was used for all the bound state form factors.
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The figures 7 2.2 show the experimental angular dlSLPlbuLlonS along

w1th appropriate DWBA flts. The states at 0.67 dnd 2 48 MeV could bc ‘

- fitted well wdth pure £¥O‘DWBA. Pure (=2 DWBA fltted falrly well the {“
states at 1.45, 1,98, 2. 54, 2.72, 2.94, 3.84, 4.18 and 4.23 MeV. .'The

state at 3.93 MeV was very “eakly eXClted and was seen only atﬂ?irst i;

two angles of the multigap exposure. For the remelnlng states up to ?L;'ffkg

‘4 23 MeV excitation a comblnatlon of £ =0 and ¢=2 DWBA dlstrlbutlons

were required to obtaln acceptable fits.« The deCOmpOSltlon procedupe ih} S

into ¢=0 and {=2 components was the same as described 1n,sect10n 4. .
The comments about the uncertainty in the spectfoscdpic‘factofs are " .-
also valid._ The table'7.2 2 shows the value of the spectroscoplc

factors extracted. As the final spin of the some of the states are

not known-with certalnty only (2Jf+1)C S values are shown for these
states., The value of the normallzatlon constant used for thetextractlon

of the spectroscopic factors was 4.42 [Ba66]




- Parameters used

702.1

" Table

o DWBA Calculations.

Channel

‘MeV:

2

MeV

P

fm. -

30

S

P+ d

3
2981 + He

30

b)

P+ p

101,.7

188.99

0.815

0.601

0.65

21.22D

254278

1.376

13327

0,556

0,813

'1,3'“

13

a) ( D+d) parameters obtalned by flttlng data by Denortler et alq

[De61] at 11.5 MeV,.

b) This work ( Sl + He) parameters at 14 0 MeVv (c. f. TabheS 5. 2)

c) Potentlal depth was varled to satlsfy the blndlng energy condltlon.
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Table 7.2.2

. . 29 3 30 .o
Spectroscopic factors from ~ Si( He,d) ~ reaction. .
, ( 2 B _

Level J'T"T L . o 2‘.If+1)c. S c S
Mev |- ’ Transfer [ ¢£=0" . € =2 ¢:=0 ° £ =2
0.0 1 0,2 | 1.65 1,97
0.67 | 0731 ° o | ow2. = T -

0.7t | 17 | 0,20 | T 0.327 . 0,97
1045 | 2 2 | - 2,47
1.98 | 3" 2 - 0.585
2.54 | 3 2 e 0.332
2.72 | 19,27 2° = .0.196
2.84 | 0",1"" 0 |, 0.4 - R
2,94 | 2751 2 | - 207 0S|
3.02 | 17F 0,2 | 0.8 - 0.275 | 10.092

+ . o . . -
3723 | 7% | 0,2 | ‘0.082 7  0.18 0406
+ . . R
3.93 T . , - _4> . . b -

[ : + % N .
4.14 | 1 0,2 . |:. O 1V 1.24 0441 |
4.18 | 2751 2 . 0.407 - " 0.081
425 [ T2 2 0 - o 0.25 - -

R

* Assignments from this work ‘_(c.f. ‘section 7.2.4 :




o (mb/str) —e—

o (mblser)

T. 400/~ 295, (3)4146)30?
. B EX 0678 Mev
2%, (PHe,d) %p . o
EX = OO MeV 200 H : ; ATA POINTS
1000~ . - LIR DW‘GA i*0
000 $ oata poinTs
4001 — LIR DWAA L=O+2
100
400
60
200
~ 40
100 :
50 N
=
60 P
e 20
40 d
b
20 10
0 -6
oa 04
02
NN I N NS N B
L [+
W0 20 30 40 50 60 70 @0 o "0
CM(DEG.)————
3007
.
29, (3ue,0) 30 .
00 EX= 0709
i ' 29, (3 '
F 3 oATA POINTS : s (PHec)
Ot~ EX ‘448
sor — LZR OWBA 120e2 Exmaas
40— 100 b~ ] f GATA POINTS
+ F — LZIR OWBA L=2
20t 60
40
10}~
(X1 ~
I -4 20|
[oRr } ol :
Py
&
<
o2 5 '
ol 060
o040
020
I N N S NN B |
” ! 010
o 10 20 30 40 50 0 70 80
9 DEG.) ~——e :
o (0E6) 0 C0E6) ——

) 3. o '
Fig: 7.2.2 ( fe,d) angular distribution along

..
H

with DWBA fits. The guantities "Ex'
also refer. to levels in tihe final

NUC L2US »

-137~



T (mb/ste)-——

T(mb/atr) =

90

| 29, ¢3 30
si (Pred) 9
29, (3 30 20
SE H(,d) P 1, LEVEL 22 537
EX= 1976 MeV '
“ . & oata poinTs
sl 3 oata poinTs 1o — LZR DWBA Le2
— LZIAR OWBA L =2
o2
o
1ol=
C P
.
o6t~
~
LR ot - o2
-~
Py
G
A
02— b -2}
006
006
010}—
| . 004
006(— 3
604l 002~
I N N T U D
i | .
o ) o 10 20 30 <0 50 0 70 90
DWCED! .
. 03 30-0}—
#5iCue.a) %0 - 296 (Phe.d ¥3%p
LEVEL = 2738 Mev 200 LEVEL 22840 MeV
§ oaTa poinTs
3 oata poinTs
o — LIR DWBA i=2 |Q'0‘_—-
B0~ — LIR OWBA L=0
os cor
o6 [
40—
o4 ’ i
I
>
o2 L1
s our
s oel-
A\ L
o1 b oel
oos -
006 o2 .
~
004
ol
o-0sf~
I I o 10 26 30 40 30 0 70 o0

20 30 40 50 60 70 80

4oy (0EC) ——

72,2 continued

e, (0E6)



O'Cmb/nr)- E

o(mb fetr)

295 (3He,d) 399
LEVEL « 294

$ oata poinTs
— LIZR OwWadA k-2

]

vorl

ooz

O 36 40 50 60 70 8o 90
by (0EG)
3-0xg
2951 (Ine,4) 3p
2.0 LEVEL = 3:75 MeV
.
Q DATA POINTS
~— LIR DWBA L= O+2
10—
O‘h‘L‘
06
F
04—
oar
otl—
o-onE—
006

ot
o0lg

30 40 50 60 70 80 %0

Fig: 7.2.2,

o (ab/str) ——

o (ab/str)—-

295, (3he,0) 30
LEVEL= 3-02

$ DaTa POINTS
— LIR DWGA L= O*2

20
10
ot
-
04
‘o2
O li—
o-0uf—
00—
004t~
| | |
| L |
1 1 " 1
[} 10 30 40 50 0 70 80
6oy (0EGD
{_ 2951 (3He,d)3%p
:-o! LEVEL = 3:84
l T oaTa POINTS
— LIR DWBA Ls2
l-c,———/§ .
o
NE
O
02—
,
I
oup-
c-os— ¢
0-06{—
0'04—
| L1 |
[ 16 20 30 40 50 60 70 80O
oy (0EG)——
continued .




o (nblatr) ——e—

o (mbfetr) ——

lol—
o g—
4ia
O dhm

o2

Ot
©08
006

T

004

™

o02—

295, (Phe,9) 3%

LEVEL » 4 14 MeV

¥
2 DATA POINTS
“— LIR DWBA L¥0O+2

I
|

L

i

20 30 40 50 60 70 &0

0. (0EG) ——

90

29, (Pres) %

LEVEL = 4:23 MeV

& oaTA POINTS
— LIR OWBA Le2

Fig:

7.2,2

o(mblete)———

a0

|‘Oi_-

010
[eR T}

008

004

b e e T

002

295 (Pne,d) 305
LEVEL = 410 MeV
§ DATA POINTS

= LIA DWOA L=2

o e

[

30 +0 0 70 80

o (oEG)

continued, na




7.2,4 Spin and Parlty Assignments

In general deflnlte spin assignments can not be made fr0m the "
study of single nucleon transfer reactions on odd nuclel.v However, ln S
" this particular case the initial spin % of “the ground stateiof‘ QSi,:;.a_:é’
limits the number of possibilitiesfof/the'final state‘spinsltottwo )
only and in some cases uniqUeiassignments can be made;* s
The parity is of course»(-1) where ’z"the OPbltai ansular momentum‘;;
transfer. In the tran51tlons studled the angular momentum transf‘er ‘

is-either 0 or»2 or a comblnatlon of the two dlstrlbutlons. 'For the.l'

¢=0 transitions the final state spin lS llnuted to O or 1 For the
=2 tran51t10ns flnal state Splns of 1 .or 2 are perltted 1f a .
"m“'transfer is assumed to be to the empty 1d5 shell The exceptlons are - ‘"‘fﬁéi

.. the cases of 1 98 and 2. 54 MeV states where fle 3 a551gnments have - been )

;Lmade from other measurements. A d transfer correspondlng to the ;V5~

| _s/z

holes 1n the supposedly'fllled ds)é

,\If a comblnatlon of Z_O and £=2 dlStPlbUthﬂS occur .

shell has th be assumed 1n

vfthese two cases
the final state Vsplns can only be 17, The figure 7. 2 3 shows ,‘the ;
present and the prev10us spln a551gnments for the states ln ééﬁ;JvTheA
’T‘ values for the states other than T_O are only shown 1n eolumn (b)
of the figure. In the column show1ng the a551gnments from thlS work
'the cases where alternatlve SplnS are permltted from thls work but flrmf
a531gnments have been made from prev10us studles, have beenﬁleft‘out.E;

The values in the brackets are doubtful as51gnments.

From the above cons1derat10ns a deflnlte a551gnment of Ifft

to the 3 02 3 75 and 4.14 MeV states.- Alternatlve assxgnments of h'
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(1*,2") were made to the states at 2.72, 3. 84 and 4.23 McV.."::.'I‘he ‘
assignment of 4 to 4, 23 MeV state by Harris and Hydcr [HaGG@ is very
unlikely to be correct because the fit to £=2 DWBA dlstrlbutlon to thlseff‘
state is as good as to the fit to the 4,18 ‘MeV (2 , T=1) state. It is :
also very unlikely that thlS state ls/a doublet because states eXC1ted _-ngf
in (p,y) should be seen in ( He ,d) as well. Slmllarly in the absence.

-of any evidence of doublet nature for 3.02 MeV level the 2 ass;gnmentje{f}

[En67] for this state is extremely unllkely. The state at 2 84 MeV

was assigned alternative splns.of (O 1 ) due to the presence of only

pure ¢=0 transition.

7.2.5 . Discussions
ﬁ; In thls sectlon the 1mpllcatlon= of the exberlmental reSUltS‘ff:?fi

presented in earller sectlons are dlscussed. | 0 R

Shell Model and the Spectroscoplc Factors

The tabl: 7u2.3. showsﬂthe;comparlson of the"experlmental

spectroscoplc factors'w1th the values from the shell model calculatlons
by Glaudman [G164] The theoretlcal values for the o 68 and 2 94 MeV
T=1 states agree very well wmth the experlments but for the other states

this is not so°

=173




Table 7.2.3

' Comparison between shell model & experimental spectr'oscopic factors

| Calculated® . ¢ Y ¢’ b
Level Level -~ |' J°5;T ~ Shell Model | Experimental
MeV MeV ol t=0 =2 | ¢=o0 =2
0.0 Cow2 |t 0,252 0,375 | 0.542° 0,65
0,68 067 |0 ' 0,726 0. | 0.2 . 0
0.71 | - 0.69 '.-“f"c}o?sls Cout | 0.107 0.324
2.54 oz |5 o e . 0.048
2,79 201 | 2F - 0. 0.5 - . 0.040
2.94 3.0 2751 0 0.471 - o 0.415
4.18 5.69 2751 0 0.020 | - - o.osi
a) [G164] = R

b) This work
c) Two sp.m values 1 and 2" are possible for this state. . “By' _

1dent1fy1ng it with the calculated 2.91 MeV level the spectroscomc

3

"factor was extracted assum.mg 2 assignment,

=174




It can be seen by exemining the wave functions tabulated byrglaudman‘t,ﬁlxj
3 : SRR L

et al. [G164] for the 0P(J=1, T=0) states shown in.the table 7.2.4  ...°

_that inversion in lével order has probably taken placefin'tne'calculationff

between the first (ground state) and the second 1" states;'f‘t;‘

-~ Table 7.2.4

Wave Functions of °P(J=1, T-0) States.

Calﬁgi:fed 82 Std1 . .:d2”*’V'!r
(MeV) 10 1131 - o0 ‘
40,69 | =76.8 | +22.2 .| . 41,0 o
+ 4.58 + O e . — 208, " + 97°‘| AR

The nomenclature used for the configuration in table i;1;4”is; o

m
. . S n dm = § d -
s : J,t, j, t

. e It 5232 1°1 2;

where underllnlng 1nd1cates half 1nteger.' From qualltatlve reasonlng

one would expect that the [ ] component mould be the largest for the

ground state whereas the calculated + O 69 Mev stateres the arger [10]

component If on thlS loglc the spectroscoplc factors for the ground

»

and the flrst exc1ted 1 state are 1nterchanged the agreement between

;175__'1.
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the expérimental and theltheoretical spectroscopic factofs'foh’the hfd”
ground state is comparable with thelagreennnt:for‘the:Talistates 3
mentioned earlier. The comparison for the ground state'is otQCOursehfgf
limited to the ¢=0 component only because of the large'uncertalnty lhuh:.“;
the ¢=2 spectroscopic factors arislng out of the deco@posltloh:f:: .
procedure as pointed out eaelieh. Even with'thls inversloaithej
experimental specthoscopic factor for'the 0,71 MeVv state;is;stlll"‘jw
" smaller than the theory. . o Sy

The transition to the 2.54 MeV 3' state is 'J' forbldden 1n the ;é
5%
g/, configuration can be seen in this reaction. The falrly largel?:v. v

28 model and only the part of the wave functlon mlxed 1n from the_f

-values of the spectroscopic factors to thlS and the 1 98 MeV state f;&

shows the 1nadequacy of the 25, 1@5 model,
The 1dent1f1catlon of the 2.72 and 4.18 MeV experlmental levels;
with the theoretlcal 2.91 and 5.69 MeV states respectlvely, 1s not

consxstent w1th the gross dlsagreement between the experlmental and

-

the calculated spectroscoplc factors for these states.’ From the
dlscu551ons above 1t can also be 1nfered that no dlscrepancy between_
the experlmental values of spectroscoplc factors for the T=O and the

T=1 states have been observed from the model values.;{;lit

‘Rotational model'and the spectfoscopic factors., .

“

‘ Brlef mention has already been made about the rotatlonal model
Acalculatlons 1n the 1ntroductlon. Baart et al [Ba62] 1nvest1gated

230
P and

‘the appllcablllty of the strong coupllng collectlve model to




concluded that a dCSCPlpthﬂ in tenns of rotatlonal bCthlOUP is -
“probably lnappropnlate.‘ Dttallcd calculatlon by PlCde and DePlnho [PJGG]?;
using a rotational NllSSOﬂ modcl w1th a Soper two body ncutron—proton o i
.1nteractlon WLth n= 2. O (B” 0.1) led to a satlsfactory prcdlctlon of

only first two excited states. Another s1mllar calculatlon hy B

ASCUlttO et al, [A568] u51ng for the neutron—proton interaction, a

.Serber force with a Gaussian radlal dependence and § = O, 15, also led - nlﬁf”
to agreement with the flrst two excited states only.' Nelther of the i
last two papers gave any spectroscoplc factors, hence a comparlson of
the experlmental spectroscoplc factors for the ground and the flrst two_s
. excited states was done with the values obtalned from the Smele |

the
. rotational model us1ng equatlon 2.7.9. The Nilsson orbltals in,s-d shzu

are shown in figure 7.3.3. " The table 7.2.5 shc»vs the comparlson for o

various deformations. It can be seen that no 51ngle value of B glves .

.A"

_agreement with the spectroscoplc factors for all the three states
(discussions limited to z—o components in case of the ground and the B
0°71 MeV‘state). Thls is’ of course, not snjuuslng because both the_v
neutron~proton interactlon-and the rotation partlcle coupllng‘were'not
consldered The experlmental SpeCtPOSCOplC factor for the O 67 MeV

‘ T-l fll"St exc1ted state J.S _Ln excellent agreement Wlth the theoretlcal

quoted by

value of the spectroscoplc factors, for B = 0 1 the value

» 'Plcard and De Plnho [P166] fif”

Lo-177-
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7.2.6 Conclusion
.29 .,3 . o ‘
The reaction ~~Si( He d) P was studlcd at an lnCLGcnt encrgy of
14,0 MeV° Angular dlstrlbutlons for the tranSLtlons to- 16 stdtes up to ifif

4.23 MeV were determlned and spectroscoplc factors were extractcd u51ng'%@ ’

[N

DWBA method.

A spin assigament of 1" has been made to the 3. 02'73 75, and 4,14'Mev:7"
‘states. Alternatlve a551gnments of (1 s 2 ) were made to the 2 72 3. 84
and 4.23 MeV states. The state at 2, 84 Mev was a551gned alternatlve fﬁ;:

spins of (O , 1 )

Co et

The experlmental spectrosc0p1c factors have been compared with "ff>f

various model calculations. Spectroscoplc factors from shell model

calculations by Glaudman [G164] were in good agreement with'the 1

experlmental values for the O 68 and 2,94 MeV T=1 states._ Aisinilaf
.agreement with the ground state tranSLtlon could be obtalned by assuming
an inversion in level order between the flPSt excxted (v ) and the R
ground state (1 ). No dlscrepanqy .of the spectroscoplc factors between

the T=0 and T=1 tran51t10ns have been noticed from the shell model :f

considerations. -

The s1mple strong coupllng rotational model can not explaln the‘fs

‘ spectroscoplc factors even' for the lowest three states°  f”

Co-179-




3 2 ' :
7.3 The 25Mg( He,d) GAl reaction.

7.3.2 Introduction

The reasons for this,stuqy have already beenlnqtediin tﬁé el
;ntroduction to this chapter. The energy levels of the self i'
conjugate nucleus Al are well established from the studles of the

(5He,p)26Al, Al( He a) Sa1 [H159],_ Mg(p‘,y) Al [Ho63] reacmons.
It has been reported in a recent work by Hausser'et al B{a68] that +he 7;.fQ
2.07 MeV level is a trlplet con51stlng of 2,0687 (3 ), 2 0695 (2 ,1) |
- and 2,0717 (1 or 2) Mev states. Splns ‘and parltles for the states N
up to 2.37 MeV were assigned from p-decay, (p,y) and trlple correlatio;ieffe
expefiments [H063 Ne62, Gr64]. Alternatlve aSSLgnments of (2 3 ) o
i were made by Weldlnger ot al. [We68] to 2.55 2.92 MeV states.vvl

The reactlon Mg( He d) Al was studled by Weldlnger et al. at.
an incident energy of 12,0 MeVv up to an excxtatLOn of 4.2 MeV., In the.k
other previous study [5166] tran51tlons to only a few 1ow lylng states‘i
were observed. . | | .

On several occa51ons attempts were made to explain energy levelsl”
and other pPOpePtleS of* 6Al from the rotat;onal model [HoGS P166]
" The calculatlons by Picard and De Plnho [P166] which lncluded resxdual ¥
neutron~proton 1nteract10n gave good agreement w1th the low lylng states;
‘However, as no spectroscoplc factbnfﬁ?gen'ln thls paper, the comparlson

with the rotatlonal model is llmlted to a Smele strong coupllng

Nllsson model in parallel w1th Weldlnger et al [We68]




- Shell model calculations by Wildenthal [Wi68] in the s}d shell o
did not succeed in the case of 2 Al. In an intermediate coupling
calculation by Bouten et al. [Bo67] of the energy levels as a function
of a parameter which measured the relative streng‘chs o_f tbe" spinv orbit‘g o
and central force, the lowest levels were well pf‘edicted. As' g :
4 spectroscomc factors were also not reported in th_Ls work no cornments L

can be made on the goodness or othemse of‘ the wave f‘unctlons lnvolved. ‘.5_‘

'7.3.2° . Data.

The 'reactlon M

' of 14°O MeV. ’TI‘aIlSlthI’lS to al'l the states in the resmual nucleus
up to an exc1tatlon energy of 3.16 MeV were observed and the angular'

distributions for all these tran51tlons ‘were measur'ed. The _2.07 MeV IR

triplet was notA resolved°

The Harwell multlgap spectrogr'aph was used in tbe experlments.
The properties of the target used has been described .m table 2. 4.1.,'.}" .
The overall resolution obtained was ~ 60 KeV. The main contributions‘lfr_.,vi:‘
to the resolutlon came from th\e target thlckness and the beam’ geometr& , ,.
which had to be relaxed due to the low J.nten51ty of the beam avallable.
The treatxnent of data from multlgap expem.ments have already been )
descmbed in section 4.5. - e

‘Due to .mstrument malf‘unc‘tlon the results of the nor'mallzatlon
experiments turned out to be err‘oneous, 'S0 nor'mallzatlon of‘ the data

was done assumlng the ground state spectroscoplc f‘actor to be the same

as that _of‘ We.u_imger et‘ al.

Rt
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A spectrum of the deuterons at 12.50(Lab) i.e. frem.thev2hd‘channel';f
is shown in the figure 7.3.1. Figures 7.3.2 show the angular

distributions of the observed states together with the appropriate

DWBA calculations,

7.3.3 DVBA Calaulations ' o | »j‘ :1'5'¥;€; B
DWBA calculatlons were performed for thevobserved tranSLtlons‘f}]'

us1ng the parameters shown in the table 7.2.1. The separation energy . -

prescription was used for the bound state form factors for.allfthe _ﬁ:f*fpi

transitions. Pure {=2 DWBA calculations fitted fairly'mell'the”

0,0, 0.229, 1.060, and 2.74 MeV states, for all the other states a

combination of 6_0 ard (=2 DWBA distributions were requlred to obtaln Lo

an acceptable fit.

.

" Conservation of angular momentum and parlty allows Z_O strlpplng

to lead to only 2 and 3 flnal states because the ground state Spln of ?
Mg is 5/2 « .The K_O admixture limits the splns and parltles of 2.66
and 3.07 MeVv states to 2 or 3 for Wthh no prev1ous ass1gnnents ex1st;;
- Similarly the pure =2 tranSLtlon to the 2.74‘wev_state flxes the parltyi

to be positive,

The experimental angular dlstrlbutlons together w1th approprlate

carculadiiong . /‘7‘ T e
" DWBA,are shown in the flgures 7 3 %;// o ?-;“"

N S - P
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. Table 7.3.1 . ' o SR

L0 ".‘ N 3 2 . . - ‘ L - N .
Parameters used in 25Mg( He,d) 6Al DWBA calculations. -

. U R A W R, AT Ré :

Channel MeV fm . Mev m | ofm
e | a) S _ . _ R EAEE

Al+d 73,9 | 1.63 | 0.52 |23.85 1,63 | 0,52 | 1.3~
25 3 b) - N R

Mg+ He | 174.15| 1.10 |- 0,764 [17.965 | 1.631°| 0,75 | 1.3 -

c) o | B ETT

L\g+p - 1.2 | 0.65 - - | - 1.3

T

. . . 2’\ - B - . . . -
a) [G165] = ( °Mg+d) paraneters at 10,0 MeV

X 4
b) This work - ( Mg+ He) parameters at 14.0 MeV (c. f., able S 5. 2)

c) Potentlal depth was varied to suit the blndlng energy condltlon.'

e

. The spectroscoplc factors.obtalned in thls wprk together‘wath the‘:f,i
© values by Weidinger et al. [We68] ave " shown in table 7. 3 2. For thel |
states with non—unlque splns, only the quantltles (2Jf+1)C S are shown 2
in the table. The spectroscoplc factors from thlS workduzln excellent
agreement with the values 'at Weldlnger et al DNeGS] except 1n the case;
of the 2.91° and 3016 NbV states.: In the later case the values dlffer5

. by a factor of ~2. 50
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7.3.4 Discussion o

. - . SR Cel e T
In this section,implications of the experimental spectroscopic D
factors are discussed. ’ . T e

Rotational models and the spectroscopic factors..

Spectroscoplc factors from the strong coupllno rotatlonal model

. 6 ST
with prolate deformation for 2 Al, were used.for comparlson w1th the ﬁ_.,-"

experlmental work of’ Weldlnger et al. The appllcatlon of the strong
) e

coupling Nilsson model to,ZGAl case was 1ntroduced earller by

Horvat et al., [Ho63] in connection with (p,Y) work° The schematlc Qfﬂ,

diagrams of the Nllsson orbltals in the s-d shell and the ground state‘;

v

Nilsson conflguratlon of Au.ane shown in the figure 7,3 3 for prolateyi
defonnatlon. The spectroscoplc factors quoted here are the same as‘~“:h
.Weldlnger et al Wthh were calculated u31ng the Satchler formula | ,
(i.e. equauon 2.7.9). Table 7.3.3. shows the measured and the
calculated spectroscoplc factors each multlplled by [(2Jf+1)/(2J +1)]C
together with the values by Weldlnger et al. The conflguratlon of ¥
K=5§ and two K=0 bands for the ground and the flrst and thlrd ex01ted
_ states respectively is due to Horvat et al, These states should be pure
Nilsson conflguratlons and there should be no admlxtures because no
- other low lylng states w1th the samelspln and parlty are predlcted°

. The theoretlcal and the experamental Values of the spectroscoplc :ﬁ
factors ‘for these 3 states are 1n agreement wmthln the uncertalnty

of DWBA calculatlons. For thlS work only the comparlson between the

3 relatlve values. 1s 1mportant as the ground state was normallzeduto theﬁ

~value by Weld;nger.etlal._ One p01nt about thls agreement is that lt

- 'fl‘:-19,0-. o
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Fig: 7.3.3

Nilsson orbita’s in s-d shell

and schematic ground state

. . 26
configuration of Al
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doecs not nccessarily prove that the Nilsson model is abplleable in thcs
26Al case because the calculated spectrosc0p1c factors for Lhcse stdLes
are 1ndependant of defonnatlon. | | o
The relative value of the spectroseopic‘factorﬁfor‘thethé3 MeV 
state is rather high compared to the model value. A :
For the 0,42 and l 76 MeV states conflguratlons of En
E—(NoS)T 4(N09)T] and E—(NoS)T,é(NoQ)J] were proposed [HoGS]
The calculated spectroscoplc factors for these two states for ﬁ—O 1
0,2, 0.3, and 0.4 are shown .Ln the table 7. 3 3 along w1th the experlmental
Values. It can be seen that ratio of the experlmental spectroscoplc ;1W:fﬁ'
factors between the two states is ~4 compared to the theoretlcal value“h'
of 1.2 which is almost 1ndependent of . the deformatlon. It has been fh”

pointed out by Weldlnger et al. that this dlsagreement mlght elther be

due to 1ncorrect treatment of the rotatlon partlcle coupllng or fallure BN

% of the unlfled model to explaln the propertles of Al nucleus.,:' f,é—f%%fﬁ

' The conflguratlon E—(NOS)T (N011)T] by Horvat et al for the 1 85 MeV

' 3
state 1s 1ncompat1ble wath the ( He d) results because of the absence

a551gn the above conflguratlon to{S‘ state of the 2, O7§MeV trlplet A
i'i' ,togather w1th the 1nterpretatlon of the’ 2‘, T_I state as rotatlonal s

number of K—O band (1n analogy wuth Mg) also glves too large a ‘
£=0 strength for the 2 67 MeV trlplet even w1thout conSLderlng 1ts o

third member, -

No attempt was made to aSSLgn Nllsson conflguratlons‘for the

remalnlng states due to the dlfflcultaes arlSLng from the follow1ng




. {
reasons [We68] (1) the presence of a very large number of configurations,;;
(2) absence of any reasonable procedure for obtaining level Orderihg T,

and, (3) possible strong band mixing due to rotation partlcle coupllno. 3_;.

COmparlson of ( He d) (d,n) and (d,p) spectroscopic factors. P

A comparison of the relatxve spectroscoplc factors for three
states from 2SMg(d n) Al and Mg( He d) Al is shown in the table 7 3 4.;j

It can. be seen that the dlscrepanqy reported by Slemssen et al [8166]

and Weldmger et al. [We68] for the 0.23 MeV, T=1 state is also seen 1n o

this work.

Table 7.3.4 '

| Y
Comparison between relatlve spectrosq;plc factors from "Mg(d,n) AL .

Mg( SHe d) 8a1 reactions . ';”gﬂ ; 7f5;}{i“

. . a)
Ex ;% Srel' o Srel
MeV LY (d,n) . - (PHe,d )
| ESSeS MV ) g - 400 MeVb) E=12.0 Mev®) o
0.0 §;0 | 1.0 1 1.0, L
0.23 0,1 | 187 2.8 | 207
1,06 17,0 | 1550 | 1.6 0 416

a) [8166 ]

b) ThlS work

hE c) [We68]




It hes becen shown by Tamura [Ta68] that the diserepanqy’bctweenftﬁe.
»(SHc,d) and (d,n) spectroseopic factors in the case ef T:lvfihai

states in 1OB can be ronovcd to a certaln extcnt by 1nclud1ng-

" correction tenn in the DWBA anplltude derived by using Lanes t T
interaction [La62] This Lnteractlon effects the entrance chdnnel 1n *ﬁe‘.

the
( He d) reactlon and the eklt channel in, (d n) reactlon. However 1t

still remains to be seen how far this type of calculatlon-can-expla1n*1
individual cases. The table 7 3.5 shows the comparlson of the

spectroscopic factors for T—l states observed in thls ‘work w1th the (d,p)}"

spectroscopic factors leadlng to analooue states in .GMg. From accuracy
) con51deratlons the follow1ng dlscus510ns are llmlted to Z—O spectroscoplcv g

factors for the 1.81 and 3.16‘MeV states.

Table 7.3.5
Excitation MeV N R Spectroscoplc factors : )
. L c
coey oy | @ @™ Crea® Cre ok
0023 ,‘ ’Qoo ) L 24“'- . 1.971:)‘ 1°80 "'.2'..55'”_ : "‘l_j:2.;5
12,07 | 1.81| 0" | 0,02 .|:0,018 | o. 047 e 0,044 .
o Li| 0,40 | 0,44 | 05527+ | 0.55. |
3.16 . ‘.2'.96- O >0°12 0».15 .,' 0014 ~."J';\O 34_ _1,
;{2 T <0.18 | 0.32 | 0,064 | :C
" a) [Cu64]
b) [Lu66]

" ¢) This work (c. f. table 7 3.2)
- d) [We68].(c.f. table 7.3.2) .

e) All strength of . 2507 state has been attrlbuted to T=1 state.

s
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The di screpancy seen' . in the spectroscoplc f‘actors for the O 23 MeV
state between,\( He,d) and (d,p) reactions, as pmnted out by Weldmger 4_'.

et a;, may arise from dlf‘f‘erent bound state f‘orm f‘actore used_ in DWBA "
calculations. If however, the ground state val'ue is normali‘s‘ed'to'”.j
the (d,p) value, the value:off ‘the spectroscopic factor (.’*_0.1)‘ for-the L': o
3.16 MeV state from this work ‘a‘gree's with t.he (d,p) 'va‘lues,; oontrary ;

" to the results by Weidinger'et al The normalized value (~ O 33) f‘or

the 2.07 MeV state is about twice the value from (d,p) reactlono o R
The source of this dlff‘erence can not be identified w1th any degree

' the the S
of reliability, due to trlplet nature of, 2 07 MeV staten SR

7.3.5. Conclusion

The reaction 25 Mg( He d) Al was studled at an mcment energy

of 14.0 MeV, All the known states upto an exmtatlon of 3. 16 MeV
© . were seen, the 2,07 MeV trlplet was not resolved Angular dlstrlbuti.ons
for all the .14 transitions were measured and spectroscoplc f‘actors for v
the transitions were extracted uslng DWBA ‘ e s
From the conservatlon of‘ angular momentum and parity alternatlvejj.;

e

assignments of (2 ,3 ) were made for the 2 66 and 3 07 MeV states for

which there were no prev1ous ass1gnments. The parlty f‘or the 2. 74 MeV

tate was determined to be pOSJ.tlve.

| The spectroscoplc factors from thls work were found‘to ‘be m
excellent agreement Wlth the work of Weldlncer et al [We68] except
- .m the cases of 2.91 and 3 16 MeV states. , The spectroscoplc‘factors

were compared mth the rotat;onal model predlctlons.

=196y




the comparlson of the spectroscoplc factors obtalned wnth the}spectroscoplc‘.

factors from ( He,d) work reported in sectlon 7 2

The discrepancy in the relatlve spectroscoplc factor for the O 23 MéV_:
state betweenuz He,d) and (d n) reactions reported earller was also. |
observed in this work. =~ :_ | - . ;},f. o

No dlscrepanqy in the spectroscoplc factor for the 3e 16 MeV state
relative to the 0.23 MeV state was found between the ( He,d) and the
(d,p) reactions. The larger value of relatlve spectroscoplc factor 1nie}”:
the case of 2.07 MeV level could not be attrlbuted to a 51ngle Cause,;;h i
due to the trlplet nature of the state. |

‘"

7.4 The Sl(dln) Op reaction. .

7.4.1 Introduction
.

One study of thls reactlon at Te 4-MeV has prev1ously been

reported [Ma52]. This study was concerned with the locatlon of energY{f W

levels of 30 P. The reported states were at 0.,0; Oq 75+O 06; 1.46 0. 06 o

and 2,0+0,06 MeV No spectroscoplc 1nformatlon about the states of . O

has so far been reported u51ng the (d,n) reactlon._l‘}
-As information regardlng the energy levels of 3OP has already been
considered in connectaon udth the ( He ,d) reaction studles (c f sectlon

7.2), it is not 1ncluded here.« The main concern of the (d n) study is-

7.4.2 Data
The‘reaétionHZQSi(d n) P was studled at an 1nc1dent energy'
of 3.0 MeV u51ng the tlme of' f'llght system. The tlme of‘ fllc,ht system

has been descrlbed 1n the sectlon 4, .The detalls of the experlments

and treatment of data have been<iescr1bed 1n sectlon 4.6.; A spectrum




of neutrons from the reaction'at 0° is shown in the figure 4;6;3.‘h
- Angular distributions for‘slx.cases were determined. - These,includedf - o
the distributions for the unresolved states 0.678 and 0.709 'vM‘e'vvanci' |
" the states 2.94 and 3.02 Mev, The angular distributionS'couered the
region from 0° to 120° (Lab.) . | B
It was not p0551ble to determine the absolute normallzatlon of the |
experlnental data due tgmnon~avallablllty of absolute eff101ency of the
neutron detector used in the experinents and the thlckness of the target. ﬁ:f
The ground state (d n) cross-section at O was - normallzed to yleld the S
same spectroscopic factors as the ( He ,d) ground state tranSLtlon.‘ Thlsné?ff
. is 1llustrated in figure 7.4°I(a) Attempt was also made to take 1nto '.Ef'f

account the compound nucleus contrlbutlons in the ground state CPOSS~SeCtIGL

using Hauser-Feshbach (HF) calculations, in order to flnd absolute

normallzatlon of the data. “This is illustrated inthe flgure 7 4.1(b)

However, this procedure was not adopted ﬁnally because the-comparlson‘;f
of the shape of the angular distribution 1nclud1ng the HF contrlbutlon?swd
with the experlmental angular distribution indicated that the compoundi;

nucleus contrlbutlon was over estlmated by the HF calculatlon.;_The HF;:

calollatlons are - dlscussed 1n detall 1n the next sectlonoij

.

The angular dlstrlbutlons along wnth the DWBA curves are shown 1n5

the flgures 7e4alo.

7.4.3 Hauser—Feshbach and DWBA Calculations.

‘ A Hauser-Feshbach calculatlon u51n° the programme of
lelmore DN166,W169] w1th the correctlon for level w1dth fluctuatlons was
carrled out for the reactlon Sl(d n) P. The channels 1ncluded 1n L

-
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the calculations were (d,d

)5(d,p)3(d,0)5(4,T) are (d,n).

potential parameters used are shown in table 7.4.1. - ;

] Table

'

704,1

.Thé,ppticél""'

Optical potential paraméters used in Hauser—-Feshbach aﬁd DWBA

calculations
Channel‘ u Ry A W j‘Rw‘ By 'L R,
| Mev fm fm | MV fm | fm | fm
- a) o i ,:'v A e
i +a 10167 | 1.10 |0.815 |21222D | 1.376 | 0.556 13
3osi + p b) 4’20% 1032 0.62 3.65.0 1032 - 0065 ' 103 - .
0,40 9| 37,21 | 1.32 {062 | 3.550 | 1032 0.65 | 1.3 *
27, a4 9 . S I D
Al + He 100.0 | 1.570[0,6 - [15.0 5 | 1,57 | 0.6 [ 1.3
28 e) ) R R Ll
Sl + C ) 188099 1025 00601 22.27'8 1-327 00813 B ‘ 103 .

o) (¥

d) ( Al + He) parameters at 18,o MeV [Ig59]

a) ( P +d) parameters at 11 5 Me‘Vo
Denortier et al [De61]

B)’[Pe62j

e) (‘ i + He) parametersvap‘14.0_MeV,‘

i + n) parameterb at 4.1 MeV [Pe67]

fe201- 0

Fouhd by fitting data by . .-

‘This work [c f‘. table 5 5 2]




Most .of the relevant final sthtes given by Endt and ‘Van der‘lleun [En§7] :
were included. - Some of" the states had to be .left out because no sipln T
assignments were avsilable f‘oh them., For 2951 -the states w’ere: Ooo(lj*) ; :
1,273 (5%); 2,032 (5/2%) and 2.427 McV £*). For “%si the ststes were;_ |
0.0(0%); 2.232 (2+);3.so7(2+); 3.767(1+);(30786(o+);4;408(2f);5.222(3*);'£fj:
5.222(3); 5.274(47); 5.480(37);5.611(2); 6. 528(2*)-'6 630(0") and Vh
6.735 MeV (17). The states of: 7Al were: 0.0(5/27), . 842(4 )31.013(%7);
2.209(7/27); 2.732(5/27);2.979(%3"); 3.0(9/27) and 3.678 MeV 5. Only
the ground state was included for 2881 because of the large negatlve

Q-value (-2.218) of the (d,T) reactlon. For OP the states were:

0.0(17);0.678(07); 1.455(27);1.976(3%); 2.539(37);2.72(2" ),2.84(1 f,
2,94(2%)33.02(17), 3.73(1%); 3.84(2%); 4.14(1%) ,4.18(2") and 4.23 MeV @ ),7

As has already been pomted in section.7.4.2, the HF . calculatlons

over-estimated the compound ‘nucleus contributions to. the (d n) cross-— ., : .
' sections. This was most llkely to be due to the f‘acts that (d,p) reacta.on
had very high positive Q—Value (8 4 MeV) and all the open channels

‘J.I'l (d,p) i.e. upto an exmtatlon of ~1I MeV were not .mcluded., They |
could not be J.ncorporated in the calculatlons due to the non—auallablllty
. of energy level data for 3OSJ_ upto such a hlgh exmtatlono s

The DWBA calculatlons wer'e done also u51ng the: optlcal potentlal

pmmewSlntdﬂe7A-1fM‘U£( Shd)ami( Hﬂ)dmmml& mn;f
the extraction of the spectroscoplc factor's, subtractlon of the compound
nucleus contrlbutlons were not done because of‘ the problems 1n the HF
| alculatlons mentloned earller. The agreement between the dlstmbutlons

fr'om the DWBA calculatlons and the experu.ments .LS poor.""‘ ‘ The 8 values

‘ ‘.-202-,} L




" transferred in the (d, n) reactlon were the same as in ( He d) case
i.,e. as to be in sectlon 7 2 For the 2,84 MeV level the tran51tlon FQZJE“
should be pure (=0 from ( He,d) ‘considerations but the flt “&th the
DWBA shows very poor agreement for 6 > 20°, For the 1,445 and 1.85 McV d:={
states only ¢=2 transitions'are allowed.. The angularldlstrlbutlons

for these two states also show poor agreement with the DWBA dlstrlbutione;f-&

For the above three states the spectroscopic factors were‘foundﬂhy

+ matching the principal maxima in the experimental angular dietributionS",f; o

~ with the DWBA distributions. , = o Co

For the remalnlng two dlstrlbutlons i.e. for the unresolved O 678 t

and 0,709 MeV and 2. 94 and 3 02 MeV states, the spectroscoplc factors:’.‘"

4

were calculated using the least square flttlng procedure descrlbed in f

section 4.8. The consequences of the flttlng procedure was also p01nted :
out in the section 4.8, However, we note here that due to poor agreement‘
emnmewmtmmnmmaMtMDmAmmmmmmsmdmemﬂl
magnltude of ¢= 2 cross-sectlons compared to e—o cross sectlons, thei;
SpeCtPOSCOplC factors for the. €= =2 c0mponents extracted by uSLng the v
fitting procedure are unrellable and possxbly correct only wdthln aip;
factor of 3 or so. . The spectroscoplc factors frOm the (d n) studles
| multiplied by (2Jf+l) are shown in table 7. 4.2 along wath the Values

from ( ®He d) studleso '

"o




"Table 7.4.2

Spectroscopic factors from {(d,n) and (THe,d) recactions

' ) 30 : : B
leading to Do C T .

‘ | (d,n) ) o o ,
Levg} . J ;T (2Jf+1) CZS C A (2Jf+1) C%S_ I o
] = o - ' L =2 L =0 " o ;E“ =2

0.678 'o+;1] 0,45 4.2 0,952 | 70,97

10445 | 2 .. - 5,80 0 | o= 0|2 |
1 .98 3 ] . - . 394'. . ) . ( ;t 0.585 . ,
2,84 (O+; 1+) 0.19 - . 045 ‘ ‘. ' -

2,94 | 27,1 } 0,19 | 2.6 - | 0.8 | 234 |0
3,02 | 17 N y RS

a) This work (c.f. table 7.2.2)




-

7.4.4 Discussions - - AT - “,‘ 4lf:rf ' ;*szff?

The discussions herc are limited to thehcomnarlsonlbetueen.the f;_?i;i
spectroscopic factors from.(SHe,d) and (d,n) studics asAthe;other _““f{ ";Lhé
aspects have already been‘considered in section 702.j The-eomparisonsfh'y; |

- are only meaningful for £=O spectrosc0p1c factors, 1n cases where thef;'7f

angular dlstrlbutlons are due to comblnatlons of ¢=0 and £—

' dlstrlbutlons, and as the (d n) ground state spectroscoplc factors

were normalised to the ( He d) ground state value (e. g. table 7.4, 2) ,:_-Al:v; .7
only the relatlve (d n) spectroscopic: factors are of 1mportance. |
A comparison of the spectroscoplc factors 1n the table 7 4, 2
shows that the spectroscoplc factor for the unresolved 0. 678 and O 709 Mevt
vstates in (d,n) case 1s smaller by a factor of -~2 from the ( He,d)
case. This is most probably the same" effect as observed 1n the O 23 MeV i
. state in the Al case. Of course re51dual doubt as to whether to fte"
attrlbute the whole decrease to the O 678 MeV (O Tsl) state Stlll
remains. For the other T=1 state at 2 94 MeV, no sxgnlflcant dlfference
‘is seen between the (d, n) and ( He,d) spectroscoplc factors.: However
thlngs are uncertaln for thls case because the 2 94-MeV (2 T—l) and
3.02 Mev (1 ; T—O) states are not resolved and the spectroscoplc factor
1nvolved is due to ¢=2 transfer. As has been p01nted out 1n sectlon 7 3_
‘the dlscrepancy between spectrosc0plc factors from ( He d) and (d,n)
reactlons for T states can be removed to some extent by con31der1ng
1sosp1n coupllng in the 1n01dent channel for ( He d) and 1n theLout

g01ng channel for fd,n) reactlon [Ta68] o _j«}_:jff
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For the 1,445 Mev'(2+- T=0) state the (d,n) and (Sue“d)
spectrOSCOplc factors are in agre@nent consxdcmno Lhat the compound
nucleus effect has not been taken into con51deratlon in the extractlon
of (d,n) spectroscopic factors. For the 1.98 MeV (3 ; T=0) state-the»
(d,n) spectroscopic factor is too large'even'if scnm'allo&ahee is madetAv
Tor 0 e 2T 0, _For.the 2.84 Mév steteethe,fd;n)
spectroscopic factor is smaller by a factor of 2 fremhthe (?ﬁe,d)A
value., “ ; ‘

7.4.5 Conclusions

29

30 ‘ ' - . :
The "7Si(d,n) P reaction was studied at an incident

x A . R S

energy of 3,0 MeV using the time of flight technique.' The-peaetion

¢

proceeded mainly through a difect‘process. Angular distributions
for transitions to 8 le&eis (6 groups) upto an ekcitation'of‘S 02 MeVﬁif
were determined and the spectroscoplc factors were. extracted for ‘the ;ﬂ”
transitions using the DWBA theony. The spectrosc0plc factors were

compared with those obtalned from the ( He ,d) reactlon._ The dlscrepaan
of spectroscoplc factors for the T=1 states between the (d n) and -

( He d) is most’ probably present.

'
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The above definitions lead to idchtities:
 ArB+C+D = 1 and AC=BD

Using the above definitions we have for the kinematical qudﬁtities:

1) oM angle of lJ.ght, ppoduct : o RO

E./E, PR T Tf,:'f.f_
sin 6 = ( ) sin ¥ s (A.,l);_d‘.‘ FE

D .

2)  Lab angle of heavy products:

- sin g = <N454> éln y _ v (5».?)

3)  Lab. energy of light product:

‘_ﬁ ‘+ D + 2 (AC) cos 6 :

£

' o V. -
B [cos 1[r (D/B - sxn2 1,;)2] __v(‘./f\A..?f)f' :

Only the positive sign is to be used unless B > D in which case .~ -

llfmax = sm N (D/B)'ﬁ

.4)  Lab. energy of heavy'prfodgct:

E, SRR
E—-=A+C+2(AC)2cosqS
T

AII«

‘ R A[ cos é + (C/A - sin Z,)'ﬁ]

oo




Only the positive sign is to be useced unless A > C in'which:cas'e '

7

' v ‘ .
5) Solid angle ratio for the light product: =

o( 8) _ sinzer.‘
SO N

sin 6

(a0 i(n/B = sin®p%

Cos (6-y) =
S 37T

6) Time of flight of light particle when it is a néutrfon‘: :
E; + 939.526
0.2997929 (E + 1879.052 E;)

t(ns/m) =

are in MeV,




APPENDIX B

The Computer Programs.

B.1 Kinematics program: _ . ' R AR E b',5'2 i

o

" This program was essentially the coding of the equatlons‘ln
appendix A. For a given reactlon A(a,b)B specxfled by redctlon masses, ?ffl~y
incident energy, ground state Q—value and the excitation energles ‘of f;'-ff-*
the final nucleus, the programme calculated the klnematlcal quantltleehmﬁ””
spe01f1ed in appendix A, The program was wrltten in two ver51ons, onezg
version was for the neutron produc1ng reactions when time of fllghts

were computed in addition to other quantities and the second.versionv' '

was for all the other reactions where time of flight data Were nOt‘ R

necessary. Upto eight incident energies and;eight'levelS'in'the residuél fl
nuc leus could be included in a single set of data. = Pf;;ilf;"’i

B.2 Cross—section Program:

This program calculated centre of mass cross—sectlon from the S

reactlon ylelds and the yleld from a Rutherford scatterlng experlment
- as explalned in section 4.7 usxng the equatlon 4.7 3. Ihe Rutherford

vcross—sectlons were calculated from the equatlon o

S 21222 SR
(ch(\lf) )L.ab 10296 (—51—> l: (411;) -2( M2) ]_mb/str.

(8 2, 1y

_ where Z1 and 22 are thexatomlc numbers of the 1n01dent and the'target
( ~nucleus respectlvely.v The other quantltles have the same meanlno as in.

. Appendix A.




Theltransformation of theucross~sectionsvto M systcmlwas:achieved~g‘”'
by using the equation A.7. " The CM angles Were calculated by using'the“‘dﬁf}'é
equation A.1. The program also calculated the statiStlcal'errors in'theﬁ.ﬂ'uw
cross—sections. It also calculated the Q-values of the reactions if Es‘ Feé'g
was fed in or vice versa calculated Eq if the Q-values were.fed}in, ;‘hhfi:fié

B.3 Multigap spectrograph data analysm;prwram

This program was originally written at AWRE, Aldermaston [Ch69]

and was modified to run on the Harwell 1BV 360/75 machlne for our purpose.,

The programme requlred in addltlon to the scanned data, the masses of .

the incident partlcle, out g01ng particle and the target nucleus and the:'f}”

nuclear magnetic resonance frequency for the field settinghof,the

spectrograph. :

The program located the peaks in the scanned data'and:from-the
position of the peak;along the focal plane, the program calcllated‘theiff
3lenergy of the partlcles in the peak and’ the absolute Q—values.‘: 5“":

The program also lntegrated the peaks after stralght llne backgroundj
subtraction if necessary, corrected the peak areas for the SOlld angle

variation along the focal plane and also carrled out the transformatlon'

to the CM system.' The program also plotted the partlcle spectra. a

B.4 Angular dlsfrlbutlon dCCOmpOalthH program

-

Thls program was used to flnd the best mlxture of two to four
theoretlcal angular dlstrlbutlons to a g_].ven expemmental angular
dlstrlbutlon. For this program both the experlmental and the theoretlcal

cross—sectdons were requlred at the same set of anoles.u The experlmental

and the theoretlcal cross—-sectlons are denoted below as o‘ (exp) m'and U(Th)
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, Respectively. A weight was:ossoeiated with each exnerimentalapoint )

using the formula '

‘:Ao_i (exp) S R RN O
1 m e (Baa)
00
i=1

so that . » R L o ‘ '”-:fAf ', f;gf',.‘ .*'Triﬁ'”i
. Z Wi = l | : : - B . ..“(B°4'°‘2v)

where ‘m' is the number of points in the angular dlstrlbutlon. The

mmgwnmmmmaimeﬁmmum P R ?ﬂ' RO
e o R Lt
‘ : , P
e

s - Z Wy (o (exp) = 5) o (B.4.3) ..

r n
whe e ax

0‘i>= z ..‘ano-n‘(Th) o

n=1"

L (Baae)

““fwhere*neéx 1s the number of theoretLCal angular dlstrlbutlonse_ The f;fffff”

,..fmlnlmlsatlon was done by u51no a Harwell llbrary routlne by Powell [PoSS]

"The quantltles fan‘ obtalned in the mlnlmlsatlon procedure, are the if'

"*B 5" Soectrum analys15 progran._.?7i' o

The program was orlglnally wrltten at Hamburg Unlver51ty by Tapel
[Te65] It was modlfled to run on the Harwell IBM 36Q/75 computer for:
" our purposeo . ' i ‘ ' '

C=212-
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L cross-sections were normally avallable at 1rregular 1ntervalsf:

The program was capable of dealing with spectra up to 4000 channcls.;*plﬁ

Various input media such as paper tapc, cards, magnetic tape etc. could

be used for the data. The lnltlal step con51sted in breaklnrr off a glvcn}ﬁv
spectrum into rcglons lCSb than 512 channcls which could be done L ﬁ*f{,[
automatical ly or by feedlng'ln breaklng off ¢hannels. The reglons were

IS

so chosen that at both ends there were a few pOlntS throuoh Wthh a 1"

background could be fitted using the least square method. Three optlons'ﬁhf}f

were available for choice of background i.e. llnear, parabollc and cublc.ﬂf
After the background subtractlon the program fltted a blven llne.fcf'wl
shape to SLngle or overlapplng peaks using least square technlque.. The?-_
number and the position of thc pcaks in a reglon of overlapplng pcaksliuff?‘_é’

- could be decided by the progran However in complex'cases there'wereﬁ;“_fﬁ

also prov1sion for feeding in the approximate peak positionszand othérfff'f, i
parameters which resulted in con51derable sav1ng in computer tlme.v 'Q;;
The procram gave areas of the peaks analysed and also the x |
of fit to the experlmental spectrum. The program also plotted on topr
of each other the experlmental and the fltted peaks and the background
po;nts, s0 that a qulck eye estlmatlon of the goodness of the flt could

_ be done.

v

B.6 Legendre polynomlal flttlng proaran. L

The purpose of thls program ‘was to 1nterpolate values of the

dlfferentlal cross—sectlons at regular angular 1ntervals as the experlmental -

' For the '

‘_flttlng purpose a welghlng factor was attached to each experlnental p01nt’f

G‘(e) accordlng to the formula, ‘.:l"
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W= == : . S (B.'Gl.l).

so that v o o fv I u'35f: LT i
- Z W=t o ey T

where n' is the number of p01nts in the angular dlstrlbutlons. The -f‘-

program mlnlmlsed Lhe functlon

T L :" - R

=t

where o(6) are given by
o(e) = Z 3, P[(COS 6) o (Bo644) .-

=1

"~ where 'm' is the‘degree of'fit.required. The.Legendre_Polynemialsl~}

were calculated using the relations
A , Sranens

PO=1.‘

P, (cos 6)= ‘cos 6 '51l

P (cos 9) (2 —*—) cos 6 P ‘1(c¢g;e)_§f(ir ) P

Al

The minimisation procedure ylelded the best values of the coeff1c1ents

taf, Usmng these values 1n the equatlon B 6 4 1nterpolated cross-sectlon

at’ requlred angles were computedn

L -214=




B.7 Optical Model Programe .

This program was due to Wilmore [WiBQ] DlSCUSSlOﬂS on Optlcal
model -are included in chapters II and V, so they are not consldcred hcrc.l
The program could either be used for calculation of the cross—sections "'b'g
for a given set of potential parameters (including spin orbit) or could'l'
be used to fit a given set of data by varying the potential oarameters:r‘”
using the least square method. |

The program was capable of including a c0mpound elastlc cross—sectlon
in the fitting procedure elther-by assuming lb to be lSOtrOplC or to have 3(
a specified shape. If necessary it was possible to vary the magnltude ' ‘
of the compound nucleus cross-section to obtain the best fit to the }‘; “
. experimental data. | | ' -

v The programme had also the option for using non‘localbpobential
paraneterso | | | BN

B.8 Hauser-Feshbach programme 'l ‘ L .

This programme was due to Wllmore [W166 W169] - Some comments

on Hauser-Feshbach calculatlons are included here as. Hauser—Feshbach

‘ theory has not been dlscussed in the text.

’

When a nuclear progectlle is 1nc1dent at low energles on a target o

nucleus 1t is elther elastlcally scattered or absorbed to form a
compound nucleus. The compound nucleus subsequently decays 1nto one or_T
other of the energetlcally allowed channels.' The optlcal model can be
.convenlenbly used to calculate the elastic scatterlng angular dlstrlbutron:
and the absorptlon or the compound nuclear cross—sectlon, whlch 1s the

total cross-sectlon for all the channels. ;r
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Hauser and Feshbach [Ha52] Showed that if the process of formation

and decay of the compound nucleus are assumed to be‘indcpendent, the : 
use of reciprocity theoremallows the differentiél cross—sections in all -
reaction channels to be calculated as well. This calCulation.required o
* the transmission coefficients of all the inverse reactionsbénd these

may be calculated using opticsl potentials appropriateito these,
reactiohso' | :

The program could calculate the Hauser—Feshbach cross—sectlons

.’

for any mass, charge and spins of the 1nc1dent particle. and target nucleus.f
The transmission coefficients for the incoming and all ‘the out going -

channels could be fed in if they were known or they could be'calculated_””'”

from optical potentials. The prograﬁ-then calculated'differential

cross-section in all the two body reaction channels, including the
compound elastic scattering cross-sections. The cross—sectiOQS‘were'f
all symmetric about 900. Spin orbit forces were not taken into f”

consideration in the progranme. :

The program had the optlon for the correctlon of the Hauser—Feshbach
cross—sectlons because ‘of the f‘luctuatlons of‘ the w1dths of‘ the compound
‘levels. The fluctuatlons arlsesdue to the fact that the assumptlon of

the independence of the formatlon and decay of the compound nucleus 15_'~

not accurate enough [La57].A3‘kJ

B.9 DWBA program:

This program was the Unlver51ty of Colorado ver51on of the program
/

DWAKE. The program was adOpted to run on the Harwell IEW 36Q/75 machlne'

for our purpose.' The DWBA formallsm ‘and other aspects of DWBA },”




calculafidns have alreqSy been discussed in Chabtgr I1I. ,We deécribe ; ‘.1 E_é
here only the characteristics of the program. R

The progbam could ée used DWBA calculations of croés—éécﬁions fbf:
any single nucleon transfer. reaction either s£rippiné or pickﬁp and asx‘
well as inelastic scattering,

The potehtials in all the channels (i.e. the in‘going,'the out going. . ?i;

and the bound) could be built up by super position so that a mixture'of; ”_ 

shapes could be used if necessary. The form factor options available

were Saxon-Wood, Saxon-Wood derivative and Saxon-Wood second derivative.: [ .%

There were options available for using spin OPbit'poténtial in all

the channels.  There were also provision for using finite range interactioni

and non-local potentialé.
A maximum éf 51 partiél,Waves could be included inithé c%léulatidnélﬂ
ad several angular momentum ffansfers could be calcqlatgd iﬁ'a:singlef
occasién. | | | | |
Intermediate steps in the calculations such as bound'sfaté’formA‘ﬁ;ﬁ
xfactors, elastiq scattering aﬁplitugeA(cross—sections) efc; éou;d.bé‘ @”
printed out for checking purpose. The cross—sections;pélcuiaéédf
‘by the ﬁrogram‘were in Fenni.séuared; Theﬂdefinition ofitHé éfbsé—sectién;
calculated by the program (feferféd tévéé obw(G)bgiow) yére ?giaféd.to;#j
actual cross—secpions byltheufoiiowing felaﬁioné for»ﬁhévfeé§££ons‘Mi'“;'
- reported in this '@ork,' | i | Y LT

Y




‘Reaction R | ’ do‘(6)(1‘ )

_ ' - 2J 3 2s+1 , (0) o "-;f
(d,n) 1453 %o R
: ZJ ’H . 2J+l R

| | : 23 o+ (o) S
3 . o 2541 D oL
(7He’d)- . L 4e42 23; +1 ] [ 25+1 :I BUEIER

.. \J

| - Lo e (e
3. , 25+1 Ty (0)
(d, He) 2958 ‘[: = &
where

spin angular momentum of the transf‘erred partlcle R
used in the calculation @ . ... . RS

10}
il

o
1l

Total angular' momentum of tr-ansf'erred partlcle used
in the calculatlon .

S '=. Spectboscopid factor '

o
1}

Target spin .

Spin of the fésidual nucleus.

’-”‘
{

The nor‘mallzatlon of 4,42 by Bassel [Ba66] have been used .Ln the S

above relations for (d 3He) and ( He d) reactlons. L
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