1o STUDY OF T ENERGY LEVELS OF NE
Me, S SR, AND™CA BY THE t) REACTION

Thesis for the Degree of Ph. D.
MICHIGAN STATE UNIVERSITY
ROBERT ALTON PADDOCK
1969



THESIS




ABSTRACT

A STUDY OF THE ENERGY LEVELS OF l8Ne,

22yg, 26g3 305 3hp. anp 38cq

BY THE (p,t) REACTION
By

Robert Alton Paddock

A study of the (p,t) reaction on the even-even
N=Z nuclel 1in the 2sld shell has been carried out. This
reaction has been used to study the energy levels of
18Ne, 22Mg, 2681, 308, 3uAr and 38Ca. Until recently
little has been reported about these nuclei. Except for
a few scattered reports of (p,t) experiments, only the
(3He,n) and (3He,ny) reactions have been used to study
these nuclel. The excited states that were observed
are reported along with the spin and parity assignments
when possible.

The two nucleon transfer distorted wave theory of
N. K. Glendenning has been studled with respect to these
(p,t) reactions. It was found that the shapes of the
predicted angelar distributicns are primarlly dependent
on the orbital angular momentum transfer and the optical
model parameters. Thils fact was used to make the spin-
parity assignments. It was also found that the magni-

tudes of the predicted cross-sections are strongly

dependent on not only the optical model parameters, but



Robert Alton FPaddock

also the bound state parameters of the transferred neu-
trons and the configuration mixing in the initial and
final nuclear wave functions.

It 1s concluded that the (p,t) reaction 1is useful
to study the energy levels of nuclei two nucleons away
from stability. It is also concluded that the two
nucleon transfer distorted wave theory is useful to pre-
dict the general shapes of angular distributions but
that the magnitudes are too dependent on parameters

which are not well known to be predicted successfully.
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CHAFTER 1

INTRODUCTION

The two nucleon transfer reaction has been studied
for the particular case of the (p,t) reaction. The

targets studied were the even-even, N=Z nuclei in the

2s1d shell. 1In particular, the targets were 20Ne, 2uM

285y, 325, 3651 ang MO

g
Ca, which all have J'"=O+ ground
states. These (p,t) reactions reach states in nuclei
which are two nucleons away from stability. Until
recently these nuclel had not been studied to any great
extent. The same nuclei can in general also be reached
by the (3He,n) reaction, and recently work has been done
in this area. Reports of the study of these nuclel with
the (p,t) reaction have been scattered and sparce until
now. This 1s most probably due to the large negative
Q-values (~-20MeV) and small cross-sections involved,
which necessitates a high energy, high intensity proton
beam of good resolution such as the Michigan State Uni-
versity Sector Focused Cyclotron i1s capable of producing.
The (p,t) reaction and other two nucleon transfer
reactions have been previously used to study nuclel in
the light mass region by experimenters such as Cerny and

his co—workers(ce6u’ F168, Gaou). This reaction has



also been used in the medium to heavy mass reglion by

experimenters such as Hintz and his co—workers(Ba6ua’

Bab5, Bab8, Mabbb, Re67). These workers have all re-
ported that the shapes of the angular distributions of
the tritons are very much characteristic of the orbital
angular momentun transfer of the reaction.

| The two nucleon transfer reaction in general and
the (p,t) reaction in particular have some very re-
strictive selection rules (see Chapter 2) which make
spin-parity assignments to the final nuclear states
quite unambiguous. This is primarily based on the fact
that the shapes of the angular distributions of the
tritons from the (p,t) reaction are to a great extent
dominated by the orbital angular momentum transfer of
the reaction. Thils dependence will be further investi-
gated in later chapters of this work.

Two nucleon transfer theories have been developed
which allow the (p,t) reacticn to be treated by the
direct reaction distorted wave method (see Chapter 3).
It was therefore declided to study such a theory, in par-

ticular the theory of Glendenning(G165)

, and to investi-
gate the abllity of this theory to predict the observed
angular distributions. In particular, the dependence of
such a theory on the initial and final state wave func-

tions and the bound state wave functions has been

studied in Chapter 7.



CHAPTER 2

SELECTION RULES FOR (p,t)

The two nucleon transfer reaction in general and
the two neutron pickup reaction in particular have some
very special and restrictive selection rules. These

rules have been discussed in detail elsewhere(Hi6“’

G165, Babla, G162), and only those applying to (p,t)

in particular will be discussed here. Let us denote the
angular momentum and 1sospin of the target as JA and TA
respectively. The final nucleus will be denoted by JB
and TB' The orbital angular momentum, spin and total
angular momentum of the transferred neutrons will be

denoted by 2 and 22, S5 j2. The transferred

10 510 Jy
quantum numbers will be designated by L, S, J and T. We

can then write:

> + >

> > > > >
S=sqts, L=f +L,=A+d  J=L+S ‘ (2.1)

Here we have denoted the orbital angular momentum of the
relative and center of mass coordinates of the trans-
ferred pair by 2 and A respectively. This possibility

of the relative motion of the two transferred particles



1s something which does not arise in single nucleon
transfer such as (p,d).
Conservation of angular momentum yields the follow-

ing restriction, or selection rule.

IJA-JBI§J§(JA+JB) (2.2)

Unless a single step direct interaction model is assumed
for the transfer process, the quantity J may not be a
good gquantum number. Along with equation (2.2), there
is also the following restriction on the parity change

during the reaction.

L_+2

1 A+

Ar=(-1) T 2=(-1) (2.3)

We note from equation (2.3) that if both neutrons are
picked up from the same shell (21=22), then Am=+1. Also,
from the Paull Principle, J must be even. If Awn=-1,

then the two neutrons must come from shells of different
parity (ﬂ=(-1)2). The 1isospin of two neutrons must be

1, since each has isospin t=1/2 and projection t=+1/2.
Therefore, the following restriction on isospin is

imposed.

|T)=Tp|<12(T,+Tp) (2.4)

In this work, we will be concerned with even-

even N=Z targets so that in all cases studied J,=0,

A



1,=+1, and T,=0. Equation (2.2) and (2.4) then leads

A A
to the following:

J_=J T.=1 (2.5)

A neutron seniority selection rule can also be
defined. Neutron seniority is related to the number of
neutrons not coupled in pairs to zero angular momentum.
Since the plickup of two neutrons can break at most two

pairs, the following restriction holds.

Avn=0,t2 (2.6)

Seniority 1is not necessarily a good quantum number and
thus thils selection rule may not be appllicable to the
reaction as a whole although it must apply to the
individual components of the wave functions which are
responsible for the process.

There are also certain approximate selection rules
that arise based on some specific properties of the

triton. The two neutrons bound in the triton are

(B162)

mostly (~95%) in a state of relative spatial sym-

metry (Aeven) with S=0. Then according to equation

(2.1), J=L, and equations (2.2), (2.3) and (2.5) become:

IJA-JBliLi(JA+JB) (2.6)

am=(-1)A (2.7)



Jg=L for J,=0 (2.8)

We will find later that the shape of the angular
distributlion is very much dominated by the orbital angular
momentum transfer L and therefore equation (2.8) makes
the spin assignment of the final state unique for the
(p,t) reactions as opposed to the case of (p,d) where
J=L#*1/2

If 1t 1s further assumed that the neutrons are in
a relative s-state (A=0) in the triton, then L=A and we
get the following approximate selection rule from equa-

tion (2.7).
Am=(-1)l=(=1)? (2.9)

We note that the approximate selection rule of
equation (2.9) restricts the nuclear states that can be

excited by the (p,t) reaction.



CHAPTER 3

TWO NEUTRON PICKUP AND THE

DISTORTED WAVE METHOD

3.1 The Distorted Wave Method

The detalls of the distorted wave method of cal-
culating direct reaction processes have been discussed
by Satchler and others(sasu’ Ba62). Only those parts of
the theory pertinent to applylng it to the particular

case of two nucleon pickup will be discussed here.

We denote the general reaction as follows:
A(a,b)B (3.1)

We denote the spins and projections of the particles by

JA’ JB’ Sgs Spo MA’ MB’ m, and My, - Following the pro-

cedure of Satchler(sa6u), the differential cross-section

for such a reaction can be written as follows:

H_ U k M ﬁ m_m IT|2
do _ "a'b _b BAba (3.1.2)
A2 (onh°y k, (27,+1)(2s,+1)

The reduced masses are denoted by u and k denotes the

asymptotic relative momenta. The quantity T is called



the transition amplitude and is defined in equation
(3.1.3).

> >

T=<JBMB,sbmb,kb|V]JAMA,sama,ka> (3.1.3)

V 1s the interaction which causes the reaction, 1i.e.
carrles the system from one elastic scattering state to
another. In the distorted wave formallism of reference

Sabld, T can be written as follows:

> M D P
Toy = 9 z' dr , | drpg X (ky ) (3.1.4)
m m
a
m'

b

> >

(ka,ra)

(+)
m' m

<J M.s, m' IV]JAM s.m' > ¥
a a

B"'B"b'b A"a a

denotes the Jacobian of the transformation from the
>

individual coordinates to the relative coordinate raA
->

and TuR*

It 1s convenient to expand the matrix element of
equation (3.1.4) in terms corresponding to particular
angular momentum transfer. We define the transferred
quantities as follows:

> + >
J=J,-Jd

g=Jps S=S =S, J=L+S (3.1.5)

We write the expansion as follows including the appro-

priate Clebsh-Gordan coupling coefficients.



g <T My, ,5y m V]I, M, ,s, m > = Q‘WU (3.1.6)
= L <J,J M, Mg- AIJ Mg><L S M, ma—mle, Mp=M,>
LSJ
S, =M
b" " L L
<s_ sy m - blS, m_-m >(-1) 17 A o5 (Bb,Aa)

->

->
fLSJ,M(rbB’ raA) ; where M = My + m, - MA - m,

The product ALSJfLSJ,M is often called the form factor for

the reaction. We substitute this expansion into equation
(3.1.4) and define a reduced amplitude B as in equation

(13) of reference Sabl.

- 1/2
Toy = § (2J+41) <J,IMy, A|JB 5> (3.1.7)
LMm, m
A Bg ba s y
Lg LSJ "sJ (ky k)

Taking the absolute square of TDw and summing over the

projections indicated in equation (3.1.2), along with
symmetry and completeness relations for the Clebsh-Gordan
coefficients from reference Ro67, we get:

2

| =

z (2JB+1)|Z A

JMmbma LS

LMm, m |2

LSJ BSJ b a (3.1.8)

leDw

Substitution into equation (3.1.2) gives the follow-

ing expression for the differential cross-section.
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do _ Ma*p Ky (2Jp+1) LMm, m
|~ T I | I Aoy Bgy D 2l
(2mh“) a (2J,+41)(2s +1) JMm.m_ LS
A a b a
(3.1.9)
If only one L and S are important, this reduces to the
following:
2
ao _ 2Jg*t 5 Ay G. - (8) (3.1.10)
daN 2JA+1 3 i23a+1} LSJ T
Where we have defined the reduced cross-section as
follows:
u_u k
o () =—22— 2 x| MM (3.1.11)
(2TA°) a Mm. m

b a

It 1s this reduced cross-section that is calculated

by a dlstorted wave computer code such as JULIE(Ba62).

The method of calculating the BgJ's has previously been

(Sabl, Bab62)

described and will not be discussed here.

2

The BgJ's are actually calculated in a zero range approxi-

-> -
mation where fLSJ,M(rbB’raA) is replaced by a purely

. *
radial function FLSJ’ a spherical harmonic Y M and a

L
> -
three dimensional S§-function in B and ron-

3.2 The Two Neutron Pickup
Matrix Element

We now must evaluate the matrix element 07<3f equa-

tion (3.1.6) explicitly for the two neutron pickup
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reaction. The method of dealing with this matrix ele-
ment for the case of two nucleon transfer has been

developed by several workers(G165’ Li6h, Bablb, Hebla,

Ab66, L166, Bré7) .. .i11 rollow the method of

(G165)

Glendenning along with some of the details, ex-

tensions and notation of Jaffe and Gerace(Ja68).
We denote the pair of transferred neutrons as x

and write:
b=a+x A=B+x (3.2.1)

The interaction responsible for the reaction 1s assumed
to be the interaction of a with x. We assume the
interaction is central and is a function of the separa-
tion between the center of mass of a and the center

of mass of x.

V=V(rax) : (3.2.2)

Following the procedure of reference (Bab62), we

write the matrix element more explicitly as follows:

*

* >
‘m = | dgg ag, dg, Voo (%) Vs m Caxofart) Vray)

by (BpaTxmabx) ¥ n (Ea) (3.2.3)

The £'s denote the internal coordinates (spin and spatial

if appropriate) of the respective particles. We assume
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V(rax) does not effect wJAMA and wJBMB so that we can

consider the integral over ng separately.

(My=Mp) &

Gap (rypsty)

* ->

(3.2.4)

GAB is then expanded in terms of normalized two

particle eigenfunctions of scme potential well. In
particular, we choose the prcduct wave functions of the
two neutrons to be transferred denoted by coordinates and

- > > > (5&68)

spins r1ps Tops O and 05

Gpp = bYaYBLSJ<JBJ’mB My Mg | gM,>
LSJ
¢YaYsLSJ (ripsTpps91593) (3.2.5)

(M,=M_) - N -M M,-M_+M
AT'B AT'B

b =ZI [¢ (ryx)d (rox)]; X >z

YaYBLSJ M Yala 1B YBQB 2B -L S (01,02)
<LE, -M M,-Mp+¥|J M,-Mp> (3.2.6)

The brackets [ ] denote vectcr coupling of the orbital
parts of the two neutron wave functions, and Xg is the
coupled spln part. The Clebsh-Gordan coefflicient assures
the proper coupling to a specific total angular momentum

J,M. We note here that ¢ 1s an L-S coupled two particle
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wéve function. The sum over a and B implies a sum over
all configurations of the two neutrons needed to describe
this overlap GAB'
Since the interaction is assumed to depend on the
center of mass coordinate of the two neutrons, we must
perform a transformation to the coordinates of the pro-
duct wave function ¢. This 1s most easily carried out
with harmonic oscillator wave functions where the trans-
formation coefficients are calculable in closed form.
We expand the ¢'s in terms of harmonic oscillator wave
function Onl(a,;) where a is the usual oscillator
strength parameter.

aX Oul(a,;) (3.2.7)

¢Y2'(r) = E Y

Equation (3.2.6) becomes:

A B u v >
) =3I I a a (o (a,r,5)0 (a,rqg)]
YQYBLSJ M opv Yq YB ula 1B vEB 2B L
Xs (0150,) <L S, =M, M,-M_+M|J M,-Mg>

(3.2.8)

The well known Moshinsky-Talml transformation can

now be applied to the oscillator wave functlions to trans-

form them to relative and center of mass coordinates(M°59’

Br60, La60)
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o= ¢ a* a¥ ©  <nr, NA, Lluk,, vig, L>
M, uv  Ta YR naNA
> - -M
2
[0y (ar2, ry5) Oy (2, rop)] .
- V1
XMA Mgt
S (0,,0,) <LE, -M MA-MB+MIJ M, -Mp>
(3.2.9)

NA and nX are the principle and orbital angular momentum
quantum numbers associated with the center of mass and
relative coordinates respectively. The following re-

striction on these gquantum numbers holds:

2(n+N)+A+A=2(u+v)+1a+2 (3.2.10)

B

The expression for the matrix elements of equation

(3.2.3) now can be written as follows:

QY] = Jdga SLA bYaYBLSJ <Jg I, Mg, MA—MB]JA M, >
LSJ

v T
) a$ al I <o\, NA, Lluf,, vig, L>
M, uv a B nANA

. . MMM |
(O (@72, r5) Oy (2a, o p)] L X (04,0,

n * -’
<LS, -M, M-Mg + M|J M -M> wsbmb(rax, £, £,)
V(rax) Ve (aa) (3.2.11)

a a
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Explicitly, the remaining wave functions can be

written as follows for the specific case of (p,t).

m_
= a .
wsama(aa) = xS (ca) ; proton spin wave function

a (3.2.12)
Mp-MptM > o
XS (0,,0,) = mz; <sls2mlm2|S M, -Mg+M>
1™2
my - My -+
x “(oy) x “(o,) (3.2.13)
1 S2

The wave function of the triton 1s assumed for simpli-

city to be a Gaussian as suggested in references G165

and Ja68.

2, 2 2 2
-n (r12 + r2p + r°.)

v = N e pl x (spin function)
SpMp

(3.2.14)
This Gaussian wave function can be easily separated, in
terms of harmonic oscillator functions, into the relative
coordinates of neutrons 1 and 2, and the separation be-
tween the proton and the center of mass of 1 and 2

(particle x)(G165).
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_ 2 2 2
wsbmb(rax’ ga’ gx) - 600(3n ’ r12) eoo(“” 4 rax)
<s S' mm'|s m > xmb(g ) L
P p b"b 5 p ' '
P my m
<s! s!m! m} |[S'm'> ! (.) i (0,) (3.2.15)
1 °2 ™ M m Xsi 1 xsé 2 e

We restrict S' to be zero as was discussed in Chapter 2.

The relative orbital angular momentum of the two neu-

trons in the triton is also zero indicated by the first

factor of equation (3.2.15) and mehtioned in Chapter 2.
In order to evaluate‘h% the integral indicated in

equation (3.2.11) must be carried out. We note that

d; . This total integral

1 2
will involve the following integral.

-> > ->
Jd&a d€x implies Jdrl2 doa do

> > > > _
Jeoo”n » T1p) 6, (072, ryoddry, = 8,4 2 (a, n)

(3.2.16)

This definition of Qn is equivalent to the one of

(G165). Making the explicit substitution of

Glendenning
equations (3.2.12), (3.2.13) and (3.2.15) into equation
(3.2.11), the integral can be evaluated making use of
the orthonormality of the spin wave functions and the
completeness of the Clebsh-Gordan coefficients. We note

that the total projection (-M) of the coupled oscillatqr

wave functions can be assigned to GNA since A=0 only
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for Onk and thus OnA can carry no projection. Also
since A=0, then A must equal L. At the same time, we
factor the oscillator wave function into two parts.

-M -M A

o, (22, T ) =R (2arZy) ¥, (r ) (3.2.17)

Evaluating the integral of equation (3.2.11) we

get:

= - ?
m o8 Py YgLSJI <Jgd Mgl -Mg | J,M,> AL YBL<pr)

Lsy © ¢
-M A ’
LY (r,g) <LS, =M My-Mg+i|J M -M>
M L
<s. 0m. 0| > V(r..) 0n (42, 7 )
S 0my O lsymy> Vir,,) @gpldn=, ray) 859
(3.2.18)
A! =1 a¥ a¥ I <no, NL, L |u&_, ve,, L>
YGYBL HY Yo TYg N a B
Q (a, n) R (2ar2 ) (3.2.19)
n'? NL xB e

Using the symmetry prorerties of the Clebsh-Gordan
coefficients and some properties of the spherical har-
monics, equation (3.2.18) can be put into a form that
can be compared with equation (3.1.6). From this com-

parison, we can identify ALSJ fLSJ,M'
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A f = I b Al

)Y (r
LSJ "LSJ,M aB YGYBLSJ Y

(r
aYBL xB

V( or (4n2, 7
rax> 00 nos r'ax)

J.-J +s _=-s
5 (<1) A "B "a b (_l)L+S-J

S,0

1L <2sb+l ) 1/2 (2JA+1> 172
2S+1 2J +1

B

where M = MB - MA - ma + mb

(3.2.20)

The zero range approximation must now be made in

order to be able to apply a zero range distorted wave

computer code such as JULIE to this theory.

* 2 - >
V(r, , )0gg (4n7, v ) = Dy 6(r ) (3.2.21)

<>
In order to evaluate é(rax) and the Jacobian 9,

we write down the geometric relationships in analogy

with the results of reference Bab62.

3
b A 3
= = ¢ (3.2.22)
9 xC B b)
-+ ‘mB -+ -+
roy = -C gﬁx ryp - raA) | (3.2.23)
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The quantities denoted by h] represent the masses
of the respective particles. Equation (3.2.23) then can

->
be used to evaluate G(rax).

> 3 mB * +>
G(rax) =(1/c )G(ﬁ;; Top ~ raA)
IynB-b b d
=(1/9)6(q;;>rb8 - raA) (3.2.24)

-+ -+ -»>
When r,x 80es to zero then rx8=rbB. The form factor of
equation (3.2.20) with this zero range approximation can

then be written as follows:

J,-J,+s -s
+S=J B
L+S (-1) A a o L

Apss = Do 85,0 (-1) 1

2s +1\1/2 /27 +1\1/2

< i ) < A > (3.2.25)
2541 23 5+1
M* A
f = I b Al (r..) Y. (r..)
LsI,M = F Py vgLsd Ay v LtToB’ YL (Tos
m > >

The separation into ALSJ and fLSJ,M is an arbitrary
separation for convenlience. We now identify

I b A with the F mentioned at the end
a8 Ya¥s

]
LSJ Ty ¥, L LSJ
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of section 3.2 as the radial form factors which must be
read into the distorted wave code JULIE to calculate the
oLSJ(e) of equation (3.1.11). According to equation

(3.1.10), IALSJl2 is needed to evaluate the cross-section.

2 2sb+1 2JA+1

2 . -
IALSJ' = Dy 35371 27+ ° S=0 (3.2.27)

Since S=0, then J=L 1is the only allowed value.
Also for the case of (p,t) which we are considering,

satsb=1/2, and equation (3.1.10) becomes:

do 2

aﬁ(p,t) = Dy 0;4.,(8) (3.2.28)

According to reference Ba62, for the particular normali-

zation used in the code JULIE, equation (3.2.28) becomes:

do Dg
E( o) = 5517 oLOL(JULIE), [mb/st] (3.2.29)

3.3 The (p,t) Form Factor

The zero range form factor, FLSJ’ that must be
input into a distorted wave computer code such as JULIE

was calculated in section 3.2.

gy () = £ b _ o0 Al (r) (3.3.1)

aB Ya¥g YaYB
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Al (r) =t a¥ a¥ £ <n0, NL, L |uf_, vi,, L>
YaYBL TRV Ya Y8 nN @’ B2
|

2 _(a,n) Ry, (2ar?) (3.3.2)

For reasons that will become evident in section 3.4, we

introduce the following factor.

B B

2, s, Jg _ (3.3.3)
tg sg Jg| =

L S J

(
fa Sa Ja
X < 28 Sg JB >
L S J
)

The symbol { } is the Wigner 9-J symbol for re-

coupling four angular momenta(Brsz’ Sh63). We rewrite

equation (3.3.1).

F (r) = £ B A (r) (3.3.4)
LSJ aB YaYBJaJBJ yayBLSJ
B 7]
jz'on Sa Ja
AYGYBLSJ = 13 SB JB A;QYBL (3.3.5)
L S J
L 4




r -
-1
'QO. SO. JG.
B =D [ s J (3.3.6)
Yo¥pdodpgd Yo YRLSI B 8 ‘8
L S J
L _

These B's (or b's) contain spectroscopic informa-
tion (see section 3.4) and are often called parentage
factors. The A's contain the radial dependence and are
made up of the radial wave functlions of the center of
mass of the two neutrons welghted by the overlap of their
relative motion with the relative motion of the neutrons |
in the triton. It 1s these A's that are calculated by
the computer code TWOFRM written by Dr. W. J. Gerace at
Princeton Unlversity. The code uses eigenfunctions of a
real Woods-Saxon well with a spin-orbit term. The
triton size parameter n 1s fixed at 0.242f as suggested

by Glendenning(Glés).

3.4 The Two Neutron Parentage Factor

The parentage factors are needed to calculate the
total form factor. They enter as weighting factors in
a sum over all possible neutron configurations in the
target nucleus from which twec neutrons can be picked up
to reach a particular state in the final nucleus.

In section 3.2, the parentage factors were intro-
duced in the expansion of the overlap of the target and

residual nuclel.
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I b
af

vovglsd 7B 7 Mg MaMp | 3y Mp> °yayBLSJ(pr’5x)

* ->
= Jdi 7 (E5) W (Eq, T £.) (3.4.1)
B JBMB B JAMA B? "xB? °x
In order to solve this equation for the parentage factors,
we multiply both sides of the equation by (3.4.2).
*
, (MA-MB)
<Jp J' My M,-Mg |JA M,> ¢Y& Yé L'S'g" (3.4.2)
. .
Then we integrate over dpr dgx and finally sum over the
spin projections of the 1nitial and final nuclei.
b

* * >
= [V, (§5) ¢ (Eqs T )]
YQYBLSJ J JB B Yo Y LSJ°B xB’-J

8 A

(3.4.3)

WJA(EBpr, Ex)dEE dr o dE_

The square brackets denote vector coupling.

We can now interprete the b's as a meésure of how
much the final nucleus plus the two neutrons looks like
the target nucleus. The b's are then a measure of the
probabllity of picking two particular neutrons out of
the target and reaching a particular final state of the
residual nucleus. The "cross-section" for this component
of the reaction 1s thus proportional to the square of b.

In actuality there may be several possible neu-

trons which are available to be picked up in this one
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manner, so we must multiply the "cross-section" for this
part of the reaction by the number of ways that the neu-
trons can be picked up in this manner. If both neutrons
are picked up from a group of N identical neutrons (such
as from the same shell model orbit containing N neutrons),
then this factor is the comblnatorial factor denoted by
(§)° The general expression for a comblination factor is

given in equation (3.4.4).

(;) = TﬁéETTET (3.4.4)

If the two neutrons are picked up from different
groups (such as from different shell model orbits), then
this factor is Just 2N N where N;(NB) is the number of
neutrons in the a (B) group. The 2 comes from the possi-
bility that either neutron can come from either group and
yet the final configuration will be the same. More
formally it is an antisymmetrization factor. We denote

this statistical factor in general by gY Y,
a’'B

= N) o NON-1) = = =
gYaYB - (2) T2 5 Yq =Yg Ny = Ng =N
= 2N Ng 5 vy # Yg (3.4.5)

If the "cross-section" must be multiplied by g

then b must be multiplied by gl/z.
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b =g Vg0 Oy vgls Ipl ¥y > (3.4.6)

YaYBLSJ YGYB B A

We have essentially rewritten equation (3.4.3) in a

simplified notation and included the statistical factor.
] ?

We see that the bYaYBLSJ s are analogous to the ByLSJT S

of Glendenning(G165).

In order to proceed further with
the calculaﬁion of the parentage factors we must choose

a particular model with which to describe the wave func-
tions of equation (3.4.6). We choose a J-J coupled shell
model since it 1s quite often used and its concept is

fairly easy to grasp. Since ®YQYBLSJ is a L-S coupled

two particle wave function, we must transform it to j-J

coupling. We make use of the Wigner 9-J coeffi-
(Br62, Sh63)

clients
r— -
2’0. SG. Ja
) X L s, J ) (3.4.7)
YaYBLSJ JajB B B 8 YaYBJaJBJ
L S J
L J

The coefficients [ ] are related to the Wigner 9-J
coefficients as in equation (3.3.3) and are real. Apply-
ing this transformation and interpreting the sum over

Jc and JB as being included in the sum over a and B

of equation (3.4.1), we get the following:
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o 1/2 | ,
B =g <Y, 5, ¢ HED N I
YaYBJaJ BJ Yo¥g g YaYBJ od BJ AT T,

(3.4.8)

We haQe used the B's as defined in equation (3.3.6).

In order to calculate the parentage factors, we
must consider the particular shell model space used in
calculating IwA$ and |wB>. As an example we will consider
the case where the nucleons are limited to two shells
outside a closed core. This will allow the possibility
of plcking up the nucleons from either the same shell or
two different shells. Therefore, such an example will
cover the essentials of this type calculation since in a
direct reaction description of two nucleon pickup these
are the only two possibilities. So far we have avoided
the explicit introduction of isospin since we are pri-
marily concerned in this work with two'identical particles
which we know are neutrons. Often shell model wave func-
tions are calculated with isospin explicitly included
(see reference Gl6U4 for example), therefore we will now
introduce isospin.

In the example we have chosen to consider, the
wave function of the target nucleus can be written as

in equation (3.4.9).

N Npg Ta
lw > = I CA [ |Y Aa JAG TAG XAG>IYB JAB TAB XAB>] |core>
A ap oP a J,T)

(3.4.9)
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The first factor represents the two active shells, the
shells outside the closed core. Here Yy represents

the particular shell (such as 1d5/2, 281/2’ or ld3/2)

and N 1s the number of nucleons in that shell. There is,
of course, the restriction that NAa+NAB equals the number
of nucleons outside the core. J, T, and x represent
respectively the angular momentum, isospin and any other
quantum numbers which might be needed to make the descrip-
tion of the state unique. The core is assumed to have
zero angular momentum, isospin and iébspin projection,
are the quantum numbers of

and therefore JA’ T, and T

A A
the total nuclear state. The total wave function must
have definite isospin projection Ta but the individual
active shells do not. The square brackets denote vector
coupling, and 58 represents a sum over all different
possible configurations of the active nucleons in these
two shells with amplitude CQB. The final state can be
written 1n\the same way.

B NBa
|“"B> = ;g CaB [lYa JBa TBa xBa>
N B
BB
|y Joo Ton Xaa>J | core> (3.4.10)
B BB "BB “BB” “JgTy

For two nucleon pickup when the core is not effected, we

have the following obvious restriction.
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NAa + NAB = NBa + NBB + 2 (3.4.11)

In order to proceed further, we consider two possible

cases.

Case I N N = N + 2

ag = Npgs Npg = Npq

In thls case both particles came from the same
shell. In order to proceed we must decouple the
nucleons to be transferred from the target wave functions
by means of a fractional parentage expansion defined in

the following equation.

N-1

VW = Ty, yit[I I T x>

Jv%vx|<Y

N-1

[y J'T'x'>|yit>] (3.4.12)

JTx
The coefficients < |} > are called coefficients of frac-
tional parentage (c.f.p.). C.f.p.'s such as these are
described in reference Sh63 and others. We have chosen
an unconventional brief notation for the c.f.p.'s. Apply-
ing equation (3.4.12) twice to one typical term of equa-
tion (3.4.10) and dropping the core since we have assumed
it will overlap exactly with the core of the residual

nucleus, we get the following:
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N, -1

N
Aa Ao J. >

A
L <Y o Aa

aB J'T'X' a
J"T"X"

lWp>4p = C Iy v ity

A

b >3 BRI (3.4.14)
@ Jaq BB I,T,

In thls case all three brackets denote vector coupling
in the order indicated, and for ease of writing, we have
suppressed many of the essential quantum numbers. We
must now recquple these wave functions 1in such a way

that we can 1dentify the coupled palr to be transferred.

(Sh63)

Such a transformation will involve the Racah W-

functions, and can be written as follows in our notation.

1/2 1/2

[{|21>|£2>}L |£3>]L = I (2Ly,+1) (2L23+1)

12 Los

W(R 2,085 L

35 Lyplog)

[|£l>{|£2>|23>} ]

Loz L

(3.4.14)

Applying the recoupling transformation to both angular

momentum and isospin, equation (3.4.13) becomes:
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A
> =¢ 5 < >< > [(23'41)(2T" ' '+
Vs = Chp 3, < 1)< Do @3
J"T" ”
J"'T%"
(2T'+1) (27" ' 1+1) 1172 W(I"S T, 330000t
W(T"t T, toys T'T''") {[ly Jm>

AB
{y >1v. > e0edy vy Ia }
Qa a “J ' me a AB A A

(3.4.15)

We can simplify the above expression by defining
what might be called a two particle c.f.p. similar to the

definition of reference Sh63.

N-2 2 N _
<y I T1Xys ¥ J,Tol Yy JTx> =
z g, yat N g
J'Try’
N-2 N-1

<y JiT1X1s vit|ly J'T'x'>
[(2J'+l)(2J2+l)(2T'+1)(2T2+1)]1/2

W(J13J35 J'3,) W(T tTt; T'T,) (3.4.16)

We introduce this two particle c.f.p. into equation
(3.4.15).
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A

> = Z ouc
IwA aB CaB JrTry ' (3 17)
J"'T"l
N, =2 N
Aa wmy 2 Thramrns Aa
<Ya JETIX Ya J T '}Ya JAaTAaXAa>
T
N A
Npo=2 I">{ |y >|v.>} ] |y AB;
Clvg IR CERAS A8 Jg
Ao A"A

We now must recouple again to completely separate

out the coupled pair of nucleons. Another form of the

recoupling transformation 1is needed(Sh63) which written
in our notation is as follows:
[{]2.5]2.5)  [2.5] = 5 (2L..+1)Y/2(2L. . +1)1/2
1 2 I 3 L L 13 13

12 13

L.422 428 4L, +L, ,+L

177273712713 .
(-1) W(2,2.LA33 Lyy Ly3)

({]e,>]2 >} [2,>] (3.4.18)
1 3 L13 2 L

We apply this recoupling transformation to both angular

momentum and isospin in equation (3.4.17).
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pX <2 particle c.f.p.>
J "T"X"

J' | 'T' \J 'JiVTiv

lu’A>0LB = af

" iV
J +2(J"'+JAB)+JAQ+J +J

(-1) A
T"42 (T 14T, V4T, +TV4T
AB Aa A
(-1)
iv iv 1/2
[(27,,+1) (257 +1) (2T, +1)(2T" "+1)]
W(IT In g, 3,0 I3, 3Y)
A "AB’ TAa
' " R iv
W(T'*'' T Tp Tags Tag T 7)
z iv iv v
EIEE <T Tl T, T,
iv
N, = N T
Aa " AB
[{Iya J >|yB ‘ JAB>}Jiv
T
T Ta
{lv >y >} ] (3.4.19)
a Q J"' J T
A"A
Since 1sospin projection i1s important here (i.e.
(T"')z = 1'"''" = -1 for two protons, 1''' = 0 for a pro-
ton and a neutron, and t1''' = +1 fér two neutrons), we

have included 1t explicitly with the proper Clebsh-
Gordan coupling coefficient.
We now must write down an explicit form for the

other wave functions needed to evaluate the overlap and
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thus the parentage factor of equation (3.4.8). For the
case of both nucleons coming from the same shell we know
the overlap will vanish unless the two nucleons come from

the particular shell Yo

10 = vyt ITedate?) (3.4.20)
In equation (3.4.20) J, T and Tt are the transferred
quantum numbers in the pickup reaction. The only term
in the expansion of the final state wave function that
could possibly overlap with the particular part of the

target wave function which we have uncoupled can be

written as follows.

V> o = c® {| “ha Jny Too Xpa> (3.4.21)
¥y aB ~ “aB Yo Ba “Boa "Ba *e
N T
AR B
lvg™" Jpg Tpg XBB>}JBTB

We combine this with equation (3.4.20).

N, =2 N T
_ ~B Ao AB B
T TA
(v lyg>t 1 (3.4.22)

J7T JATA
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Again, we have suppressed some essential quantum numbers

in equation (3.4.22) for brevity.

The overlap described in equation (3.4.8) can now

be easily carried out for these two typical terms. The

complete result is given in equation (3.4.23).

B =
YGYBJaJBJT

c (3.4.23)

A B¥* (NAa(NAa'l)>l/2
afB CaB 2

NAa-z
<Ya JBa

2

T Ba? Yu

N
Aa
Bao X J T'}Ya JAa TAa an>

(_l)JBa+2(J+JBB)+JAQ+JB+JA

a+2(T+TBB)+TAa+T +T

T
(-1) B BA

w(JJaJJ J Jg)

Ba “A YB8? “Aa “B

W(T Tg, T, Tpgs Tpy Tp)

<P T 15 1| T, 1,> §(J

A Ta ag* Ipg) 8(Tpgs Tpg)

The total parentage factor will be the sum of terms like

equation (3.4,

23) for each component of lwA> that over-

laps with a component of |w8> plus two nucleons in the

same shell Ya’

Case II NAa=

Ba+l’ NAB=NBB+1
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In this case the two particles came from two
different shells. Again a c.f.p. expansion can be

applied to |¢,> , but this time Just once to each active
‘ A

shell.
N, -1
= Aa 1. N
lwA>0LB - CaB ' Z' Ya Ja" Yal}YaAa JAa>
J 'T o'x.!
a a Q
1 \j ]
Jg'Tg'Xg
N,,-1
AB ' N
<Yg Jg's YBI} YghB J,g>
NAa-l
[{lvy Ja'>lva>}J
Aa
N, -1 '
{IYBAB J6'>|YQ>} ] (3.4.24)
Ing Ia

Some essential quantum numbers have been suppressed for
brevity. |

We now must reorder the coupling in order to
identify the coupled pair to be transferred. This can
be done by using the Wigner-9J coefficients. The form
of the recoupling transformation has already been written

down in equation (3.4.7).
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P ——
1] "
Ja JB' J
! > = z < >< > LU
a o o
\] ] 1
Jg'Tg'Xg Taa Jag Ja
J'T'JI'VT"Q L _
— -
"
Ta' TB' T
RN <T"TrrriMott >
ty tg T r"f"' T "1t |TATA
Taa Tag Ta
- -
N, =1 N,.-1 ™
Aa AB
J '> J, ">
[{lYG Q IYB 8 }J"T"
-r"' TA
{ly.>]v,>} (3.4.25)
a 6 J"'T"l J T

A”A

As in case I, we have included the 1sospin Clebsh-Gordan

coefficient to take care of the necessary specific iso-

spin projection.

Now we write down the explicit form of the other

wave functions needed to evaluate the overlap and thus

the parentage factor of equation (3.4.8).

T
|d>>GB = {lyajata>lyej8t8>}JT (3.4.26)
N -1 N -1 T
_ ~B Aa AB B
|¥g>qg = Cop 11Yq IBa TBa XBo”lYg Ipg Tmg xse’} T
s B B

(3.4.27)
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N, -1 N,,-1
. - B Aa AB
le’ s JA>a8 CaB [{IYG JBa>IYB
T T
\ {]ya>|yB>} ] A
J J,T
T A"A
The overlap can now easily be perfofmed.
1/2 A B
B = (2N, N,,) C C <T_T ToT
YuYBJaJBJT Aa AB aB “a B B
N, =1 N
Aa
<Ya JBa TBa xBa’ Yajatal}ya JAa TAa
N,,-1 N
AB AB
<Yg Jps Teg Xpgs Yelgtsl}¥e  Jag Tas
o -—qr —
J8a B8 IB|| TBa TBB IB
Ju JB J ta tB T
Ipa Jag Ja|| Taa Tag .Tfj

Jg

T

JpTB

8>}

(3.4.28)

| Tpty>

an>

XAB>

(3.4.29)

The total parentage factor wlll be a sum of terms 1like

equation (3.4.29) for each component of IwA> which over-

laps with a component IwB> plus one nucleon in shell Yo

and one in

Yg

We note that for the (p,t) reaction,

when the transferred particles are neutrons, t=+l1, and

T'll

Some of the parentage factors can be expressed in

simple closed form. 1In particular, for some cases where

isospin 1is not explicitly included in the wave functions
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and seniority (v) 1is the only other quantum number
necessary to describe completely the nuclear states in-

volved, Glendenning(Gl65)

has given explicit expressions
for the two particle c.f.p.'s.

When isospin 1is not included, and two identical
particles are taken froh the same shell, and there is
only one active shell so that JBa’JB’ JAa-JA and the B8
components are included in the closed core, case I re-

duces to the following:

1/2
N, (N, =1)
A _B* ( Aa'Naa )
B = C C (3.4.30)
YaYBJaJBJ a a 2
N, -2 N
Aa 2 Aa
Yo Jg Vps Yq Ty Jp vy

For the situation where N is even, JA=0, and vA=0 and

(0165)'

Ao
therefore JB=J, this ¢.f.p. has the following value

}/2 for v=2
’ J#0

<YN'2 J v, 72 JI}YN 00> = (

2(N=2) 2J+1 )
(N=-1) (23-1)(23+1)

‘1/2

- 3 +3-N . = =
= (TN:%TTﬁj:TT)’ for v=0, J=0

(3.4.31)

Since 1isospin is not included in this case, N is the
number of particles in the active shell of the same type
as those that are being transferred. For this simple case

the parentage factor becomes:
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A
B =C C
YaYodad o0 ¢ a

B* (NAa(2Ja+3°NAa))1{2
—§12Ja+1) s v=0, J=0

_ A .B* (NAa(NAa°2)(2J+1)>1{2 I
BYGYGJGJGJ - Ca Ca (QJQ_I)(2JQ+17* 3y v=2, J¥0

(3.4.32)

When 1sospin 1s not 1nc1uded, and the two particles

are taken from different shells, case II reduces to the

following:
1/2 A .B* :
B = (2N, N,.) c’, C (3.4.33)
YoYgdadp? Aa"AB af “aB
N, -1 N
Aa Aa
<Yu JBa VBa’ Ya JaI}Ya JAa vAa>
N,,-1 N
AB AB
<Yg Jpg Vegs Yg JpllYg Jag Vag?
Jga g B
Jo Jg J
JAa JAB JA
L -

In the case of an even-even target with each shell

coupled to zero angular momentum and seniority zero

(N,. and NAB even, J,=0, J, =0, JAB-O, vAa-o, vAsso) then

Aa
= = L]
JB-J, JBa Ja and JBB JB' The necessary c.f.p.'s are then

tr1v1a1(8h63).
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gy, vy 1N 00> =6, (3.4.34)

The parentage factor for this simple case can then be

written as follows:

*
B = (2x 12 kel (3.4.35)

N
YoYgdadg! Aa AB)

Jo Jg T|6(vgesl) 8(vgg,1)

This particular Wigner 9-J coefficient can be evaluated

using relationships from reference Bré62.

1/2
A p* <2NAaNAB(2J+1) )

B = Cug  Cas (25 F1)(2] 1)

YaYBJaJBJ aB

6(VBa,l) G(VBB’I) (3-”-36)

We emphasize again that parentage factors for con-
figuration mixed wave functions consisting of combinations
of the above type configurations must be summed over all
combinations of components of IwA> and ( IwB>+2 nucleons )
which overlap. The relative phase of the components

(1.e. the phases of the Ca 's ) of the wave functions

8
contributing are important since they add coherently in
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calculating the B's and the P's add coherently in cal-
“culating the sum of equation (3.3.4) to form the total

form factor.



CHAPTER 4

THE EXPERIMENT

4,1 The Proton Beam

The Michigan State University Sector Focused
Cyclotron was used to provide a beam of protons of
energy 40 MeV to 45 MeV. The beam was energy analyzed
and spatially defined by two H5°’bending magnets and
three pairs of slits. The beam resolution was ~40 keV,
as calculated from the measured magnetic filelds and slit
apertures. The detalls of this transport system have
been discussed in reference Ma67.

After analysis, the beam was bent -through ?2 1/2°
and sent through a shielding wall to an experimental
vault and a 36" scattering chamber. Quadrupole focusing
magnets were used at approprilate locations along the
evacuated beam line. The magnetic flelds of the analyzing
magnets were measured by N.M.R. probes and from these
measurements the proton energy was calculated. The magni-
tudes of the quadrupole fields were also calculated for
the particular beam energy used. Fine adjustments in
some of the quadrupoles were made by visual observation

of the beam spot on plastic scintilators in the beam line.
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Particular attention was paid to the beam spot at the

target position in the scattering chamber.

4.2 The Faraday Cup and
Charge Collection

The beam exiting from the back of the scattering
chamber was stopped and collected in an aluminum Faraday
cup. The beam current was monitored, and the total
charge collected was measured with an ELCOR model A310B
current indicator and integrator.

The beam current was varied depending upon the
particular scattering angle. At forward angles the
elastic proton counting rate and the counting rate
capability of the electronics limited the usable beam
current to as little as 5 n.A. in some cases. At back-
ward angles the beam current was generaily limited by
the cyclotron to about 500 n.A. The normal range of the

beam current was 50 n.A. to 250 n.A.

4,3 The Scattering Chamber

A 36" diameter evacuated scattering chamber was
used. The target post at the center was capable of
.supporting either a ladder for solid foll targets or a
gas cell target. The detector telescope was mounted on
a remotely movable arm and, in the case of foll targets,
a monitor counter was mounted on a relocatable stationary

arm. The position of the movable arm had a remote read
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out which was accurate and reproducible to about 0.15°.
A viewing port in the side of the chamber allowed visual
inspection of the beam spot on the plastic scintilator
at the position of the target by means of a closed cir-

cult television system.

4.4 Targets
The 20Ne target was a 3" diameter gas cell with

1/72 mil Kapton* windows. The gas was natural neon which
is about 90.9% 20Ne. The gas pressure was maintained at
about 28 cm. of Hg and was monitored throughout the runs
with a mercury manometer.

24

The Mg target was a self supporting foil of

magnesium metal enriched to 93.96% 2“Mg. This foll was
obtained from Union Carbide at the Oak Ridge National
Laboratory. It was reported to be 566 ug/cm2 thick, and
thls thickness was used 1n normallzing the cross-sections

obtained. For this purpose the thickness was assumed to

be accurate to *5%.

2851 target was a self supporting foil of

28

The
natural silicon metal (92.21% S1). This foil was also
obtalned from Union Carbide. Its thickness was deter-
mined by measuring the energy loss of alpha particles
from a natural source when they passed through the foill.

The results were compared with range'tables(Wi66) to

]
E. I. DuPont de Nemours, Wilmington, Del.
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determine the thickness. The thickness was found to be
687 ug/cm2 and an accuracy of *5% was aésumed for normali-
zation purposes.

The 328 target was a 5" diameter gas cell with
1/2 mil Kapton windows. The gas was natural HZS
(~95.0% 328) at a pressure of about 21 cm. of Hg. The
pressure was monitored throughout the runs with a mercury
manometer.

Two different 36Ar targets were used. Both were
3" gas cells filled with argon gas enriched to >99%
36pn. The first cell was a sealed cell, with 1/2 mil
Havar windows and a pressure of 45.1:21.0 cm. of Hg,
built by R. L. Kozub(X9®7)  Tne thick windows (10 mg/cm?)
caused some problems in triton resolution. The second
cell had 1/2 mil Kapton windows (~1.7 mg/cmz) and a
pressure of 26 cm. of Hg. Better resolution was obtained
with this target and so it was used for energy calibra-
tion purposes. It also served as a check on the actual
gas pressure of the sealed cell which was over a year old.

The uOCa target was a self supporting foil of
natural calcium (96.97% uOCa). This foill was prepared by
evaporating in vacuum calcium metal onto a tantalum
backing. Upon cooling, the calcium foll was easily re-
moved. The thickness was measured with alpha particles

in the same way as described for the 2881 target. 1Its

2

thickness was found to be 863 ug/cm and an error of 4%
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was assumed for normalization purposes. A thinner target
(~690 ug/cmz) was used for some runs, but all the data

was normalized to the first target.

4.5 The Detector Telescope

The detector telescope was made up of two silicon
surface barrier transmission mounted ORTEC counters. The
first counter was relatively thin and will be designated
the AE counter. The second was thicker and will be called
the E counter. The particular counters used depended on

36Ar, 2“Mg, and 28

the specific experiment. In the Si
experiments, both triton and the helium-3 data was taken;
In order to allow the 3He's to reach the E counter the

AE counter was chosenlto be 160 microns thick and was
kept at a blas of 50 to 75 volts. The E counter was

2000 microns thick and was at 475 volts blas. 1In the
2°Ne experiment, both deuteron and triton data was taken;
In order to stop the deuterons the‘E counter was made up
of two 2000 micron counters at 475 volts bias. The AE
counter was 260 microns thick and at 100 volts bias. 1In

uOCa experiments, only triton data was taken.

the 328 and
The AE counter was 260 microns thick at 100 to 125 volts
and the E counter was 1000 microns thick at 275 to 475
volts bias.

The experiments involving foll targets required only

one collimator in front of the detectors. These
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collimators were made of 50 to 90 mil tantalum located
at 8 to 11 inches from the target. Both round apertures
of 160 mil diameter and oval apertures of 75x170 mils,
100x210 mils, and 125x210 mils were used. The oval
collimators were smaller in the horizontal direction in
order to minimize kinematic broadening and yet 1increase
the effective solid angle.

‘ When gas cell targets were used, two collimators
werevneeded to define the volume of gas that is to be
considered the target. Brass plates on the sides of the
telescope were also needed to prevent particles scatter-
ing from the cell windows and other reglions of the gas
from entering to detector system. The front collimator
nearest the gas cell was a tall brass slit with a full
width of about 125 mils. The back collimators were the
same ones previously 'mentioned for foll targets and were
located from 9 to 12 1/2 inches from the center of the
cell. The front collimator was from 5 to 8 1/2 inches
ahead of the back collimator. |

The monitor counter which was used with foll tar-
gets consisted of a Nal crystal and a photomultiplier
tube. It was held as a fixed angle and a single channel
analyzer (SCA) was set with its window about the elas-
tically scattered proton peak. In this way the output of
the SCA was proportional to the product of the beam current

and the effective target thickness. This output was scaled
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and used to calculate the relative cross-section for

solid foil targets as will be described later.

4,6 Dead Time Corrections

The dead time of the pulse analyzing system was
taken account of in two different ways. When a monitor
counter was used, the output of the SCA was scaled and
aléo fed into channel zero of the pulse helght analyzer.
The ratio of these twé numbers then gave a measure of
the fraction of counts lost.

In the case where a monitor was not used, the
signal from the beam current monitoring meter was sent
to a voltage to frequency convertor which gave out pulses
at a rate proportional to beam intensity. These pulses
were then scaled and sent to channel zero of the analyzer.
In the same way as with the monitor counter, a measure of
lost counts was obtained. Thils 1s not as good a method
as a monitor counter since the beam current meter cannot
follow microscopic time structure in the beam intensity,
but if dead times were kept small, the method was ade-
quéte.

4,7 Electronics and Particle
Identification

Bombarding a target with 40 MeV protons produces
a large number of nuclear reactions. Because of this,

some method must be used to identify the particular
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products of the reaction of interest, in this case
tritons. The method chosen for these experiments de-
pends on the difference in energy lost in the AE counter
for particles of different mass and charge but the same
kinetic energy.

36 24 28

The experiment with the Ar, Mg and Si targets

employed the ORTEC model 423 particle identifier which is
based on the technique develcped by Goulding gg_gl.(G°6u).
The total energy spectrum, gated by the particle identi-
fier output, was analyzed and stored in a NUCLEAR DATA

160 pulse height analyzer. Figure 1 shows a block dia-
gram of the electronics involved. Figure 2 shows a

sample spectrum from the particle identifier.

2C uoCa targets used a

The experiments with Ne and
different method of particle identification also based

on the differential energy lcss. The signals from the

AE and E counters were summed (called the I signal) at

the detector telescope and all three puls=s (AE, E and I)
were passed through charge sensitive preamplifiers and
sSent to the data acquisition area. Figure 3 shows this
summing circuit. Using an electronic setup similar to
the previous method, a slow coincidencé was required be-
tween the AE and E signals. This colnclidence was used

to gate the AE and I signals. These two signals then
went to a NORTHERN SCIENTIFIC dual 4096 analogy to digital

converter (ADC). An S.D.S. Sfigma-7 on-line computer and
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the data acquisition computer code TOOTSIE(Ba69) were
used to analyze the digital signals from the ADC.
TOOTSIE displays, on a cathode ray screen, AE versus I.
Due to the difference in energy loss (AE signal) of
particles of different charge and mass for the same
energy (L signal), the different particles fall into
bands on the two dimensional plot. Figure U4 shows such
a two dimensional plot. This particular spectrum was
not taken during the present experiments. The code then
allows gate lines to be introduced in the form df poly-
nomial fits to designated points. These gate lines are
then used to route the I signal to any of four 2048

channel spectrum.

In the case of the 323 experiment, two detector
telescopes, placed 10° apart on the scattering chamber
arm, were used. The particle identification system
using the on line computer was used. After the coineci-
dence and linear gates the AE and I signals from the two
telescopes were mixed and sent to the ADC, along with a
routing signal taken from the coincidence modules.

4,8 Triton Energy Spectra and
Energy Resolution

In the earlier experiments (Ar, Mg, Si), the
€lectronic limitation on the resolution was measured by
introducing a pulser signal, through a 1 or 2 pf. capaci-

tor, into the preamps. It was found to be equivalent to



Figure 4.--Two dimensional TOOTSIE display.
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45 to 65 keV full width at half maximum (FWHM). 1In the
later experiments when the total energy signal (I) was
taken from the summing circuit at the detector telescope,
electronic contributions were reduced to 30 to 40 keV
FWHM.

The over all experimental resolution varied with
the particular target, counters, and electronic con-
20 a 3%s cases the resolution
was about 90 keV FWHM. The 2“Mg experiment had about

120 keV. The 28

figuration. For the Ne an
S1 case was about 140 keV. The 3°Ar
gas cell with the thick Havar windows gave 155 keV,

while the cell with Kapton windows gave 100 keV. The
uoCa experiment had about 60 keV overall resolution.

Figures 5, 6 and 7 show sample triton energy spectra for

each target.
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CHAPTER 5

DATA REDUCTION

The one dimensional triton spectra stored in the
ND-160 were dumped directly into the Sigma-7 and punched
on cards in the form of binary coded compressed data
decks. The data acquisition task TOOTSIE punched out
such data decks directly. The spectra were also plotﬁed
by the Sigma-7 in the form of semi-log histogram plots.
Listings of the data were also obtained. From the plots
and listings, the first and last channels of each peak
along with the associated backgrounds were picked out by
visual inspection. This information was put on punched
cards and a simple Fortran computer code used these along
with the data decks to calculate areas of peaks, statis-
tical errors and centroids. The statistical error was
taken to be simply [(N+B)+B]1/2/N where N 1s the net
counts in the peak after the substaction of B background
counts. The centroid was calculated using only the top
two-thirds of the peak for peaks over 25 counts high to
eliminate contributions from tails due to straggling in
the target and other effects. In the case of smaller

pe aks, statistics did not seem to warrant this approach

59
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and the total peak was used to calculate the centroid.
The results were output on punched cards.

These cards, along with data on the proton energy,
scattering angles, and particle masses went 1into a
second simply Fortran computer code which used peaks
designated as being known to set up an.energy calibra-
tion curve. The calibration peaks were usually taken
to be tritons from the (p,t) ground state transitions to
loC, 12N, and lL‘O as well as the first excited state of

10 (Pa69). If the ground state Q-value

C at 3.3527 MeV
of the reaction being studied was well known, these
triton peaks were also used as calibration points. The
C, N and O peaks came either from impurities in the tar-
get, or from a different target such as Mylar, air or
carbon dioxide of a thickness comparable to the target
belng studied. The calibration curves and kinematics
were used to calculate the excitation energies for the
peaks corresponding to the states in the final nucleus.
The same peak cards along with geometry and target
data and data concerning individual runs such as inte-
&rated beam current, target angle, monitor counts and
detector telescope angle were entered into another
Fortran computer code. Thils code calculated the center

of mass scattering angles and differential cross-sections.

The formula used in calculating the cross-section for
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the foil targets is given in equation (5.1), equation

(5.2) gives the formula used with gas targets.

N f sin 6, M
g_gw) =% DT g (2.66015 x 10‘16) (mb/st]
C pdx (A/R7)
(5.1)
N f sin 6 T
g—%(@) =<a DT (1.65894 x 10-12) [mb/st]
CnpPaG
(5.2)

In the above formula,<ﬂ 1s the Jacobian of the transfor-
mation to center of mass coordinates, N 1s the number of

counts 1n the peak, f is the dead time correction factor,

DT

& 1s the scattering angle, 6,_ 1s the target angle, M is

t
the atomic mass of the target material in A.M.U., T is
the gas temperature in °K, C is the integrated beam
current in Coulombs, pdx is the target thickness in
g/cm2, (A/Rz) is the detector solid angle, n is the
number of target nucleons per molecule of gas, P 1s the
gas pressure in cm. of Hg, and G 1s the G-factor in cm.
The G-factor is that defined and discussed in detail by

(5159) ' 1¢ 1s expressed as a sum of a series

Silverstein
of terms. Only the first two, which do not depend on
the shape of the angular distribution, were needed for

the present data.
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When a monitor counter was used, the relative
cross-section was calculated by the expression given in

equation (5.3).

QulQ,
Qla

9) = N f.../(Monitor Counts) (5.3)
. DT
rel.
An average normalizatlion factor was then calculated by
comparison with the results of equation (5.1).
The resulting angular distribution and excitation
energles of the states observed are given in the

Appendices.



CHAFTER 6

EXPERIMENTAL RESULTS

6.1 The Ground State Transitions

The targets studied in these experiments were all
even-even N=Z nucleil with J"=O~+ ground states. The
residual nuclei following the (p,t) reaction are then
also even-even nuclei, and therefore, according to the

(Ro6T) | have s"=0*

independent particle shell model
ground states also. From the selection rule of equation
(2.2), the angular momentum transfer, J must be zero.
Applying the approximate selection rule of equation (2.6)
the orbital angular momentum transfer L must also be
Zzero. Therefore, all the ground state transitions should
show L=0 character. Inspection of the data shows that
all six angular distributions are indeed similar (see
Chapter 7). In Chapter 7 it will be shown that the
general properties of the L=0 transitions are predicted
by distorted wave calculations.

Directly from the experimental data several char-
acteristics of the L=0 shape for the targets studied can
be noted. This is a definite maximum in the range of
23 1/2° to 27 1/2°. This 1is truly the second maximum

S1Ince the distorted wave calculations of Chapter 7
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indicates a maximum at 0°. There is another definite
maximum in the range of 47 1/2° to 59 1/2°. Another

maximum is also indicated further back at 75° to 95°

but the data do not cover this maximum in detaill.

6.2 The Transition to the First
Excited States

The angular distributions for the transitions to
the first excited states in all six nuclel are similar.
The distorted wave calculations of Chapter 7 show that
this shape corresponds to L=2, and application of the
selection rule of equations (2.8) and (2.9) indicates
a spin-partiy assignment of 2+ for all the first excited
states. The lowest excited state belng a 2+ for even-
even nuclel 1is typical for even-even nuclei in this
mass region.

Experimentally the L=2 angular distributions have
the following properties. They exhlbit a peak or
plateau (washed out peak) in the region between 30° and

45°, and a peak at 65° to 75°.

6.3 Other Transitions

The predominant dependence of the angular distri-
butions on L and the restrictive'selection rules for
(p,t) outlined in Chapter 2 allow spin-parity assign-
ments to be made for some other excited states of the

residual nuclei. This dependence will be investigated
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further in Chapter 7. Such assignments can be based
on comparison with either the experimental L=0 and L=2
shapes, or the distorted wave predictions.

The residual nuclel studied in these experiments
can in general only be studied by two nucleon transfer
reactions since they are all two nucleons away from
stability. Untill recently these nuclel have not been
studied much at all. Except for the case of a few low
lying levels in some of the nucleil, the only previous
experiménfs studylng these nuclel have employed the
(3He,n) and the (3He,ny) reactions. The Q-values for
these reactions are on the ordef of -1 MeV as opposed to
the ~-20 MeV for the (p,t) reactions. This small Q-
value makes the (3He,n) reaction possible with lower
energy accelerator, but high resolution in work involv-
ing neutron detection is difficult.

Tables 1 through 6 show the enérgy levels seen 1n
this experiment as\well as the J" assignments for levels
where the experimental angular distributlons were clear
enough to indicate the L-transfer. The distorted wave
calculations for reactions leading to these states, and
the basis for the J" assignments will be discussed in
Chapter 7. Also shown are the levels seen by other
Workers and their J" assignments. Values 1in parentheses
represent tentative assignments, double parentheses

Ind1cate that the assignment 1is extremely tentative. 1In
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TABLE 1.--Energy levels of lle.
(this work) (other works)
. *

. . Referencec
Energy g7 Eneryy 7T
(MeV) (MeV) “

M.E.= (Mabs)

5.3193

+.0047
0.0 ot 0.0 of (Fac)t(o1e8) (ones) (To6k)

(¥irto)  (Gabl)

1.004 oF 1.8872 2* (Paéﬁ)t(oibﬁ)V(ChLb) (Told)
+.010 +,0002 {(Rr6()

Jm

3.3%¢6 ((07))  (Cned)

£.002
3.350  (uh)  3.3760 T (showa) (Fae®)®(11eD), (i)
+.014 +.0004 (Tol)
3.5703 (0) (51ee)
+.0020C
3.614  oF 3,010 2* (chCua) (Far) ' (niie),
+.013 £, 0000 (ZnC8) (el
b7 17 TR (Fac?) " (Tors) (Lil7)
+.017 £.01¢
5.150
t.014
6.320
+.018
1957
£.025
0,215
+.020

*
See text for explanation of notation.
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TABLE 2.--Energy levels of ““Mg.

(this work)

Energy 1T
(MeV) ¢

(other works)

Energy
(MeV)

JTT

*
References

M.E.=
-0.4123
+.0097

1+
o
o
o

1+
fe)
n
-

I+
o
158}
-3

I+
o
w
Lo

+
.
(@}

w

<

o
-3
w
(097

I+
<
wJ

I+
o
[N}
-~

1+

.033

6.645

i+

.ouy
6.836

1+

.ouY

7.252
.oly

+

7.961

-+

.049

M.E.=

-0.380

.050

t NS
.

(Ceb66)

0 (Enu7)

(Cetbb)

) (ehoéc)

(27,37) (Zhed)

At L=+ .
(27,37,47) (3nte)

(&7, 3,047 )  (Shieey

(o7 (lre2)

t

t

EJw

(81168)Jﬂ(0a(y7)t(Ul(;’/)E(Be66)

) (Sn68) (GalT) [ (1eCl) (Cel6)

r5a67)t

t

* .
See text for explanation of notation.
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levels of

S1.

(this werk)

(other works)

[
Peferences

Energy g7 Energy g7
(MeV) (MeV
MK, = (n67)
Ca7.141
+,.011
0.0 ot 0.0 ot (AEY) (Hart) (raf?)y (1e67)
(10 7) (ebb) (AJG0)
1.795 -t 1.77 ot (ifac) (Fo68),  (LanT) S (MILT)
+,011 +,01 (AJLC)
2,790 <ty 0.8 ot (Lats) (Rob®), (lac?)y (1e€7)
+,010 +,01 (111e7) (Metb) (RJE0)
2.330 3.30 ) Giuuo) (Foet),  (Fee?) (Hedi)
+,010 LIV
3,770 (Badz) (Cee7?).
LN
STA ‘:+) \..Lli“)t
s (touz) . {ee 7))
sLoohn
o1ER “h TR ) Claee) {horo ) (e
+.011 [ IR
b, hnt (g+‘,+ Goary A+) Chiao o) (D7),

+,0l5

e
.
—

L

.
[«

~

I

6.351
+,020
6.786
+,029
7.150
+,015

T.470
+,020

7.695
+,031

7.902
+.021

[}
See text for explanation of notation.
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or 39,
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(this woerk)

(other works)

Feferencec®

Energy Jﬂ Energy g7
(MeV) (MeV)
MK, = M.E.= (En€7)
-1h4.081 -14.0063
*,010 +,011
2.0 ¢t 0.0 ot (Rac®) (maéd) (Snor) (o)
(Fel7) (17167) (Fce6h)
2,23 ot 2.210 oY (Baoe) (ShQS)F(P367)Eﬂ(Hg67)
£.018 £,018 (Mi07) (Mety)
3.438 ot 3.012 2% (Hat8) (Sno) (ratT)y (UedT)
£,014 £.025
3.707 (o)) 3.072 (Lace) (Chie)(Mee?)
£.025 ‘ £.023
i, 38¢ (Srus)
+.031
4 F,L'] R
+,020
bo72s (vheo)
+,020
5.207 HL03 (S
+.000 CLoenr
5.300
+.025
(5.381) (Zh6E)
+.019)
5.420
+.,025
*

See text for explanation cf notation.
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(this work) (other works)
. . References
Fnergy 1 Energy g"
(MeV) ¢ (MeV)
5.480 (Sh68)
+.015
5.548 (Sh68)
+,024
(5.C57) (Sh68)
+,028
5.82% (Shouo)
., 014
5.897
+.027
(.04 {ch(d)
+,012
(6.10%9) L.on5 (5h67)
(+.070) £,01u
(6.223) L.233 (2h(8)
(+.320) t.010
v h15
+.0h0
6,651
£.,0h0
7.185
+.03
7.570
+,046
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TABLE 5.--Energy levels of 3“Ar.

(this work) {cther works)
*
Energy J" neryy J" References
(MeV) (MeV)
M.E.= Mok, = (Ent7)
-18.370 -138.394
+,011 +.013
+ 4+ csen e o ceg oy far

0.0 0 0.0 Q (Hacc) (lic€7) (7307) (ML6L)
2,094 ot 2.05° (Ha68) (ew7) (H1u7),
£,011 +,035
3,088 ot 3.30 (Hab8) . (1e67)
+,014 .03
3,879 ot 3,90 (Bal o)
+.015% * 03
4,0%0 4,0% (Hatt)
£.014 +.G

h,15 (lalco)

.07
h,5220
+,014
b 6n1
+, 024
L, e
s 01k
h,avs
£,014
£.307
+.,013
5.904
+£.012
C.OTh
+.,011
6.525
+,000
6. 704
+,011
7.322
+.006
7.499
+.004
7.925
+,005

[ ]
See text for explanation of notation.
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TABLE 6.--Energy levels of 38Ca.

(this work) (other works)

*
knergy JW Energy Jn References
(MeV) (MeV)

M.E.= M.E.= (Sh69b)
-22.081 -22.007
+.011 +,021
M.E.= (pa67)"®
-22.078
£.040
M.E.=
-22.050 (La66)"
+,025
0.0 o* 0.0 o* (Sh60L) (Da67)® (Hab6) %,
2.206 ot 2.20 ot (Shigb) (Ha68)E  (rae7)®
£.005 £.03
. + .
3.00 0 (Shéot)
£.05
3,00 2t (Sh6ab)
+.03
[ h) - T A t e t
3.005 3.72 3 (Labt7) " (Hadt),
£.005 £.03
4,101
£.005
b, 381 (o) b, 301 o* (ShCiL) (Dab7)y .
£,005 +.0l0
4,743
+,005
. 899 2%y I, 856 ot (Sh63b) (Dab7)y . (1ia66)"
£.005 £,040
5.159
£.007
[ D 3 t
5.219 (Dab7)
+,0h0

*
Cee text for explanation of notation.
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(this work) (other works)

. References#*
. Energy g Energy g

(MeV) (MeV)

5.264
+,005

427
.006

I+ U

.598
+,007

.698
.010

un

+ U

.810
.005

I+ WU

(oa)

.136
.006

1+

6.280 (0°)
.008

1+

+ O
o WU,
O O
~N

1+
(@]
—
(@)
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order to limit these tables to a convenient size, only
the more recent references are given. The excitation
energy listed 1is usually taken from the reference with
the smallest quoted error. Correspondence with levels
seen in the present work is made whenever possible. This
correspondence, of course, may not always be correct.
All references are to (3He,n) or (3He,nY) work unless
followed by a t, in which case the (p,t) reaction was
used. The subscripts J, m, or E indicate that the spin,
parity, or energy assignment was taken from that refer-
ence if it is not the only one. The mass excess (M.E.)
quoted are sometimes averages of several experiments

(Mab65)

taken from the compilations of Mattauch et al. and

Endt and Van der Leun(En67).

A consolidation of the results of the present ex-
periments and the results of other workers are given 1in
Figures 8 through 13. These level diagrams are not
necessarily complete since there is some ambliguity as to
which states seen by different experimenters are the
same. These diagrams do give a general idea of the ex-
tent to which the level structures of these six nucleil
are known. Also given in these figures are the low

18

lying levels of the mirror nuclei; The levels of 0

(Le67)

are taken from F. D. Lee, et al. and the references

therein. The levels of 22Ne are taken from references

La62, AJ59, Pe6l, and Bu67. The levels of 2°Mg, 30si,
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S, and Ar are taken from the compilation of P. M.

Endt and C. Van der Leun(En67).



CHAPTER 7

DISTORTED WAVE CALCULATIONS

7.1 The Optical Model

The Distorted Wave Method of calculating direct
reactions uses an optical model to describe the elastic
scattering in the entrance and exit channels. The
optical model takes the form of a potential which, when
put into the Schroedinger Equation, produces the dis-
torted waves (wave functions) which represent the
scattering. The form of the particular optical model
potential that was used 1n the code JULIE 1is given 1in

equation (7.1.1).

1 d 1
U(r) =V (r) =V - (W_ -4w )
oM c o 1 4+ ex (o} D dx' 1+ ex'
A |2 1 d 1 >
+ (a_é.) VS F&'F (___.".) 20 (7.1_1)

The first term 1s the Coulomb potential of a uniformly

173

c . The parameter x,

charged sphere of radius Rc=ro

x' and x" in the rest of the terms have the form

1/3)/a.

-+ -+
x=(r-roA For spin 1/2 particles o = 2s,

82
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A search of recent literature was made to obtain
optical model parameters for protons and tritons in the
appropriate energy range. This corresponds to about
40 MeV for the protons and 20 MeV for the tritons. There
is, of course, no elastic scattering data for tritons on
the nuclel which are the final state of the (p,t) reac-
tions studied since they are all unstable. Also there
is in general little triton elastic scattering at all.

It was therefore decided to consider the possibility of
using 3He parameters.

Since elastic scattering data were not available
for the precise nuclel and energies studied in this
experiment, it was decided that it would be best to use
optical model parameters which were consistent and
relatively constant over the range of nuclear masses
studied. Several sets of recent parameters were found,
and the ones considered here are listed in Table 7. The
geometries are average geometries over a range of A. The
potentlal depths are essentlally averages over the range
of A pertinent to this work, the exact determinations of
which will be discussed later in this section. Variation
of potential depths with A given in the literature was
small and not smooth as a function of A, and therefore
no variation was used. When considering triton and 3He
optical parameters, it 1s found that ambiguities

t(Ka68a, F169)

exis . For example the elastic data can be
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fit for any reasonable value of ry by proper choice of
VO and other parameters. A study of the literature indi-
cates that reactlon data 1is usually best fit with
parameters where r, is in the range of 1.15 f to 1.25 f
and'Vo is in the corresponding range of 170 MeV to

150 MeV(Fl69). The cholce of optical parameters to be
considered for this work was therefore limited to this
range.

In order to determine which set of parameters to
use, distorted wave calculations were made for the six
L=0 ground state to ground state transitions. The form
factor used was based on the pickup of a pair of neu-
trons from the last shell in the simplest J-J coupled
shell model configuration. For example for

2 t)18

ONe(p, Ne(G.S.), the pickup of two d5/2 neutrons

coupled to zero angular momentum was assumed, for
uoCa(p,t)38Ca(G.S.) two d3/2 neutrons were used, and so
on. These should be the dominant terms derived from a
more extensive shell model wave function of these nuclel.
As will be seen later in this chapter, the shape of the
angular distribution 1s most greatly dominated by the L
transfer and secondly, and much more weakly, by the major
pickup configuration. From the threé sets of proton
parameters and two sets of triton parameters;-various

combinations were tried, and the pair which gave the

best average fit to the experimental shape for all six
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cases, as determined by visual inspection, was chosen.
This was sets II and V of Table 7. Small variations in
the real and imaginary well depths were made within
reasonable limits as determined by the scatter in the
values of the well depths given in the literature for
fits to actual elastic scattering data. Agaln the best
average flt to all six cases was used to determine the
final value of the depths given in Table 7. The strongest
dependence of the shape of the angular distribution was
found to be on the imaginary well depths of both the
protons and the tritons. All distorted wave calculations
shown in this work are based on this final set of optical

model parameters.

7.2 The Ground State Transitions

As was mentioned 1n Section 7.1, distorted wave
calculations were made for the six 0+ to O+ ground state
transitions assuming the pickup of a pair of neutrons
coupled to angular momentum zero from the last shell
in the simple j-J coupled shell model picture. Each
individual proton shell and neutron shell was assumed
coupled to zero angular momentum. In calculating the
form factor described in Chapter 3, the wave functions
of the individual neutrons were taken to be those of a
particle bound in a Woods-Saxon well of the form given

in equation (7.2.1).
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_ 1 A 2 l d
U(r) = -V + ( R I L

—1
1+ e mn°c 5 1

+> >
L2 0O
+ ¥

(7.2.1)

In the above expression, ; = 2; for these spin 1/2
particles. The parameter x is equal to (r-roAl/3)/a,
where A was the mass of the target minus the mass of one
neutron. The values of ry and a were chosen to be 1.25 f
and 0.65 f as suggested by Bayman gg_gl.(Ba68). v, was
taken as 6 MeV, which 1s typical of single nucleon spin-
orbit strengths. The real well depth Vo was adjusted so
the i1ndividual neutrons were bound by one-half the two
neutron separation energy as suggested in references

Dr66 and Ba68. These Woods-Saxon wave functions were
then expanded in terms of a series of harmonic oécillator

wave functions whose strength parameters a was chosen by

the code TWOFRM to maximize the convergence of this

expansion and was usually about 0.3 f_2. This expansion
had the form of equation (7.2.2).
»> u ->

¢Y2(r) = Eo ay @ul(a’ r) (7.2.2)

1

#* -

Multiplying both sides of equation (7.2.2) by @u'l(a’ r)
> .

and integrating over dr, and expression for the coeffi-

cients can be found.

u

ay = [ olya, ) o, () ar (7.2.3)



88

Both wave functions have the same angular dependence, and

this can be integrated out.

2

a¥ = J Ruz(arz) U_,(r) r° dar (7.2.4)

Y \z

The a$'s were calculated by numerically evaluating the
integral of equation (7.2.4).
Since these are orthonormal wave functions, the

following restriction exists for the a$'s.

W~ g

|a$|2 =1 (7.2.5)

u=0

The sum over u was cut off at H=H oy where Hnax Was

determined by the following criterion. The first re-

quirement is given in equation (7.2.6).

i
£™3% 12|12 > 0.9996 (7.2.6)
u=0 ¥

The final cutoff was determined by minimizing the

quantity Q defined in equation (7.2.7).

u ,
ghax gu Rug(arz)l2 r? dr (7.2.7)

Q= J lqu(r) T =0 Y

Formally Q should go to zero as u gets infinitely

max
large, but because of numerical problems in evaluating

the integral of equation (7.2.4), Q does not go to zero,
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but reaches a minimum. Typically Hmax Was between 5 and

8, Q was about 4x10~° and

U

M

maX|a$|2 was about 0.99998.
0

This corresponded to fitting the Woods-Saxon wave func-
tlons to better than 2% out to a radius of about

2.6 AL/3f and vetter than 10% out to about 3.2 at/3r.
Since the well had a size parameter of 1.25 Al/3f, this
corresponds to fitting to 2% out to twice the nuclear
radius and to 10% to 2 1/2 times the nuclear radius. At
twice the nuclear radius, the form factor has already
dropped off by 3 or 4 orders of magnitude.

According to the results of Chapter 3, the
theoretical differential cross-section should be propor-
tional to the cross-section calculated with JULIE.

K

do _
an’theory - 501§ ©(JULIE) (7.2.8)

The proportionality factor, K should be constant
for all the (p,t) reactions studied if‘the proper wave
functions and thus parentage factors are used, along
with the proper distorted waves. Since the simple wave
functlions described above are most probably not ade-
quate, the factor K cannot be expected to be constant,
and it is not. Figure 14 shows the data for these six ot
to 0+ ground state transitions along with the distorted

wave calculations based on these simplest of wave
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functions. The value of K was chosen to give the best
average fit to the two maxima of the data, and the value
of K is given in the figure.

Another method of calculating (p,t) angular dis-
tributions using distorted waves 1s to tréat the reaction
as a transfer of a rigid cluster. In this method the
two neutrons are treated as if they were an elementary
particle of spin zero and mass 2 with no internal struc-
ture present in the target nucleus as such. With this
picture, the calculation can be carried out ekactly the
same way as single nucleon transfer such as (p,d). 1In
distorted wave calculations of (p,d), the form factor is
usually taken to be the bound state wave function of the
neutron in a Woods-Saxon well. Such a cluster transfer
calculation was carried out using the wave function of
a mass 2 particle with quantum numbers L=0, S=0 and J=0.
The principle quantum number, which is somewhat arbi-
trary for such a calculation, was chosen to be 3. This
cholce 1s based on the fact that in the expression for
the form factor (equation 3.3.2), in the more detailed
model of Chapter 3, the dominant term 1s the one
corresponding to N=3., Calculations were also made with
N=1 and 2 and little difference in shape was observed.
The cluster was assumed to be bound in a well of the form

given in equation (7.2.9)
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(r - 1.25 aY3 £)/0.65 r

b
"

(7.2.9)

In this expression A was taken to be the mass of the
residual nucleus, and Vo was chosen to reproduce the
experimental two neutron separation energy. The calcula-
tions show that the general shape of the angular distri-
butions are reproduced but not nearly as well as with
the more detailed calculations.

In order to compare in a systematic way, the data
with these calculations, it can be noted that over the
range that the distributions were observed, there are
two peaks in the cross-section. The first one at about
25° will be denoted by 61 and oy where 61 is the center
of mass angle at which the peak occurs and o is the
cross-section at this peak. The second peak at about
55° can be denoted by 6, and o,. Figures 15, 16 and 17
show the value of 61, 62, and cl/c2 respectively as a
function of target mass number (A) for the data and the
two methods of distorted wave calculations. Of interest
is the fact that the general trend of ol/c2 is repro-
duced fairly well by the two nucleon transfer theory,
but that the cluster model does not reproduce 1t as

well. The same single set of optical model parameters

was used throughout.
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In some cases the second maximum in the calcula-
tion does not appear as a peak, but as a plateau, in
which case 62 was defined as the angle where the slope
of the cross-section with 6 was a minimum. The data is
represented as bars which denote approximate limits on
the quantities as determined from the data. They were
arrived at by sketching the reasonable limits of smooth
curves through the actual data points of the angular

distributions.

7.3 Dependence on the Bound State Well

The dependence of the calculations on the bound
state well of the 1ndividual transferred neutrons was
also investigated. The 32S(p,t)3oS(G.S.) transition was
chosen for an example. The values of r, and a of the
Woods-Saxon well were varied to investigate their
effects. The overall shape was found to vary only
slightly. The parameters 61 and 62 were not effected at
all with any reasonable variation of r, or a. The inte-
grated cross-section (integrated over the angular range

of the'caléulation, 0° to 111°) denoted as ¢ was

tot
found to vary greatly and ol/o2 was also found to vary.

When a was varied by 0.10 f from 0.65 f, ol/o2 changed

by about 6% and o by 40 to 50%. When r, was in-

tot
creased by 0.10 f from 1.25 f, 01/02 changed by 20% and

Ot ot by 115%. This large variation in the magnitude of
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the cross-section with small variations in a and r,
indicates the necessity of good values of parameters in
order to calculate magnitudes of cross-section reliably.
Variations in ol/o2 (the shape) were observed but were
small. Therefore, we again conclude that the shape is
mostly dominated by the L-transfer.

In the selection of optical model parameters, as
mentioned 1n Section 7.1, several sets were tried.
Although not investigated in detail, variations in

01/02 and o of the same order of magnitude as men-

tot
tioned 1in the discussion of bound state parameters were

1 and 62. This

indicates the need of good optical parameters in order

observed, along with some variations in 6

to carry out distorted wave calculations which are

meaningful in defail.

7.4 Dependence on Configuration Mixing

The exact calculation of an angular distribution
by the two nucleon transfer distorted wave theory in-
volves the use of complete wave functions for the
initial and final states. Since these are not well
known in general, the complete calculation cannot be made.
Even if they were known, the calculation of the appro-
priate parentage factors as described even in the

simplest general case of Section 3.4 are very involved
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and include sums over single particle c.f.p.'s, Clebsh-
Gordan coefficients, Racah coefficients, and 9-J symbols.
In order to study the dependence of the distorted
wave calculations on the inclusion of conflguration mixed
wave functions, the‘case of uOCa(p,t)38Ca(G.S.) will be

considered. This 1s possibly the simplest case since

4o h

Ca is doubly magic nucleus whose ground state to 0t
order might be considered a doubly closed shell. The
380a ground state might then be considered as a closed
proton shell and a mixture of a term with two neutron
holes coupled to zero in the ld3/2 shell, and a term
with the neutron holes in the 251/2 shell. Therefore,
the (p,t) reaction to the 38Ca ground state could go by
either the pickup of two d3/2 neutrons coupled to zero,
or two 51/2 neutrons coupled to zero, and in general by
some mixture of the two. Figure 18 shows the distorted
wave calculations for these two extreme cases. The
shapes are quite similar. 1In the case of (d3/2)2 pickup,
ol/o2 equals 6.0 and in the case of (31/2)2 pickup

ol/o2 equals 6.8. The maxima (6l and 62) fall at
essentially the same angles in both cases. The magni-
tudes are quite different and are in the ratio of about
1.00/0.67. 1In order to study the effects of mixing

these two possible components, calculations were made

as a function of percentage mixture of (51/2)2‘pickup

with the (d3/2)2, both in phase and out of phase.
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Figure 19 shows the percentage change in the integrated
cross-section (ctot) with respect to pure (d3/2)2 pickup
as a function of this admixture. It should be noted that
certain admixtures can enhance the cross-section by a
factor of about 1.7 and if out of phase, the cross-
section can drop to essentially zero. Therefore,
admixtures and thelr relative phases can have a very
drastic effect on the magnitude of the cross-section
predicted. It also should be noted that this effect 1s
strongest for very small admixtures, that is the greatest

rate of change of ¢ as a function of admixture occurs

tot
at small admixtures. Figure 20 shows the effect on
ol/o2 (shape) as a function of in phase admixture. An
effect is noted, but it 1s not as drastic as the effect
on the magnitude. Looking at Figure 18, the effect on
shape 1s almost not detectable on the semi-log plot of
differential cross-section versus angle.

According to the above analysis, it can be con-
cluded that the two nucleon transfer reaction is very
sensitive to the actual wave functions only in magnitude,
the shapes being mostly dominated by the L-transfer and
the distorted waves. It can also be concluded that the
magnitude of the cross-section is so strongly dependent

on small admixtures that the wave functions would have

to be known in great detail and to great accuracy in



PERCENT CHANGE IN o,

100

80

60

-100

101

|

l | | | | | | ]

-I00 - 80 -60 40 20 O 20 40 60 80

OUT OF PHASE=—— IN PHASE
PERCENT MIXTURE OF (s,/,)?

Figure 19.--Change in o

) PICKUP

as a function of

ADDED TO (d,,

tot
configuration mixing.

100



102

*BUTXTW UOT3BJINBTJUOOD JO uUOF3oung ® Sse wo\ao ut a3uey)--°02 °9an314g

dnXid 7P) 0L ISVYH4 NI a3aav
A1) 40 FUNLXIN LNIDYId

OO 06 08 0L 09 OS O O 02 O O
¢ r Tt -t 't T 1T 1

(00)

o

o

<o/10 NI FONVHD 1N3DM3d

&



103

order to calculate magnitudes of cress-sections that
are at all meaningful.

7.5 The Transitions to the First Excited
27 States

All six nuclel studied show a fairly well popu-
lated first excited state which 1s well 1solated from
any other nearby excited states that are populated.

This state is either known or expected to be a J"=2+

state. Two nucleon transfer distorted wave calculations

were made for these states also. Again the wave func-

tions for the initial and final states were assumed to be

the very simplest. In particular, calculations were

made assuming the pickup of a pair of neutrons from the

same shell coupled to J=2. This was the d5/2 shell for

Ne, Mg, and S1 and the d3/2 shell for Ar and Ca. In

the case of 3°5(P,t)39s(15%2%), this is not possible

since 1f there are two neutrons in the 251/2 shell they

must be coupled to zero. The 328 ground state might be

expected to contain admixtures of particles in the d3/2

as well as the S1/2 shell. Therefore, for this simple

calculation of the L=2 shape, a pickup of one Sl/2 par-

ticle and one d3/2 particle was assumed. The experi-

mental distributions along with the results of the above

calculations are shown in Figure 21. The calculations

are arbitrarily normalized to the first and second

peaks of the data.
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Again a 61, 62, and cl/o2 can be defined as was
done for the L=0 shape. In the case of the L=2 transi-
tion, the first peak (at 61) is not usually well defined
by the data. Figures 22 and 23 show ol/o2 and 62 versus
target mass number for the data and these calculations.
The optical model parameters and the bound state well
geometfies were the same as for the L=0 ground state
calculations. The depth of the bound state well was
chosen so that the individual neutrons would be bound by

an energy € defined in equation (7.5.1).

€ = 1/2(|B.E.(2n)]| + E) (7.5.1)

In this expression B.E.(2n) 1is the separation energy of
the last two neutrons, and Ex is the excitation energy

of the exclted state.

18Ne

7.6 Transitions to States in
Two nucleon transfer distorted wave calculations
were made for those transitions where the experimental
angular distributions were clear enough to indicate L-
transfer and for transitions to states where J" assign-
ments have been made by other workers. The results are
shown in Figure 24 along with the configuration of the
two picked up neutrons assumed for purposes of calculation.
This assumed configuration has little meaning since it

has been shown that shapes have only a small dependence
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on the configuration and are dominated by the L-transfer.
The calculations are arbitrarily normalized to make com-
parisons of shape with data easier.

The experimental shape of the distribution to the
state at 3.390 MeV is not well reproduced by the L=l
calculation which 1s shown with it in Figure 24. The
L=4 assignment 1s best verified by comparison with the
experimental distribution to the 3.323 MeV state in

22Mg which 1s most probably a y* by comparison with the

level structure of i1ts mirror nucleus 22Ne (see Figure
9). This 1s the basis for the tentative T assignment
to this level at 3.390 MeV in 1SNe.

The level at 3.614 MeV has been previously identi-
fied as a 2 (see Table 1). The present data is very
well fit by the L=0 shape. Figure 24 shows both an L=0
and an L=2 calculation for comparison. The present
experiment therefore calls for an 0+ assignment to the

18Ne.

state at 3.614 MeV in
The general features of the angular distribution

to the level at U4.576 MeV are well reproduced by an

L=1 calculation as shown in Figure 24. This state is

therefore assigned a J" value of 1”.

7.7 Transitions to States in 22Mg

The state at 3.323 MeV in 22Mg is tentatively

assigned J"=ﬂ+ although the shape is not well reproduced
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by the L=4 calculation shown in Figure 25. This assign-
mént 1s primarily based on a comparison with the known
level structure of 22Ne, the mirror nucleus to 22Mg

(see Figure 9).

The levels at 4.417 MeV and 5.507 MeV exhibit the
features of an L=2 transition. Comparison with the
transition to the known 2% at 1.250 MeV verifies this
(see Figure 21). These two states are therefore tenta-
tively assigned J"=2+.

The state at 5.738 MeV has previously been very
tentatively assumed to be a O+ (see Table 2). An L=0
calculation 1is shown with the data in Figure 25, but
there 1s very little similarity at all. No attempt has
been made to make a further assignment to thils state.

The level at 6.061 MeV 1s assigned a J7 value of

+

0 . The angular distribution to thils state is quite

well represented by the L=0 calculation shown in Figure
25.

7.8 Transitions to States in 2681

The angular distributions to the state at 2.790 MeV
in 26Si is not complete enough to make a definite J"
assignment. It does exhilbit some of the features of an
L=2 distribution (see Figure 26) and so a tentative ot
assignment is made. Thils 1s in agreement with the pre-

vious assignment (see Table 3).
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The level at 3.339 MeV is very weakly excited.
Its angular distribution 1s not inconsistent with the
previous tentative J=0 assignment(R°68), but no defi-
nite assignment can be made.

The shape of the distribution to the state at

4.183 MeV in 2°

Si is quite well reproduced by an L=2
calculation but the state is only weakly excited and so
only a tentative 2+ assignment can be made.

Figure 26 shows both an L=0 and an L=2 calculation
for the state at 4.457 MeV. The L=0 shape appears to

give the better fit, but no definite assignment 1s made.

7.9 Transitions to States in 5°S

The shape of the angular distrlbution to the state
at 3.438 MeV in 3°S 1s fairly well reproduced by an
L=2 calculation as shown in Figure 27. This state is
therefore assigned a J" value of 2+. |

The state at 3.707 MeV 1is only weakly excited. The
angles at which 1t was excited enough to extract a cross-
section correspond to the maxima of the L=0 ground state
transition distribution to 305 (see Figure 14). Only a

very tentative assignment of 0+ can be made.,

7.10 Transitions to States 1n 3“Af

The 36Ar(p,t)3uAr has not previously been reported.
The angular distribution to the state at 3.288 MeV in

3“Ar exhibits very definite L=2 character. Comparison
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with the L=2 calculation shown in Figure 28 and compari-
son with the distribution to the first 2+ state in 3”Ar
(see Figure 21) both demonstrate this. A J" value of 2+
is therefore assigned to this state.

During many of the runs the level at 3.879 MeV
and 4.050 MeV were not resolved. When 1t was possible
to resolve them, it was obvious that the state at 3.879
MeV was more strongly excited by far. Figure 28 shows
the angular distribution to the sum of these two states,
along with an L=0 distorted wave calculation. The shape
of the distribution is very well reproduced by this cal-
culation and so an 0+ assignment can be made for the
state at 3.879 MeV in 3'aAr.

The states at 5.909 MeV and 6.074 MeV were also
often not resolved, and the sum of the distributions
to these two states is shown in Figure 28. When these
two states were resolved, it was not possible to say that
one was much more strongly excited than the other. The
total angular distribution does exhibit some L=2
character, and therefore possibly one or both states

are 2+'s, but no definite assignment can be made.

7.11 Transitions to States in 38Ca

A level in 38
(Ha66)

Ca at 3.72 MeV has been reported by
Hardy et al. using the (p,t) reaction. This level

was assigned a J" value of 3~. Recently Shapiro
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et al.(Sh69b) have reported a 2% 1level at 3.69 MeV in
38

Ca seen by the (3He,n) reaction. In the present ex-
periment, a level at 3.695 MeV was observed. The angular
distribution to this state is shown in Figure 29. An
L=3 distorted wave calculation is shown along with it,
but an L=2 shape fits it nearly as well. If the two
states previously reported are actually the same, the
present experiment does not resolve the discrepancy.
The 0% state at 3.06 MeV reported by Shapiro g&_él.(5h69b)
was not observed at all in the present experiment.

The angular distribution to the states at 4.381
MeV and 4.899 MeV both resemble an L=2 shape (see Figure
29) but the distributions are not complete enough to make
a definite assignment.

380a was only weakly

The level at 6.280 MeV in
excited by the (p,t) reaction. The distribution to this
state resembles an L=0 transition as shown 1in Figure 29.
The transition is too weak, and the distribution is not

complete enough to make any more than a tentatilve O+

assignment to this level.
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CHAPTER 8

SUMMARY AND CONCLUSIONS

In this work it has been found that the (p,t)
reaction 1s useful as a method of studyling the energy
levels of nuclei. It is particularly useful in studying
nuclel two nucleons away from stability. The energies
of the tritons from the (p,t) reaction have been used to

locate levels in the nuclei 1ONe, 22mg, 20gy, 30g, 34

Ar,
and 380a and to assign values of excitation energy to
them. The shapes of the angular distribution were found
to be dominantly characterized by the angular momentum
transfer, and this quality was used to make spin-parity
assignments to some of the nuclear levels observed.

The two nucleon transfer theory of Glendenning(gIGS)
and the distorted wave method was also studied. It was
found that the shapes of the experimental angular dis-
tributions were fairly well reproduced, and thils was used
as mentioned above to make angular moment um transfér and
spin-parity assignments. The magnitudes of the predicted
cross-sections were fbund to be influenced very greatly
by the optical model parameters, the bound state
parameters, and, most importantly, the presence of small

admixtures 1n the shell model wave functions of the

119
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initial and final nuclear states. It is concluded thét
these strong dependences make the prediction of magni-
tudes of cross-section for the (p,t) reaction extremely
difficult. The detailed calculation of parentage fac-
tors from very accurate shell model wave functions would
be needed along with well determined distorted wave and
bound state parameters. Such detailed calculations and
studies would involve such an extensive project that the
present understanding of the two nucleon transfer process

might not warrant 1it.
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APPENDIX A

20Ne(p,t) 8Ne EXPERIMENTAL DATA

Abs. Norm. Error 2.8%

Angle Error 0.15 deg.

Proton Energy L4,965 Mev

Ground State Q-Value -20.0218 MeV
+0.0048 MeV
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1106 4463 Ee 4e2 117 1¢65 E=2 338
17¢2 128 E=1 7«8 17e4 1e94 EFe2 2247
19¢5 2477 E=} 5¢9 196 2¢61 E=2 206
22¢9 5433 E=y 3¢5 231 273 E=2 1740
28¢5 74C9 E=t 27 28%¢8 3e04 F=2 1408
34eC 342 E-i Lol 34e3 171 E=2 2Ce8
39¢5 9429 Eapz Le8 39.9 1¢87 E=p2 125 i
45e0 Pel12 E=2 9.8 45e¢4 1025 E=2 1360 k
50¢5 3F0 Eep 67 50e¢9 1e42 E«2 1Ce3 g
S6e0 Seln Eep Sel S6e5 1602 E=2 134 :
61¢3 F¢90 E-2 Le? 61¢8 Be3 E=3 124 kj
6607 3¢69 Eep 5¢3 672 boebkh FE=3 151
7he6 9ebb E=3 153 752 6064 E=3 1340
B2¢5 BeC2 E=3 1448 83¢C 7961 E=3 1240
900 RBelb E=3 1240 90e¢7 3Je¢2 E=3 118
977 6be73 Ee3 1166 98e¢3 S460 E=3 142
105e¢1 4428 E=3 1548 1C5e7 4e27 E=3 176
112e4 1445 E=3 234 113¢C 322 E=3 1545
NE2O(P,T)NELR NE2D(PsT)NELR
EXs 10894 MFV EXs 3e614 MEV
+/= 0¢010 MEV +/* 0013 MEV
ANG(CM) SIGMA(CM) ERRSR ANG(CM) SIGMA(CM) ERRIR
(DEG) (MB/SR) (%) (DES) (M8/5R) (%)
11¢7 3el4 E=g 5¢3 11¢7 1421 E=1 e8
17e¢3 2«C0 Eey be2 17¢4 6096 E=2 1161
19¢6 1475 E-1 75 19¢7 6e¢57 E=2 125
2300 9463 E=? Re5 2301 Seb4 E=2 114
28¢7 4e34 Ee2 11.8 28¢8 7428 E=2 8¢9
34¢2 780 E=2 9e2 3403 Se56 E=2 112
39¢7 9425 Ee? 448 39¢9 268 g=? 993
45e3 7426 E=? 4e7 45¢5 1e38 E=2 126
5007 305 Eep? 69 S1¢0 707 E=3 1543
5603 1481 Ewp 9eb 56¢5 Se4 E=3 154
61¢6 327 E=2 Se7 61¢9 ¢4 FE=3 122
67¢0 389 E=p 5e2 673 7412 E=3 1348
74e9 P96 Ee? 55 75¢2 6029 E=3 133
82e¢8 160 Ee? 7.8 83e¢]1 366 E«3 18e1
90e4 96 Ee3 1146 90¢7 414 E=3 1947
98¢0 7491 E=3 114 9Be4 4427 E=3 1664
105¢4 7452 E=3 11.9 105¢8 2460 E=3 2246
112¢7 698 E=3 10.2 ’ 113¢0 162 C=3 2440



124

NE2C(P)THINFLR NE20(P»T)INELS
EX® 4576 MEV EXs 6e326 MEV
+/= 0017 MEV +/* Je¢013 MEV
ANG(CM) SIGMA(CV) FRRER ANG(CM) SIGMA(CM) ERRBR
(DEG) (¥B8/SR) (%) (DEG) (M3/5R) (%)
11¢8 7430 E=2 1240 176 236 F=?2 2106
17¢4 P4°5 Ee?2 1R,7 13¢S 2¢82 Fe2 2146
197 3¢68 Eep 18.0 23¢3 234 F=2 213
2302 305 E=2 1hebh 23e¢1 2408 £=2 181
2809 3e4% Ewz2 13.8 3406 1436 E=2 317
34e4 B4R Ee2 1146 40e¢3 105 Ee«2 185
4Ce0 U4 el9 E=? 7eb 45¢9 Ke2 FEa3 22¢2
4596 153 Ee2 1”241 Sled 1421 E=2 1246
5101 7¢6 E-=3 19545 57«C 1¢12 E=2 137
S56¢7 6e3 E=3 1Re6 624 692 FE=3 1746
6200 1406 E=2 1240 72¢8 4482 FE=3 177
670k 99 Ee3 1146 83e¢7 4e8B7 E=3 174
7504 3484 E=3 {R,e9 91e¢3 4090 E=3 199
8303 2e€0 E=3 2246 93¢ 2¢79 E=3 2562
909 244C E=~3 305
98s6 Pe53 E=3 244C
1060 125 E=3 364
11302 132 E=3 293
NFE20(P,TINELR NE2J(PsT)INE18
EXs Se18C MEV EX=s 743957 MgV
+/= 0e014 MEV +/= 04325 MEV
ANG(CM) SIGMA(CM) ERRER ANG(CM) SIGMA(CM) ERRHR
(DEG) {MB/SR) (%) (DEG) (MB/SR) (%)
11¢8 9el E=2 1142 405 966 E£=3 236
17¢5 1el146E=] Reb 46¢2 100 E=2 1748
19¢8 102 E=1 1240 51¢8 4e¢9 Cc=3 2605
2302 14112E=1 8.2 S57¢3 7¢3 E=3 217
2940 1¢1C3E~1 7.3 68e2 605 E=3 1846
3405 6082 E=2 103 76e2 643 E=3 170
4001 Se39 Ee? (XX,
45¢7 4401 E=p XY:]
5162 4e61 Er?2 Se5
56¢8 3¢23 Ew? 6e¢9
6292 1495 E=2 8e2
67¢5 141C E=2 1049
7505 109 E=p? S8
8304 91 E=3 1145
9100 6e6 Ee3 1563
987 3-Q1 Ee3 208
10601 1e¢47 Ew3 3Sbheb
113¢3 218 E=3 23,7



125

NE2S(P,TIVELR

EX=s 96215 MEV
+/= 0«020 MEV

ANG(CM) SIGMA(CM) ERRER

(DEG) (MB/SR) (%)
12¢GC FeS9 E=2 1445
1708 S5e¢ER Ew?2 1Lk
201 Eelld E=? 1746
2306 3630 E=? 1592
29¢5 3el1h Eep 1R8.C
351 2651 E=2 2248
40¢8 194 Ee2 170
4604 1S5 E=ZC 1645
52¢C 176 E=2 120
857¢7 125 E=2 16¢7
63e¢1 Se2 E~3 1647
6816 5S5e8 E=3 7143
7606 Se4 E«3 1245
R4e6 6beZ E=3 1&¢3
9202 4eC E=3 25,8



APPENDIX B

2Ny (p,t)22Mg EXPERIMENTAL DATA

Abs. Norm. Error 6.9%

Angle Error 0.15 deg.

Proton Energy 41.875 MeV

Ground State Q-Value -21.1820 MeV
t0.0096 MeV
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~

3

w0

fors
mmMmmMmMmMmMmMmMMmMmmMmmMmmMmmMmm

L(P)TIV322

60645 VEV
0e0bd “EV

SIIMA(CM)
(“B/SR)

PeS2 E=3
2068 E-3
3641 E-
2¢39 E-
1054 E'

www

ERRBR
(%)

1246
129
11«0
745
100
Se9
Se8
Re8
Re?7
74
73
70
72
Ae8

129

MGPu (PsTyMGR?

EX= 60834 MEV
+/= QeJuy MEV

ANG(CM)
(DEG)

323
339
4104
470
525

MGP4(PaTIMGZ2

EXs 74257 MEV

*/-

ANG(CM)

(CEG)

19.C
247
333
359
415
471
526
582
635
6% ¢9
742
84eb
4 e ¥
1048

SIGMA(CM)

(MB/SR)

SedR
3e49
6£e¢09
3e52
Se43

Coeluluy MgV
SIGMA(CM)
(M3/3R)
1¢97 E=2
2¢35 E=2
2095 Ze=2
2¢59 g=2
1069 £E=2
7¢94 E=3
R¢39 =3
23¢39 Fe3
J9¢15 E=3
5¢52 E£=3
Se24 E=3
4921 E=3
3¢91 €3
3¢52 E=3

mimimimMmm
s ¢ 0 0 8

Wwwwww

ERRAR
(%)

180
152
120
17 ¢4
130

ERRIR

(%)

Beb
6e?7
1CeQ
4be7
65
11.C
Bed
1C«0
100
82
8¢5
69
6¢9
6¢5
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M324(P, T)M52

EX=z 70261 MEV
+/= CeC49 MFV

ANG(CM) SIGMA(ZM) FRIBR
(DEG) (MB/SR) (%)
19¢1 1¢C9 E=2 131
2408 749 E=3 13.2
30e4 6012 E=3 1540
3601 9636 E=3 Reb
41e¢7 745C E=3 1049
47¢3 5eC9 E=3 138
D2e8 AeB8% Ee3 0ol
58e¢4 Ie30 E=3 1643
6307 258 Ee3 1840
6901 PeCé E-3 1640
Thok 3eC7 E<3 1640
8499 185 Ee3 1245
3561 158 E=3 1360
105¢0 1699 Ee3 1042



APPENDIX C

2851 (p,t)20S1 EXPERIMENTAL DATA

Abs. Norm. Error 11 %

Angle Error 0.15 deg.

Proton Energy 42,06 Mev

Ground State Q-Value -22.010 MeV
+0.011 MeV

131



SI?PR(F,T):176

EXx=s QeC0C MEV

ANG(CM)
(CEG)

140
183
228
273
328
381
436
LR 8
S4e2
59¢5
64092
7000
753
R545
C5e¢

SIGYA(TY)
(¥2/SR)

1elb E=2
10?67E'1
Q54 E-l
‘#.883E'1
2e385E 1
Re74
3.83
£eC70
R8e38
€e32
Ceb?

mMmMMmmMmmmMmm
SRS IAVI AV IRAV IR AV INAVIR A VAV IRV

SI2R(F,T)3I26

EXs

1795 MEZV

+/= CeC11 “EV

ANG (CM)
(CEG)

14}
27 ¢4
329
383
438
490
54¢5
597
651
703
75¢6
858
959

SICMA(ZM)

(M3/SR)

1e¢P”75E-1
7¢3C Ee?
4049 E=2
4¢00 Ee?2
402 E'E
3¢29 Ee=?
2021 E'2
1.C54E-2
Reb63 E=3
1051 E'2
1e482E2
7031 E'3
3ebl4 E«3

£]R9%

ny

ERRAR
(%)

hel
4¢5
Lok
460
4e¢0
Selb
S5e6
Re9
442
80
bel
448
73

132

SIZ8(PaT)SI26

EXs 2e¢793 MEvV
+/= Ded12 MEV

ANG(TM)
(0EG)

140}
18e¢4
2cel
275
331
38e¢4
S4eb
599
653
7304
757
260

S6e

SIGYA(CM)
(M3/8R)

heb67
Se13
6¢D4
4+51
229
2¢1R8
1¢53 €

1¢1%6£=2
101566E=2
1¢58 £=2
1e33cE=2
5052 E'3
7422 E=3

IMmmmm mm
e ¢ 0 2 8 0 ¢
[AVEAVIRAVINAVER VI AVIR) Y

SIZR(PsT)Sl26

EX=

3¢339 MEV

+/= 0eC19 MEV

ANG (CM)
(DEG)

27¢5
331
4400
6S ek
758
861
S6e2

SIGMA(CM)
(M3/GR)

3¢9
580
Je
153
Te2
4e3
58

£-3
E=3
et
a3
Eeb
Eed
Eet

ERRIR
(%)

ERRBR
(%)

148
153
5Ce2
123
25eb
273
216
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S128(P,T)S126 SIZ8(PsT)SI26
EX=z 40183 MOV EXs 4e821 MEV
+/= Cel11 MEV +/% JeC13 MEV
ANG(CM) SIGMA(CZM) FRRA8R ANG(CM) SIGMA(CM) ERRSR
(DEG) (MB/SR) (%) (CEG) (M3/SR) (%)
1402 77 E=3 338 222 1052 E=2 2Ce7
22e2 SeR E=3 4749 33e3 Qe7 E=3 114
332 281 E=3 225 4402 7eR¢ Fa3 105
Lhel SeCN E=3 13¢5 49¢5 Hebb E=3 1467
43 e4 Le€2 E=3 2041 54¢9 Se29 E=3 129
S4e8 Seb1 E=«3 12e4 60¢2 2047 E=3 2747
6Je1 4e83 Ee3 14e¢7 63507 2¢70 E=3 91l
65¢5 3eCS E=3 Re2 86ekh 203 E=3 103
76eC 2477 E=3 19246 96e5 1e76 E=3 114
86¢3 2e&1 E=3 R49
964 Pe857 E=3 92
S128(P,T)s1I26 Sl28(PsT)Sl26
EX® 40457 '4EV EXs Se229 MEV
+/= QeC13 “EV +/= 0012 MEV
ANG(CM) SIGMA(CM) ERRBR ANG(CM) SIGMA(CM) ERRSR
(DEG) (MR/SR) (%) (DeG) (M3/5R) (%)
1402 1%€ E=2 1746 14¢2 203 E=3 1346
C2e2 143 E=ez2 2762 44e3 1e065E=2 240
2706 1495 Ee? Dol 55¢C S5e51 E=3 1346
33e3 192 E=? XX 657 2eb4 E=3 9¢7
38e6 1420 E=2 Re9 768 2e¢65 Fe3 1266
4402 1e1EEEe? Se1 965eb 248 E=3 Se7
4904 beb E=3 1543
Ske8 7442 E=3 105
6002 6424 E=3 1360
65e6 5Se22 E=3 Se8
7601 Be24 E=3 7¢3
86e3 P87 E-3 Red
9604 257 E=3 Ye1
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SI28(P,T)S1z6 SI23(PsT)S126

EX= SeS62 MEV EXs 60381 MEV

+/= CeD28 MEV */« 0e¢020 MEV

ANG(CM) SIGMA(CM) ERRBR ANG(CM) 3SIGMA(CM) ERRBR

(DEG) (MB/SR) (%) (DEG) (MB/SR) (%)
4403 Rel6 E«3 1Ce5 33¢5 be4 Ce3 161
55¢C 4426 E=3 1509 44¢5 6460 F=3 118
6568 1eb4 Ee3 1441 66¢0 301 E=3 346
76¢3 1462 Ee3 1745 76¢5 3407 E=3 1Ce1
S6e7 1694 E=3 1101 868 2e04% E=3 116
96e¢9 1043 E=3 138

S128(P,T)35126 SI28(PsT)Sl26

EXs 50960 MEV EXs 6¢785 MEV

+/= 0022 MEV +/= 0e029 MgV
ANG(CM) SIGMA(CM) ERRBR ANG(CM) SIGMA(CM) ERRAR
(DEG) (MB/SR) (%) (DEG) (M3/5R) (%)
334 2e87 E=3 339 22k Se2 E=3 513
55¢1 5612 E=3 139 S5e¢3 3426 E=3 1849
65¢9 1¢97 E=3 131 66bel 1094 E=3 1366
7604 196 E=3 140} 7606 4019 £3  8e7
B6e7 1e16 E=3 1545 86¢9 3409 £-3 9e7
. S97¢0 1¢79 E=3 13¢5



SI2%(F,T)ISIP6 SI2”(PsT)S126
EX2 7¢150 VEV EXzs 74695 MEV
+/= Q015 ™EV +/« 0031 MEV
ANG(CM§ SICMA(Cv)Y ERKAR ANG(CM)Y) SIGMA(CM) ERRBR
(CEG) (MR/SR) (%) (DEG) (MEB/SQR) (%)
3306 753 E=3 3448 14e4 1¢91 E=2 208
bheb 126 E=3 7291 225 1e54 Fe2 2448
76¢7 115 E=3 2347 33¢7 1e33 F=2 1Ce7
8741 1e¢58 Ee’ 164 973 1e83 F=3 153
SIPR(P,T)51z6 Sl2R(PaT)5126
EXs T7e476 MEV EXs 74902 MEV
¢/= 0eD20 MEV +/= 0e021 MEV
ANG(CM) SICMA(C™) FRRIOR ANG(CM) SIGMA(CM) ERRSR
(DEG) (MB/SR) (%) (DEG) (M3/8R) (%)
1404 Re7 E=3 243 14eb 2081 Ee2 157
22¢5 Bel Ee3 354 - 22e6 1480 E=2 210
3306 Fe6 E=3 193 33e7 1e1l E=2 12¢7
44e¢7 124 E=? ReS 87¢3 1¢57 £E=3 1201
SSeS 6e3R E=3 (45 S7¢4 1e¢81 E=3 153
66¢3 3465 E=3 945
7608 4425 Ee3 12490
97e¢3 383 E=3 Fe1
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SI2&(P,T)3126

EXs 70476 MEV AND

EX3 7695 MEV AND

EX=s 7e9C2 MEV
ANG(CM) SIGMA(C™) FR=8R

(DEG) (MB/SR) (%)
1404 559 E=2 1241
2205 432 E=2 1446
337 Re31 Ee? 7l
44¢7 3423 Ee=? Se?
55e5 2PeC6 Eegz Rel
6604 9428 E=13 be2
76¢9 1e118E=2 6ol
87¢2 7¢6C E=3 7e2
97¢3 7S5 Ee-3 £e¢9



APPENDIX D

323(p,t)3% EXPERIMENTAL DATA

Abs. Norm. Error 2.3%
Angle Error 0.15 deg.
Proton Energy 39.915 MeV
Ground State Q-Value -19.593 MeV
+0.012 MeV
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S32(Py»T)S3T

EX= DeDCO “EV

ANG(CMYy SIGMAa(CY)
(DEG) (MR/S%)
1601 243 E=2
18¢8 321 E-1
21¢5 SeR9 E=g
268 732 E'l
27¢0 6e¢%1 E=y
293¢5 Se36 £=1
322 3e74(E-y
37e5 7467 Ee=?
42¢8 5.CC E=2
4802 14031E-~1
536 1e¢121E-)
58¢7 7423 Ee?
A3e9 270 E=?
69e¢2 1eC4 Eep?
79¢4 1456 E=2
S32(P»T)S3C

EXs 2239 MEV

+/= QeC18 MEV
ANG(CM) SIGMA(CM)
(DEG) (MR/SR)
1602 1e41 E-}
18¢9 1.C27E=)
2146 Qe48 E=p?
27¢0 5e99 Ee?
29e6 4492 Ee?
32'3 “055 E'a
377 3e74 Ee?2
4300 378 Ee?
48e4 2e61 E=?
S53¢8 1+C6CE=2
58¢9 8653 E=3
bhoe? Re3% E=3
69e4 117 E=?
796 Se24 Ee3

ERRAR
(%)

30
8.8
21
€7
155
7¢7
%7
6¢2
Se7
9,3
115
108
1046
168

138

(DEG)

163
19«C
216
271
297
32¢4
377
378
431
4Re b
539
531
64e3
696
738

(DEG)

4301
S3¢9
591

S32(P,T)s330

EXz 3e43%8 MpvV
+/= De014 MEV

ANG(CM) SIGMA(CM)

(M3/3R)

7¢72 E=2

6¢95 £=2

3998 Ce2

4¢27 E=2

3011 E=2

2043 Eep?

172 E=?

2¢51 E=2

3¢09 E=2

2e41 £E=2

1e24 Se?

6e4?2 E=3

6¢79 £=3

104 E=2

4e¢3C0 E=3

S32(P,»T)530
EXe 3e¢707 MEV
+/= CeC25 MgV

ANG(CM) SIGMA(CM)

(M3/3R)

27«0 3¢8 E=3

2e06 £=3

1¢08 E=3

1019 £-3

64e¢3 745 E=4&

£XR9R
(%)

128
115
767
1956
73
15¢6
117
70
5e¢9
8e2
13e1
122
118
19.1

ERRHR
(%)

440
372
392
4Ce 2
L4 eb
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S32(PsT)S3 S32(P,T)s30
EXs 5¢2C7 ™MEV EXz 54237 MEV AND
+/= 0022 MEV EX®s Se306 MEV
ANG(CM) SICGMA(CM) ERRSR ANG(CM) SIGMA(CM) ERRSBR
(CEG) (MB/SR) (%) (DEG) (MB/gQR) (%)
S54e¢2 2414 E=23 1047 19¢1 271 E=2 2540
64eb TeRS E=3 113 21¢8 340 E=2 149
27¢1 352 E=2 101
27¢3 4e32 E=2 Red
32¢6 3002 E=2 77
43¢3 251 E=2 8el
4Re8 (e84 E=2 6e9
S4e2 143 E=2 793
55¢3 132 E=2 8.9
b4eb6 1030 £=2 8e6
69¢9 1431 E=2 137
Cel 7e2 E=3 1448
S32(P,T)S3C S32(P,T)S3C
EX=s 5¢3C6 vV EXs Sedps MEV
+/= Q025 VEV +/= 0025 MEV
ANG(CM) SIGMA(CM) FRRBR ANG(CM) SIGMA(CM) ERRSR
(DEG) (MB/S%) (%) (2£G) (M3/SR) (%)
S4e2 bellh E=3 1247 16e4 359 E=2 211
b4e6 Sellh E=3 1442 19¢1 2¢87 E=2 213
21e8 2456 £=2 159
27¢2 3e0k E=2 107
27¢3 168 E=2 1366
32¢6 1006 E=2 1146
43¢3 9JeC E=3 1566
428 Te62 E=3 118
S4e2 3e06 E=3 1069
53e4 SGeb E=3 108
bbe7 7+08 Fe3 123
69¢9 Se51 E=3 169
BCe2 4e42 E=3 192




S32(P»T)S2D

EXs 5¢2C7 “EV AND
EX® S¢306 MEV AND
EX® Se426 MEV

ANG(CM) SIGMA(CM) ERRBR
(OEG) (¥B/SR) (%)
3749 2495 E=2 1442
38¢0 379 E-2 121
S32(PsT)S30
EXas 5¢897 MEV
«/= 0eC27 MEV
ANG(CM) SIGMA(CM) FRRSR

(CEG) (MB/SR) (%)
2702 4e8 FEe3 433
274 6¢1 Ee3 3043
3297 %e3 E=3 18,3

140

S$32(P,T)S30

EXs 60108 MEV
+/e 0023 MgV

AMG(CM) SIGMA(CM) ERRSR
(DEG) (M3/SR) (%)
32¢7 3016 E=3 2747

S32(P,T)S30

EXs 60223 MEV
+/= 04030 MgV

ANG(CM) SIGMA(CM) ERRBR
(DEG) (M3/3R) (%)
32¢7 3¢35 E=3 2847
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S32(P,T)S37 532(P,T)s30
EX= 60415 “EV EXs 741835 MEV
+/= Q0040 “MEV +/= 04035 MEV
ANG(CM) SIGMA(CMY ERRH9R ANG(CM) SIGYA(CM) ERRSIR
(REG) (MR/SR) (%) (CeG) (M3/SR) (%)
2108 64 E=3 461 16¢5 1062 FE=2 366
27¢3 121 E=2 1%2.9 21¢9 Ke& E=3 335
32¢7 75 E=3 1548 27¢3 1409 E=2 1940 .
49¢0 391 E=3 1947 32¢8 8¢9 E=3 1449
S4e4 He51 E=3 14e4 3831 T7e1 EF=3 29493
59¢5 heb2 E=3 1349 436 703 E=3 183 _
6498 353 E=3 19.5 491 35453 £e3 158 ,
S54¢5 4¢50 £e3 178 '
53¢7 3¢65 Fe3 1948 ;
65¢0 345 E=3 2140 :
&;
S32(PaT)S3C S32(P,T)S30
EXs geR61 “EV EX= 7¢570 MEV
+/= Qe04C “EV +/= 0045 MEV
ANG(CM) SICMA(CM) ERRBR ANG(CM) SIGMA(CM) ERRSBR
(DEG) (MB/SR) (%) (DEG) (M3/SR) (%)
1604 286 Eez 2245 27¢k S¢7 Ee3 221
19¢2 195 Ee2 2545 27¢5 1e30 E=2 174
2109 1496 E«e2 2049
27e¢4 3611 E=2 97
32e8 2¢76 Eep? 69
38e]1 184 Ew2 1548
43¢5 1e¢3C E=2 12e2
49¢0 1406 E=2 1047
S4ok B8e17 E=3 114
S59e6 7¢C9 E=3 127
6409 6428 E=3 1345
80¢5 Se7 E=3 1847



APPENDIX E

36ar(p,t)3%Ar EXPERIMENTAL DATA

Abs. Norm. Error 4.8%
Angle Error 0.15 deg.
Proton Energy 39.9 MeV
Ground State Q-Value -19.523 MeV
+0,011 MeV
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AR3E(F,T)aR34 AR36(PsT)AR3S
EXz Qo000 “EV EXz 3e288 MEV
+/e 0014 MEV
ANG(CM) SIGMA(CM) ERRBR ANG(CM) SIGMA(CM) ERRSR
(RDEG) (MB/SR) (%) (DEG) (M3/3SR) (%)
1506 1e134E-1 38 13¢7 7401 E=? Se¢0
2led WL fFRCEey 18 215 7418 E=2 Seb
2692 ULeBUCE-] 1.3 2604 4426 E=2 4e7
32¢C 1.°0SE=-] 1¢7 322 2042 E=? 53
3609 8403 Ee2 P48 371 24230€E-2 3.9
b2e6 64C4 E-? 27 429 2442 E=2 Lol
4704 1eC65E=1 18 477 1e704FE =2 4e¢7
5206 9e2E Ee? 25 E2¢9 8424 E=3 8¢9
53e1 8468 Eep 1e4 S53e¢4 9497 £=3 51
57¢9 4487 E=2 2ol SRe2 10078E=2 55
63¢5 1eF15E=? Je2 63¢9 1e460FE=2 3¢5
73¢8 1e143E=p 3e¢0 74e2 8e¢88 F=3 37
8490 1+52RE=2 245 B4oek 2076 E=3 645
93e7 4472 Ee3 Sel S4e] 280 £e3 7e2
AR3E(F,T)AaR34 ARZ6(PIT)AR3AL
EXs 2¢09& MEV EXs 3¢879 MgV
+/= Qe¢011 MEYV +/= 0e¢015 MEV
ANG(CM) SIGMA(C™) ERRBR ANG(CM) SIGMA(CM) ERRBR
(CEG) (MB/SR) (%) (CEGQ) (MB/SR) (%)
1506 7e42 Ee2 4e8 25¢0 6406 E=2 1248
21¢S F R4 E=? 77 27¢7 Se2l1 E=2 38
26e4 290 E-? 4,9 37¢2 602C E=3 Bel
32¢2 Peb7 E=? 49 4Se 1eb2 E=2 FeR
37eC Pe20CE=p? 3¢9 538¢3 5499 E=3 77

428 2¢70 Ew2 4oe?
87e6 1e66CE=? 4¢7

5208 7429 E-3 9e¢6
53¢3 Re¢77 E=2 Seb
5891 355 Ee3 1040
63¢8 6419 E-3 S5¢6
7T4el 4e86 E=3 beo
84¢3 135 E-3 1002
9440 2¢81 Ee3 71



AR36(F,T) ARG

EX= 4¢0SC VEV
+/= 0eC14 MEV

ANG (CM)

(DEG)

250
277
372
491
S8e3

AR36(P»T)AR34

SIGMA(CM)

(MB/SR)

-0 Ul
e @ o o o
n NN N &
08 O
mmMmmmm

Ul
Ww W w

ERRBR

(%)

4948
7.5
9¢7

131

2101

EX= 3e¢879 MEV AND

EXs 4¢05C MEV

ANG(CM)
(DEG)

15¢7
2le6
26¢5
323
372
4209
478
53¢0
S3e4
58¢3
640
7403
84¢5
9402

SIGMA(CM)
(MB/SR)

4422 E=?
5093 E'Z
Se%1 E=2
2032 E'E
1e150E=?
1 eE78E-2
1832E=2
1¢€2 E=2
10397E'2
7¢23 E'3
3¢70 E=3
3¢10 E=3
2¢32 Ee3
111 E=3

ERRBR

(%)

T el
65
4o}
Se&
691
61
46
63
bel
70l
Beb
76
79
126
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AR36(P)T) AR

EX=2 44522 MgV
+/= 0eQ14 MEV

ANG(TM)

(DEDG)

1%e7
265
278
478
4942

AR36(PsT)AR3Y

EXs 4¢65] MEV
*/= 0014 MgV

ANG(CM)

(DEG)

1357
cb6e¢5
278
4749
4942

SIGHMA(CM)

(MB/SR)

2¢29
2¢0C
2¢17
8479
79

[ I I I I |
Www

mmm™m MmN

SIGMA(CM)
{M3/8R)

168
1¢85
1e76
7¢70
S0

g=2
E=2
E=2
E=3
E=3

ERRBR
(%)

Seb
Tk
63
72
1366

ERRER

(%)

129
8e?2
73
7e7

138



AR36(P,T)LR3Y

EXz 4e5P22 “EV AND
EX® 40651 MEV
ANG(CM) SICMA(CM) FRRSR
(DEG) (M“R/SR) (%)
15¢7 387 E=p2 73
2leé 4401 E=?2 &e?
2695 385 Ee? Sel
32¢3 299 E=2 4e6
37¢2 20627E=2 306
43¢0 206 E=2 Se0
4708 1eb4&Ee? 4e9
53¢1 142C7E-2 743
53¢ 1e194Ee? 445
58e¢4 14CNCEe2 58
64¢C 14037E-2 LXK
7404 be31 E=3 Leb
496 4e78 E=3 50
F4e3 4ell Ee3 60
AR36 (P, T)AR3Y
EXs 4eR67 MEV
+/= 0014 “EV
ANG(CM) SIGMA(CM) ERRBR
(DEG) (¥8/SR) (%)
2798 Dk E=3 1046
49¢2 3eC3 E=3 2563
S84 1¢16 E=3 211

145

AR2K(PIT)ARIY

EXe 443835 MgV
+/= Q014 MEV

ANG(CM)
(DEG)

278
492
531
SRl

AR36(P)T)AR34

SIGYMA(CM)
(M3 /g5R)

1¢78 Ee=p?
7¢3 E=3
S¢80 £=3
3¢49 £=3

ERRS8R
(%)

69
1407

1C«8
1309

EXs 40867 MEV AND

EXs 40985 MEV

ANG(CM)
(DEG)

216
265
32¢4
372
43.C
479
53l
536
S8ek
84e7
94 ek

SIGMA(CM)
(M3/8R)

188 ce=?2
2403 E=2
1068 E=2
1+098E=2
2e30
7096
Se83
5011
4eb6
117
7«0

MmMmMmMmmMmMmmm
s 0 0 8 0 02
F WWWWWW

ERREBR
(%)

1366
7e1
Gek
5e9
8e¢7
7 el

1Ce8
68
S.1

119

163




AR3IA(PaT)LR3G

EXs=

ANG(CM) SIGMA(CM)

(DEG)

2106
266
324
373
4301
4749
532
53¢6
585
642
7405
847
404

AR3A (P, T)AR3S

Exs

ANG(CM) SICMA(CM)

(CEG)

2708
4301
493
532
5846
9445

S5e3C7 “EV
+/= 0e¢013 “EV

(MB/SR)

609 E'3
118 E=?
1eCB2E=2
Re94 E‘3
737
6ell
S5¢53
4495
454
LekQ
2011
2018
130

[}
(Y,

mmMmmMmMmammMmMmm

WWWwwwwww

S¢909 MEV
+/= Qo012 MEV

(MB/SR)

520
488
155
2eEC
1.C1
766

mmMmmmmm
FUWUWWWW

ERRB"
(%)

2bedl
107

. Re9

70
96
846
1145
8¢l
2,8
74
10e2
8e¢3
116

ERROR
(%)

157
1243
4401
1841
2740
1746
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AR3A(PsT)ARTG

EXs 6e074 MpV
¢/= CeO11 MEV

ANG(CM)
(0£3)

279
4362
49 e 4
533
586
9466

AR36(PsT)AR3Y

SIGMA(CM)
(M2/SR)

2009
6475
bel

4¢07
2+19
105

MmMmmMmMmMmm
e ¢ 8 ¢ 8 2

WwWwwwwmn

ERRER
(%)

6e6
1Ce?
1601
1401
1Se¢4
139

EXs 5903 MEV AND

EX®s 6e074 MEV

ANG(CM)
(DEG)

158
2le7
26¢6
324
374
432
4860
533
S3e7
586
642
7406
848
9446

SIGMA(CM)
(M3/SR)

4e0b T2
3¢19 E=2
258 g=2
1e54 E=2
1e298E=2
1e160Z=2
1:010€E-2
6e69 E=3
5¢59 £=3
3¢19 E
4969 €
3e47 €
1493 £
180 E

ERRIR
(%)

7e4
100
6e7
7ok
H5e8
7e6
69
1006
8ek
132
8o
8¢l
1067
107

e
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AR36(P,T) AR AR36(P)T)ARTY

EXs 6£¢525 MLV EXs 74322 MoV

+/= CeCCY9 MFV +/= CelCh MEV

ANG(CM) SICMA(CY)Y ERRHR ANG(CM) SIGMA(CM) ERRSR

(CEG) (MR/SR) (%) (DEG) (M2/SR) (%)
2696k ULo7 E=3 2Peb 15e8 2475 T2 Seb
32¢5 4412 E=3 2240 21¢8 1482 E=2 138
3704 P2e35 E-3 17e2 267 2043 E=2 70
4841 263 E=3 163 375 1e28¢Z=2 60
53¢3 2417 E«3 713 43¢3 141132=2 84D
58¢7 125 E=3 2545 49¢5 T7e4 Ee3 f4e7

AR36(P,T)AR3Y AR3A(PIT)ARIY

EXz 60724 MEV EXs 74499 MgV

+/= Q0sC11 MEV */= 0004 MEV

ANG(CM) SIGMA(ZM) ERIRIR ANG(CM) <S]IGMA(CM) ERRAR

(CEG) (M¥2/8%) (%) (CED) (M8/8R) (%)
15¢8 1639 Ew?2 1649 15¢9 8e6 E=3 23¢6
217 72 E«3 PReD 218 157 E=2 1543
26¢7 1C1 E=2 1248 26¢7 1467 E=2 8e8
32¢5 Se74 E«3 1546 37¢5 1e248E=2 6e2
37e4 6beb41 E=3 10eC 43¢3 R415 E=3 101
43e2 6013 E=3 1204 43e6 9e7 E=3 1245
4801 426 E=3 1246
53e4 Loe56 E«3 1540
S53¢8 362 E=3 131
S8¢7 297 Ee3 1448
644 LBD E=3 RBeb
7408 2e13 E=3 11e7
8560 134 E=3 1445
94e7 182 E«3 1140



AR3E(P,T)YARIY

EX= 7372 MEV AND

EX® 70499 VEV

ANG(CM)
(DEG)

159
218
26e7
3246
375
433
482
53¢5
53¢2
5868
64eS
7409
8541
948

S 1e922

SICMA(CM)
(MB/S7)

3662 E
3638 E
4.1C E
Peb0 E
E
E
3

2873

WWwwwwmMmMmMNwh o

ERROE

-

JAN™ &N JANO X
e ®© @ o o o o

NN NDWYV WO X

(%)
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°
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AR35(PsT)AR3Y

EXs

7925 MgV

+/= C«005 MV

ANG(CM) SIGYA(CM)

(CEG)

159
2168
2he8
326
376
4364
48e3
536
5440
589
646
750
832
950

(M3/8R)

®

o

[y
mmMmmmmmm
WwWwwWwwwww

ERROR
(%)

129
142
73
91
Seb
10e¢4
749
1501
13.1
108
Be2
8¢9
9.0
1145




APPENDIX F

uOCa(p,t)38Ca EXPERIMENTAL DATA

Abs. Norm. Error 7.3%
Angle Error 0.15 deg.
Proton Energy 4o.14 MeV
Ground State Q-Value -20.428 MeV
+#0.010 MeV
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CA4C(P,T)CZA38

EXs 0¢000 “EV

ANG(CM) SIGMA(CM)
(CEG) (¥B8/SR)
16eC 1¢524E<]
2103 3¢383E=1
2606 3eC17E-}
321 Se81 Ee=?
371 3¢C9 E=2
4204 7 ¢E9 Fap
47¢6 14CP9E=1
5209 7437 E=~2
58e1 3.C02E-?
633 ReS4 E=3
73¢5 1e44SEe?
CA40(P,T)CA3S8
EX=s P2e2C6 “EV
+/= 0¢CC5 “EV
ANG(CM) SIGMA(CM)
(DEG) (MB/SR)
1601 R¢87 E=?
2le4 7467 Ee?
26¢7 602 E-Z
3292 340 E=2
373 F¢38 Ee?
4206 3040 Ee=?
47¢8 2077 E=2
53e1 1.512E=2
58¢3 1e317E=2
63¢5 1¢€58E-2
7307 8487 E=3

ERROR
(%)

3.8
25
25
4o
4¢3
4Leb
20
2e7
2¢6
4be?2
443

ERRBR
(%)

Se2
Sel
5S¢0
Se0
4ol
€9
5S¢0
60
bel
301
Se?7
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CA4WD(PsT)CA3R

EXs 3e595 MEV
¢/« 0e205 MEV

ANG(CM) SIGMA(CM)
(DES) (M3/3R)
16¢1 315 E=2
215 3045 Fe
26¢8 3405 E=2
32e3 2421 E=?
37¢4 1089 £e?
427 1e42 E=2
479 1e036E=2
532 7452 E=3
S&e¢5 6e¢32 E=3
63e6 Se82 £-=3
73¢9 4e68 E=3

CA40(PsT)CA3S8

EXs 44197 MEV
+/= 00085 MEV

ANG(CM) SIGMA(CM)

(DEG)

215
32k
533
13-X3-)
637

(MB/SR)

4e(
2¢18
1023
S5¢9
7e¢7

FFWWW

mmmmm

ERROR
(%)

946
78
Ce0
70
Se?7
112
Rel
9.0
62
56
Be2

ERRBR
(%)

358
350
cbeb
282
224



CALO(P,T)CA3E

EXs 40381 MEV
+/* 0+0CS MEV

ANG(CM) SIGMA(CM)
(DEG) (MB/SR)
1601 ¢81 E=?
21¢5 331 E-?
26¢9 Pe47 Ee2
32e4 1491 E=?
3764 1eblh E=?
48¢e0 1e219E-?2
53¢3 Re415 E-3
S8¢5 6Ke77 Ee=3
6397 791 E=3
74¢C Se19 Ee3
CA4O(P,T)CA38

EXe 40748 MEV
+/* (0+005 MEV

ANG (CM)
(CEG)

1602
21¢5
2619
324
375
53¢3
5846
638
7401

SIGMA(CM)
(MB/SR)

1485
1.Ck
7.9

6e49
3499
299
192
1¢54
1¢25
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ERRBR
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ReS
Se?
1240
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6¢3
70
Re7
6ol
4e7
7e7

ERROBR
(%)
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1762
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150
1463
153
129
1360
19¢2
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CALO(P,T)CA3S

EXas 44899 MgV

+/= 04005 MgV

ANG(CM) SIGMA(CM)
(DEG) (MB/SR)
16¢2 3e82 E=2
21¢5 443 E=?
269 2478 E=2
32+4 2403 g=2
375 1469 FE=2?
428 1022 E=2
48¢1 95480 E=3
53e¢4 7¢10 E=3
S8eb6 6070 E=3
63508 Re¢84 Ee=3
74¢1 Se2b E=3
CALD(PsT)CARE
EXs 56159 MgV
+/= 04007 MEV
ANG(CM) SIGMA(CM)
(DEG) (MB/SR)
16¢2 5Se6 E=3
215 3e6 Fe3
26¢9 33 £=3
32e4 3042 E-3
37¢5 293 £=3
4801 1e46 £=3
S8e6 1033 E=3
63¢8 RBeb E=d
7401 609 Eeb

ERRIR
(%)

e
70
80
70
6el
127
80
9.2
6el
45
7¢6

ERRAR
(%)

310
345
350
1940
18¢5
275
16¢7
19 eR
268
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CA4C(F,T)CARE

EXs 5e264 MEV
+/= Je¢CCE ~EV

ANG(CM) SIGMA(CM)Y ERKBR
(DEG) (MB/SR) (%)

1602 Fe2 Ee3 2049
1¢S5 105 E=2 1744
2609 ReC E=3 1840
32¢5 £€e47 E«3 1540
37¢5 4¢71 E«3 130
4801 1e78 E~«3 2440
58¢6 1428 E=3 1740
63¢8 26 E«3 1142
74e2 6o & Ee4 3T e4

CA4C(P,T)CARR

EXs Se427 MEV
+/= QeRC6E MEV

ANG(CM) SIGMA(CM) ERRER
(2EG) (MB/SR) (%)

32¢5 P26 E=3 27.C
37¢5 122 E=3 3047

CA4Q(PsT)CA3R

EXs 543598 MEV
+/= 0e¢C07 MEV

ANG(CM)
(BEG

162
325
375
4301
534
639
7402

Cas

EXs
*/-

ANG(CM)
(DEG)

325
3766
482
535

SIGMA(CM)
(M3/8R)

1¢00 E=2
3¢9% Ffe3
3499
2073
1067
161
154

mmMmMmmmm

Wwwww

O(P,T)CA3S

5¢698 MgV
CeC0S MEV

SIGMA(CHM)
(MB/SR)

3¢51 E=3
2¢61 E=3
2¢10 E=3
3044 E=3

ERRIR
(X)

21e5
190
1504
1946
218
138
178

ERRER
(%)

250
197
22¢6
149
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CA4(P,T)CARE CALD(PsT)CA3E
EXs SeR10 VvFV EX= 6e¢285 MEV
+/= QeNCS MFV +/e CJe208 MEV
ANG(CMy SIGMA(CM) FRRHR ANG(CM) SIGMA(CM)Y) ERRYR
(CEG) (MB/SR) (%) (DEG) (M3/SR) (%)
1602 131 E=2 1745 1602 1¢04 E=?2 2Ce0
2196 1e4R Ee2 15,4 216 1e1R Ee2 1747
27¢0 9B E=3 1540 27¢C 742 E=3 2600
325 €e6 E=3 1740 32¢5 Se4 E«3 2Ce0
376 767 E=3 102 376 2¢9C E=3 199
42¢9 4415 £33 2349 4802 7¢2C E=3 1Ce9
4Re? 4612 E=3 1941 53e¢5 3e65 E=3 156
S53e5 4eC3 E=3 1301 S5e8 1487 £e3 149
S8e¢7 2¢76 E«3 1046 74e3 Re¢8 EFeb 2603
The?2 1e6R E=3 1646
CA4C(P,T)CA3S CA4D(P,)T)CA3S8
EX=s 60136 “EV EXs 60593 MEV
+/= Q¢0C6 MEV +/= Ce007 MEV
ANG(CM) SIGMA(CM) ERRSBR ANG(CM) SIGMA(CM) ERRIR
(DEG) (MB/SR) (%) (DEG) (M3/3R) (X)
16e2 4¢7 E=3 35.C 270 1¢07 E=2 1540
21e6 Heb6 E=3 233.7 32¢6 Se75 Ee=3 150
32¢5 Pe97 E=3 2440 37¢6 3428 E=3 179
37e6 3e62 E=3 1608 43¢0 4e) E=3 2648
4802 177 Ee3 2449 48¢3 Se19 E=3 1301
53¢5 1e¢C9 E=3 337 536 Se83 £33 111
T4e3 76 Ees 303 S58e¢8 20932 Ee3 120
640 186 E=3 1400



CA4O(P,T)CA3S8

EX=s 6¢7C2 VvEV
*/= Qe210 MEV

ANG(CM) SIGMA(CM) ERRSR
(DEG) (MBR/SR) (%)

16e2 2460 E=a2 17,9
32'6 6e& E'3 1505
3707 €eC8 E=3 122
43¢0 4eC E=3 259
48e¢3 5SeC2 E=3 14.C
53¢6 3410 E«3 1547
58¢9 245 Ee«3 1147
6hey 1¢29 E=3 132
CA40(P,T)CA3R

EXs 60768 MEV
¢/ 0015 MEV

ANG(CM) SIGMA(CM) ERRBR
(CEG) (MB/SR) (%)

2leb 217 E=2 11e2
32e6 47 E=3 P55
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CA40(P,T)CA38

EXs 64801 MEV
+/= 0e¢012 MEV

ANG(CM) SIGMA(CM) ERRAR
(CEG) (MB/SR) (%)

377 1418 2«3 340

4263 1¢15 E=3 352
S53e6 1066 E=3 2548

CA40(P,T)CA3R

EXes 7208 MEV
+/= Ce015 MEV

ANG(CM) SIGMA(CM) ERROR
(CEG) (MR /3R) (%)

74¢5 1e¢SC E=3 1946



CA4C(P,T)CA38

EXs 78C0 MEV
+/= Qo012 MEV

ANG(CM)
(DEG)

163
217
378
538
5940
6403

SIGMA(CM)

(MB/SR)

1e48
1.C2
44?9
4435
2099
PeC4

E=2
E=2

mmmm
wwww

ERRBR
(%)

19¢4

18¢7
165
15.2
13e6
1446
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CA4D(PaT)CA3E

EXs 84595 MgV
+/= 0010 MEV

ANG(CM)
(DEG)

16k
21+8
272
328
379
4846
539
(XXX

SIGMA(CM)
(MB/3R)

1¢18 E=2
6e6 E=3
5¢6 E
4¢3 E
4e28 £
3¢83 E
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1060

ERRER
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