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ABSTRACT

The zero-range formulation of the DWBA theory for deuteron
stripping has been used to describe qualitatively‘fhe j-dependence
of several & = 1 transitions in 3°°%2Cr(d,p) reactions at 7.5 and
8.0 MeV deuteron bombarding'energy.b This description required a
‘different deuteron potential from that obtained by fitting elastic
scattering data implying that the DWBA theory is not strictly
valid. The transition to the 1.895 MéV level in °!Cr was found
to violate the j-dependence rule of Lee and Schiffer. The effect
_of possible tensor forces.in the deutefon—nucleus interaction on
similar calculations has been studied for & = 1 transitions in the

“0 ca(d,p)*!Ca reaction leading to the 2.47 MeV (%~) and 3.95

MeV (A7) levels. In particular the j-dependence of the cross
sections and vector analysing powers has been investigated. The

D-state of the deuteron has been included ip an exact finite-range
treatment using a soft core neutron-proton pétential and the
corresponding deuteron bound-state wave function of Reid. The
effect of the D-state upon the j-dependence of‘the‘differential
cross sections and the corresponding vector and tensor analysing
powers. has béén investigated fof 2 = 1 transitions in %2%Cr(d,p),

*%Ca(d,p) and '®0(p,d)?%0 reactions.
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INTRODUCTION

In recent years the Distorted Wave Born Approximation
(DWBA) theory (see for example the bibliography and references
given by Tobocmanl) ) has been widely used in the analysis of
neutron transfer reactions initiated by low energy deuterons or
protons. The formulations of this theory usually involve the
so called "zéro~range (ZR) approximétion" and assume a purely
S-state deuteron. This thesis discusses some DWBA optical

model (OM) analyses with and witliout these two approximations.

The ZR form of the DWBA theory has been repeated in detail
in section 1.2 as a prelude to the full finite-range (FR) treat-
ment of section 1.3 which also includes the deuteron D-state.

Calculations based on this formulation are discussed in chapter 4.

In chapter 2 a theoretical study was carried out of an
empirically observed phenomenon which has been termed
"j-dependence" (see section 2.1), and an attempt was made to

evaluate the usefulness of a DWBA analysis in its description.

It has been»shownz) that there are three possible tensor
terms which may be included in the deuteron-nucleus OM potential.
The effect of two of these tensor terms was investigated in
chapter 3 and calculations have been performed for some typical

examples of & = 1 transitions in a (d,p) reaction on a 2p-shell

nucleus.



CHAPTER 1

THEORY OF DWBA FOR (d,p) REACTIONS

1.1 Introduction

The usual DW amplitudea)"for a (d,p) reaction contains the
factor D(p,) = Vpn(gd)¢d(gd) which is the product of the neutron-
proton potential and the internal wave function of the deuteron.
In previous calculations two approximations have generally been
made: (i) ¢a is aséumed to be entirely S-state and (ii)‘D(gd) is
replaced by Doﬁ(gd), the so called "zero-range approximation'.

In a few cases  °) the'second'approximatibn has been relaxed with
D(ry) set equal to a "finite-range function", usually of a Gaussian
form, DGexp(—ré/Ré), with Dy and Ry adjusted so that the Fourier
transform of D(gd) has the same zero and small momentum gomponents
as the ZR form factor for a suitably normalized deuteroniw3ve
function (e.g. Hulthén wave function). The introduction of a FR
form factor requires the evaluation of six-dimensional integréls
compared with the three-dimensional integrals of the ZR caléul—
ations. Consequently, several authors’ ™) have proposed‘an
approximate treatment of FR effects, the "local energy approxim-
ation", which involves only a simple radial correction factor in
the usual ZR formalism. The accuracy of this approximation has

been verified by comparison with exact (Gaussian form factor) FR

calculations for the differential cross sections. Using a



similar FR approximation, the D-state of the deuteron has been

10,11

included in DW calculations by Johnson and Santos ) and was

found to have a large effect on the angular distributions for

orbital angular momentum transfers of & = 3. Pearsons2+3

) uses a
similar approximate treatment to include the D-state in the
"weakly bound particle'" model. Apart from these studies, the

D-state has been neglected in all previous calculations.

Section 1.3 presents a formulation of the DWBA theory for
(d,p) reactions which gives an exact account of the deuteron
D-state. This treatment is Mexact" in the sense that FR .DWBA
calculations were then performed using a deuteron bound-state

solution of Reidlu

). However possible distortion of this wave
function in the vicinity of the nuclear surface and subsequent

deuteron break-up were ignored.
Prior to the full FR treatment, the well known ZR resultlS)

is derived in the next secticn.

1.2 Zero-range formulation

This section presents a formulation of the ZR DWBA theory
of deuteron induced stripping reactions. The following defini-

tions are used:

i) Y b is the separation distance of the centres-of-mass of

particles a and b,

ii) Qab areﬂtthangular coordinates of opo

iii) r, and Qc are the "internal" coordinates (corresponding to



i) and ii) ) of particle c,

m_ M
iv) MaA = —é——é—— is the reduced mass for particles a, A,

+
MA m,

V) Ic is the spin (with component uc) of particle c.

The DWBA transition amplitude for the reaction T(d,p)R is

given byle)(see also ref.t7218y

‘ M-
' == PRy (pr g- T
R(ude+ppuR) Y WP(PPR,ﬂ e’“p)¢R(£R’“R)Vnp(£d)yF£d’EdT’“d)

1

WP(PéR,ﬂ-Gsp ) is related to the elastic scattering wave

b
function which itself is a solution of a homogeneous differential
equation for the asymptotic condition (in the absence of Coulomb
effects) of a plane wave plus an outgoing spherical wave (see Mott

and Masseyls) ). Hénceforward, for the sake of simplicity, the

prime on the coordinate ElpR is omitted.

Vnp is the neutron-proton interaction, assumed here to be a
central, spin-—independent potential. The wave function
W(Ed’EdT’ud) can be factorized into two terms: a functlon ¢d(gd)
representing the radial and angular parts of the internal deuteron
wave function for the ground state, neglecting the D-state

component, and ¥ ng,ud) representing the elastic scattering wave

d(
function for an incident beam of deuterons in a spin state Mg

scattered by a spin~dependent optical potential, i.e.



and Wd satisfies the appropriate asymptotic condition (see egn.

(1.12) ).

Assuming that the optical potentials in both channels have

spin-orbit terms, the proton and deuteron distorted waves may be

written explicity a816’17)

-1, M ,
Y (r__,m=0,u_ ) = uri Py . Pea, ) c(L_La M u M +u)
p TpR? a]—lp JIZ_,M Tl LP( kp (P/?_ p’ P“PPMP
PP P
M _+u_-u! &
. C(L_Y5J ,M +pu -u'u'™ +p ) Y. P P P (g )
E, p 2 p 2 p Hp TR D L, pR
p
. u'+
R (r_Jx P (1.2)
J L R ,
pp PN h
and
Y(r . ,0.su) = & (r.) ) uniLd YMd(Q )*.C(L 1., M.u.M.+u.)
La*Ear Mg a =’ o Loy Ly kg a“aabata Ma’

d"d"d’'d

Lo
» C(LYLT .M

d

—_ \] 1
atHa Mg atlatHy?

+U —u?
MatHa~Vg
Ll

d

1 .

Hd

(2..) R (e )X , (1.3)
ar’ ", LgLy TaT ™

: Y

- where C(J;3,3,, mmm,) is the Clebsch-Gordan coefficient as

19). For the proton, Qk refers to the momentum

 defined by Rose
. . .
KP along the outgoing direction, JP is the total angular momentum

with component MP + up and Lp the orbital angular momentum. For



the deuteron, Qk refers to the momentum Ed along the incoming
d ,

direction, Jd is the total angular momentum with component Md Uy
1

and L, and L, the incoming and outgoing orbital angular momenta

respectively. Ry L (rpR) and RJdeLé(rdT) are the corresponding
radial wave functions, and the symbols Y and ¥, as usual, represent

angle and spin functions. In egn.(1.1) ¢T(rT,pT) is the internal
wave function for the ground state of the target (or core) and

‘that for the residual nucleus, ¢R(£R,uR)'may be written as

)

(r

R R’“R = ¢p(psr skg)

This wave function is expressed as a sum over the various states

of the captured neutron about the target‘nucleus core. If the

"reduced width amplitude"zo) egk is a measure of. the probability

of capturing the neutron into a particular state of orbital
angular momentum & (component m) and total angular momentum J,
then

+ =

c(e¥i,m u u )6 (r_.)

jlujz nT

-2 . M_T
. m ® "n T
1Y@ ) Xy, ¢p(psyg) (1.4)

where uj = Mg - uT, and ujR( ) is the radlal part of the neutron
bound-state wave function. Substituting egn.(l.4) into (1.1),

the integral over Iy can be replaced by integrals over r

T and r

~nT"



If

T -
then eqn.(l.1l) becomes:

M "',Q, o
- —BR 1 oY c(rgar

. )
27h2 §am J

R(uduT+uPuR) ROHTHI VR

, u.~mt
C(Liyd,m p.-m u.)y,s
(222 3,m us=m usdxy

'm %
f WP(rPR,ﬂ—O,up)ujz(rnT)Yz(QnT)

.V dr (1.5)

Jar o dr g

npZa) ¥{ZarZarota

The expansions (1.2) and (1.3) may then be substituted into

eqn.(1.5). Noting that
n! ' TITY
d _z 1.1 = n P
Xy .= = C(/z/al,unupué)x;i X1,
then - p
plt ou
p P -
XL, X1 =S, =
2 2 up, UP
. -m¥F 1 _qt
Xt} Xzf e We=muY-n!
2 j ’ta p
and m = p.+p'-u!'
My tRLTHE

Consequently the elements of the transition matrix are

given by



M L.-L_~%
- -BR_ ) amz i 4P e,
2 ' . ]
27h JdJPLdeijz
1 1
Mde“d“p

R(uduT+uPuR)

M M, .
IR SR OIS Sl CNEPINCIG b

; . | R’“T“j“R)

d .

N TE S S IR PR TR TA AR TS SRTL TS BT PR PSRN TENTL U TE TP

« C(L_Y%J M u M +u ) C(L_Y%J M +u_-u' u' M +u )
p72 p pp p p p 2Yp > p HpTHp Hp PpTHp

. + 1 +1 =1 ! VS
CLgld g Maugtytug) ClLgldgsMatug=ug ug Ha*ua?

d

i é& - | (1.6)

where

= R . \Y
é§' J RJPLP(PPR) JdeLé(rdT)ujk(rnT) np(gd)¢d(£d)

M_+u_-u! o M. +p.-u! m o
. P P P = d "d "d * .
YLp (QPR) YLé (QdT) YR(QnT) dganng

At this stage the ZR approximation may be introduced to

reduce the six-dimensional integral to one over three dimensions.

Let
Vnp(gd) ¢d(£d) = Dy 6(gd) (1.7
also (see Appendix)
M
- T
£a 7 Zpr T My InT

=Ye} thatzl)



-3

M m.M
§(ry) = 8 p - ﬁl r o) d R
- p R 1 m (M, + m.)
n T d

changing the variables of integration to Ly and EPR (see Appendix)

introduces a Jacobian J:

T d
Then
é& =D R gl r R (r.,du.,(r_.)
0 JPLP My “nT| “J,L LY TdT 734 T
M_tu_-u! e MotU -l m .
.y P PP d "a "4
YLP (Q_ ) YLé (Qgp) Yo(Q ) dryp
and in ZR Lo T Lgp T D whence
CopLtut-pt [2r+1l)(2Lt+1) ] Y |
é& = (-1) 4 P d d C(LL'L, ,000)
4T (2L +1) d'p

« C(AL'L f—p!=u. M.+p.-u'"' M +u -u')

=

r{ R , (p) u., (r) r? dr
} Tbgly i%

(w]
(o}
—_—
pe)
;
gJ
'
g
r——
A
WA

and M, =M +yu + uy. - (1.8)

The transition matrix becomes
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1 .
2M g Ly=L =2 4 [(22+1)(2L1+1) ~2
= - __E__ i P ¥ —d
R(uduT*upuR) Do/uw i 0. [ }

2
Ne! JdeLde (2LP+1)

J L 32
P P]

M M_+p_tp.-p %
SRIAC DI AR C I SR S AR ATE
P P e A ppddd J

. 3 ) '
C(IpiIgouphyug) CCLLIL,,000)

« C(L WJ .M M +u ) C(L.1J . ,M +u +p.- M _+ )
p 2 p pMp e My atd @My THp Ty THgR g TH T
) 3ty
atH; .
. (-1) P C(L_ YJd M +u - M )
L p 2 s MpTH TR H P
d'p

e C(L'1J.,M +u +u.-p'u'™M +u +u.)
atdarMy UP uj HaMg D up u]

. (2/aj,u +u! —udud !

p P P

. C(2L'L -ul-u. MoHu HuL-pt Mo+ -upl') (1.9)
Paud ul-n D H UJ H H_—H

where

d"d"d

MT 2
Mo T J L L,(r)ujz(r)r dr

The summations over ué and ué may then be performed to give
the final form of the transition matrix elements as used in the ZR

calculations,
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2M R z L -L "'2 &
R(uduTﬁu uR) = -D /O7 —R& i P )
P ° n?  J L LM RS
P

J L 31
pp J

ALY 4L 4+ . +J
u] p

d d : Y,
+ (-1 P [3(22+1) (2L +1) (23+1) (20 4*+1)] 72

M M_tu_tu.-u %
R I A A L' 23
b P d d “pp a“aratd

L] 3 1 .
C(ITJI ) C(Ld l%p,OOO)

. C(L_Y,J M M oty )
(Lp72d oty wy Moty

CC(L. 1 J., M 4y +u.- M o+u 4yl )
a~ “a UpHpTHiTHa Ma TpTHpTHS

cC(T. 5 T, M tu tu.,-u. M +u)
ad “p2 YpTHpTHyTHy FpTHp

X(LPLQJP,R b 3, LY 13 (1.10)

where the X coefficient is as defined in ref.22

).

In the integral I o
J LPJdeLdlj
parts of the proton and deuteron distorted waves are obtained as

of eqn.(1.10), the radial

solutions of radial equations for OM potentials of the form

U(r) = C - Vg(V) - i[WVg(W) + WE(W) ]
S+ (S + iT)r '[dg(s)/drl g * L

+ Mf(R)TR + Qf(L)TL s (1.11)

where
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) 1 -1
g(i) = [l + exp[(r - riA'ﬁ)/ai] ] o,
_ P o _
£(1) = 4[g(d)] expl(r - r.A 3)/ai] ,

T, = s mr?-4

. 2 li . _ Z 2
T, [_‘(g L2+ 3568+ L -3L7 .

C is the Coulomb potential for a uniform charge distribution

. . 1
of radius R, =r, A”® and A the mass number of the nucleus. The
neutron bound-state wave functions uik(r) were obtained by

adjusting the depth of a real Woods-Saxon potential to give the

correct binding energies.

For a deuteron OM potential of the form given in eqn.(1.11)
the partial wave expansion of eqn.(1l.3) for large values of r

satisfies the condition,

X

' . 2 i(_]_<_o.r'_+n log(kr—]g_.{‘_) ) Ud
‘y ~ [l + —-—n———_——i e .
d ) 1

) _, 1(kr-n log 2kr+20y) ué
L L CI SE X, (1.12)
M d d :

d .

where n = Ze?/hAv and Op = argTq(l + in) are the usual Coulomb

parameters and M the elastic scattering amplitudezs).

1
HaMa

The R y (r) are the solution of radial equations
JdeLd ‘

corresponding to Jd = Ld’ Ldil. The TR tensor couples together

the radial equations for Jd = Ld+l differing by two units of

orbital angular momentum Lé and similarly for Jd = Ld - 1.
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If X . = PR, , where p = k r the radial equations
Jalalg Jababg
are
da2?x
J.L.L' LT(L'+1)
—ddd ., |1+ oV ;- 4. d - —_— BGVE X; o por(1.13)
dp? . Yata p? d~d~d d Ya“a”
[ B - - '
where L = 2Jd Ld
B = § + &
. + -
. Jde 1 Jde 1
o = E_ 1 = 2MdT
relative I 2 hz_

Vi, = -C + Vg(V) + i[W g(W) + WE(W)]

.. 1 dg(s)
-(S+iT) T —%;—— Ky (8) = ME(RIK; |

d~d d™d

(R)

- Qf(L)K
Jq

(L)
Vy = ME(RIK; (R)
d d

The KJ [ are eigenvalues for the corresponding operators
d-d

and are given as follows:

J K. . (S) K. . (R) K. o (L)
4 4Ly J4ly J4ly
L
d 1
L.+1 L, - = L.(2L.-1)
d d 3(2L .+3) 6 ~d7d
a
1 1
Lg -1 3 -5 (2Ld+3)(2Ld—l)
| Lg*l 3
L. -1 -L.-1 - g Z (2L .+3)(L,+1)
< - 3(2L4-1) 6 d d
v /JdZJd+15
and KJ (R) = —————
d 2J .+1
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Thus when Jd = Ld’ Lé = Ld only, and a single uncoupled

equation for XL L L is obtained. If J, =L, + 1 then L' = L

»
aata d d d d

Ld + 2 and for qd = Ld

then involve either X and X ' or X and
+ + -
Ly*1LyLy LgtlL Ly +2 Ly~1L4Lg
. The procedure for their solution has already been
Ld—lLde—Z
described”™ ") (see also ref.lS) ).

-1, Lé = Ld’ Ld—2. The coupled equations

X

The equations are solved for the boundary conditions

—2iwL' iwL'
-1 4 d
R ' (kr) e A ) , B e (1.14)
Jabald pow Jalala "La Laby Lg ,
with
AL = %(FL -i¢, ) and B, = %(FL +ig, )
4 a  Lg a 2 Lg Ly

where FL and GL are the standard Coulomb functions, and
d d ’

The coefficients A, , may be obtained from the asymptotic
Jatalg
relations (1.14); when the Ty tensor term in the deuteron-nucleus

potential is set to zero they vanish in which case there is only

one equation for each J, value,with L'!= L..

d d d

Expressions are now determined for the experimentally

measurable quantities in terms of the transition matrix elementszu)

(see also fef.l7’25_27) ).
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Assuming that the incident deuteron beam and target nuclei

are unpolarized the density matrix of the initial system is

$ é

I

pi =

1 !
Hplp  HgMy
+
3(2I+1)

a square 3(2IT+1) by 3(2IT+1) matrix.

The final density matrix is then

I

It
Pg = RppiR;
- — RIR;
+
3(ZIT 1)

! T : % 11
where RIRI has elements R(uduT*upuR)R (uduT+uPuR)
then
pI SIS _—__£_'* R(HdUT+U ”R)R*(ud“T+u'“ﬁ)

HpHRMDYR Mgy 3(2Lp+1) P P

The matrix elements for the proton beam are obtained from.

this final density matrix by summing incoherently over Mg i.e.

7 = 2 pI
1
PP MR uPuRuPuR

so that the diagonal elements of pi " are given by
’ PP

I 1
o 5 3 QTR TRECTRR T I L GTRRTHE STRRTHG)
Mp¥p  3(2I*1) w d’T "p'R d"T "p'R

rR¥aHT
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The differential cross section is equal to

k M
_E_QE trace pI

depR
i.e
k M 2
[g%] = 2 dT L ¥ RCH gHp>H R (1.15)
dp dePR 3(2IT+1)uduTuPuR

and the proton polarization is (choosing the y-axis perpendicular

to the scattering plane)

P(6)

11

trace (prI)/trace pI
. I I I ) I
= i(p12 - P12)/ (P11 *+ P22)

. I I I I .
= 1i(p21 - P21)/ (P11 + P22)

23m[' Y R(uduT+—bauR> R*(uduT+bapR{]

HpH S H
= red — (1.16)
) lR(uduT+uPuR)|
ude“puR
, : 0 -1i
where for a spin half particle o _ = .
| Yy i o
In the inverse reaction R(p,d)T an expression may be
derived for the.transition matrix elements R(upuR+uduT). For

unpolarized protons incident on unaligned nuclei the density
matrix of the initial system is

S 1 '
JIT MRER  MpPp

P
+
2(ZIR 1)

and the final density matrix
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IT II .t
Pr" = Rpp py" Ry
1 +
= — 31  R_R
2(21+1) 111

+ ’ ' . ;
%o 1.1
where RIIRII has elements R(upuR+uduT? R=(upuR+uduT) then

II _ 1

P 1,1 = ——
HoHmH 5 H +
da"T"d™T Q(QIR 1) ].lp}lR

& .
t '
R(uPuR+uduT)R (uPuR+uduT)
The matrix elements for the deuteron beam are obtained by

summing incoherently over o i.e.

IT II
. 1 1
HaHa HgHrHgHT

o
Hp

1
2(ZIR+1) “p“R“T

' % '
R(upuR+uduT) R (upuR+uduT)

The differential cross section for this reaction is

k.M
—Q—RB trace pII
kPMdT
l1.e.
k.M
[%%) = 4 PR i ' ) |R(upuR+uduT)|2 (1.17)

Using a beam of polarized deuterons in a (d,p) reaction it
is possible to determine the "analysing powers'" of the deuteron
beam by measufing the asymmetries of the scattered protons. These

deuteron analysing powers for the (d,p) reaction with incident
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polarized deuterons are identical to the corresponding deuteron
polarizations (see eqgn. (1521) ) in the inverse reaction initiated
with unpoiarized profons, for the same axeszs). Similarly for
the proton analysing power for a (p,d) reaction. In all the
caléulafions presented in’subseéuent chapters the deuteron vector
and tensor analysing powers for the (d,p) reaction afe referred to

a coordinate system with the z-axis anti-parallel to the incident.

deuteron momentum Ed and the y-axms'alogg prEd wherg EP is the
outgoing proton momentum. Identical axes are used for the (p,d)

reaction, the z-axis being parallel to the outgoing deuteron

momentum Ed'and the y-axis parallel to k_xk..

p —d

For this choice of axes, i.e.

for (p,d) ek = 0 ¢k =7
D P
8, =0 6. =0
kg kg
and for (d,p) Gk =T -0 ¢k = Q
‘ P P
0 =7 ¢ = 0
Kq kg

it may be shown that the transition matrix elements for the

forward and inverse reaction are related

M...0.
. AT 38, 144
R(upuR+pduT) (-1)

M__p¥ RCughp™ipig)
- PR7J2
hence . ,
do) kg 3Lyl g
30 = — —— |3 (1.18)
pd k; 2(2Ip+1) dp



The state of polarization of a beam of deuterons may be
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described in terms of the nine quantities <TAB> 29),
Too = 1
e
TIO" 2 OZ
T11=—/§'(0' + io )
Tao = 2= (302 - 2)
V2
. /3 . .
Tzy = ='5 [(o, + io)o, + o, (o + 1oy)]
73 ; »
T22 = '5' (O'X + lO'y) (1.19)
where for a spin one particle
010 , 0 -i 0 100
o, == |101 ,oyij:—‘i 0 -i| and o = |0 0 0
2010 "2 o 1o 00 -1
Aalso
- B+
- II II
and <Tpg> = ‘trace (p TAB)/trace P
where pII is the density matrix for the deuteron beam. In terms
II

of p the following relationships may be obtained (omitting the

superscript II, remembering'that p is the density matrix for the

deuteron beam in a (p,d) reaction):
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3
<T10> = JG; (p11 = p33)/T
_ 3
<Ty11> = -j; (p21 + p32)/T
21
<Ty09> = = (p11 = 2p22 + p33)/T
V2
- 3
<T2:1”> = -A/; (Pz; - p32)/T
<Ty2> = V3 p31/T ' (1.20)

where T = p11 + P22 + P33

It can be shown that for the axes chosen

. _ay"d, LK
R(-up-uR+—ud-uT) = (-1) “(-1) R(uPuR+uduT)

where K is an. integer. Using this result and noting that
Prz = P21%,p13 = P3s1¥*, P23 = p32® it can be shown that pss = P11,
P12 = =-p23® and py;3 = pP3g- Thus for the above choice of axes the

theoretical expressions for the experimentally measurable

quantities become:

differential cross section

do) . Sapr T
A5 kM. 2(2I.+1)
p 4T R
where T = 2p11 + p22
vector polarizations
<T;9> = 0
3 %
<Tiy> = - [5 (p21 = p21)/T
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tensor polarizations

<T20> = V2 (p11 = P22)/T
3 %
<Tz2:,> = j/; (p21 + p21)/T
<Ty9> = 1/? pal/T V (1.21)

1.3 Finite-range formulation including the D-state of the deuteron

In general the interaction Vnp for the deuteron; as well as
the usual central term, may contain a spin-orbit interaction and a
‘non-central term, it is the non-central term which gives rise to
'the small D-state component'in the internal deuteron wave function.
The angular pérf of the D-stéte domponent corresponding to ¢d(£d)
lof eqn.(1.3) is coupled to the deuteron spin wave function.
Consequently when the D-state component‘is included!in the
deuteron bound~€tate wavé function, the expansion anqlogous to
egn.(1.3) is

L, M %

. .Tded, A ’ H )
= ' +
Y(rgsTypsbg) = ) ILLE T4 (R ) C(LGLT MM tuy)
J.L.L'M d d
d“d"d'd
R (r.) (r.) ha
" RgLL.Lttfar’ Lo Ve Pd:j
atata poug 1p4l
LTRSS :
e C(LYIT .Mt mp M ) yataTra g (1.22)
d"d>d "da "d"d’d "d Lé dT
ué oo m ug_m
Wherezj =) C(&l,u'-m.m.u')Y d(Q )X d "d
101 g *MamgMata’ fa tHalX

a my _ d
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The radial parts of the internal deuteron wave function for
orbital angular mome‘ntalﬂ.d = 0 and 2 (component md) are given by

. ]‘l 1 ; . .
(rd), andzj d  denote the spin-angle parts. Egn.(1.2) and

d lldl

egqn. (1.22) may then be substituted into egn.(1.5). The potential
lu)

Ve

Vnp<£d) was taken to be the soft-core interaction of Reid

- + S
vnp Vc VT Spn * VLS L s

where
V, = -h e ¥/x + 105.468 e™*/x - 3187.8 e " ¥/x
¥ 9924.3 e %%/x
Vo = -h[(L + 8/x + 3/x%)e™ - (12/x + 3/xM)e” ] /x
+351.77 e *X/x - 1673.5 e °¥/x,
Vg = 708.91 e ¥/x - 2713.1 e %)%,
h = 10.463 MeV , x = 0.7 r,

-2 . ‘
and SPn = 3(_c_5__p . gd)(gn . gd)rd --(QP * 9) is the usual tens§r
operator. Thus '

! ! p! wn
V.. [VQB d + VzB d]= U.oy d + U.zy d (l.23)
P 101 121 101 121
where
ug =V, vo * V8 VT Vo
and .
uz = (V- ZVT.— 3VLS)V2 + /8 Vo Vo
Noting that ‘
| pl-m - THTY
a™ Mg | -
X, o % CszLal,unupuéfmd) Xy, X1 o

p
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and R
H M
Xy, Xy, =6u£ﬁ§ ’
xi} o xt?_md P . i
2 Uj m ud md P ’
i.e. m; = m - uj + ué - ué | | (1.24)

the elements of the transition matrix may be obtained:

M R ! 2 Ld"L _2: Md *
R(ugHp*H Hg) 3=—B=— C(um)?i P g% y P(Q ) ¥ e )
- P 2mh? J a9 plalaly B E 2 ks L, 'd
szdMP

. C(ITJIR,uTu uR)C(L »J_,M_u M +u )C(L d,Mdude+ud)

P P PP
. z C(Q/Q],m e u )C(lk l,u +u -m m-u}+ud-u My ')
u u!z :] :] P J
d p a™ : , .
. - ! 1 JEETT I |
C(LP,Q P P pp upuPMp+u )C(Lled,Md+ud udude+ud)
c OV u.-m p! pLtpt'-m) | (1.25)
272 )u] UP l-l] l-lp 3. |
where
S :-[r . xR e u. (o u, (22)
J JPLP pR JdeLd aT ]2 nT 2d d’
M_+p_-u! p Motuo-ul m % m-u.tul-ul
. yP P Pg ) yd'd ) ¥ @ ) ¥ d
L S UpR L 9 nT” . 3
P d ‘ d
©dmyp dogp

To avoid expanding the deuteron and proton distorted waves
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the coordinates of integration are transformed from o7 and EPR to
and r

a7 IR 1ntrodgc1ng a Jacobilan J. The coordinates r . and
ry may be written as a linear combination of the new coordinates
of integration (see Appendix):

EnT s sr R f tir

-P

'Ed F_SzEPR + top

and J = (t;)? (as before).

Using the procedure of Austern et also) the following

expansions may be performedSI)

. | 1
Lot . §, ; B (28+1) (22) ! “2 -2
T (Q_ ) = ' . ' (s1r_4) (tir . m)
nT o nT" 20 B 2A+1Y(20-20+1) (2X)1(28=22)1 PR dT
s ' Ym— t Yu b .
- C(R&=AANL ym=pum) z-;QPR) X(QdT) (1.26)
and o
. 2 ) : ’/2 . _ '
ld Ymd _ d | 4ﬂ(22d+l)(22d)1 ld A
r4 ) (Qd) = z , z . , : (tzrdT)
d : At=0 ! (2A'+l)(22d-2k'+l)(2k')!(22d-2k')1
A' ' md_ut u! '
Ayt it :
(szrpR) C(% AT zd,md:u u md) Yz._kv(QdT> Yki(QPR)
' d

where from egn.(l.24) my = m - uj + ué - u'.

Also, after applying'the addition theorem for Legendre

polynomialslg):
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¢ ¢ 38 ™ _, § ) ( ) v e Y@ (1.28)
. = ﬂ. g 4 I‘ ,I‘ 4 .
2d ¢ K20 § Kldjl dT’" pR K dT” K PR
r r )
d nT ' : : .
. .32
where on inversion™ °)
+1 uzd(rd)u.z(r T
-1 r r '
d nT

PK(w) is the usual Legendre polynomial and w is the cosine of the

angle between 4T and EpR;

If the spherical harmonic addition theorem is appliedlg)

1
Q TR (2K+1) (21 '+1)] 72
Y (9 Y- (@ o) = ) C(KA'A,Qu'Q+u")C(KA'A,000)
k P& v P A Lr(2A+1) '
Q+u!
. Q
A ( PR)
and
1/
Y yF vyt . ) (2hen) (zxed) | ° AKA " AKA e *
( ) ( ) = —— C( "L HQQ+H)C( '000) Y (..)
r o dT k 9T Av[ um(2A'+1) ar 4t

then for each of the angular coordinates QpR and QdT’ an integral
over three spherical harmonics results. Performing . these

integrals gives the relations

: = + + - ) . .
and Md Mp “p' uj By o | (1.30)

as in egn.(l.8).
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Consequently the integrals in egn.(l1.25) become

Ca

1 1 1

|28 4|28 .1

= 2KL) [(2L'+1)(2Lé+l)(22+l)(22d+l)] d
KAATAA' (24+1) (2A4'+1) P 2x) (2!

. C(KX'A,OOO)C(Z—ALPA,OOO)C(Léld—AA',OOO)C(AKA',OOO)

. Z?(Q—AAR,m—pum)C(2—ALPA,m—uMp+uP-u£Mp+uP—ué+m—u)
Hu D

. 3t _.+l_|_;ll_.+l_l
C(Lg-ATAM L 5m Hytugmup-uiut mepstug uP)

R R
p mTHpTHY)

1y Y'"A! +11 =1 'm=1 . +0'=0u'=uy'M +1; +m-1yt-=-1"!
CCLYA4=ATA Mty LR R Mp Mptm-u-u )

. I [ s 1
T LT gLl gKeian &y (1.31)

where

I ot = J [ R (r_,)R (g (e )
JprJdeLdKQJAA 2d JPLP PR JdeLd dT szjl dT’" pR

L-A A L=2" Al

©(marpg)  (argp) (Tergp) ¢ (s27,p)

2 2
TpRY a4 RIT 4T

X <!
and S ——
y yi(x=y)!

The summations over u', u, ué'may each be performed using

the general‘relationzs)
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) C(acf,aya+y)C(bdf',e-aw-e-yu-y-a)
Y

C(ff'g,atyw=a-yw)C(ecde' ,yw-e=-yw=-€)

‘ L !
] [(2e+1)(2e'+1)(2£+1) (2£'+1)] "2X(abe,cde’ ,f£'g)
c |

C(ee'g,ew-ew)C(abe,ae~-ae)

and those over m, uy using

Z C(abe,aBa+B)C(edc,a+BGa+B+6)C(bdf,BGB+6)
B : '

1 _
[(2e+1)(2£+1)] “2W(abed,ef)Clafc,aB+d0+B+8)

where the X and W coefficients are as defined in ref.zz). This
gives for the transition matrix elements
-8TM_o ; Ly=L,= 4
R(U  jUmH_Up) = —P= i .
d'T "p'R n2 4387 L M ahy
dppp ,
|
Jabkala
M M _+u_+tu.-u &
. P P P "1 "dy ® .
Y, (Qk )YL (Qk ) C(ITJIR,uTujuR)
P P d d

C(L_Y%J_ ,M u M +u )C(L.1J. M +u_+yu.- M +p +u.)
p 729 p MR LT g M ¥ u H iy m U gt * i * 50 Q

(1.32)

where
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M_+u =J . +2ty-v
(-1) PP d
KAXTAA! ppddd d

eyv

3
Q=5 1 Iy gL LiKejar's

< L,
(2K+1) (22+1) (224+1) (2e+1) (2y+1) (2v+1) [(2LY+1) (2T +1) (23 +1) (2L _*+1)] ™

C(KA'A,OOO)C(%—ALPA,OOO)C(L'2 -A'A',000)C(AKA',000)

2% 201 d"d

W(Légv%a,yj>W(JP1jLé,de>

. T - - . 1 | R | t
C(JPJd], MP “p Mp+up+ujuj)X(ALde,A de Rd,KA A)

. X(gLéy,kezd,l—AALb)X(Jplv,L@lb@,Lpzdy)

Performing the summation over e:

L(2e+1) X(ALje,r'%

-A'ld,KA'l)
e

d

' f - .
.X(zLdy,keld,l KALP)

- - . 1
= E (2u+l) w<zALpA,z Q) wchdezd,yu)

e WCATAX"A,Ku) W(A'Lék'ld,z -A'u)

d

allows the summations over y and v to be carried out!

y
1 (-1)

v
(2y+l)(2v+l)W(Lé£v56ayj)W(JPle',de)
YV

d
. LL'L 2 Yl 2

W( Lde d,yu)X(JPlv,/il/a,Lp dy)
2-3

= (-1) w<1szdL',u1>x<>aJPLp,>ajz,1Jdu>

Thus Q in eqn.(1.32) reduces to
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M_+u_~J -3
Q=5 I Ip o gppiagarg DT e
KA TAA'u “pPpta~aa™td d

| Y
(2u+1)(2K+l)(22+l)(22d+l).[(2Lé+l)(2JP+1)(2Jd+l)(2LP+l)]

22) Y, 22d’b@ :
: C(KA'A,000)C(&=-AL_A,000)C(L'2=A"A',000)C(AKA',000)
2\ 201 P d'd

C(J J.3,-M =y M +u +u. u)X(Ha L ,Y%98,10 u)
D d]_’ p ]JP p u‘P ]Jj‘ Uj . 2 pp’ 2] %54V 4

W(ZALPA,R—AU)W(A‘AA'A,Ku)W(A'L'A'2 s L

1!
B d ATu)

d

1
. W(leRde,ul)

The coefficients Exy, may be evaluated when the u

djk Zd d
are obtained by interpolation of the tabulated wave functions

riv, (rd) of ref.lu) and multiplication by the appropriate
d .
potentials as required by egn.(1.23).

In the evaluation of the radial integrals IJPLPJdeLéKRjAA'Z
the variable ryr was incremented in small steps and at each step

d

rpR was given values in the range rdTiO.Q fm with increments of

0.1 fm. The coefficients Exy

djl(rdT’rpR) were computed at each

of the points in this grid.

The scalar relationships corresponding to eqns.(A.5) and

(A.6) of the Appendix are

m, M. [ m_ o2 m 1Y
= |4 R_||,2 2| 2 _ o|-R
“nT [ ar * [ ]' DR 2[ ] Tar “pr ¢

_ mn(MT+md)_ L tm g my i
m M. Tr M 2 ' M: 7 ]72
- d R T 2 2 T
r - —————— — r + r - 2{—=| r r W
d {. ' [ ] dT PR [ ] dT “pR (1.33)
Lm, (Mpm) [ Mg MR .
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Thus the'integral of eqn.(1.29) méy be performed, since for

given values of Ty and rpR the integrand is a function of w the

cosine of the angle between and EpR' At each increment of w,

T4T

u d):and ujz(rnT) were read from the respective tables of the

(r
4 - | A .
functions, after ry and v . had been evaluated using the relations

(1.33). These functions were truncated at r, ~ 13 fm and

d
oo~ 24 fm respectively. A pfeliminary numerical analysis

indicated that in general for increasing r the integrands of

daT
eqn.(1.29) tended to a maximum magnitude at w ~ 1 and diminished
rapidly for values less than 1, so that a, variable step'length was

necessary for the integration over w.
i

The maximum value of K was restricted by the maximum L
value used in the deuteron and proton channels. Generally, the
selection rules determining which terms contribute to the
summations of eqnf(l.32) may be Qbfained from the various triads

implicit in the Racah algebra.
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CHAPTER 2

j-DEPENDENCE IN °°°°2Cr(d,p) REACTIONS

2.1 Introduction

There is considerable experimental evidence that the
angular distribution of the (d,p) reaction depends not only upon
the orbital angular momentum & but also upon the total angular
mbmentum j of the captured neutron. The effect is very marked
for bombarding energies of 7 to 12 MeV in the case of & = 1

transitions from spin-zero target nuclei of atomic number
4,33-50

40 $ A s 70 to J = ¥ and J = ¥ final states ). In
general, the distributions involving J = Y% residual states show a

characteristic minimum at backward angles which is absent or much
less pronounced in the distributions leading to J = 2% levels.

Previous attemptsq2’uss”8a5l,52

) to describe these results using
the DW theory including spin-orbit interactions in both the
deuteron and proton OM potentials have met with mixed success

varying from no agreement to qualitative agreement with experiment.

It is of interest to investigate further whether the dis-
crepancies between the DW predictions and experiment are due to
inadequacies in the theory, approximations in the calculations or

simply arise from using the wrong parameters. In connection with

10,53

the second possibility, it has been shown ) that including the

54,55

D-state of the deuteron ),(see chapter 1 where an exact FR D-

state formulation is discussed) or possible deuteron-nucleus
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tensor interactions in the DW calculations (see chapter 3) has
only a relatively small effect on the j-dependence of & = 1
transitions. Calculations 6) including non=-local and FR
corrections suggest that the shapes of the angular'distributions
are very similar to those obtained using the corresponding local,
ZR potential, therefore the use of the simpler potential is not
‘likely to seriously affect the j—dependence‘of the cross sections.
The assumptions of single particle form factors for Qpbi or 21333,2
captured neutrons obtained using the "well-depth" prescription is
expected56) to be satisfactory for targets of neutron number N £ 28
(as studied in the present work) corresponding to a closed fg,

shell in the strict single-particle model (however see also ref.57

).
In other cases in which configuration mixing is important, no

detailed study has been carried out to investigate the effect on
the j-dependence of the angular distributions, although there is

same evidence that the empirical rule persists in such casesug

).

Irrespective of the agreement. between theory and experiment,
an empirical rule is very useful for assigning spins to levels in
residual nuclei. However, the reaction °*°Cr(d,p)°!Cr(1.895 MeV

state) appears to be a definite exception to the rule since near

8 MeV (ref.sa’qg) ), the angular distribution has a large dip near
125° while the Y-y correlation work58) gives unambiguously J = ¥
for this level. Such exceptions make the value of the rule

rather dubious.

In this chapter, several & = 1 transitions in the reaction

*2Cr(d,p)®3Cr and %°Cr(d,p)’!Cr are studied to test the adequacy
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of the DW theory, and in particular the anomalous transition to

the 1.895 MeV level in °!Cr is investigated.

2.2 The °*2Cr(d,p)°*®Cr reaction

2.2.1 DW Analysis

Several studies of the reaction *2Cr(d,p)°3Cr have been

reported33—35

) for deuteron bombarding energies in the range 7 to
11 MeV, and four strong & = 1 transitions leading to the ground
state (g.s.) and the 0.57, 2.32 and 3.61 MeV excited states in
®3Cr are observed. Deuteron vector analysing power measurements
36_39) unambiguously assign spins to thése states of %, X, 4

and ¥4 respectively and these values are assumed in the present

work.

DW calculations were performed using the OM potential
described in chapter 1 for 8 MeV incident deuteron energy. ‘The
OM parameters which were varied to give the best overall fit to
the four cross sections shown in fig. 2.1 are given in table 2.1.

The proton parameters were taken close to conventicnal values.

It was found that the deuteron parameters of table 2.1 do
not fit the elastic scattering datauo) very well, and any attempt
to improve. this description tended to destroy the agreement for
the reaction cross sections. While the whole of parameter space
could not be searched, it seems probable that rather different
deuteron parameters (differing by 10-20%) are required to describe

the elastic scattering and reaction data. This implies that
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Fig. 2.1. Differential cross sections for the reaction
2¢p(d,p)’3Cr leading to the ground, 0.57, 2.32 and 3.61 MeV
states in 53Cr at 8 MeV bombarding energy. The solid curves are

distorted wave calculations for the parameters of Table 2.1 and
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the points are the data of ref."v).



Table 2.1

POTENTIALS
Deuteron Proton Neutron:
V (MeV)(a) °2%Cr | 100 ‘ 53 ’ adjustedl
(b) %%r 108%) 55 adjﬁsfed
r (fm) 1.175 1.250 i.250
a, (fm) 0.782 0.650 0.650
W (MeV) 18 10
r(fm) ' 1.455 1.250
a  (fm) 0.600 0.470
Sl(MeV fm?) 18 - 16
T (MeV fm?) -10 0
r_(fm) 0.700 1.250
a (fm) o 0.400 0.650
r  (fm) 1.300 1.250
©) A value of 120 MeV was used in the j = 2 calculation for the

2
transition to the 1.895 MeV level.
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either the optical model or the DW theory (or both) is not
strictly valid, and that the different potentials are required to
partially compensate for defiéiencies in these models, for example
the lack of a correct treatment of the distortion and break-up of

the deuteron59

). The parameters, which best describe the
asymptotic behaviour of the deuteron wave function and hence the
elastic scattering results, are not necessarily the same as those
which optimize the deuteron wave function in the vicinity of the
nuclear surface where the contribution to the reaction cross
section is largest.  Fig. 2.1 shows that the essential features
of the j-dependence are qualitatively described in terﬁs of the DW
theory for parameters which are different but fairly close to
those required to describe the corresponding elastic scattering
data. The neutron spin-orbit potential was found to have a small
effect on the shapes of the cross sections so that the j-dependent
effect arises primarily as a consequence of the spin-orbit terms
in the deuteron and proton potentials (this is true also of thé

proton polarization and deuteron vector analysing power ref.60

) ).
The fit to any single reaction cross section could be improved by
allowing the parameters to vary slightly from level to level; in
principle this is not unreasonable, since the "corrections" ﬁay be

different in each case. If the corrections for each level tend:

to produce a similar modification of the OM parameters, then a
41,46

rule such as the Lee-Schiffer criterion ) is possible.
However, if in occasional cases quite large variations in the
parameters occur, the general rule can be expected to fail. Fig.

2.2 shows the corresponding predictions for the deuteron vector
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Fig. 2.2. Deuteron vector analysing powers for the reaction
52¢p(d,p)®3Cr leading to the ground, 0.57, 2.32 and 3.61 MeV
states in °3Cr at 8 MeV bombarding energy. The solid curves are

distorted wave calculations for the parameters of Table 2.1 and

the points are the data of ref.36)



Table 2.2

SPECTROSCOPIC FACTORS FOR THE %2Cr(d,p)’*Cr REACTION

Level Q (23+1)8 s s
E, (MeV) (MeV) =z R %
0.00 5.73 2.88%) z | - 0.72
0.57 5.16 0.78%) % 0.39 -
2.32 3.41 1.59%) % - 0.40
2.68 3.05 0.12%) (3) - 0.03
2.72 3.01 0.05%) % 0.03 -
3.19 2.54 0.05P) ) - 0.01
3.61 2.12 0.91%) % 0.45 -
4.05 1.68 O.le) (%) 0.01 -
4. 07 1.66 0.03%) 3) - 0.01
4.6l 1.12 0.20°) (%] 0.10 -
5.39 0.34 0.12%) [%} 0.06 -
5.45 0.28 0.07%) (%) - 0.02
5.55 0.18 0.02¢ (3) 0.01 -
Sum  6.83 1,05 1.19
a)presen‘t work b)ref.su) C)ref.35) d)Tentative spin assign-

ments are
partially

rules and

indicated in parentheses. Preferred values are
arbitrary and partially based upon 2p},2 and 2pgy2 sum

shell model systematics.
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36,3

analysing powers 7) for the four transitions. Although these

results were not included in the fitting procedure, it is seen

that the curves give a satisfactory description of the data.

2.2.2 Spectroscopic Factors

Relative spectroscopic factors S/S,, where S, 1is the
spectroscopic factor for the g.s., were obtained for the four
strong transitions by normalizing the DW predictions to the
relative experimental data to give an overall beét fit. In each
case the cross section was calculated in the usual ZR
approximationl7) and was multiplied by a FR correction factor of
1.65. The value of S, was found by performing the g.s.
calculation at 7.5 MeV bombarding energy for the same OM para-
meters and comparing with the absoiute cross-section measurements

34

of Rao et al™ ). In this manner, spectroscopic factors S were

obtained for these étrong transitions.

If the spin J of the residual nucleus is unknown, only the
spectroscopic transition strength (2J + 1)S can be determined from
the DW énalysis. Table 2.2 gives the values of (2J + 1)S8 for the -
2 = 1 transitions where the strengths for the weaker transitions

were taken from previous analyses?’u"35

). The sum of the
strengths (2J + 1)S is 6.8 which is in good agreement with the
expected value of 6.0 for the extreme single-particle model
considering the uncertainties in the experimental cross sections

and in the DW calculations. In this simple picture, the separate

sums for the 2p1/2 and 2]93/2 transitions are 2.0 and 4.0,
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respectively, and corresponding in both cases to a spectroscopic

factor of unity spread over several states. = The spins of some of

the states have been established, namely g.s. as > ref.61

62,63 62,63

)

0.57 MeV as %5 ref. ), 2.72 MeV as

), 2.32 MeV as 34 ref.

P ref.sg) and 3.61 MeV as %4 ref;>36’37

). The spins of the
remaining states are given in table 2.2 (in parentheses) where the
values chosen are partially arbitrary and partially based upon the
2p1/2 and 219%2 sum rules and shell-model systematics.r For
example, the 4.61 and 5.39 MeV states were taken to have spin ¥
because of their relatively large transitiqn strengths,}and,the
close doublets (e.g. 2.68 and 2.72 MeV levels) were assumed to-

have different spins. The spectroscopic factor sums obtained in

this way are 1.05 and 1.19, respectively.

The unperturbed single-particle energies E(J) may be
estimated using the relation E(J) = Zi Eisi/zisi5 where the sums
are over all levels of the same J. 'The values obtained'ﬁsing the
spectroécopiclfacfors of table 2.2 are E(};) = 2.67 -MeV and E(33)
= 0.89 MeV, hence 1:hev2pL,2 - 2;:»,1,2 spacing A = 1.68 MeV in good
agreement with the single-particle energy difference of 2.03 MeV

found for “°Ca in ref.su).

Of particular interest is the spin of the 3.61 MeV level.
The earlier y-y correlation experiment53), while not conclusive,
tended:to favour a spin of 25 for this state. | This assignment
appears to be supported by the lack ofJa dip in the *2Cr(d,p)

cross section leading to this level.  However, DW calculations
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show that for reactions with relatively small Q-values (S2 MéV),
the dependence of the cross section on j 1s much reduced,
therefore the Lee-Schiffer criterion ceases to be valid. This
can be understood in terms of a decreasing cogtribution from. the

nuclear interior where the deuteron and proton spin-orbit forces

are important. Thus the j-dependence rule should only be applied
to & = 1 transitions having Q values 2 2 MeV. The vector
' 36,37

analysing power measurements ) give a spin of 25 for the 3.61
MeV state. This value is supported by the spectroscopic
strengths of table 2.2 since the assumption of 23 leads to poor

results for both the spectroscopic factor sums and the spacing A.

2.3 The 50‘Cr'(dl,p)“Cr reaction

2.3.1 DW Analysis

The reaction °°Cr(d,p)*!Cr has been studied by several

41_43’64) at bbmbarding energies between 6 and 10 MeV. In

workers
the most extensive measurements, Robertshaw et alu3) resolved the
levels at 0.748 and 0.775 MeV in 3!'Cr by using a multiple-gap
spectrograph and observed about 20 £ = 1 transitions up to an
excitation energy of 7.9 MeV (table 2.3). Of particular interest
is the strong transition to the 1.895 MeV stafe. The j-
dependence rule gives a definite J = Y assignmént,for this level
at both 7.5 and 9.15 Mev”Q) (although at 10 MeV, the situationul)

is less clear), while the y-y correlation work58) seems to rule

out this possibility.
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SPECTROSCOPIC FACTORS

Table 2.3

FOR THE *°Cr(d,p)°'Cr REACTION

Level Q (2J+1)S 7% s
E.(MeV) (MeV) J = x J = 3
pid 2 2
0.7u8 6.293 1.89%) g - 0.47
0.775 6.266 0.55%) % 0.28 -
1.895 5,146 0.66%) % - 0.17
2.887 L. 15 0.38%) g, - 0.09
3.054 3.987 0.11%) (3) 0.05 -
3,124 3.917 0.67%) % - 0.17
3.767 3.274 0.30%) %» - 0.08
4.036 3.005 0.45%) (3) 0.23 -
4.L426 2.615 0.05%) (g) - 0.01
4.439 2.602 0.11b) (%j 0.05 -
L. 684 2.357 0. 04"y (3) - 0.01
4.769 2.272 ofzsb) (%g 0.13 -
5.202 1.839 0.19") (3) - 0.05
5.663 1.378 0.32") (%} 0.16 -
5.741 1.300 0.12°) (%) 0.06 -
5.769 1.272 0. 04P) (> - 0.01
5.952 1.089 o.oeb) (%) 0.03 -
6.236 0.805 0.04") (%) - 0.01
6. 360 0.681 0.08") 3) 0.04 -
7.206 -0.165 0.03) (%J 0.01 -
Sum 6.34 1.04 1.07
a b 43 c . . .
)present work Jref. ) JTentative spin assignments are

indicated in parentheses.

Preferred values are parfially

arbitrary and partially based upon 2131/2 and .’Zpa/2 sum rules and

shell model systematics.
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In order to investigate this discrepancy for the 1.895 MeV
state, DW calcplations as discussed in the previous section were
carried out for the transitions to the 0.748, 0.775 and 1.895 MeV
levels. The spins of the doublef states are known58) to be
and respectively and fig. 2.3 shows that these assignménts are
in égreement with fhe j-dependence criterion. The angular
distributions for these tw§ states can be qualitatively described
using OM parameters which are similar (but not identical) to those
employed for the *?Cr(d,p)°®®Cr reaction. Fig. 2.3 shows the
predictions for the parameters of table 2.1. Only the deuteron
and proton real central potentials V were varied in the fitting
procedure. It is probable that the required changes in V could
be reduced by allowing other parameters to vary simultaneously.
The 8 MeV modification in the deuteron well depth appears to be
partly a reflection of the different Q-values of the respective
reactions. It seems that the optiﬁum value of the deuteron
potential V (the other parameters being unchanged) decreases as
the Q-value of the reaction diminisheé. Indeed, a better fit to
the *%Cr(d,p)°’cCr (3.61 MeV state) can_bé obtained by using
V < 100 MeV, and a similar analysisuu) of some 5“Cr(d,p)55Cr data

(g.s. Q = 4.03 MeV) requires V = 95 MeV.

If the same parameters obtained by fitting the doublet
states are used for the 1.895 MeV transition, a.J = 25 spin
assignment is unamibuously detéymined from the analysis. This
is to bé expected since the calculated cross sections vary slowly

with the Q-value of the reaction, and both the 0.775 and 1.895 MeV
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angular distributions exhibit a dip near 125° (fig. 2.3).

However, an equally good fit to the 1.895 MeV cross section is
obtained for J = 34 if the deuteron potential V is increased to
120 MeV. This means that the violation of the j-dependence rule
for the 1.895 MeV transition may be interpreted as arising from
unusually‘large corrections of the form discussed earlier. An
alterpative explénation, i.e. the occurrence of a close doublet at

1.895 MeV having spins % and 25, respectivély, appears unlikely.

2.3.2 Spectroscopic Factors

Spectroscopic strengths (2J+1)S were obtained for the eight
% = 1 transitions up‘fo an excitation.energy of 4.036 MeV by
normalizing the zero-range DW predictions multiplied by a FR
correction factor of 1.65 agaiﬁst the experimental data to obtain
an overall best fit. The results are given in table 2.3 in
iwhich the corresponding strengths for the higher levels are taken

. . 43
from a previous analysis

). The sum of the strengths is 6.3,
which agrees very well.with the expected value of 6.0 for the

simple shell model.

The spins of several of the lower states have been deter-
mined®®), namely J = %, for the 0.748, 1.895, 2.887, 3.124 and
3.767 MeV states and J = % for the 0.775 MeV level. The other
states were. assumed to have the spins given in table 2.3 (in
parentheses). These values are-partially arbifrary and partially
based upon the 21:»'1/2 and 2p3@ sum ruleé and‘shell—model systematics

as in the case of °3Cr. The spectroscopic. factor sums obtained
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in this manner are close to the full single-particle strength of

unity.

The unperturbed single-particle energies in °!Cr were
estimated to be E(Y) = 3.72 MeV and E(25) = 2.08 MeV,
respectively, giving a spacing A = 1.64 MeV. This value of A is
in good agreement with the values of 1.68 MeV and 1;66 MeV (ref.uq))
for %%Cr and °°Cr, respectively. If the spin of the 1.895 MeV
level is taken to be Y5, either the ZPLQ and 2133.‘,2 spectroscopic
sum rules are substantially different (it is assumed that the
2 = 1 transitions belong to the 2p shell) or the spacing A is

significantly decreased. These considerations therefore favour

a > assignment for the 1.895 MeV level.

2.4 Conclusions

The j-dependence of several & = 1 transitions in the
*%Cr(d,p) and °2(d,p) reactions at 7.5 and 8 MeV deuteron
bombarding energy respectively, has been qualitatively described
using the DW theory. This was only achieved by allowing the
deuteron OM parameters to be rather different from those which
describe the corresponding elastic scattering measurements. This

, .
implies that the theoretical description is not strictly valid,
ahd‘that the different potentials are required to partially
compensate for deficiencies in the models. A recent. investiga-

tion65) indicates that such a difference in the deuteron para-

meters is to be expected.
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A j-dependence rule, such as the Lee-Schiffer criterion,
may exist when the corrections for each transition produce a
similar modification to the deuteron potential so that essentially
the éame parameters are appropriate for each?level (although the
optimum value of the deuteron well depth V(the other parameters
being unchanged) decreases as the Q-value of the reaction
diminishes). In this case the angular distributions for j = s

and J = %, transitions will be systematically different. at back-

ward angles; the difference arises as a consequence of the
deuteron énd'proton spin-orbit interactions. The calculations
indicate that for reactions with relatively small Q values (5 2
MeV), the j-effect ié much reduced so that the Lee-Schiffer
criterion ceases to be wvalid. This is the result of a decreasing

contribution from the nuclear interior where the deuteron and

proton spin-orbit forces are important.

The reaction °°Cr(d,p)3'Cr (1.895 MeV state) exhibits a
violation of the j-dependence rule probably because the
corrections in this case are unusually large and thus the optimum
deuteron parameters for the DW calculation are gonsiaerably
different from the average values. A spin aséignment of ¥ for
the 1.895 MeV level in ®!Cr is supported by the present invest-

igation.

The 2p,, and 2pj;  spectroscopic factor sums obtained are in
% 2
good agreement with the simple shell model, and the unperturbed
single-particle level spacings were estimated to be between 1.6

"and 1.7 MeV for both 5!'Cr and S3Cr.
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CHAPTER 3
EFFECT OF TENSOR FORCES IN THE DEUTERON OPTICAL POTENTIAL

3.1 Introduction

Several measurements of the tensor polarizations of

66

deuterons elastically scattered by 27Al, 28Si and ®°Ni (ref.°°)),

12¢ (ref.67))and 40Ca (ref.52))have been carried out at
bombarding energies between 3.5 and 11 MeV. These data have been
analysed in terms of the OM to determine whether possible tensor

forcesz) in the deuteron-nucleus interaction are negligible or not.

52,66

Schwandt and Haeberli ) found that befter fits to the measured

<T, 4> and <T,,> tensor moments can be dbtained if either a long-

6%

ranged attractive T, (ref.

R ) tensor force or a short-ranged

repulsive TL tensor interaction is included separately in the
optical potential. However, the TL,term has a detrimental effect.
on the fits to the corresponding cross sections and vector polar-

izations, therefore the Ty potential is more acceptable over-all.

67

In the work of Cords et al '), both tensor terms were used

simultaneously to describe <T,4>, <T,;> and <T,,> polarizations,

68,69

but further studies ) indicate that the T. tensor 1is

L
redundant.

}

This chapter presents a study of the effect of the tensor

forces TR and TLvon the DW predictions for deuteron stripping

reactions and in particular an investigation of the Jj-dependence

36,37

. L .
of the cross-sections 6) and vector analysing powers ). In
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view of the slowness of the computations, calculations. were

performed for only two representative examples of j-dependence in

the differential cross section, namely & = 1 transitions in-the reaction

“9Ca(d,p)*'Ca leading to the 2.47 MeV (3 7) and 3.95 MeV (1)
levels. The essential features of fhese cross sections and

vector analysing powers have been‘-described36’51’52

) using the DW
theory without any tensor forces in the deuteron optical potential,
thus the effects of such tensor interactions in these cases are
probably small. The calculations. of this chapter show that
including a‘TR tensor force which is compatible with the elastic
scattering data has no significant effect on the cross sections or
vector analysing powers. The changes in the corresponding proton
polarizations,and’deuteron tensor analysing powers.are also

evaluated; for completeness, the variations resulting from a

small TL tensor term are included.

3.2 Results and discussion

Calculations were carried out for the reaction *°Ca(d,p)"*'Ca
leading to the 2.47 MeV (2,7) and 3.95 MeV (%1,7) residual states
at 9 MeV deuteron boﬁbarding energy. Thé oM pérameters for the
central and spin-orbit interactions, which were kept. constant
thfoughout the DW computations, are given in table 3.1. The

i

deuteron potential was obtained by Satchler70) by fitting both

elastic scattering cross section data52’7l

) and polarization
: 5 } ' s '
measurements 2) assuming no tensor forces. The proton and

neutron parameters were taken close to conventional values.



Table 3.1

POTENTIALS

Deuteron Proton Neutron
(MeV) 94,1 - 45.0 adjusted
(fm) 1.177 1.250 1.250
(fm) 0.798 0.650 0.650
(MeV) 10.0 7.0
(fm) 1.602 1.250
(fm) 0.472 0.47
(MeV fm?) 17.9 16.0
(fm) 0.780 1.250
(fm) 0.520 0.650
(fm) 1.250 1.250




In the present work, typical values of the radius and
diffuseness pafameters, rp T 1.4 fm, aR = 0.7 fm, ry o= 0.7 fm and
ap = 0.4 fm were chosen fqr‘the tensor potentials. Fig. 3.1
shows the variations in the differential cross section and protoh
polarization for the J = L 3.95_MeV‘transition which occur>when

either a small T, or a small T tensor interaction is included

R L
separately in the deuteron-nucleus optical potential. The proton
polarization is a vector polarization analogous to <iT;;> for
deuterons and in this chapter is taken as-ﬁg times the usual

polarization (Basel convention).

The magnitudes of the tensor terms |M| = 2 MeV and |Q]| =
1 MeV are approximately onefhalfzbf the strengths found by
Schwandt and HaebérliBz) to give‘avbetter déscription of elastic
deuteron tensor polarizations. Figs. 3.2 and 3.3 show similar
changes for the deutefon vector and tensor analysing poweré. ‘The

equivalence between analysing powers and polarizations has been
' ! . :

discussed in Chapter 1. Figs. 3.4 and 3.5 show corresponding
results for the j = 24 2.47 MeV transition.

It is seen that T, has very little effect on the cross

R
sections, proton polarizations or deuteron vector analysing
powerstbut does significéntly change two of the tensor analysing
powers, e.g. <Ty0> and <T,;> in the case of the j = L, transition.
On the other hand, TL has;a large-effeét on all the quantities for
angles greater than about 60°. It was found that providing,thé

variations are small, the changes are roughly proportional to the

strengths of the tensor potentials and are on either side of the
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M = Q = 0 curves depending whether the interaction is attractive
or repulsive. The j-dependence of the deuteron vector analysing
powers at forward angles is not significantly affected by the
introduction of either the TR or TL tensor term. On the other
hand, the j-dependence of the corresponding cross sections is.a
large-angle effect»and will be modified if the TL tensor is not

too small.  However, it appears unlikely that a T, potential,

L
which 1s compatible with elastic scattering data, will affect the
qualitative behaviour of the j-dependence of those (d,p) cross

sections which resemble the cases studied here.

3.3 Conclusions

The incluéion of a small tensor interaction TR in the
deuteron optical potential, which gives a better description of
elastic scattering polarization measurements, does not significant-
ly affect the cross sections, proton polarizations and deuteron
vector analysing powers for the & = 1 transitions in the reaction
“°Ca(d,p)*!Ca leading to the 2.47 MeV (3,7) and 3.95 MeV (137)
levels. The corresponding tensor analysing powers <T,4> and
<T,;> but not <T,,> are considerably changed in the case of the
j = Y% transition. On the other hand, a relatively small TL
tensor potential, presumably because of. its quadratic dependence
or orbital angular momentum, does lead to Sigﬁificant-changes in
“all the quantities at backward angles. Consequently, the j-
dependent effects are practically unchanged when a small TR term
is introduced but- are considerably modified at backward angles

even for a relatively small TL potential.
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CHAPTER 4

EXACT FINITE-RANGE CALCULATIONS INCLUDING THE D-STATE

OF THE DEUTERON

4.1 Introduction

This chapter presents exact FR calculations which include
the deuteron D-state for some & = 1 transitions in (d,p) and

(p,d) reactions. at several energies as follows:

i) %2Cr(d,p)®%Cr to the »7 g.s. and 2~ 0.57 MeV level
in %3Cr for 8 MeV incident deuteron energy
(calculations with a small TR tensor were also

performed),

ii) *%ca(d,p)*'Ca to the 2.47 (37) and 3.95 MeV (%:7).
levels in *!Ca at 7 and 9 MeV incident deuteron

energies,

iii) '®0(p,d)'°0 to the g.s. (*»~) and 6.18 MeV (357)
level in !'%0 at 25.52, 30 and 31.82 MeV incident

proton energies.

It was- of interest to determine if the D-state effects are
functions of reaction parameters. such as target mass, Q—Valué,
deuteron bombarding energy or OM parameters and also to compare
spectroscopic factors predicted by FR and ZR calculations.  The

main aims, however, were to investigate the effect of the D-state
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upon (a) the j-dependence of the differential cross sections and

the deuteron vector analysing power836~39) and proton polariza-

tions38’72)for typical & = 1 transitions and (b) the corresponding

tensor analysing powers.

4.2 The 32Cr(d,p)°®3Cr reaction

Calculations based on the theoretical formulation of
chapter 1 are presented for the reaction 2Cr(d,p)®%Cr leading to
the ground (% 7) and 0.57 MeV (357) residual states at 8 MeV
deuteron bombarding energy. The OM parameters for the central
and spin—orbit'interactions were taken from an earlier analysis of

the same reactions73) (see table 2.1),

The results for the differential cross sections are shown
in fig. 4.1 and it is seen that the shapes of the angular
distributions are very similar to the corresponding ZR calculations.
The FR curves (S+D) lie below the ZR cross sections when D§ is

assumed to have the value 1.65 x 10% MeV? fm? (ref.21

)). Normal-
izing the ZR calculation to the FR curve at the first peak for the
g.s. and 0.57 MeV state gives D§ = 1.42 and 1.46 x 10" MeV? fm?,
respectively. The effect of including a small tensor term TR
(M = -4 MeV, v, = 1.4 fm and ap = 0.7 fm (rgf.53), see ch. 3)) in
the deuteron-nucleus interactipn (curve SfD+TR) or neglecting the
D-state of the deuteron (curve S) is negligible. Thus, for these

cases, the inclusion of the D-state has an insignificant .effect

upon the j-dependence of the angular distributions.

Figs. 4.2 and 4.3 show the corresponding results for the
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vector and tensor analysing powers referred to the coordinate
system defined in chapter 1. The ZR ppedictions lie close to the
curves labelled S and for simplicity have been omitted from the
diagrams. It is seén that the vector analysing powers are
praCticaily insensitive to the deuteron D-state. However, the
tensor analysing powers, especially <T,o> and <T2;> are signif-
icantly modified by the inclusion of firstly, the D-state (curves
_ S+D) and then the tensor interaction as well (curves S+D+TR).

The effect of TR is larger for the j = }4 transition in agreement

. . 53 : .
with the previous work ) of chapter 3 but is smaller than the

D-state contribution for both reactions.

4.3 The *%cCa(d,p)*!Ca reaction

Several studies of the reaction *°Ca(d,p)*'Ca in the

4,36,50-52

ZR ) and FRH) formulations of the DWBA have described

j-dependent features of the cross sections and vector analysing
36,37

powers ) for several strong £ = 1 transitions and also (in

chapter 3) the effect of a small tensor term in the deuteron-

nucleus optical potential53

). Here calculations are reported for
two % = 1 transitions leading to the 2.47 (247) and 3.95 MeV (3,7)
levels (Q = 3.67 and 2.19 -MeV respectively) at 7 and 9 MeV |
deuteron bombarding energies using the OM parameters of table h.1.
The deuteron parameters at 7 MeV (part of a set which varies
smoothly as a function of energy) are thé_result of an éxtensive

elastic scattering analysissz) and led to good fits to the 7 MeV

 cross section and vector polarization data. The 9 MeV deuteron



Table 4.1

POTENTIALS FOR “°Ca(d,p)*!Ca

Deuterdn Protonc)
(MeV) 7a) gb) ) q Neutron
(MeV) 110.5 9y.1 53.8 53 adjusted
(fm) 1.05  1.177 1.17 1.17- 1.25
(fm) 0.85 0.798 0.75 0.75 0.65
(MeV) 10 . 10 9.6 9
(fm) 1.64 1.602 1.32 1.32°
(£fm) 0.529 0.472 0.527 0.527
(MeV fm?) 18 17.9 12.4 12.4
(fm) - 0.9 0.78 1.01 1.01
(fm) 0.6 0.52 0.75 0.75
(fm) 1.3 ©1.25 1.25 1.25
%) ref.sz)
By pef. 118
N

ref.
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Table 4.2

SPECTROSCOPIC FACTORS FOR THE REACTION “°cCa(d,p)“!Ca

. a a
E, Q Oexpt  Otn(FRS*D) 0., (ZR)F) S(FRS+D)  S(ZR)%)
(MeV) (MeV) (mb/sr) (mb/sr) (mb/sr)
7 2.19  11.80 20.35 23.10 0.58 0.51
3.67  10.70 29.43 33.71 0.36 0.32
9 2.19  22.80 29.16 33.10 0.78 0.69
3.67 12.50 43.72 51.00 0.29 0.25
4)  using Dy? = 1.65 x 10* MeV2fm?
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Figs. 4.5 and 4.6 show the corresponding proton polariza-

tions P(6) (defined according to the Basel convention) and the

deuteron vector and tensor analysing powers <iT,;;> and <T2k> at
deuteron bombarding energies of 7 and 9 MeV respectively. The
data at 7 MeV are those of ref.ss). For the sake of clarity the

FR S-state calculations are not shown since they are very similar
to the corresponding ZR predictions.’ The inclusion of the
deuteron D-state affects P(8) slightly more than it does <iT;;>,
but 'in general the effects are small for these two quantities
hence j-dependent effects are unaltered while the corresponding
deuteron tensor analysing powers are significantly changed. Here
minimal differences exist between FR S-state and ZR and the effects
apparent in <T;¢4>, <T2;> (which otherwise is quite small for
angles $ 70°) and to a lesser extent <T,,> are due to the D-state.
Apart from variations in shape, the effects persist at 9 MeV and
calculations at 12 MeV using two different elastic scattering

52,75

parameter sets for the deuteron ) showed similar differences.

4.4 The '®0(p,d)!®0 reaction

Cross sections for the reaction '®0(p,d)!3%0 for two & =.1
transitions leading to the g.s.(*,”) and the 6.18 MeV (257) level
in 150 (Q = - 13,44 and - 19.62 MeV respectively) were measured by
Chant et al72) at a proton bombarding energy of 30 MeV and by

Snelgrove and Kaéhy76) at 21.27, 25.52, 31.82, 38.63 and 45.34 MeV.

There are two reasons why an exact FR analysis- which

includes the D-state of the deuteron is of interest. Firstly
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both groups found that ZR calculations using elastic scattering
parameters for the deuteron optical potential give very poor fits
to the (p,d) cross section data and also Johnson and Santos77) on
the basis of approximate calculations expect large effects due to
the deuteron D-state in these two transitions. The ZR analysis
of Chant et al72) led to good descriptions of the cross-section
data using an "adjusted deuteron potential'. This potential is
based upon an elastic scattering parameter set78) and differs
essentially in using a much larger surface absorption. Table 4.3
gives the optical parameters used in the present calculations.

Set B is the "adjusted deuteron potential" of ref.72) which 1is
used for both levels despite the 7 MeV difference between the
respective energies of the outgoing deuteron as shown in table 4.4.
The proton potential is based on the formula of ref.7u) extra-
polated to the elastic scattering of protons by !€0. The neutron
parameters are consistent, with the previous calculations but differ

from those of ref.76

).

Fig. &.7(a) shows the ZR.p£edictions and exact FR calcula-
tions with and without the D-state. The values of D? and the
spectroscopic factors (ideally expected to be 2 for the g.s. and 4
for the 6.18 MeV state76) ) are given in table 4.4. It is seen
that the D-state has significantly,affected the cross section
shape and increased the magnitude of the‘first‘peakvby ~5 and ~23
‘percent for the J = 24 and iﬁ levels, resgébiivei§; While these

adjusted deuteron parameters reproduce the shapes of the cross

sections satisfactorily the corresponding spectroscopié factors
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72,76

data are those of ref.
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are inadequate. The spectroscopic factors depend on the choice
of the neutron form factor57). In the ZR calculation for the
J = Y% level for example, a Hlpercent reduction of the neutron

real well radius produced a decrease of ~12 percent in the
magnitude of the first peak and vice—versaso). Fig. 4.8 shows

the corresponding proton analysing powers P(6) and deuteron vector

polarizations <iT,;,;> and tensor polarizations <T The FR S-

ok

state calculations which are not shown, differ significantly from
the corresponding ZR predictions for P(8) and <iT;,;> but for the

<Th > the two calculations are similar and practically identical

at forward angles. Thus the large effects on the <T,,> for both

2k

j=values in the region 0 to 60° are due to the inclusion of the
deuteron D-state in the exact FR treatment. The data for the
analysing powers P(8) are from ref.72) and the improvement in fit
over that ahalysis even in ZR can only be due to the use of
different proton parameters. Recent work on.deuteron elastic
scattering by '°®0 (ref.’%) ) and 2hMg (ref.®%) ) has shown that

improved fits to the deuteron tensor polarizations are obtained at

2,53

forward angles when a small T_ tensor term

R ) with a preferred

form factor of the Woods-Saxon derivative typesg) is included in
the deuteron-nucleus optical pofential. The present. FR S+D-state

calculations were repeated with a small TR'tensor included with

M= - 0.5 MeV, = 2,5 fm and a, = 2.5 fm69’79

rR R

effects were found for the deuteron tensor polarizations where the

). Significant .

D-state effects were slightly enhanced.

In their ZR analysis Snelgrove and Kashy76) in an attempt
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to extract reasonable spectroscopic factors while using elastic

scattering OM parameters were led to the use of a lower radial

cut-off at 3 fm. In the present work similarzﬁk and FR calcula-
tions are reported for the g.s. J = 13 level at proton bombarding

energies of 25.52 and 31.82 MeV and the 6.18 MeV, J = ¥; level at
31.82 MeV. Table 4.4 gives the outgoing deuteron energies
corresponding to the proton bombarding energies for each level and
indicates which deuteron parameter set of table 4.3 was used in

the respective calculations. Parameter set A ié the result of an
analysis of deuteron elastic scattering by !®0 at 11.8 MeV bombard-
ing energy80). Parameter set C at.19 MeV was derived from

78) ), 34.4 MeV (ref.8l)-) and 52 MeV

analyses at 16.3 MeV (ref.
(ref.82) ) and is similar fo that used by Snelgrove and Kashy.
The elastic scattering analyses indicated that a spin-orbit: term
in the potential was necessary although its strength is poorly

determinéd80’82

). Thus in view of the similarity of the imaginary
potentials, parameter sets A and C differ esseﬁtially in the real
part of the deuteron potential. Analyses of proton elastic
scattering by !®0 in the region of 30 MeV have consistently given

poor fits to the data at backward angles76’83_85

). The most
recent and detailed analyéis by van Oers ana Cameron86) encountered
the same difficultiés which were. traced to the presence of several |
wide resonance587) in the energy range 20—30>Mev.v In the ZR 30

MeV calculations (see fig. 4f85_the extrapolation of the "optimum
proton-nucleus standard OM parameters" formula of ref.7u) to

proton scattering by !®0 gave an improved theoretical fit to the

proton analysing powers P(8) compared with an analysis72) which
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8y

used the elastic scattering parameters of Barrett et al ). This

extrapolation was used in the present calculations and the result-
ing parameters which}dé not differ greatly from those of ref.76)
are given in table 4.3. Fig. 4.7(b) shows the ZR, FR S-state and
FR S+D-state calculations using a lower radial cut;off‘at 3 fm
(RCO = 3 fm) for the J = 3@ level at 25.52 and 31.82 MeV and the
J = 3, level at 31,82'Mev; These calculations were normalized by
the procedure described in section 4.3 and the corresponding
results with RCO =. 0 are included to ghow the relative difference
in magnitude at the first peak. This shows clearly that for the
J = Y level at the two energies, the magnitude of the first peak
is increased to a much greater extent by introducing a 3 fm cut-
off in the ZR calculation than it is in the FR S+D-state treatment.
For the J = % level in ZR é 3 fm cut-off has only a very. small
effect on the magnitude of the first peak while in fhe corres-
‘ponding FR S+D-state calculation it leads to a significant
reduction. When both R, = 3 fm.calculations are normalized at
the first peak the FR S+D-state curve no>longer lies below the
corresponding ZR result at large.angles. Table 4.4 summarizes
the values of D} and the spectroscopic factors for these calcula-
tions. introducfion of a cut-off in the FR S+D-state calculation
gives a good description of the shape and relative.magnitudes of
the first and second peak for the J = %4 level at both energies
with some. improvement for the J = 33 level but the fits at back-
ward angles are unsatisfactory. The effects of the deuteron
D-stdte on the cross sections Stillrpefsist despite the use of a

cut-off, particularly the 28 percent increase in magnitude of the
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first peak for the J = %5 level. Fig. 4.9 shows the proton
analysing powers P(8), deuteron vector polarizations <iT,;> and
tensor polarizations <T2k

with a lower radial cut-off at 3 fm. For P(6) and <iT;,;> the

> fOf'ZR'and FR S+D-state calculations

differences between the FR S-state and the ZR‘calculations are now
quite significant (as are the effects of the D-state particularly
at forward angles)..-.In_the case of <T;,> (and in general <T,,>
and <T,,> at forwérd angles) the ZR and:FR sttate calculations
‘afé“vefy similar. Therefdre the large'differéhces befWéén the

FR S¥Q¥étafé and‘ZR calculations are due mainly fo:the_déuterog

D-state and not the FR interaction.

4.5 Conclusions

For the two & = 1 transitions studied in the_reactibn
2Cr(d,p)°®%Cr the shapes (and hence the j—dependent'effecté) of i
the anguiap distributions and vector analysing pdwers were
-insignificéntlylaltered by including the D-state of the deuteron
in an exact FR DWBA calculation. However, the corresponding
tensor aﬁalysing powers, especially <T;4> and <T,;> (which is ver9
small at forward angles in ZR) were considerably_changed. The iR
constant D3 was fpuhd to be 1.42 and 1.46 x 10" MeV® fm®, . |
respectively, for the tpansitionsato’the gfound (35-) and 0.57

MeV (%5 -) states.

The inclusion in the D-state FR calculations of a small.
TR‘tensor term. in the deuteron optical potential caused signifi-

cant changes in the tensor analysing powers <T,,> and <T;;> but
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left the corresponding angular distributions, vector analysing

powers and tensor analysing powers <T,,> largely unaffected.

Calculations in the exact FR treatment for two & = 1 trans-
itions in the reaction “*°Ca(d,p)*'Ca leading to the 2.47-(%*~) and
3.95 MeV (17) levels at 7 to 12 MeV deuteron bombarding energy
showed (similar to.the results of the previous cases) that j-
dependent effects in the cross section, proton pblarization and
deuteron vector analysing power were negligibly altered by the
inclusion of the deuteron D-state. Elastic scaftering OM para-
meters led to good fits to the data for the (d,p) cross sections
and corresponding deuteron vector analysing powers. The FR S+D-
predictions indicated that the FR correction factor is
~1.44 x 10* MeV? fm3, in agreement with the result for S2Ccr(d,p).
The deuteron tensor analysing powers. <T,,>, <T,;> (which is van-
ishingly small at forward angles in ZR) and,to.a'lessepﬂextent
<T,,> for both j-values showed significant df%féreﬂées due to the
inclusion of the déuteroh D—sfafé{ - There was no oSQious trend
of the D-state effect either as a function of energy or OM para-

meters in any of these quantities.

Exact FR éalculations using adjusted deuteron parameters
for two & = 1 transitions in the reaction '®0(p,d)?®0 leading to
the g.s. (¥ ~) and the 6.18 MeV (%3 ~) level at an incident proton
energy of 30 MeV éhow that the cross sectiéns are significantly
modified by the inclusion of the deuteron D-state. Consistenf

with the result for *°Ca(d,p) and 52Cp(d,p) the FR S+D-state
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calculations lie below the ZR predictions at large angles. The
deuteron vector polarizations and proton analysing powers were
also significahtly alfered, while the corresponding deuteron
tensor polarizations <T,0> and <T3;> (and to a lesser extent
<T,,>) showed very large effects at forward aﬁgles. Calculations
:with a small TR tensor term in the deuteron-nucleus.optical
potential produced small effects by comparison with those dﬁe to
the D-state. Fbr the same transitions at EP = 25.52 and 31.82
MeV the FR S+D-state calculations using elastic scattering
deuterdn.parameters with an artificial lower radial cut-off at

3 fm gave ﬂeasonable spectroscopic factors and satisfactory fits
to the croés section data only at forward angles. The introduc-
tion of a cut-off did not reduce the effects due to.the inclusioﬁ

of ‘the deuteron D-state.
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CHAPTER 65
DISCUSSION AND SUMMARY

Discussion

Deuteron elastic scattering is essentially dependent upon

the asymptotic form of the distorted waves78’88

). Thus the OM
parameters determined from an elastic scattering analysis are
those which optimize the wave functions in this region. For the
corresponding reaction, the calculation of the tr;nsition matrix
amplitudes involves integration over these deuteron wave functions
for all values of the radial coordinate. The calculations. in
chapter 4 using a lower radial cut-off at 3 fm in this integration
indicated that there was a significant contribution from the
nuclear interior. Thus the determination of the exact form of
the‘deuteron'radial wave functions in the nuclear interior and
surface region is of importance. It is not clear that the OM
produces the correct functional form of‘thé deuteron distorted
waves in the region of the nuclear surfacé, even while it does so
asymptotically. The OM does not account for the strong distor-
tion and probable break-up that the deuteron experiences in the
nuclear' surface region and furthermore, it is unlikely that the
deuteron retains its identity in the interior of tﬁe nucleus.
COnsequently the exact form of the deuteron wave function in the
nuclear intefior is not clear. Thus it is fo,be expected that
different parameters (see chapter 2) may be required to describe

elastic scattering and reaction data. This was the result of a
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quantitative study by Baz' et a165) who concluded that "the
optical model and the method of distorted waves are just heuristic
methods, where the optical potential parametérs [for the deuteron]
have no great physical significance". The use of different para-
meters may be interpreted as compensating in part, for the
inadequacies of the! models used. However, it is interesting to
note that the elastic parameters discussed in chapter 2 were the
result of an analysis of elastic cross-section: data only, while
those used in chapter 4 for the *°Ca(d,p)*’Ca reaction at 7 MeV
(see fig. u4.4) resulted frqm an extensive elasfic scattering
analysisSQ) which included vector polarization data as well, and
also comparison with tensor polarizations. Such a comprehensive
elastic scattering analysis may possibly do more to. specify the

details of the OM potential.

An élternative approach to using the deuteron centre-of-
mass - nucleus optical potentialgg) is to treat separately the
nuéleon—nucleus‘potentials of the two nucleons in the deuteron
‘without actually'solving (as is done by Shanely and Aarongo) for

example) a three body problem. Johnson et a159,91

) used. deuteron
distorted waves generated by an "adiabatic potential" which was
determined from the effective two body potentials of the nucleon-
target interactions. These interactions were taken to be optical
potentials evaluated at half the incident deuteron energy.
Consideration of channels involving %S states of the neutron-

proton system and the ground state of the target nucleus led to a

straightforward modification of the usual DW method. The
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distorted waves obtained in this manner contained contributions
due to deuteron break-up in the region of the nucleér field. The
resul%s of ref.gl)‘indicated that such distorted waves may have a
more satisfactory functional form in the nuclear surface region
than do the conventional OM wave functions of the DWBA.  In-this
adiabatic treatment however, it was found that while the ambiguity
~associated with the deuteron OM potential was eliminated, the
final>results were dependent on the choice of nucleon optical
potentials and this deﬁendence in turn was- related to the strong

. .92 . . .
L-space localization )vlnherent in this theory.

_ : . . 93-96
Some recent studies by various worker557’

) indicated
that the use of single particle form factors for the transferred
neutron in deuteron or protonvinduced reactions may not be
adequate. This assumption and the lack of a proper treatment of
inelastic effects may be a partial explanation of the difficulties

encountered for the two transitions studied in chapter 4 for

ISO(P,d)15O‘

Summary

In conclusion a brief summary is made of some of the main

points of the thesis.

Using the DWBA theory and the OM, satisfactory agreement
with experiment can be obtained in the description of j-dependent
featubes of the cross section and deuteron vector analysing power
for & = 1 transitions. in %°?32Cr(d,p) and “°Ca(d,p)‘reactioﬁs.

In some cases a variation in parameters away from the elastic



6l

scattering results was necessary to achieve this agreement*)- For
these reactions the introduction of a FR interaction led to only
slight modifications of the cross,sectioﬁ shape and deuteron vector
and tensor analysing powers, while the inclusion of the deuteron
D-state in the FR calculation caused significant changés in the
deutefon tensor analysing powers. Comparison of cross sections
for ZR and FR calculations gave a value.of'~l.44 x 10* MeV? fm?®
for D3, the FR correction factor. This value is smaller than has
been usually assumedzl). A study of two possible tensor inter-
actions in the deuteron-nucleus OM potential indicated a prefer-
ence for the TR pofenfial{ This tensor potential led to
:significant modifications of the deuteron tensor analysing powers,
but these modifications were generally less than those due to the
inclusion of the deuteron D-state. Within the limitations of the
OM and DWBA, large effects due to the deuteron D-state were
predicted (particularly for the tensor polarizations) for the two
2 = 1 transitions studied in the 16O(p,d)lso reaction. The
calculations with a lower radial cut;off (see fig. 4.7(b) )
confirmed that in the FR treatment, contributionsvfrom the nuclear
interior, while still important, are of less significance than

they are in. ZR.

*) Calculations performed by Dr. B.A. Robson (unpublished) have
shown that the description of elastic scattering cross section

and polarization data for *°Ca(d,d) is practicaily insensitive

to the magnitude. of the deuteron spin-orbit radius in the range
0.78-1.10fm. These two extreme values for the deuteron spin-orbit
radius were used in calculations for £=1 transitions in the -
reaction *°Ca(d,p)*'Ca and the results indicated that, while the
j-dependence of the cross sections was evident in both cases,

the smaller radius is preferable.
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APPENDIX

a) The Jacobian for a transformation of variables of integra-

tion from r and r' tor

r, and r, where

r = ar, * br,
and  r' = a'm +b'm,
is given by (ab' - a'b)?® since
J. = 8x = 3x = ab' - a'b, etc.
X 9% 9%
ox'  ax!
3X1 ?Xz
and J = J_ «Jd - Jd
X y Z

In this case (for the vector diagram of fig. A.l )

or T IpR (A.1)
"
LS : T4 + LaT (A.2)
m_ + m
o) n
MT
m
T n

substituting egn. (A.3) into egn. (A.2) gives

m Mo, -1 m:
r = |1 - - =P r + (A.4)
-nT m_+m_| |M.+m m +m | PR —dT
P n T "n P n
from eqn. (A.1): a = 1



-nT

Fig. A.1l Coordinate vectors for the reaction T(d,p)R
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-1 “ -1
m MT
from eqn. (A.4): a' = -l{_ll~ﬁ _[ }
m_+m M. +m
P n T “'n-
m: M 1-1
b' = |1 - P T |
m_+m. | |Mntm
P I T “"nd’
b) It is possible to write r T and ry as linear combinations
of EpR and yr’
= +
EI’IT S1 EpR T EdT (A.5)
then from eqn. (A.4)
) mp(MT+mn)
S = -
+
mn(MT mp+mn)
(m_+m_) (M, +m_)
t, = P n T "n
mn(MT+mP+mn)

Substituting egn. (A.5) into eqn. (A.3) gives

S, = tl

M..(m_+m_)
+ - T "n'p
2

mn(MT+mn+mp)

In the calculations it is assumed that

whence



t

I e

mn(MT+md)

m., M
s, = d R

My my

mn(MT+md)

e
mn(MT md)

U
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