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ABSTRACT

A STUDY OF THE ENERGY LEVELS OF 18Ne

22vg, 2051, 305, 34, anp 38c4

BY THE (p,t) REACTION

3

By

Robert Alton Paddock

A study of the (p,t) reaction on the even-even

N=Z nuclei in the 2s1d shell has been carried out. This
reactlon has been used to study the energy levels of

18Ne, 22 26

Mg, Si, 308, 34Ar and 380a. Until recently
little has been reported about these nuclel. 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 studied with respect to these
(p,t) reactions. It was found that the shapes of the
predicted angdlar distributions are primarily dependent
on the orbital angular momentum transfer and the optical
model parameters. This 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 Paddock

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

It is concluded that the (p,t) reaction is useful
to study the energy levels of nuclei two nucleons away
from stability. It is also concluded that the two
nucleon tranéfer distorted wave theorj 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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CHAPTER 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, 2“M

2831, 325, 36y, ang 4O

g,
Ca, which all have Jﬂ=0+ ground
states. These (p,t) reactions reach states in nuclei
which are two nucleons away from stability. Until
recently these nuclei 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 nuclei with
the (p,t) reaction have been scattered and sparce until
now. This is 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 Michlgan State Uni-
verslty Sector Focused C&clotron is capable of producing.
The (p,t) reaction and other two nucleon transfer
reactions have been previously used to study nuclei in
the light mass region by experimenters such as Cerny and

(Cebl, F168, Gabl)

his co-workers This reaction has




also been used in the medium to heavy mass reglon by
experimenters such as Hintz and his co—workers(Ba6ua’
Bab5, Bab8, Mabbo, 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. This dependence will be further investi-
gated in later chapters of this work.

Two nucleon transfer theories_have been developed
which allow the (p,t) reaction to be treated by the
direct reaction distorted wave method (see Chapter 3).
It was therefore decided to study such a theory, in par-
ticular the theory of Glendenning(Gl65), and to investi-

gate the ability of this theory to predict the observed

angular distributions. 1In particular, the dependence of

such a theory on the initial and final state wave func-
tlons 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(Hi6u’

G165, Babha, Gl62), and only those applying to (p,t)
in particular will be discussed here. Let us denote the

angular momentum and isospin of the target as J, and TA

A
respectively. The final nucleus will be denoted by JB
and TB. The orbital angular momentum, spin and total
arigular momentum of the transferred neutrons will be
denoted by 21, 515 jl and 22, S5 32. The transferred
quantum numbers will be designated by L, S, J and T. We

can then write:

> > >

) > > > > >
S=s,+s, L= +L,=A+X  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 X and A respectively. This possibility

of the relative motion of the two transferred particles




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

ing restrictlon, or selection rule.

IJA-Jnggi(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 quantum number. Along with equation (2.2), there
1s also the following restriction on the parity change

during the reaction.

L.+
+
172 L1y

Am=(-1) (2.3)

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

then the two neutrons must come from shells of different
parity (W=(—l)2). The 1sospin 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.

ITA—TBIili(TA+T (2.4)

B’

In this work, we will be concerned with even-

even N=Z targets so that in all cases studied JA=O,




T,=+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 fhe number of
neutrons not coupled in pairs to zero angular momentum.
Since the pickup of two neutrons can break at most two

pairs, the following restriction holds.

Av =0,%2 | (2.6)

Seniority is not necessarily a good quantum number and
thus this selectioﬁ rule may not be applicable 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
mostly (~95%)(Bl62) 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‘ngiLi(JA+JB) (2.6)

ar=(-1)" | (2.7)




JB=L for JA=O (2.8)

We will find later that the shape of the angular
distribution 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
(pst) reactlons 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‘foilowing 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 details of the distorted wave method of cal-
culating direct reaction processes have been discussed
by Satchler and others(sa6u’ Ba62). Only those parts of
the theory pertinent to applying 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

J J

B> Sg» Sps My, Mp, m, and mg. Following the pro-
(Sabl)

A$

cedure of Satchler s the differential cross-section

for such a reaction can be written as follows:

(3.1.2)

The reduced masses are denoted by u and k denotes the

asymptotic relative momenta. The guantity T is called




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

>

>
T=<JBMB,sbmb,kbIVIJAMA,sama,ka> {3.1.3)

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

- 8abl, T can be written as follows:

Toy = i' drp, | dr g xm' : (ko) (3.1.4)
a b b
g
| (+) T
Y 1
<JBMBSbmb' IVIJAMASama g Xmé ma(ka’ra)

9 denotes the Jacobian of the transformation from the

-
individual coordinates to the relative coordinate raA
-> .
and rbB’

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

> > >
J=J_~J

57, 4=Sps J=L+S (3.1.5)

We write the expansion as follows including the appro-

priate Clebsh-Gordan coupling coefficients.




Q <TpMy,sym [V]I,M s m > = gcyn (3.1.6)
= LEJ Ty T My, MB-MAlJBMB><L S M, m -m_ |J, My, >

0™ L
<s, s ma-mbls, ma—mb>(71) 17 A o5 (Bb,Aa)

-> >

fLSJ,M(rbB, r,a) 3 where M = My + m - My - 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
Tow = § (2T+1) <J,IM,, MB-MAIJBMB>‘ (3.1.7)

LMm, m ‘
I A . B, P&> -

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

coefficlents from reference Ro67, we get:

LMm, m_, 2
DlTplf= I (275+1)| = A bral® (3.1.8)

B
LSJ "SJ
JMmbma LS

Substitution into equation (3.1.2) gives the follow-

ing expression for the differential cross-section.
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do _ HaMp ky (2JB+1> LMm m |2
aw T T TSR I I Ag; Bgr Al
(27wh“<) a (2JA+1)(28 +1) JMm,m_ LS
a b a
(3.1.9)

If only one L and S are important, this reduces to the

following:
2
dg _ 2Ip*? 5 455 0. o (8) (3.1.10)
daq 2JA+1 J (2sa+1) LSJ T

Where we have defined the reduced cross—~section as

follows:

V! k
0 o (8) =—8B D | 8EMmema12 (3.1.11)
LSJ Gorn2)2 K sJ |

a Mmbma

It is this reduced cross-section that is calculated
by a distorted wave computer code such as JULIE(Ba62).

The method of calculating the BgJ's has previously been

(Sa6l, Bab2)

described and will not be discussed here.

The BEJ'S are actually calculated in a zero range approxi-
-> B
mation where fLSJ,M(rbB’raA) is replaced by a purely

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

L
three dimensional §-function in ;bB and ;aA'

3.2 The Two Neutron Pickup
Matrix Element

We now must evaluate the matrix element ”)’)] of equa-

tion (3.1.6) explicitly for the two neutron pickup




11

reaction. The method of dealing with this matrix ele-
ment for the case of two nucleon transfer has been

developed by several workers(Gl65’ L164, Bablib, Hebha,

Ab66, L166, Bro7) L. 1411 follow the method of

(G165)

Glendenning along with some of the details, ex-

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

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

The interaction responsible for the reaction is assumed
to be the interaction of a with x. We assume the
interaction 1s 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 (Ba62), we

write_the matrix element more explicitly as follows:

- * % -
‘M = | agg ag, ag, by (5B Vs m (Fax>Barty) Virgy)

by, CaoTxmabi) s (55) (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 dEB separately.

*
Gap (ryps€,) = J dég wJBMB(EB) wJAMA(ga’pr’gx)

(3.2.4)

GAB is then expanded in terms of normalized two

particle eigenfunctions of some potential well. 1In

particular, we choose the product wave functions of the

two neutrons to be transferred denoted by coordinates and

- - -> -
splns rigs Psps> O, and 9, (Ja68)_

(MA—MB)
GaB = o bYaYBLSJ<JBJ’MB MA—MB,JBMA>
LSJ
M=) L L
A B ,
QYGYBLSJ (rypsTsp,0,,0,) (3.2.5)
(M=t > > =M M, -M_+M
AT"B p Mg
¢ =1 [¢ (r..)¢ (ron)d. ¥
YQYBLSJ M Yaﬂa 1B YBQB 2B’ L g (01’02)
<L3, -M MA"MB+MIJ My -tp> (3.2.6)

The brackets [ ] denote vector coupling of the orbital
parts of the two neutron wave functions, and Xg is the
coupled spin part. The Clebsh-CGordan coefficient assures
the proper coupling to a specific total angular momentum

J,M. We note here that ¢ is an L-S coupled two particle
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wave function. The sum over g and B implies a sum over

all configgrations of the two neutrons neededﬁto describe
this overldp 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
wlth harmonic oscillator wave functions where the trans-
formation coefficients are calculable in closed form.

We expand the ¢'s in terms of harmonic ocscillator wave

-> ) .
function Onl(a,r) where a is the usual oscillator

strength parameter.

b (7) = Ial e, (a,r) G2

Equation (3.2.6) becomes:

(M -M ) -> > -M
A B u Vv v
o =35 I a" g [0 (o,r, )0 (o,r,5)]
YQYBLSJ M v Yu YB ula 1B7 "vg 2B L
Xg (01,02) <L S, -M, MA-MBHVI]J M, -Mp>

(3.2.8)

The well known Moshinsky-Talmi transformation can
now be applied to the oscillator wave functions to trans--

form them to relative and center of mass coordinates(M059’
Br60, La60)
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= I a V1 <na, NA, Llug,, Vig, L>

u
a
M, uv Yo YR nANA
’ Y
-+ ->
[Opp(ar2, vyp) Oy, (2a, v )] .

MA—MB+M

X -> ->
q (04,0,) <LS, -M M

A Mp>

-MB+M|J M,

(3.2.9)

NA and n)A 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=2(u+v)+2a+2B (3.2.10)

The expression for the matrix elements of equation

(3.2.3) now can be written as follows:

Q?} = ’dga dgy aZB by vy ,LSJ <Jg J» Mg, MA“MBIJA Mp>
Lsg %8

I a v I <nA, NA, L]ula, Vig, L>

Mg
M, uv Yu YB niNA

[opp (@2, ry5) Oy (2a, v )] L Xy (6,,0,)

* ->
<LS, -M, M,-Mg + MlJ M, ~Mp> wsbmb(rax, E,0 Ey)
V(ir_ ) V¥ (g£_) (3.2.11)

ax m a
Sa a
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Explicitly, the remaining wave functions can be

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

- a . .
Ys m (Ea) = X (da) s proton spin wave function

aa a (3.2.12)
My-Mo4M ,
XS (0,,0,) = & <Sq8,mim, S My =Mg+M>
m
1™
m m, .
X (°1) X (02) (3.2.13)
51 55 |

The wave function of the triton 1s assumed for simpli-
city to be a Gaussian as suggested in references G165

and Ja68.

—n2(r§2 + rg + rzl)
Vg, = Ne P PX"x (spin function)

(3.2.14)

This Gaussian wave function can be easlly 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 > 42 2
wsbmb(rax’ ga’ gx) - 900(3n > r12) GOO( nos rax)
g ' N mb(* ) %
<s mm'|s m > y o}
. p P b o S b ' '
\ p ml m2
1 1
sy spmlml [Stms b (3) %2 (3.) (3.2.15)
1°2 M M m Xss 19 Xsé 2 v

Wé restrict S' to be zero as was discussed in Chapter 2.
The relative orbital angular momentum of the two neu-
trdns 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?n, the integral indicated in
equation (3.2.11) must be carried out. We note that
Jd&a d&x implies jd;12 d;a dgl ng' This total integral

will involve the following integral.

2 - > -> o
J@oo(3n 2 T10) Opp(a/2, vo)dry, = 8, 02 (a, n)
(3.2.16)

This definition of Qn 1s equivalent to the one of

Glendenning(Gl65).

Making the explicit substitution of
~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 coefficlents. We note

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

wave functions can be assigned to eNA since A=0 only
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for Onk and thus enk 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
N

Evalua

get:

OYW =

A'

~M A
v, (pr) (3.2.17)

> 2
(20, r (2ar

= R XB)

xB) NL

ting the integral of equation (3.2.11) we

- ' .
B byaYBLSJ <Jpd Mgy -Mg | J M, > AyayBL(pr)
LSJ
-'M A N
ﬁ YL (r g) <LS, -M MA-MB+MJ ; M, ~Mpg>

N
<s, Om_ 0 ]sbmb> Vir,, ) 04(4n, £y 65,0

(3.2.18)

= % a a’ © <no, NL, L | MLy, Vig, L>

Ya¥gl WY Ty Tvg oy

Using

2, (a, n) RNL(2ar§B) (3.2.19)

the symmetry properties 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 ldentify A T

LsJ ‘Lss,m
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VLN
= Z b A! (r ) Y (r_g)
L3J ,M 9 aB yquLSJ YaYBL xB xB

A f

LSJ

v ( or (4n2, p
rax) 00 nos r'ax)

J,=J . +s -8
6S O('l) A "B "a b (_1)L+S-J

iL <2Sb+1 ) 1/2 <2JA+1> 1/2
2S+1 2J . +1

B

where M»= MB - MA - ma + m,

(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 -~ >
Vr,)0gp  (n®, ) = Dy 8(r, ) (3.2.21)

-
In order to evaluate G(Pax) and the Jacobian 9,

we write down the geometric relationships in ahalogy

with the results of reference Bab2.

3
= _—T—g:—ET = c (3.2.22)

bB = Tanp) ‘ | (3.2.23)




'
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The quantities denoted by %] represent the masses
of the respective particles. Equation (3.2.23) then can

- ,
be used to evaluate S(rax).

->

s(r_.) =(1/c3)s(MB 7 .

ax ma bB raA)
-> -
=(1/<))5(Z)’;-§ Tp - Tap) (3.2.24)
A
-> : -> -> .
When r,y 8oes to zero then pr=PbB' The form factor of

equation (3.2.20) with this zero range approximation can

then be written as follows:

J,=J +5 ~s
' _ L+S=J A "B "a b .L
ALSJ = DO GS,O (-1) ("1) 1

25, +1\1/2 /27 ,+1\1/2
o (2 .
2S+1 27 +1
m¥ ~
£ = I b Al (r, ) YO (r )
LST,M T o v vgLsT My vl TbB’ L (Tom
mB > ->
G%EX rbB - PaA) (3.2.26)

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

J; bYaYBLSJ A with the FLSJ mentloned at the end

'
YGYG.L
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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), ]ALSJI2 1s needed to evaluate the cross-section.

5 23b+1 ’2JA+1

0 ZS+T 27,71 3 S=0 (3.2.27)

=D

2
| syl

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

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

do 2
0

Eﬁ(p 0 =D °LOL(e) (3.2.28)

According to reference Ba62, for the particular normali-

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

do Dg |
Eﬁ( 0 = =517 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.

F (r) = T b Al (r) (3.3.1)
LSJ aB YaYBLSJ YaYBL :
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Al (r) =z af a¥ I <no, NL, L|u2 , vi,. L>
YaYBL Hv Yo YB nN ’ ’ o’ B
|
2_(a,n) Ry (2ar2) (3.3.2)
n? NL T
For reasons that will become evident in section 3.4, we
introduce the following factor.
- m
*e sg Jg| =
L S J
r - 1/2
[(232+1)(2JB+1)(2S+1)(2L+1)]
&a Sa ja
X J ZB Sg 58 >
L S J
The symbol { } is the Wigner 9-J symbol for re-
coupling four angular momenta(BP62’ Sh63). We rewrite
equation (3.3.1).
F (r) = £ B . A T arlr) (3.3.4)
LsJ af  Ya¥gdadgd TYYRLSJ
r -
JLoc Sa Ja
A = L ] J A! (3.3.5)
YaYBLSJ B B 8 YaYBL
L S J
L i




~ B
-1
20. SQ. JU,
= b bg sg Jg| (3.3.6)

B .
YaYBJaJBJ YaYBLSJ

L i
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 functions of the center of

mass of the two neutrons weighted 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 University. The code uses eigenfunctions of a

real Woods-Saxon well with a spin-orbit term. The

triton size parameter n is fixed at 0.242f as suggested.

by Glendenning(Gl65).

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 twc 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 overiap ofvthe target and

residual nuclei.
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(M, -M_)
J M. M ABY S

L b <Jg J Mg My-Mp [ 3, M,> °yayBLSJ(PxB’gx)

(e
ag  YoYglSd

(EB, L EX) (3.4.1)

* N
= Jng wJBMB(gB) Vs m

ATA

In order to solve this equation for the parentage factors,
we multiply both sides of the equation by (3.4.2).

*

<Jo, J' M, M —MB'IJ Y& Yé L'S'J! (3.4.2)

B g My ¢

a My

> .
Then we integrate over dpr dgx and finally sum over the
spin projections of the initial and final nuclei.

b

¥ * >
YoYglST ~ j[wJB(gB) ¢yay 133 (5ps Typ)d;

B A

wJA(EBpr, Ex)dEB dpr d&x (3.4.3)

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 1like
the térget nucleus. The b's are then a measure of the
probability 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 is 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 combinatorial factor denoted by
(g). The general expression for a cbmbination‘factor is

given in equation (3.4.4).

(;) = ﬁim Tm! | (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 ZNQNBwhere N&(NB) is the number of
neutrons in the o (B) group. The 2 comes from the possi-
bility that either neutroh can cone from either group and
yet the final configuration will be the same. More
formally 1t is an antisymmetrization factor. We denocte

this statistical factor in general by g .

YGYB
_ Ny _ N(N-1) - _ _
gYaYB - (2) 2 3 Yy Yg Na NB N
= 2NaNB . Yg (3.4.5)

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

then b must be multiplied by gi’Z.
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b =g

W, b ers Ja U > (3.4.6)
YaYBLSJ J YQYBLSJ A JA

YaYB B
We have essentially rewritten equation (3.4.3) in a
simplifled notation and included the statistical factor.

1
We see that the bYaYBLSJ s are analogous to the B s

!
YLSJT

of Glendenning(G165).

In order to proceed further with
the calculation 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 ié quite often used‘énd its concept is

fairly easy to grasp. Since QYQYBLSJ 1s a L-8 coupled

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

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

cients
2a Sa Ja
0] = z L S J ] . (3.4.7)
Y v,LSJ . B B B Y Yol dod
o' B jOLJB , o'BYaYB
L S 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

J
of equation (3.4.1), we get the following:

o and jB as being included in the sum over o and B8
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1/2 A
B . .=g <P o, o R I R/
YaYBJaJBJ YoV Ig YaYBJaJBJ AT,
(3.4.8)

We ha&e 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 IwB>. As an example we will consider
the case where the nucleons are limited to two shells
outslde a closed core. This will allow the possibllity
of picking 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 thié work with two'identical particles
which we know are neutrons. Often shell model wave func-
tions are calculated with isospin explicitly included
(see reference G164 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 NAB T
lv,> = = Py [y 2% Taa Taa Xao” Y  Jag Tag Xag>l  lcore>
A aB oB o . JATA

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

the particulqr shell (such as 1d5/2, 231/2, or 1d3/2)

and N is the number of nucleons in that shell. There is,
of course, the restriction that NAa+NAB equals the number
of nucleons outéide the core. J, T, and ¥ represent

respectively the angular momentum, isospin and any other

quantum numbers which might be needed to make the descrip-

tlon of the state unique. The core is assumed to have
zero angular momentum, isospin and isospin projection,
and therefore JA, TA and T, are the quantum numbers of
the total nuclear state. The total wave function must
have definite 1sospin 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 Cg The final state can be

BO
written in\the same way.

_ B Ba
le> B ;g CaB ['Ya JBa TBa XBa~

Npg ‘B
|yB Ipg Thg XBB>JJBTB| core> (3.4.10)

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.“.;1)

In order to proceed further, we consider two possible

cases.

Case I N =

ag = Npgs Npy = Npy + 2

Bo

In thls case both particles came from the same
shell. 1In 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 - N-1

N
= 2By I, Yit [l T T x>

[]YN_l J'T x> yit>] (3.4.12)
JTx

The coefficients < |} > are called coefficients of frac-

ticnal parentage (c¢.f.p.). C.f.p.'s such as these are

described in reference Sh63 and others. We have chosen

an unconventiocnal 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:




>
o Ao

Nag
wWly g JW} | (3.4.14)

In this 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 in such a way

that we can identify the coupled pair to be transferred.

(Sh63)

Such a transformation willl involve the Racah W-

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

1/2 1/2

[{|21>112>} |‘z3>]L = I (2Ly,+1) (2L23+l)

Lo Los
w(glsz23; L12L23)
[]e>{]2,>]2> ]
1 2 3 L

Lo3z L

(3.4.14)

Applying the recoupling transformation to both angular

momentum and isospin, equation (3.4.13) becomes:
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= A 1+ . trrg
WWas " Cas g, T 1 D @ @i
" "XH
J"T "y
J'V'T'll

(21'+1) (2711 1+1) 112 y(any 5

o AGJU;J'J' ")

NAa-2
w(T"taTAata; TvTvvv) [I-Ya J">

Iy, > | | “as ik
Uy >y >} ] Y ) >}
| a” o grrrsg, e AB J,\T,

(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 Shé63.

N-2 2

N
<y J1TyXys ¥° ILTo " JTx> =

o e yae Y oy
J'Try! :

N-2 ’ N-1
YT I T Xy vit|dy I

[(2J'+l)(2J2+1)(2T'+1)(2T2+l)]1/2
W(Jlij; J'3,) W(TltTt; T'T,)  (3.4.16)

We introduce this two particle c.f.p. into equation
(3.4.15).
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v A ‘ | o
> = C Z .uu
1Va>0g = Cug LI o (3.4

J"'T"'
N, =2 N
Aa Hirin .y, 1 2 syramery Ao
<Ya JITEXT Yo J T I}Ya JAaTAaXAa>
T
N A
NAOL-2 J">{[y >|y >} ] ’Y ABJ > ‘
Ao ATA

We now must recouple again to completely separate

out the coupled pair of nucleons. Another form of the
(Sh63)

recoupling transformation is needed

+

in our notation is as follows:

which written

- 1/2 1/2
[{121>I22>}L |5L3>]L = Lz (2L 3+1)77%(20, 5+1) <
12 13
R 420 28 +L. +L. +L
17e%pTet3T 0T 3 .
(-1) W(apyLhss Typ Iy3)
[{|£l>|£3>} |22>J_ (3.4,18)
Lis L

We apply this recoupling transformation to both angular

momentum and isospin in equation (3.4.17).
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> = z <2 particle c.f.p.>
IwA O.B J"T"X" P : P

JV 1 'T' ] IJiVTiV

iv
" tre
(—1)J +2(J +JAB)+JAQ+J +JA

" ER) iv .
(—1)T +2(T +TAB)+TAa+T +TA

'

iv iv 1/2
[(2JAa+1)(2J +l)(2TAa+1)(2T +1)]

W(ITH I T, Taes Ty g1V

LIGARRIL A O U I T?V)
I o AV ey
[{'Y:Aa-z J">-Y§As JAB>};i:

tr

T
{Iya>lya>} (3.4.19)

Jrvr g
Since l1sospin projection is important here (i.e.
(T"')Z =t''"" = -1 for two protons, 1''' = 0 for a pro-
ton and a neutron, and T''' = +1 fdrvtwo neutrons), we
have 1ncluded it 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 Ya‘

T
| &> = {lyajata>lyajata>} (3.4.20)
JT
In equation (3.4.20) J, T and T 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.

B NAa_2 » ‘
le>aB = CaB {lYa JBa TBa‘XBa> (3.4.21) i
N T
AB B
1Yg™" Tzg Trg XB8>}JBTB

We combine this with equation (3.4.20).

N, =2 N T
_ B Ao AR B
[bg @5 Jp>qg = Cog [UIY™  Tpe>lvg Tee” g Ty 1
T Ty
Uy ly>r 1 (3.4.22)
JT J,T

A”A
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Again, we have suppressed some essentlal quantum numbers
in equation (3.4.22) for brevity.

The overlap described in equation (3.4.8) can now
be easlly carried out for these two typical terms. The

complete result is given in equation (3.4.23).

. _ o ¥ <NAa(NAa—1)>1/2
2

YaYBjaJBJT

N
2 Ao
o. JBa TBa XBa’ Yu J TI}YQ JAa TAa

+J

B

)JBa+2(J+JBB)+JAa+J A

(-1

TBOL+2 (T+TBB ) +TAQ+T +T

B A

(-1)

W(J J J Jd J

Ba 74 IBg3 Jpq IB)

W(T Tea Ta TBB; Tho Tg)

<T. T 1

B B | T

T,> §(J

A Ta age Img) 8(Tpgs Tpg)

The total parentage factor will be the sum of terms like
equation (3.4.23) for each component 0f‘|¢A> that over-
laps with a component of IwB> plus two nucleons in the
same shell Yoo

Case IT N) =Np +1, N, =Ng +1

(3.4.23)

X

Aa>
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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 IwA> » but this time just once to each active

shell.
| N, -1
_ Ao ' 1N
lu)A>0tE3 = Cap J vTE'x . Yo Jo's YaI}YaAa Tpa”
o o Q
L \ 1]
Jg'Tg'Xg
N, -1
AB , N
<Y JB s yBI} YBAB JAB>
N, -1
A
[y 7o' vgd
Ao
N, .-1 |
IR SN ST (3.4, 21)
B B a” g J
AB YA

Some essential quantum numbers have’beén 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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frrane

T < |} >< |} >
1
Ja'Ta'Xa
t t 1]
Jg'Tg'Xg
J'T'J"'T"' L
— -
[ 1"
Ta' TB T
t t T z <TUT
o B ot ‘
Tao Tag Ta
N, =1 ' N, -1
Ao AB '
[, Jo'> g Jg'>}
Tﬂ" T
Uvg> lvg) 1 A
J'Y'T"' J TA

spin projection.

A

the parentage factor of equation (3.4.8).

T
I¢>a8 B {Iyajata>|YBJBt3>}JT

_ ~B
h CaB

NAa-l

o J

{|y T

Bo

‘ JAa JAB JA

J ' J

1 1]
a B J

Ja Ja J’!‘l'

-

trttet t ?
™" T, T
' A

(3.4.25)

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

coefficient to take care of the necessary specifid iso-

Now we write down the explicit form of the other

wave functions needed to evaluate the overlap and thus

(3.4.26)
N, -1
AB |
s XBa”1Yg"  Ing Ty Xpg”!

(3.4.27)

A>

B

T

BB
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N, =1 N, -1 T
. _ B Ao AR B
lWgs @3 Jp>40 = Cog [y Ipo” 1 Vg JB8>}J T
B B
T T A )
\ {IYa>|YB>} ] (3.4.28)
| Jp Ty

The overlap can now easily be perfofmed.'

: 1/2 A B
By o3 3,07 = Ny Myp) Cap Cag <TgT TpT | Ty7p>
a'BYa"R . .
N, -1 N
Aa Ao .
<Ya JBa TBa XBa’ Yajata,}yu JAa TAa XAa>
N, -1 N
AB AB
“Yg Ipe TBg *mg» Yelgtallvg  JTpg Tag Xup?
oo ——r o
e IBg IB|| T Tmg T
Jo Jg 7 ty tg T - (3.4.29)
Taa Jag Ial | Taa Tag Ta
- JL |

The total parentage factor will be a sum of terms like

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

- laps with a component'le> plus one nucleon in shell Yo
and one in YB . We nope that for the (p,t) reaction,
when the transferred_particles are neutrons, t=+1, and
T=1. J |

Some of the pafentage factors can be expressed in
simple closed form. In particular, fdr SOmé cases where

isospin 1s 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 is not included, and two identical
particles are taken froh the same sheii, and there 1is
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)
By Yol 3.0 T Cé CE (—"———“Aa‘gAa ) (3.4.30)
o' B avB ‘
N, =2 N
Aa 2 Ao
Yy Iy Vps Yg J[}ya I, V>

For the situation where NAa is even, JA=0’ and vA=O and

therefore JB=J, this c.f.p. has the following value(Gl65).

N2 5 v, y° I N oos =

(2(N—2) 2J+1 )}/2 for v=2
(N-1) (23-1)(23+1)/° J#0

‘1/2

3J+3-N . = =
(W:{TW), for v=0, J=0

(3.4.31)

Since isospin 1s 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:




B
YaYaJaJao

B :
YaYaJaJaJ

s B¥ (
- Ca Ca

c C
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N,,(23 +3-N )>1/2
Aa o Ao . _ _
2727 1) 5 v=0, J=0

# (N, (N, =2)(2J+1)\1/2
A B Ao Ao

o ‘o \T2I -D(E Y/ 5 V=2, IR0

(3.4.32)

When 1sospin is not‘included, and the two particles

are taken from different shells, case II reduces to the

following:

B

YaYBjaJBJ

1/2 A B* :
(2NAaNAB) CaB CaB (3.4.33)
N, -1 N
Aa Aa
<Ya JBa VBa’ Ya Jal}Ya JAa VAa>
N, -1 N
AR AB
<Yg Ig VBgs Vg Jgllvg™ Jpg vag>
IBa IBg IB
Jo Jdg I,
Jpaa Jag Ia
L =J

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

coupled to zero angular momentum and seniority zero

(NAa and NAB even, J,=0, J, =0, JAB=O’ Vaea=05s vAB=O) then

Jp=Js Jg,=d, and J

trivial(Sh63).

Bg=Jg"

The necessary c¢.f.p.'s are then
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<YN_1 J v, Yj |} YN 00> = ¢, (3.4.34)

The parentage factor for this simple case can then be

written as follows:

*

_ 1/2 A B
BYaYBJaJBJ - (2NAaNAB) CaB Cae (3.4.35)

Jy Jg d 6<vBa,1) G(vBB,l)

This particular Wigner 9-J coefficient can be evaluated

using relationships from reference Br62.

BvavBJaJBJ =C

A B <2NAaNAB(2J+1) >1/2
a8 Cog (25 F1) (23 1)

§lv, ,1) G(VBB,I) (3.4.36)

Ba?

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 ( ]wB>+2 nucleons )
which overlap. The relative phase.of the ¢omponents
(i.e. the phases of the Cae's ) of the wave functiéns

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 factbr.




CHAPTER 4

THE EXPERIMENT

4,1 The Proton Beam

The Michigan State University Secfbr 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 45° bending magnets and
three pairs of slits. The beam resolution was ~U40 keV,
as calculated from the measured magnetic fields and slit
apertures. The details of this transport system have
been discussed in reference Ma67.

After analysis, the beam was bent .through 22 1/2°
and sent through a shielding wall to‘én experimental
vault and a 36" scattering chamber. Quadrupole focusing
magnets were used at appropriate locatlons along the
evacuated beam line. The magnetic fields of the analyzing
magnets were measured by N.M.R. probes and frdm 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 obsérvation

of the beam spot on plastic scintilators in the beam line.

b2
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Particular attention was paild 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 ah 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 cyciotron 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 foil targets or a
gaé cell target. The detector telescope was mounted on
a remotely movable arm and, in the case of foil targets,
a monitor couhter 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

20Ne target was a 3" diameter gas cell with

The
1/2 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.

2uMg target was a self supporting foil of

The
magnesium metal enriched to 99.969% 2“Mg. This foil was
obtained from Union Carbide at the 0Oak Ridge National
Laboratory. It was reported to be 566 ug/cm2 thick, and
this thickness was used in neormalizing the cfoss-seétions
obtained. For this purpose the thickness was assumed to
be accurate to 5%,

The 2831

target was a self supporting foil of
natural silicon metal (92.21% 28Si). This foil was also
obtained 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 foil.

The results were compared with rénge"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 assumed for normali-
zation purposes.

32

The S target was a 5" diameter gas cell with

1/2 mil Kapton windows. The gas was natural HES
(~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 >999%
far. The first cell was a sealed cell, with 1,2 mil
Havar windows and a pressure of 45.1%1.0 ecm. of Hg,
built by R. L. Kozub¥°®T)  mne thick windows (10 mg/em?)
caused some problems in triton resolution. The second
cell had 1/2 mil Kapton windows (~l.7vmg/cm2) and a
pressure of 26 cm. of Hg. Better resqiution 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.

uOCa target was a self supporting foil of

The
natural calcium (96.9%%“00a). This foil was prepared by
evaporating in vacuum calcium metal onto a tantalum
backing. Upon cooling, the calcium foil was easily re-
moved. The thickness was measured with alpha particles
in the same way as described for the‘28Si target. 1Its

" thickness was found to be 863'u8/cm2 and an error of *U4¢%
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was assumed for normalization purposes. A thinner target
(~690 ug/cm2) 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 bve designated
the AE counter. The second was thicker and will be called
the E counter. The particular counters used‘depended on

365r, 24g, ang 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 chosen‘fo be 160 microns tﬁick and was
kept at a bias of 50 to 75 volts.. The E counter was

2000 microns thick and was at 475 volts bias. In the
20y, 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. In

MOCa experiments, only triton data was taken.

the 3°S and
The AE counter was 260 microns thick at 100 to 125 volts
and the E counter was 1000 microns thiék at 275 to 475
volts bias.

The experiments involving foil targets required only

one colllmator 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 increase
the effective solid angle.

} When gas cell targets were used, two collimators
weré’needed 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 regions of the gas
from entering to detector system. The front collimator
nearest the gas cell was a tall brass slit with a full
wldth of about 125 mils. The back collimators.weré 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 brOportional 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 twd 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 countér, a measure of
lost counts was obtalned. This is_not as good a method
as a monitor counter since the beam current meter cannot
follow microscopic time structure in the beam intensity,
but 1f 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.: Bebause of this,

some method must be used to idenﬁify 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.

36Ar, 24Mg and 2881 targets

The experiment with the
employed the ORTEC model 423 particle identifier whiéh is
based on the technique developed by Goulding gg_gl.(GO6u).
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.

20 uoCa targets used a

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

on the differential energy loss. The signals from the

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

the detector telescope and all three pulses (AE, E and I)
were passed through chérge sensitive preamplifiers and
sent to the data acquisition area. Filgure 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 coincidence 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. Sigma~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
particlés of different charge and mass for the same
energy (I signal), the different particleé fall into
bands on the two dimensional plot. Figure 4 shows such
a two dimensional plot. This particular spectrum was

- hot taken during the present experiments. The code then
allows gate lines to be introduced in the form 6f poly-
nomlal 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 328 experimént, two detector
telescopes, placed 10° apart on thg'scattering chamber
arm, were used. The particle identification system
using the on line computer was used. After the coinci-
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
electronic limitation on the resolution was measured by

introducling a pulser signal, through a 1 or 2 pf. capaci-

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

figuration. For the ““Ne and 5°S cases the resolution

was about 90 keV FWHM. The 2“Mg experiment had about
120 keV. The 2951 case was about 140 keV. The 36ap
gas cell with the thick Havar windows gave 155 keV,

while the cell with Kapton windows gave 100 keV. The

oCa 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 plotfed
by the Sigma-7 in the form of semi-log histogram plots.
Listlngs 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‘Fortraﬁ 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 is the net
counts in the peak after the substactioﬁ of B background
counts. Thé centroid was calculated ﬁsing only the top
two-thlirds of the peak for peaks over 25 counts high to
eliminate contributions from téils due to straggling in
the target and other effects. In the case of smaller

peaks, 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 puhched cards.

These cards, along with data on the proton energy,
scattering angles, and particle masses went into 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 luO as well as the first excited state of

100 at 3.3527 Mev(P209) | 1¢ the ground state g-value
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 dloxide 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-
grated 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 foll targets is given in equation (5.1), equation

(5.2) gives the formula used with gés targets.

N sin 6, ™M
49 ) =% DT t— (2.66015 x 1071%) [mb/st]
C pdx (A/R7)
(5.1)
N f sin 6 T
g—g(e) =i) DT (1.65894 x 1072 [mb/st]
CnpPagaG
(5.2)

In the above formula, % is the Jacobian of the transfor-

mation to center of mass coordinates, N is the number of

counts in the peak, fDT is the dead time correction factor,
6 1s the scattering angle, et is the target angle, M is
the atomic mass of the target material in AM.U., T 1is
the gas temperature in °K, C is the integrated beam
current in Coulombs, pdx 1s the target thickness in
g/cmg, (A/Rz) is the detector solid éhglé, n is the
number of target nucleons per molecule of gas, P is the
- gas pressure in cm. of Hg, and G is the G-factor in cm.
The G-factor is that defined and discussed In detail by
Silverstein<8i59). It 1s expressed as a sum of a series
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).

%%(e) = N fjn/(Monitor Counts) (5.3)
rel,
An average normalization factor was then calculated by
comparison with the results of equation (5.1).\
The resulting angular distribution and exéitation
energies of the states observed are given in the

Appendices.




CHAPTER 6

EXPERIMENTAL RESULTS

6.1 The Ground State Transitions
The targets studied in these éxperiments were all
even-even N=Z nuclei with Jﬂ=0* ground states. The
' residual nuclei following the (p,t) reaction are then
also even-even nuclei, and therefore, according to the

(R°67), have J"=O+

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
zero. 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 transitlons 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 is truly the second maximum

since 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 bagk at 75° to 95°

but the data do not cover this maximum in detail.

6.2 The Transition to the First
Excited States

The angular distributions for the transitions to
the first excited states in all six nuclei 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 being a 2+ for even-

even nuclei is typical for even-even nuclei in this

mass region.
Experimentally the L=2 angular distributions have
the followlng properties. They exhibit a peak or

plateau (washed out peak) in the region between 30° and

45°, and a peak at 65° to T75°.

6.3 Other Transitilons

The predominant dependence of the angular distri-
butions on L and the restrictive‘séiection rules for
(p,t) outlined in Chapter 2 allow spin-parity assign-
ments to be made for some other excited states of the

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

The residual nuclei studied in these experiments
can in general only be studied by two nucleon transfer
reactions since they are all two nucleons away from
stability. Until recently these nuclel have not been
studied much at all. Except for the case of a few low
lying levels in soﬁe of the nuclei, the only previous
experiments studying these nuclei have employed the
(3He ,n) and the (3He ,ny) reactlons. The Q-values for
these reactions are on the order 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 energy levels seen in

\
this experiment as well as the J" assignments for levels

where the experimental angular distributions 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 jﬂ assignments. Values 1n parentheses
represent tentative assignments, double parentheses

indicate that the assignment is extremely tentative. 1In




TABLE l.--Energy levels of
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18

Ne.

(this work)

(other works)

Energy g Energy Jﬂ References*
(MeV) (MeV)

M.E.= (Mab65)

5.3193

, +.0047
0.0 ot 0.0 of (Fa68)b(0168) % (5n68) (To66)
| (Kr66)  (Ga61)

1.804 2% 1.8872 ot (Fa68)" (G168),(£n68) (To68)
+.010 £.0002 (Kr66) ;.

3.356  ((07))  (sn6s)

£.002
3.390 (4+ 3.3762 yt (Sh69a) (Fa68)t(aiGB)E(;3}106-‘,)J1T
t,014 +.0004 (Tob8)

3.5763 (0) (6168)

+,0020 )
3,614 ot 3,6164 2t (Sh6ua) (FaGB)t(GiGS)EJﬂ
£.013 +,0006 (Sh68) (Tob68)
h.576 1T §.550 (Fa68)%(To68) (Ad67),
£.017 £.015
5,150
+.01L
6.326
+.018
7.957
£.025
0.215
£.020

*
See text for explanation of notation.



TABLE 2.--Energy levels of

67

22

Mg.

(this work)

(other works)

6.

Energy ;7. Energy 37 References”
(MeV) (MeV)
M.E.= M.E.= (Cceb6)t
-0.4123 -0.380
+,0097 $,050 K
0.0 ot o.b o* (En67)
1.250 2% 1.2150 o* (Sn68) 5, (6a67)"(0167), (Be66)
+£.,008 £,0006 (ce66)t
3.323 (&%) 3.353 (W% (sn68),, (0a67) 5 (1e66) (Ce6)®
+,021 £,045
bohir 2%y w.38 (%) (5168),,, (nab7)®
+,027
5.057  (2%) 5,04 (2%,37)  (sn68)
+.031
5.313 5,29 (2% ,37,4 (Sh€g)
+.032
Gy (e*,37,4 (Shé6).
5.738 5.70 (0*))  (sn69)
£.035 '
061 ot
+.037
6.281
+.033
6.645
£,04
6.836
+,044
7.252
£.0U4
7.961
+,049

* .
See text for explanation of notation.




68

26

TABLE 3.--Energy levels of “"Si.

(this werk)

"(other works)

o~

B *
Energy g" Energy " References
(MeV) (MeV) ,
V ' CMLE,= (En67)
C=T7.181
£,011
+ + t
0.0 0 0.0 0 (Ad68) (1ab8) (Dab7);,(Me67)
(M167) (Mc65) (AJ6Q)
1.795 ot 1.79 2t (Ha68) (Ro68) . (Dab7)L(M167)
+,011 +,01 (AJ60)
2.790 (2% 2,78 ot (1a68) (Ro68),(Ua67)5 (1e67)
+,012 +.01 (M167) (Mc65) (AJ60)
3.339 3.32 (0) (Hat &) (RoéS)EJ(Mc67) (Mc65)
£,019 £,00 '
(3.770) (Hab68) (1e67),
+,040) .
2,74y Y (uatm)®
£.050
34890 (LotB) , (Me€T),,
£, 000 ’
4,183 4 4,160 () (1:868) (KobE), (Me6T)
+,011 £,040
L LA CANTEAD B Y b 2% (1a68) (DabT) .
£,013 £,050
bk, 801
+,013
5,020
+,012
5.562
1,028
5,960
+,022
6.381
+,020
6.786
+,029
7.150
+,015
7,476 |
+,020
7.695
£,031
.902
.021

]
See text for explanation of notation.
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(this work)

(other works)

Energy iﬂ _Energy Jﬂ References
(MeV) - (MeV)
5.480 (Sh68)
+.015
5.548 (Sh68)
+.024
(5.657) (Sh68)
(x.028)
5.825 (Sh68)
+,019
5.897
+,027
6,014 (Sh68)
+,012
(6.108) 6.095 (Sh68)
(£.020) £,010
(6.223) 6.233 (Sh68)
(£.030) +.010
6,415
£,040
6.681
+,040
7.185
+.035
7.570
+,045
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levels of 3“Ar.

(this work)»

Energy
(MeV)

JTT

(other works)

. References®*
Energy bt ereren

(MeV) J

M.E.=

-18.370

1+

+ W

i+

T+

I+

(o2}

1+

1+ O

+,011

.0

.094
.011

.288

014

879

.015

050

.01k,

a
22

014

651
.014

867
014

.985
.01k

. 307
.013

.909
.012

LOT7h
.011

525
.009

794

011

7.322
. 006

7.
+,004

7.
%,005

499

925

ME.= (En67)
-18.304
2,013

b.o 0 (Ha68) (Mc67) (M167) (M166)

™

.058 (Hab8) (Me67) (M167) g
,035 } ‘

3.30 ~ (Ha68) g (Me6T)

.03

T+

1+

.90 (Ha68)
.03 ‘

-+ W

4,05 (1a68)

W15 (Ha68)

#
See text for explanation of notation.
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(fhis work ) (other works)

. Energy References*

(MeV)

m Energy
(MeV)

JTT

5.264
t,005

27
. 006

+ U

5.598
.007
5.698
.010

1+

W

5.810
.005

i+

.136
.006

+ ON

[oaY

. 280 (0
.008

+

.598
.007

+ O

.702
.010

I+ O\

N

.768
+,015
6.601
£,012

(7.208)

(£,015)

.800
012

-3

1+

8.595
.010

I+
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order to limit these tables to a convenient size, only
the more recent references are given. The excitation
ehergy listed 1s usually taken from the reference with
the smallest quoted errof. 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 1f it is not the only one. The mass excess (M.E.)

quoted are sometimes averages of several experiments

taken from the compilations of Mattauch et al. M205) 4ng

Endt and Van der Leun(ED®7), !

A consolidation of the results of the present ex-
periments and the results of other workers are given in
Figures 8 through 13. These level diagrams are not
necessarily complete since there is some ambiguity 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 nuclei

are known. Also given in these figures are the. low
| 18

lying levels of the mirror nuclei; The levels of 0

(Leb67)

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

therein. The levels of 22Ne are . taken from references

26

La62, AJ59, Pe6l, and Bub7. The levels of “°Ng, 3031,
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34 38 .
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 in the code JULIE is given in
equation (7.1.1).

1 d 1
Ue(r2) =V (r) -V - (W_ -4w )
oM c © 1 4 X o] D dx' 1+ ex'
A |2 1 d 1 p
Fae sra (om0 (11D

The first term 1is the Coulomb potential of a uniformly
charged sphere of radius Rc=rocAl/3. The parameter x,
x' and x" in the rest of the terms have the form

l/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
bptical 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
1s, of course, no elastic scattering data for tritons on
the nuclei which are the final state of the (p,t) reac-
tions studied since they are all unstable. Also there
is in general 1little triton elastic scéttering at all.

It was therefore decided to consider the poséibility of
using‘sHe parameters,

Since elastic scattering data were not available
for the precise nuclei 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
potential depths are essentially 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 is found that ambiguities

(Ka68a, F169)

exist For example the elastic data can be
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fit for any reasonable value of.r-o by proper choice of

VO and other parameters. A study of the literature indi-
cates that reaction data is usually best fit with
parameters where r, is in the range of 1.15 f to 1.25 f
andIVo is 1n the corresponding range of 170 MeV to

150 MeV(F169). The choice 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 modél configuration. For example for |
20Ne(p,t)l8Ne(G.S.), the pickup éf 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 1is 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 inSpéction, 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. Again the best
average fit 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 1in this work are based on this final set ofvoptical

model pérameters.

7.2 The Ground State Transitions

As was mentloned in Section 7.1, distorted wave
calculations were made for the six 0* to O+ ground state
trénsitions 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).



(7.2.1)

-

In the above expression, ; = 2s for these spin 1/2
pafticles. 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 Ty and a were chosen to be 1.25 f

and 0.65 f as suggested by Bayman et al.(Ba68).

e

Vs was
taken as 6 MeV, which is typical of single nucleon spin-
orbit strengths. The real well depth Vo was adjusted so
the individual 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 functlions whose strength parameters a was chosen by

the code TWOFRM to maximize the convergence of this
2

expansion and was usually about 0.3 £ . This expansion
had the form of equation (7.2.2).
- u -+

¢Y£(r)_= uio ay Ouk(a, r) o (7.2.2)

* ->

Multiplying both sides of equation (7.2.2) by @u,z(a, Tr)
-y
and integrating over dr, and expression for the coeffi-

cients can be found.

2b = [ olyta, 1) 6, (h) ar (7.2.3)
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Both wave functions have the same angular dependence, and

this can be integrated out.

2

a¥ - J Ru£<ar2> U, () r° ar (7.2.4)

.

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 as's.

ne~ g

la‘;l2 =1 | (7.2.5)

u=0

The sum over u was cut off at u=umax’ where Mooy Was

determined by the following criterion. The first re-

quirement is given 1n equation (7.2.6).

i~

max |a$i2 > 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 M Rug(arZ)]2 r

. v dr (7.2.7)

Q = J luyz(r) -

[

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 Hpax Was between 5 and
- M
8, Q was about 4x10~° ang Zmaxlasl2 was about 0.99998.
u=0
This corresponded to fitting the Woods-Saxon wave func-
tions to better than 2% out to a radius of about
2.6 A1/31 and better than 10% out to about 3.2 A 3p.
Since the well had a size parameter of 1.25 Al/3f, this
corresponds to fitting to 2% out to twice the nucléar
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.

g%)theory = =g 0(JULIE) 3 L (7.2.8)
The proportionality factor, K should be constant
for all the (p,t) reactions studied ifnthe proper wave
functions and thus parentage factors are usea, along
with the proper distorted waves. Siﬁce the simple wave
functions 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 O+

to O+ 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 glve 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. Iﬁ this method the
two neutrons are treated as if they wéfe an elementary
particle of spln zero and mass 2 with no internal struc-
ture present in the target nucleus as such. With this
pictufe, the calculation can be carried out ékactly the
same way as single nucleon transfer such as (p,d). In
distorted wave calculations of (p,d), the form factor is
usually taken to be the bound state wave function'of the
neutron 1n 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
choice 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 is the one
corresponding to N=3. Calculations were also made with
N=1 and é 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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In this expression A was taken to be the mass of
residual nucleus, and VO was chosen td reproduce
experimental two neutron separation energy. The
tions show that the general shape of the angular
butions are rebroduced but not nearly as well as

the more detailed calculations.

x = (r - 1.25 aY3 £y,0.65 ¢

(7.2.9)

the

the
calcula-
distri-

with

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

of mass angle at which the peak occurs and o is

center

the

cross-section at this peak. The second peak at about

55° can be denoted by 6, and o.,. Figures 15, 16

2 2

and 17

show the value of 61, 62, and 01/02 réspectively 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 01/02 is repro-

duced fairly well by the two nucleon transfer theory,

but that the cluster model does not reproduce it as

well. The same single set of optical model parameters

was used throughout.
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In some cases the second maximum in thé 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
represénted 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 calculatiohs on the bound
state well of the individual transferred neutrons was
also investigated. The 5°8(p,t)3°5(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 6, and 6, were not effected at
all with any reasonable variation of ré or a. The inte-
grated cross-section (integrated ovef the angular range

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

tot
found to vary greatly and cl/o2 was also found to vary.
When a was varied by 0.10 f from 0.65 £, 01/02 changed
by about 6% and 0t ot DY 40 to 50%. When r, was in-
creased py 0.10 £ from 1.25 £, 01/02 changed by 20% and

Otot PY 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 croés—section reliably.
Variations in 01/02 (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 in Section 7.1, several sets were tried.
Although not investigated in detaill, variations in
01/02 and Otot of the same order of magnitude as men-
tioned in the discussion of bound state parameters were
observed, along with some variations in 61 and 62. This
indicates the need of good optical parameters in order

to carry out distorted wave calculations which are

meaningful in détail.

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 1f 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 configﬁration mixed

4

wave functions, the case of OCa(p,t)380a(G.S.) will be

considered. This 1s possibly the simplest case since
uOCa is doubly magic nucleus whose ground state to 0th
order might be considered a doubly closed shell. The
38Ca 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. In the case of (d3/2)2 pickup,
01/02 equals 6.0 and in the case of (51/2)2 pickup

01/02 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. In order to Study the effects of mixing
these two possible components, calculations were made

as a function of percentage mixture of (31/2)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 their relative phases can have a very
drastic effect on the magnitude of the cross-section
predicted. It also should be noted that this effect is
strongest for very small admixtﬁres, that i§ thg greatest
rate of change of Orot @S a function of admixture occurs
at small admixtures. Figure 20 shows the effect on

ol/c2 (shape) as a function of in phase admixture. An
effect 1s noted, but it 1is 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 1s very
senslitive to the actual wave functions only in magnitude,
the shapes being mostly dominated by the L-transfer and
thebdistorted 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 L |

101

o))
O
]

H
o
1

N
O
!

o

N
O
T

N
O

o
o)

-80

1 1 | 1 l | 1
-100 -80 -60 40 20 O 20 40 60 80 100

OUT OF PHASE-—— IN PHASE

" PERCENT MIXTURE OF (s,/,)?
ADDED TO (d,,,) PICKUP

Figure 19.--Change in o . as a function of
configuration mixing,




102

*BUTXTW UOT4RINSTJUOD JO UOTIZOUNT B S®B mo\ab ut 88ueyp-~-'0g 9JIn3T4

dMOId A7*P) 0L ISVYHd NI 030aV
(¢/'s) 40 IUNLXIN LNIOH3d

00Ol 06 08 0L 09 OS Oy O 02 Ol

O

[

— }

[

|

|
o

]
o
co/10 NI FONVHD LINIDH3J

g




103

order to calculate magnitudes of cross-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 excifed state which is well isolated from
any other nearby excited states that are populated.

This state is either known or expected to be a Jﬂ=2+v
state. Two nucleon transfer distorted wave calculations
were ﬁade 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 paif‘of neutrons from the
same shell coupled to J=2. This was the d5/2 shell for
Ne, Mg, and Si and the d3/2 shell for Ar and‘Ca. In

the case of 3°5(P,t)3%5(15%2%), this 1s 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 810 shell. Therefore, for this simple
calculation of the L=2 shape, a pickup of one 81/2 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. rThe éalculations
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-
tibn, the first peak (at 61) is not usually well defined
by the data. Figures 22 and 23 show 01/02 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 e defined in equation (7.5.1).

€ = 1/2(|B.E.(2n)]| + E) (7.5.1)

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

of the excited state.

18

7.6 Transitions to States in Ne

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 1little meaning since it

has been shown that shapes have only a small dependence

A
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do/da

(mb/sr)
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¢
t  E=3390 Mev

2
(ds/)
's/2) _,

1 E,=3.614 MeV
2
(P,
2|

Ey=4.576 MeV
+ l(p'/a'|s'/2)‘-." |
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Ocm (deg)

Figure 24,-~Transitions to states in ~“Ne.

180




109

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=Y4
caléulation which is shown with it in Figure 24. The
L=4 assignment is best verified by comparison with the
experimental distribution to the 3.323 MeV state in
22Mg which 1s most probably a yt by comparison with the
level structure of i1ts mirror nucleus 22Ne (see Figure
9). This is the basis for the tentative 47 assignment

to this level at 3.390 MeV in 18

Ne.

The level at 3.614 MeV has been previously identi-
fled 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 O+ assignment to the

state at 3.614 MeV in 18

Ne.

The general features of the angular distribution
to the level at 4.576 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 2z

22

Mg

The state at 3.323 MeV in Mg 1is tentatively

assigned J“=4+ although the shape is not well reproduced
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by the L=4 calculation shown in Figure 25. This assign-
mént is primarily based on a comparison with the known

level structure of <2 22

Ne, the mirror nucleus to Mg
(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 27 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 previocusly been very
tentatively assumed to be a ot (see Table 2). An L=0
calculation is 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 this state.

The level at 6.061 MeV is assigned a J" value of
O+. The angular distribution to this state 1s quite

well represented by the L=0 calculatlon shown in Figure

25.

7.8 Transitions to States in 26Si

The angular distributions to the state at 2.790 MeV

26Si is not complete enough to make a definite J"

in
asslgnment. It does exhibit some of the features of an
L=2 distribution (see Figure 26) and so a tentative 27

assignment is made. This is in agreement with the pre-

vious assignment (see Table 3).
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do/da (mb/sr)
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E,=2.790 MeV
(de o)
52 .,

E,=3.339 MeV

2
.(pllz)L,o

E,=4.183 MeV

2
@ss2) ., -

Ex-4457 MeV

d 2
( s/2) .,

(dg/p)?
L |L"° ]

G ,
0O 20 40 60 80 100 120 140 I160 180

Sm (deg)

Figure 26.--Transitions to states in 20S1i.
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The level at 3.339 MeV is very weakly excited.
Its angular distribution is not inconsistent with the
previous tentative J=0 assignment(RO68), but no defi-
nite assignment can be made.

The shape of the distribution to the state at
4.183 MeV in 2681 is quite well reproduced by an L=2
calculation but the state is only weakly excited and so
only a tentétive 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 is made.

7.9 Transitlons to States in S°S

The shape of the angular distribution to the state
at 3.438 MeV in 304 is fairly well reproduced by an
L=2 calculation as shown in Figure 27. This state is
therefore assigned a JT value of 2+. |

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

very tentative assignment of O+ can be made.

7.10 Transitions to States in 3 Ap

The 36Ar(p,t)34Ar has not previously been reported.

The angular distribution to the state at 3.288 MeV in

3uAr exhlbits very definite L=2 character. Comparison
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10 l T 1 I r I I I

E,=3.438 MeV
2

L=2

(dg,,)

E,=3.707 MeV
2

dg )
5/2' .o

|(55 I S | | | | |
O 20 40 60 80 100 120 140 160

S (deq)

Figure 27.--Transitions to states in 308.
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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. AJg" 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 it was possible
to resolve them, i1t 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 O+ assignment can be made for the
state at 3.879 MeV in 3 ar.

The states at 5.909 MeV and 6.074 MeV were also
often not resolved, and the sum 6f 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

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

7.11 Transitions to States in 38Ca

A level in 380a at 3.72 MeV has been reported by

(Ha66)

Hardy et al. using the (p,t) reaction. This level

was. assigned a J" value of 37. Recently Shapiro
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Figure 28.--Transitions to states in 3 Ap.
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et al.(Sh69b)

38

have reported a 2% level at 3.69 MeV in

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 1it,

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 07 state at 3.06 MeV reported by Shapiro et a1, (Sh69b)
was hot 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.

The level at 6.280 MeV in 380a was only weakly
excited by the (p,t) reaction. The distribution to this
state resembles an L=0 transition as shown in Figure 29.
The transition 1s too weak, and the distribution is not
complete enough to make any more than a tentati&e O+

assignment to this level.
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Figure 29.--Transitions to states in 380a.




CHAPTER 8

SUMMARY AND CONCLUSIONS

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

22 2681, 30S 34

locate levels in the nuclei 18Ne, s Ar,

Mg,
and 38Ca and to assign values of excitation energy to
them. The shapes of the angular distribution were found
to be dominantly characterized by tﬁe 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(gl65)
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 this was used
as mentloned above to make angular momentum transfer and
spin-parity'assignments. The magnitudes of the predicted
cross-sections were fbund to be influenced very greétly
by the optical model parameters, the bound state
parameters, and, most importantly, the presence of small
admixtures in the shell model wave functions of the

*
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initial and final nuclear states. It is concluded that
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 it.
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APPENDIX A

2ONe(p,t) % e EXPERIMENTAL DATA

Abs. Norm. Error 2.8%

Angle Error 0.15 deg.

Proton Energy 44,965 Mev

Ground State Q-Value -20.0218 MeV
+0.0048 MeVv
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NE2O(P,TINELR NE20(PsT)NE18
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39¢5 9429 Eep 4e8 39«9  1e87 E=~2 1245
4500 P12 E=p 9,8 45e4 1429 E=2 1340
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98¢0 7491 E=3 11+4 9Bed 427 Ew3 1644
10564 7452 Ew3 119 1058 2460 F=3 2246
112¢7 6498 E«3 1042 11360 1468 £=3 2440




NE2O(PsTINELR

EX= 44576 MEV

*/= 04017 MEV

ANG(CM)
(DEG)

118
1794
1347
2302
2819
3444
4C 0
45¢6
511
S56e¢7
€240
6704
750 4
B3¢3
909
986
10640
1132

NE20(P,TINELR

EXs 56150 MEV

+/= 0+014 MEV

ANG (CM)
(DEG)

118
1745
138
2392
2940
345
4001
4547
512
5618
6242
6715
755
834
9140
987
1061
11343

SIGMA(CM)
(MB/SR)

7030
eS8
368
3405
3e45
5¢48
4eCO
153
7eb

£e3

1.06
9.9

384
2e60
2ol
253
128
132

mMmmmm
4 T & a3
[AVIEAVI AV I AVIRAY)

1 2 3 %8 90 8 5 3 8 2 2

mMmMmMmmMmMmmMmMmMmmmmmm
WWWwWwwwwWwNwwmnmn

SIGMA(CM)
(MB/SR)

9.1 Ew?
1el46E=1

1402 E-1

1¢112E=1
1103E=1
6482 E-p
539
4401
beb1
3,23
195
110
1.09
91

bob

3-Q1
1047
2e18

W W W W W NN T Y

)

MmMmmmMmmmmmmmmm

3 3.9 4 &2 0 1 9 3

1

FRRER
(%)

1240
1Re7
180
1604
1348
1146

7eh
171
155
1846
120
1146
18+9
2246
30«5
2440
3644
293

FRRBR
(%)

1e2
Bels
100
842
7.3
103
bed
£e8
55
6¢9
Be?
1009
S8
1145
1593
208
3bay
23e7

124

NE2O(PATINELR

EX= 64326 MgV
+/= 04018 MgV

ANG(CM)
(DEG)

176
135
233
291
346
4043
45.9
Blek
570
62k
758
837
913
930

NE2O(PsTINE18

EXs 74957 Mgy
+/= 0e025 Mpy

ANG (CM)
(DEG)

405
bt e
518
573
6832
762

SIGMA (CM)
(M3/SR)

236
2e82
2934
2e¢08
1+36
105
502

1+21
1442
642

482
4e87
490
2479

M1 70 0 YT 47) 491 47 4V) 07 (7Y 47 9T 0
T 1 &€ &8 0 3 8 8 ¢ 8 8O0 8 8
WWwwwwnmwnn o oy

SIGMA(CM)

(MB/SR)
9eb Fe3
100 E=2
449 Cw=3
7¢3 E=3
H6e5 Fe3
623 E=3

ERRER
{%)

216
2146
213
181
3147
1845
222
126
13¢7
17+¢6
177
174
199
252

ERRBR
(%)

2346
178
265
2le7
1846
17+0




125

NE2O(P,TINELR

EXz 94215 MEV
+/= 0020 MEV

ANG(CM) SIGMA(CM) ERRBR
(DEG) (MR/SR) (%)

12¢C AeB9 E=2 1445
1748 B8R E=2 1444
2001 BSelk E=2 1746
2346 3030 Emz 19,2
29¢5 3el16 E=p 18,0
3501 2451 E=2 7248
40¢8 1494 E=2 1740
4604 1455 Cwl 1645
S2¢0 1476 E=2 12.0
5707 1425 Ewl 1647
6301 92 E~3 1647
68¢6 5e8 E=3 2143
7696 Se4 Ea3 19,5
Bhebp 6be? E=3 18+3
9202 440 E=3 75,8




APPENDIX B

?8Mg (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 MevV
*0,0096 MeV
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745
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9e9
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848
Rae7
74
73
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7 e2
Ae8

FRRER
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P55
19+5
200
186
1148
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MGP4(PyTyIMGpp

EX= 60835 MEV
*/w Qelby My

ANG(CM)Y SIGMaA(CM)
(DEG) (MB/SR)
2+3 SeD8 Fw3
35+9 3049 £=3
41e4 5409 £=3
4740 3452 £-3
B52¢5 Ss43 £e=3
MG24 (P)TIMG22

EXs 74257 MgV
+/= CsOat MEV

ANG (CM)
(DEG)

19eC
247
303
358
4148
471
526
582
635
6Re9
T4e2
8heb
948
1048

SIGMA(CM)
(MB/SR)

197
2¢35
2495
259
169
7094
2039
2439
215
552
5024
4421
3«31
3e52

TV ATT 70 {73 490 470 770 470 790 478 40 4 1Yy Y
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MG24(P,TI)MGR2

EX= 74961 MEV
+/= Q0e049 MEV

CANG(CM) SIGMA(CM)

(DEG)

1941
24 8
3004
3601
417
4743
528
584
€307
691
T4k
8449
951
10%40

{MB/SR)

1.C9
749

6el2
2436
745C
5¢09
(e85
3430
2eER
PeC6
3«07
1«85
158
192

4 T ¢ & %V 3 1 8 ¢ 8 3202 2
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APPENDIX C

2851 (p,t)2051 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
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SIPR(P,T)51026

EX= 0000 MEV

ANG(CM)
(DEG)

1440
183
220
273
3298
3841
436
4848
5402
595
6409
700
75473
R5s5
S5ee

SI2&(P,T)5126

EX= 14795 MEV

+/= 0011 MEV
ANG(CM) SIGMA(CM)
(CEG) (MB/SR)
1401 JQPDSE'l
27¢4 7439 Ewp
3209 4.“9 E'a
3883 4400 Ew?
4308 4402 E=2
4900 329 Ew=2
5445 Pel]l Ewp
5947 1.054Em2
6501 8463 Em3
7003 1451 Ew2
7506 1e482Ee2
8508 7031 E‘3
95¢9 3.64 Ew=3

SIGMA(CM)Y
(MBR/SR)

ERRAR
(%)

ZC s
Ge7
345
1.9
19
2eb
400

1340
29
33

1200
Tsl
bed
345
4e3

w

ERRER
(%)

el
45
Led
440
440
Sel
546
R+9
442
&e0
bel
448
73
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SIP8(PaT)SI26

EXs 20790 MEV
*/= 04012 MEV

ANG(CM) SIGMA(CM)
(DEG) (M3 /5R)
141 4467 £=2
1804 5213 E=2
2cel 6404 Em=?
27¢5 4451 E=2
331 2429 Ee?
38¢4 2418 £ap
Sheb 1453 g2
59+9  1+196F=2
65+3 1e1b6E=2
70¢4 14958 Cmp
757  1e33pE=2
B6e0 H+572 £=3
S6el 7422 E=3
SIZR(P»T)SI26

EX= 34339 Mgy
+/e Qe(C19 Mpy

ANG (CM)
(DEG)

275
33.1
4400
65k
7548
86+
Q&7

SIGMA(CM)
(MB/gR)

39
580
Fey
183
Tep
403
508
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ERRAR
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NMAENWONUNDO WU
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ERREOR
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153
502
123
2hel
272
216
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SI28(P,sT)SI26 SIZ8(PsTy)SIP6

EX= 40183 MEV EXs 44821 Mgy

+/= 0011 MEV +/« 0s013 MEV

ANG(CM) SIGMA(CM) FRRBR ANG(CM) SIGMA(CM) ERRBR

(DEG) (MB/SR) (%) (DEG) (MB/sR) {%)
1492 747 E=3 33,8 22¢2 1452 Ee2 2007
2292 BeR E=3 41,9 33e3 947 E=3 114
33¢2 3451 E~3 2245 44e2 7486 Fw3 105
A49]1 SeCO E=3 135 49¢5 6466 Ew3 1447
4904 L4462 Ew3 2001 S4¢2 5429 £=3 129
S4e8 Seb1 E=3 1244 60¢2 2047 E=3 2747
6001 4e83 E=3 1447 6547 2470 E=3 a1
6545 3405 Ea3 Ra2 Bbekd 2408 £Ew3 103
7640 2477 E=3 1046 9625 1476 E=3 1144
8693 2461 Ee3 Re9 .
F6r4  2e57 Ew3 Se2

SI28(P,T)S126 SI28%(PsT)SI26

EX= 44457 MEV EX= 50229 MEV

+/= 02C13 MEV +/= 0.012 MEV

ANG(CM) SIGMA(CM) ERRBR ANG(CM) SIGMA(CM) ERRSR

(DEG) (MR/SR) (%) (DEG) (MB/3R) (%)
1402 196 E=2 1746 1402 2003 £=3 1246
2202 1443 Eep 22,2 44¢3 1 e065E=2 240
27¢6 1495 E=2 1004 55¢0 5+51 E=3 136
33e3 1492 E=p 7ok 657 Ze64 E=3 9,7
3846 1420 Ew? Re9 ThHeg 2465 £33 1246
4442 14155Ew2 el 9666 2448 E=3 97
4S9 e 4 feb [Em3 1543
SheB8 7442 E=3 1De5
6002 6be24 E=3 130
6546 522 E=3 Ee8
7601 Se24 En3 73
B693 2487 E=3 Red
6e4  P4B7 E=3 el -
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S128(P,T)S126

EX= Se562 MEV
+/= Ce028 MEV

ANG(CM) SIGMA(CM) ERRBR

(DEG) (MB/SR) (%)
443 BRelée Ee3 10+5
5500 4426 E=3 1549
6508 164 Ee3 1441
7603 1462 Ew3 175
9607 1494 E=3 1101

SI28(P,T)3126

EX= 50960 MEV
+/= 00022 MEV

ANG(CM) SIGMA(CM) ERRBR

{DEG) {MB/SR) (%)
3304 2eR7 E=3 33,9
55¢1 512 E=3 1349
65¢9 1497 Ew3 1301
7604 1496 E=3 1441

E=3 1545

86¢7 1e16

S1z238(PasT)S126

EX= 64381 MEV
+/= 0eG20 MEV

ANG(CM)
(DEG)

335
4ie5
66+ ()
765
B84 8
969

SI28(PsT)S126

EXs 6e786 MEV
+/= 0eD29 MEV

ANG (CM)
(DEG)

224
553
660
7646
8649
97«0

SIGMA(CM)

(MB/SR)

ek

6260
3401
307
2204
1043

SIGMA(CM)

MMM MMM
4 ¢ & 2 9 &
Wwwwww

(MB/8R)

Se?

326
194
4919
3+0%8
179

P 8 8 3 1 ¢

MMmmmmm
W Wi W w

ERRAR
(%)

1601
118

Seb
101
116
138

ERRBR
(%)

513
189
1346
Be?7
7
135
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SI28(F,T)S126 SI2R(PsT)S126
EX= 7¢150 VYEV EXz 74695 MgV
+/= Qe¢015 MEV +/= 0031 MEV
ANG(CM) SICMA(CM) ERRSBR ANG(CM) SIGMA(CM) ERRABR
(DEG) (MR/SR) (%) (DEG) (MB/SR) (%)
3396 Pe83 Ew3 34,8 1404 1491 Ee?2 2048
44496 1426 E=3 29.1 22+5 1454 Ew2 2448
7607 1415 E=3 23,7 33¢7 1433 gw? 107
B701 1458 Ew3 1644 97+3 1+8% Fe3 1543
S128(P,T)5126 SI2R(PsT)5126
EXz 70476 MEV EX= 74902 Mgy
+/= (0020 MEV +/= 0021 MgV
ANG(CM) SIGMA(CM) ERROR ~ ANG(CM) SIGMA(CM) ERRER
(DEG) (MB/SR) (%) (DEG) (M3/G8R) {%)
1494 RBe7 E=3 24,43 14¢4 298] Ca2 15He7
22¢5 RBal Ee3 35,4 - 22e6 1480 E=2 2140
3356 fe6 Ee3 1543 33¢7 1e1l E=2 1247
44¢7 1424 E=p Be5 87¢3 157 E=3 1941
55e5 6438 Ee3 1445 S7+¢4 1481 E=3 15e3
66073 36K E=3 945
7648 4425 E«3 1040
97¢3 3+83 E=3 Fel




SI28(P,T)5126
EX=z 74476 MEV AND
EX2 74695 MEV AND
EX=z 7#9C2 MEV
ANG(CM) SIGMA(CM) FRRBR
(DEG) (MB/SR) (%)
144 5459 E=2 1241
2225 4432 E=7 1446
33¢7 3431 Ewp 7l
b4e7 3423 E=2 542
55¢5 206 E=z Bl
6624 94?8 E«3 be2
7649 1e118E-2 fel
B7¢2 7460 E=3 Te2
9703 7055 E"3 609
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APPENDIX D

325(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(P,T)S30

EX= 0000 MEV

ANG(CM)y
(DEG)

1601
1848
21¢5
268
270
295
322
3745
4248
48e2
536
587
A3e9
692
7904

SIGMA(CM)

{MB/8uw)

2.3
3e21
5489
7632
6051
Se36
307405'1
7e67 Ewp
5¢0C E=2
1'031E'1
1el21E-y
7433 E=?
Pe70 Ewp
1eCl Ew?
1¢56 Ewp

A AR A W o BN Rs
+ & ¢+ 3 3 13
[l e ST ST o W

8§32(PsT)S30

EX=z 20239 MEV
+/= 0«18 MEV
ANG(CM)Y SIGMA(CM)
(DEG) (MR/SR)
1642 1441 E=y
1849 1.C27E~1
2196 Be4R Ewp
27+0 5499 E=-p2
2946 4LeS2 E=2
323 4.5 E«2
3747 3474 Ee2
4340 3e78 Ewp
48e4 2461 Ee-p
S348 14060CE=2
5819 8.3 E=3
bhep RBe36 E=3
6904 1417 E=?
7906 SeZ4 E=3

FRRAR

(%)

1101
409
2eB
18
18
)
240
XX
503
2e7
25
e 4
Se7

113
9.2

ERRBR
(%)

Fe0
ReR
8¢l
Ee7
155
767
9,7
6¢2
Se?
93
11+5
108
106
1648
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S32(P»T)330

EX= 3e433 MpV
MEV

+/ D014
ANG(CM) SIGMA(CM)
(DEG) (M3/5R)
16e3 7472 E=2
17¢C 64935 Cw2
2leb6 5998 Ce?
27¢1 4427 Ew?
29«7  341]1 E=2
32¢4 2443 £=p
3747 1472 E=?
378 2:51 E=2
43¢] 3409 £=2
48e¢6 Pa4l £Ew?
5349 1424 £e?
53¢l 6He4? £=3
640e3 K479 £=3
69¢6 1404 E=2
728 4430 E~3

S32(P,»T)330

EXe 34707 MgV
+/» Ce025 MgV

ANG (CM)
{DEG)

270
43014
539
59
643

SIGMA(CMy
(M3/SR)

38
2206
1008
1019
745

£=3
£-3

F WWw

mmm™m

ERRBR
(%)

440
372
39.2
402
4heb
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S32(PsT)S3D

EXs 502C7 MEV
+/= (0022 MEV

ANG(CM) SIGMA(CM) ERRBR

(DEG) (MB/SR) (%)
Shep Re14 E=3 1067
bi4s6 7489 E=3 113

S32(P.T)S3C

EX= 54306 MEV
+/e QP55 MEV

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

5402 balh E=3 1247
64¢6 Sely4 Ee3 1be2

S$32(P,T)S30

EXz 54207 MEV AND
EX® 54308 MEV

ANG(CM) SIGMA(CM) ERRBOR

(DEG) (MB/3QR) (%)
191 2471 E=2 2540
2108 3040 E=2 1449
27+1 3452 E=2 10.1
27¢3 4432 E=2 Rel
32¢6 3402 E=? 747
43¢3 2451 Ee? Bel
4248 1484 =2 69
S4e¢2 143 g2 749
55e¢3 1432 E=2 8¢9
b4eb6 1430 £=2 Beb
69¢9 131 E=2 107
8Ce1 742 E=3 148

S32(P,T)S30

EXs Sedpg Mpv
+/= 0025 MEV

ANG(CM) SIGMA(CM) ERRSR

(DEG) ({M8/5R) (%)
16eh 359 Fe2 2141
13¢]l 2087 E=2 2143
2leR 2456 £=2 1549
2742 304 E=2 10e7
2743 1068 Fu? 136
32¢6 1406 E=2 1146
43¢3 3e0 E=3 156
4ReB 7462 £=3 1148
S54¢2 Ra0Db Fe3 109
B3eld Gebs EFEe3 108
6497 708 Fe3 123
6949 GSe51 E=3 169

Fm3 19s2

BCe2 4ey2




S32(PsT)S20

EXz 54207 MEV AND
EX= S¢306 MEV AND
EXz H5e426 MEV
ANG(CM) SIGMA(CM) ERRBR
(DEG) (MB/SR) (%)

37+9 Pe95 Ew2  14e?
38¢0 379 Ee?2 1De1]

S32(PsT)S30

EX= 54897 MEV
+/= Q027 MEV

ANG(CM) SIGMA(CM) ERREBR

(DEG) (MB/SR) (%)
2702 4e8 E=3 4343
744 Hel Ee3 303
32¢7 A43 E=3 1843
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S32(P,T)s30

EX= 60108 MEV
+/= 0023 MEV

ANG(CM) STGMA(CM)
(DEG)  (MB/SR)

32+7 3416 E=3

S32(P,T)S30

EXa 60223 MEV
+/= 0¢030 MgV

ANG(CM) SIGMA(CM)
(DEG) (MB/3R)

32¢7 3435 E=3

ERRBR
(%)

277

ERROR
(%)

287



S32(PsT)S32

EXz ge4185 MEV
+/= 0040 MEV

ANG(CM) SIGMA(CM)

(DEG) (MB/SR)
21¢8 6be4 E=
2743 1421 E~
32¢7 745 Ew
49¢0 3¢91 E=
Skey 5¢51 Em
59¢5 heb2 Em
6498 3,53 E-

S32(PaT)S3C

EX= 6e86]1 MEV
+/= 0+040 MEV

ANG(CM) SIGMA(CM)

(DEG) {MB/SR)
l6evyg 2486 Ewp
19'2 1-95,E'2
2199 1.96 E=?
27+4 311 E=?
3248 2476 Eep
3801 1e84 Ewp
43¢5 1430 E=2
4940 106 Ewp
S4s4 8417 E-3
5946 7409 E=3
6409 6428 E=3
80¢5 Se7 E=3

W W W wWwwnw

EQROR

(%)

46
19+9
158
197
Thok
139
1985

FERRBR
(%)

£2+5
2845
209

7

£+9
158
1242
107
11+¢4
127
135
187
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S32(P,T)s30

EXs 741835 MEV
+/« 0e¢035 MpV

ANG(CM)
(CEG)

165
219
273
328
324
4366
4201
B4e5
537
650

SIGMA(CM)
(MB/gQR)

1062
606
1029
89
71
73
553
4459
3:65
3045

MM MmmMMmmman

T 8 0 8 3 3 8 8 3 3

WwWwwwwwmuwwr

S32(P,T)s30

EX= 74570 MEV
+/= 0045 Mpv

ANG(CM)
(DEG)

870“
275

SIGMA(CM)
{MB/SR)

ERROR

(%)

3646
335
19.0
143
299
183
1548
178
198
210

ERRBR

(%)




APPENDIX \E

Ar(p,t)3ar 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 MevV
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AR3E6(F,T)aR34 \ AR3IE(PaT)ARZS
EX= 0000 MEV EX= 3‘288 MEV
+/= 0014 MgV
ANG(CM) SIGMA(CM) FRRBR ANG(CM) SIGMA(CM) ERRBR
(DEG) (MB/SR) (%) (DEG) (MB/3R) (%)
15+6 1e134E-1 348 \ 157 7401 E=? 5¢0
2le4 4 4PR0FEw1 1.8 215 7418 =2 Beb
2692  4eBUCE-y 13 260k 4426 Fep 4bo7
32¢0 14905SE=~y 1¢7 3202 2442 Ee? 5e73
3609 4403 Eep 2e8 37¢1 2423pE=2 3.9
4296 6404 Ewp 27 429 2042 £a2 Gok
4794 14065Ew1 108 4767  14704E<2 be7
5206 9425 Ewp 245 5249 8424 Fe3 8e9
53¢1 8468 E=p 1ed S3e4 9497 £=3  Bai
5709 4487 Eep 2el 5862 14078E=2 5e¢5
63¢5 14A15E=p 3.2 63¢9 1e460E-2 3¢5
7308 1.143E-2 3.0 7442 8488 F=3 347
490 1e528E-2 25 8hek 2476 £a3 645
9307 4472 Ee3 Sel Shel 280 £=3 792

ARIG(FPaT)YARTIYG AR36(PsT)AR3Y
EX® 24094 MEV EXs 34879 Mpy
+/= 0011 MEV +/= Q06015 MgV
ANG(CM) SIGMA(CM) FRRAR ANG(CM) SIGMA(CM) ERRBR
(DEG) (MB/SR) (%) {DEG) (MB/SR) (%)
1506 7442 E=p Le8 25¢0 6e06 E=2 128
2195 S484 Ewp 7,7 27¢7 Se21 E=? 348
2604 2490 E=2 449 3702 6e20 E=3 844
3242 2467 E=p 4.9 4991 1942 E=2 38
3790 P2e20CE=p 3¢9 58¢3 5499 E=3 77

4208 2470 Eep bep
R7e6 14660E=2 447
5218 7429 Ee3 946
533 Re77 Ee3 S50

58s1 3455 Ee 100
6348 6419 E=3 546
7The]l 4e86 Ew3 449
84¢3 1435 E-3 10e2
9400 2481 E=3 701
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AR3E (P, T) ARG ARZE(PIT)ARZA
EX= 4¢05C vEV EX=z 44522 Mpv
+/= Qo014 MEV +/= 0014 Mpvy
ANG(CM) SIGMA(CM) ERRBR ANG(CM) SIGMA(CM) ERRBR
(DEG) (MB/SR) (%) (DEG) (MB/SR) (%)
2590 744 Ew3 49,8 1%¢7 2429 F£ep Geb
2707 180 Ee2 745 26e5 2400 E=2 ax
3742 528 Ew3 Fe7 2748 2417 E=? 63
45e¢1 942 Fe3 131 47¢8 8479 £=3 72
58¢3 1425 Ee3 Ple1 4902 749 Fe3 136
ARIE(P,T)ARIS AR3A(P)T)ARIG
EX= 34879 MEV AND EX= 4.65i MEV
EX® 44050 MEV /= 0014 MV
ANG(CM) SIGMA(CM) ERRBR ANG(CM) SIGMA(CM) ERRBR
(DEG) {(MB/SR) (%) (DEG) (MB/SR) (%)
1507 4429 Ewp Tek 13¢7 1968 Fe?2 1249
2106 5493 E=-p beS 26¢5 1485 Fe? 82
2605 5,451 Eap 4e1 2708 1476 C£e2 743
3243 P32 Eep Sek 479 7470 E=3 77
3742 1¢150E=? 6¢1 49¢2 840 E=3 13

4299 1.578E.2 601
4748 1¢832E~2 beb
53¢0 1462 Ew2 63
53e4 14397E=2 4e1
S8¢3 7423 E=3 7ol
6400 3e70 E=3 Qa4
74¢3 3410 Ew3 746
8495 P.32 Ee3 79
9402 1411 E=3 1246




AR36(P,T)AR34

EX=z 49522 MEV AND

EX® 4e65]1 MLV

ANG (CM)
(DEG)

1547
2leé
265
3243
372
430
478
53e1
535
5804
640
T4el
446
S443

AR3B (P, T)ARTZY

EX=® 4eR67 MEV
*/m OeD14 MEV

ANG (CM)
(DEG)

2718
432
S84

SIGMA(CM)
{(MR/SR)

3627 Ewp
beD1 Ew2
3085 E'g
3099 E'E
o272
206 E-Z
106“8&'2
1:¢207E-2
1¢194Ee?
1.C0OCE=2
14037E~2
6031 E‘3
Le78 E=3
LellU Ew3

SIGMA(CM)
(MB/SR)

- W0
o
mmm

W W W

3
&

FRRBR

(%)

73
a2
5e1
4eb
3¢6
540
449
743
45
58
Lok
beb
5¢0
640

FRRAR
(%)

1046
253

211
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AR36(PaT)ARZ4

EXe 44985 Mgy
/= De014 MEV

ANG(CM)

(DEG)

278
492
531
S58e4

AR36(PsT)AR34

SIGMA(CM)

(M3/5R)

1¢78 E
73 £
580 £
3e49 ¢

ERROR
(%)

69
14e7
10«8
109

EXz 44887 MEV AND

EXs 40985 MEV

ANG(CM) SIGMA(CM) ERRBR

(DEG)

2leb
265
324
372
430
4749
53}
536
S8k
B4e?7
94 ek

(MB/SR)

188 E=2
2¢039 Ew2
168 w2
1.098E=2
2430
7496
Se80
fell
Lebb
1017
740

$ 2 0 3 & 1 3
FOWWWW W

MMmMmMmMmam

(%)

136
7el
Gel
549
X W4
7ok

108
6e8
91

119

163




ARZA(F»T)AR3Y

EX® 543C7 HEV
+/%= Q00013 MEYV

ANG(CM)
(DEG)

2106
2beb
324
373
431
4749
832
- B3e6
5845
64e2
T4e5
&4 e7
ELXY

SIGMA(CM)
(MB/SR)

"heS

118

Ee3
E=2

1.CH2E=2

Re94
737
6ol
5453
4495
454
4ok
2411
PelR
130

E-3
Ee3

It 8 ¢ 2 2

mmmmmmMmmMmm
Wi wwwwww

AR36(P,T)AR3

Ex=
+/-

ANG (CM)
(CEG)

279
4391
4943
5342
_58:6
9445

Se¢309 MEV
Oel2 MEV

SIGMA(CM)
(MB/SR)

BeS0
4e8R
1455
CeE0
181
766

FUWWWwWwwWw

-
-
-
-
-
-

mMmMMmmMmmm

ERRBR
%)

6]
1047

. 2e9

7+0
Feb
RBeb
1145
81
Q,8
704
102
83
1146

ERRBR
(%)

157
123
4ie]
181
2740
176
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AR36(PaT)ARZS

EXz 64074 MpV
+/= Ce011 MgV

ANG(CM) SIGMA(CM)
(DES) (M3/8R)
279 2409 E=2
43¢2 6475 E=3
43eb  Ael4 Fe3
53¢3 4eD7 E=3
B58e6 2413 Ee3
94eb 1e05 £33

AR36(P)T)ARZS

EXs 5909 Mgy
EX® 64074 MgV

ERROR
{%)

&b
Ce2
161
1401
15e4
139

AND

ANG(CM) SIGMA(CM) ERR8R

(DEG) (M3/8R)
158 4406 E£=2
21e¢7 3419 £=2
2606 2458 fwp
32e¢4 154 Fe?

3704 1e208E =2
43«2 101605 =2
48¢0 1eD10E=2
B3e3 469 E=3

53¢7 5459 Ce3
58+6 3019 E=3
blheg 4469 £=3
T4eb 347 £E=3
84e8 1493 £=3
D406 1980 =3

(%)
7e4
10.0Q
be7
7ok
H5e8
76
609
106
el
132
81
8e1
107
107




AR3IE(P,T)ARRY

EXz §¢525 MEV
+/% Q09 MEV

ANG (CM)
(DEG)

2606
325
3794
4841
533
587

AR36(P)T)AR3Y

EXs 607294 MEV
+/= 0011 MEV

ANG(CM)
(CEG)

158
217
2607
325
374
432
48401
5304
538
S8¢7
644
7448
8540
9447

P13

SICMA(CM)
(MR/SR)

mmmmMmmm
WWwwwww

. e - . & =
DY 0N )
MW U

— VN &

SIGMA(CM)
(M8/8R)

139
73

1+C1t
Ee74
boeb
6¢13
beZ6
4eB6
3eb?
297
4480

1e34
182

9 8§ 3 % & ¥ 2 % 2 2 & % &t B
WWWwWwwwWwwwwWwwmnwn

mMmmmMmmMmMmMmMmMMmMmmMmmm

ERRAR
(%)

2Pe6
2240
172
1643
713
P55

ERRBR
(%)

169
280
1248
15+6
10«C
12¢d
1246
1540
1301
1448

8e6
117
1445
1140

147

ARSZ6(PaTyYARTY

EXs 74322 MgV
+/= 0eC06 MEV

ANG(CM)
(DEG)

158
2148
26e¢7
37+5
433
43¢5

AR36(P)T)AR34

SIGMA(CM)
{M2B/QR)

2076 Ew2
1082 Fe?

10286F=2
1+1135=2
7eh Ee3

ERRER
(%)

96
138
70
60
8e¢D

147

EXs 74499 MgV

/= 0+004 MgV

ANG(CM)
(DEG)

159
218
26e7
375
433
4346

SIGMA(CM)
(MB/SR)

8¢6 E=3
1¢57 E=?
167 Fe2
1e248E=2
RelD F=3
9«7 E=3

ERRAR
(%)

236
153
el
6e2
101
125




AR3E(P,T)AR3S

EX= 74372 MEV AND

EX® 74499 MEV

ANG(CM)
(DEG)

159
218
2607
3246
375

433

482
535
532
588
YRS
7499
851
948

SICMA(CM)
(MB/S%)

3462 E
3038’E
410 E
Peb0 E
PeB3 E
122 E

£

WiwwWwmmpuNuNo o

ERRER
(%)

Re8
100
53
59
4e?
be2
58
Ra7
607
Teh
B+6
a2
Ael
74

148

AR36(PsT)AR34

EX= 7925 MgV
+/= 0005 MgV

ANG(CM)
(DEG)

159
218
2he8
326
376
43¢ 4
4Re3
53«6
540
589
b4 b
750
852
8%

SIGMA(CM)
(MB/SR)

1e94 Ew?
2e05 E=p
2012 Em2
1047 E=2
1e8553F =2
9400 E=3
3¢56 E=3
557 E
394
4e77
5001
3.87
Ie1 b
2a34

s 2 8 0 0 2
Wuwwww

T3 19 (78 78 470 ™Y 4

ERRBR
(%)

129
142
73
e
56
1004
79
151
131
1048
8e?2
8.9
90
115




APPENDIX F

40ca(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.“28 MeV
0,010 MeV
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CA4C(P,T)CA38

Ex=

ANG(CM)
(DEG)

160
2103
2606
321
3741
4204
47+6
529
5841
63¢3
7345

0200

SIGMA(CM)

(MB/SR)

1e¢524E =1
30383E'1
2eC17E-1
9e81 Ewp
3+C9 E=2
7459 Ewp
1CP9E =1
7637 Ew=2
3.002E=2

«24 Ew3

1e44SEw?

CA4Q(P,T)CA3S

EX=
+/=

ANG (CM)
(DEG)

1641
2104
267
322
373
4246
478
5301
583
63¢5
737

R487 E
767 E
6402 E
3e40 E
.38 E
3e40 E
2¢77 E

£

22206 MRV
0«0C5 MEV

SIGMA(CM)

(MB/SR)

[AVEAVIRAVIACIRAS IRV IR Y IaY

MEV

ERRER
(%)

EFEVOVV LS EVIW
* » @ 2 5 o s s @ o @
W R NOMWO U

ERRBR
(%)

Be?
el
Se0
50
4ol
£¢9
5¢C
60
Lael
301
Se7

150

CALO(PITICARR

EXe 3e6395 Mgy
+/= 02005 MEV

ANG(CM) SIGMA(CM)

(DEG)

161
2195
268
323
374
4247
4749
532
585
636
739

CA4LO(PsT)CA3S

EX= 4¢191 MEV
/= 0005 MEV

(M3/35R)

3015
3045
305
2e21
189
1e42
10036
7452
6e372
5¢82
be68

$ 8 8 2 5 &R & 0 O% 8 3
WwWwwwmmPupon

TV MY 0 M Y ) i) T

ERROR
(%)

—
XU IO ND
* ® 8 ® & & & s e & »
NSO NNO~ VU NO O X

ANG(CM) SIGMA(CM) ERRBR

(DEG)

215
324
533
585
637

{MB/gR)

490
2«18
1023
59
7e7

s 3 8 ¢ 3
& £ W w

M ™M M mm

(%)

3548
350
2bek
2842
Coek




CA4LO(P,T)ICA3E

EXz 4¢381 MEV
+/= 0e¢0CB MEV

ANG(CM)
(DEG)

1601
215
26+9
3244
3704
4840
53¢3
5845
€327
7400

CA4

EX=
+/=

ANG (CM)
(CEG)

l16e2
215
2619
324
3715
53¢3
5846
6308
Téhey

SIGMA(CM)
(MB/SR)

.81 Emp
3431 Ewp?
Peb7 Emp
1e91 Ew?
1eblh Enwp
1¢219E-?
8415 E=3
6e77 Em3
7¢91 E=3
5419 Ee3

0(P,TICA3S

40748 MEV
0s 005 MEV

SIGMA(CM)
(MB/SR)

1.85
1¢C4
79

£eh9
.99
2¢99
1e92
154
125

mmmmmMmmmmm

§$ 2 &8 & a2 4 3 3

WWwWwwWwwwwmnmn

ERRBR
(%)

245
Re2
120
100
6e3
7e0
Re7
601
4e7
707

ERROR
(%)

133
1742
300
1540
1443
1543
129
1320
192
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CALO(PaT)CA3S

EX= 4e¢899 MgV
+/= 04005 MgV

ANG(CM) SIGMA(CM) ERRBR
(MB/3R)

(DEG)

1642
215
269
324
375
4248
4841
E3e4
586
638
741

CA4Q(PsT)CA3S

EXe S5.159 Mgy
+/= 0007 MgV

ANG(CM)

(DEG)

162
215
2649
324
375
4R
1-XX-
638
T4e

3¢82
hod3
278
2+03
1469
1e22
9480
7410
6¢70
Re84
Se26

SIGMA(CM)

§ 8 & 8 5 3 B R B OV OB
W w Www w NN oy

MMM ML m e om

(MB/SR)

Seb
346
3.3
3e42
2093
1046
133
Re6
69

E-3
=3
£e3

(%)

Ee4
740
80
70
6ol
1247
8«0
Se2
el
445
76

ERRBR
(%)

3140
34«5
3540
1940
185
275
16¢7
158
26«8
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CA4C(F,T)ICARR

EX® Sepé4 MEV
+/= 0¢0C5 MEV

ANG(CM) SIGMA(CMY ERRER

{DEG) (MB/SR) (%)
1602 9¢2 E«3 2049
215 1405 E=2 1744
2609 R4 E=3 140
32¢5 6447 E«3 15,0
37¢5 4s71 Ea3 130
4801 1e78 E«3 2440
58e6 1478 E=3 1740
6348 2¢06 E=3 1142
7402 he& Ewih 3044

CA4C(P,TICAZSR

EXs 50427 MEV
+/= QeDCH MEV

ANG(CM) SIGMA(CM) ERRER

(DEG) (MB/SR) (%)
32¢5 2426 E=3 27.0
3745 1422 E=3 3047

CA4O(PsT)ICA3R

EX= 54398 MgV
+/= 0e007 MEV

ANG(CM) sI1GMA(C™)
(DEG) {M3/3R)
152 1000 E=2
32¢5 3495 fe3
3745 3499 Fe3
4%¢1 2473 Fe3
5344 1e67 T3
6369 1061 E=3
7402 1454 Fe3

CA4D(P,)T)CA3R

EXs 54698 Mpy
+/= Ce00% Mgy

ANG(CM) SIGMA(CM)
(DEG) (MB/SR)
- 32¢5 3451 -3
3746 2461 E=3
43¢2 2410 E=3
53¢5 344 a3

ERRS8R
(%)

2le5
120
1S e 4
19+6
2148
138
178

ERROR
(%)

250
197
226
1449
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CA4C(P,T)CA3E | CA4O(P)T)CA3S
EXs Se810 MFV EX= 6e283 MEV
+/= 02008 MFV +/» 0308 MEV
ANG(CM)y) SIGMA(CM) FRRBR ANG(CM) SIGMA(CMy ERRSBR
(CEG) (MB/SR) (%) {DEG) {MB/SR) (%)
1692 1431 E=2 17.5 16e2 1004 E=?2 2040
2146 1s48 E=p 1544 216 1018 E=?2 177
27¢Q0 948 E=3 1540 27¢0 792 E=3 260
3295 £Eeb Ee3 1740 32¢5 Se4 Fe3 2060
376 Teb67 E=3 102 376 2490 (=3 19«9
42¢3 4415 E«3 2349 482 7420 E=3 1009
4892 4Lel2 E=3 1541 . 53¢5 3465 F=3 156
S3¢5 4403 E~3 131 B%e& 1987 Cm3 1449
5847 2476 E=3 1046 74¢3 Bs8 FEe«4 2603
T4e? 1¢68 E=3 16486
CA4C(P,T)ICAZR CA40(P,T)CA38
EX= 6+136 MEV EXs 64598 MgV
+/= 0006 MEV +/m 0¢007 MEV
ANG(CM) SIGMA(CM) ERRER ANG(CM) SIGMA(CM) ERRSR
(DEG) {MB/SR) (%) (DEG) {M3/3R) (%)
1692 447 E=3 3540 2740 1207 E=2 150
2leb Heb6 E=3 3347 32¢6 Se75 Fe3 150
3205 Pe97 E=3 24,40 376 3928 Fe3 179
3746 3eb?2 E«3 1448 43¢0 490 E=3 2648
4892 177 Ee3 P49 4803 Se19 E=3 13.1
5305 109 E=3 33.7 53¢6 Se83 £=3 111
The3 766 E=4 3043 58¢8 2032 £e3 120
6400 1e86 F=3 1440




CA4D(P,TICA3S

EX= 69702 MEV
+/= 09010 MEV

ANG(CM) SIGMA(CM) ERRBR
(DEG) (MR/SR) (%)
1662 2460 Ew2 1749
32!6 6.8 E"B 1505
37e7 64C8 Ew3 1242
43¢0 440 E=3 25,9
48}3 5402 E=3 140
5306 3410 Ee3 157
58¢9 2¢45 Ew3 1147
64e1 1e¢89 E=3 13.2
CA4Q(P,TICARS
EXz 60768 MEV
+/= 02015 MEV
ANG(CM) SIGMA(CM) ERRBR
(DEG) (MB/SR) (%)
21¢6 2417 E=2 11e2
32¢6 4e7 Ew3 75,5

154

CA4Q(PaTICA3R

EXs 6¢801 MEV
+/= 0¢012 MgV

ANG(CM) SIGMA(CM) ERRAR
(DEG) (MB/SR) {%)
37¢7 1418 Ew3 34D
4843 1415 E=3 35.2
536 1066 Fa3l P58

CA40(Ps»T)CA3S

EXz 7e208 MEV
*+/= 0e015 MgV

ANG(CM) SIGMA(CMy ERROR
(DEG) (MB/3R) (%)
74¢5 150 E=3 1946
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CA4LC(P,T)ICA3S CA4O (P, T)CA3R

EXs 70800 MEV EXs 84595 MgV

+/= 0s012 MEV */= 0010 MEV

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

(DEG) (MB/SR) (%) {DEG) (MB/3R) (%)
1603 1448 Ewp 1944 16eh 1018 E=2 2349
2107 1402 Ewp2 187 2le8 Ge6 E=3 29.5
37¢8 4429 Ea3 1645 272 Se6 E=3 371
5308 4435 E=3 1542 328 443 F=3 2548
5900 2+92 E«3 1346 3792 4428 £=3 1946
6493 Pe04 E=3 1446 48+6 3083 E=3 198
53¢9 3446 FE+3 18R
b4ebd 1460 E=3 1941



LIST OF REFERENCES

156



LIST OF REFERENCES

Ab66 A. Y. Abul-Magd, and M. E1 Nadi, Nucl. Phys. 77,
182 (1966).

AdeT Eric George Adelberger, Thesis - Calif. Inst. of
Tech. - 1967, from abstract in Nucl. Science
Abstracts 22, 1225 (1968).

'‘Ad68 J. M. Adams, A. Adams, and J. M. Calvert, J.
Phys. A (London) 1, 549 (1968), from abstract
in Nucl. Science Abstracts 22, 4923 (1968).

Aj59 F. Ajzenberg-Selove, and T. Lauritsen, Nucl.
Phys. 11, 1 (1959).

A360 F. Azenberg-Selove, and K. L. Dunning, Phys.
Rev. 119, 1681 (1960).

Ar68 A. Arima, S. Cohen, R. D. Lawson, and M. H.
Macfarlane, Nucl. Phys. A108, 94 (1968).

Bab62 R. H. Bassel, R. M. Drisko, and G. R. Satchler,
Oak Ridge National Laboratory Report ORNL-3240,
1962 (unpublished) and "Oak Ridge National
Laboratory Memorandum to the Users of the Code
JULIE," 1966 (unpublished).

Babla G. Bassani, Norton M. Hintz, and C. D. Kavaloski,
Phys. Rev. 136, B1006 (1964).

Bablb B. Bayman, Argonne National Laboratory Report
ANL-6878, 335 (1964), ’ :

Ba65 G. Bassani, N. M. Hintz, C. D. Kavaloski, J. R.

Maxwell, and G. M. Reynolds, Phys. Rev. 139,
B830 (1965). :

Ba68 B. F. Bayman, and Norton M. Hintz, Phys. Rev.
172, 1113 (1968). ’

Bab69 D. Bayer, and W. Benenson (to be published).
Beb66 R. Benenson, and I. J. Taylor, Bull. Am. Phys.
- Soc., 11, 737 (1966).

157




B162

Br60

Br62
Br67
Bub7
Cebd

Cebb
Da67
Dré6é6
En67
Fa68
Fl67

F168

F169

Fr65

Fr67

158

J. M. Blatt, G. H. Derrick, and J. N. Lyness,
Phys. Rev. Letters 8, 323 (1962).

T. A. Brody, and M. Moshinsky, "Tables of Trans-
formation Brackets," Monografias del Instituto de
Fisica, Mexico (1960).

D. M. Brink, and G. R. Satchler, "Angular
Momentum" (1962),

R. A. Broglia, and C. Riedel, Nucl, Phys. A92,
145 (1967) and Nucl. Phys. A93, 241 (1967).

S. Buhl, D. Pelte, and B, Pouh, Nucl. Phys. A91,
319 (1967). - -

J. Cerny, R. H. Pehl, and G. T. Garvey, Phys.
Letters 12, 234 (1964),

J. Cerny, S. W. Cosper, G. W. Butler, R. H. Pehl,
F. §. Goulding, D. A. Landis, and C. Détraz,
Phys. Rev. Letters 16, 469 (1966).

W. G. Davies, J. C. Hardy, D. J. Skyrme, D. G.
Montague, K. Ramavataram, and T. A. Hodges,
Rutherford Laboratory Report PLA-Dec. 1967.

R. M. Drisko, and F, Rybicki, Phys. Rev. Letters
16, 275 (1966).

P. M., Endt, and C. Van Der Leun, Nucl. Phys.
A105, 1 (1967).

W. R. Falk, R. J. Kidney, G. K. Tandon, and P.
Kulisic, Bull. Am. Phys. Soc. 13, 1464 (1968).

Donald George Fleming, Thesis - Univ. of Calif.,
Berkeley - 1967.

D. G. Fleming, J. Cerny, C. Maples, and N.
Glendenning, Phys. Rev. 166, 1012 (1968).

E. R. Flynn, D. D. Armstrong, J. G. Beery, and
A. G. Blair, Los Alamos Scientific Laboratory of
the Univ. of Calif. (to be published).

M. P, Fricke, and G. R. Satchler, Phys. Rev.
139, B567 (1965).

M. P. Fricke, E. E. Gross, B. J. Morton, and
A. Zucker, Phys. Rev. 156, 1207 (1967).




Gabl
Gabl

Gab7

G168
‘G162
G164
G165
Gobl
Ha66
Hab7
Hab68
Hebla
He64b
Hi6h
Jab8

Kab68a

159

N. H. Gale, J. B. Garg, and K. Ramavataram, Nucl.

Phys. 22, 500 (1961).

G. T. Garvey, J. Cerny, and R. Pehl, Phys. Rev.
Letters 12, 726 (1964).

N. K. Ganguly, A. A. Rush, E. J. Burge, and

D. A. Smith, Rutherford Laboratory Report PLA-
Dec. 1967, and Bull. Am. Phys. Soec. 12, 664
(1967).

R. D. Gill, B. C. Robertson, J. L'Ecuyer, .

R. A, I. Bell, and H. J. Rose, Phys. Letters 28B,
116 (1968).

N. K. Glendenning, Nucl. Phys. 29, 109 (1962).

P. W. M. Glaudemans, G. Wiechers, and P. J.
Brussaard, Nucl. Phys. 56, 529 (1964).

Norman K. Glendenning, Phys. Rev. 137, B102
(1965). LT

F. 5. Goulding, D. A. Landis, J. Cerny, and
R. H. Pehl, Nucl. Inst, Methods 31, 1 (1964),

J. C. Hardy, D. J. Skyrme, and I. S. Towner,
Phys. Letters 23, 487 (1966).

J. C. Hafele, E. R. Flynn, and A. G. Blair,
Phys. Rev. 155, 1238 (1967).

M. Hagen, K. H. Maier, and R. Michaelsen,
Phys. Letters 26B, 432 (1968).

E. M. Henley, and D. V. L. Yu, Phys. Rev. 133B,
1445 (1964).

P. Hewka, R. Middleton, and J. Wiza, Phys.
Letters 10, 93 (1964).

N. M. Hintz, Argonne National Laboratory Report
ANL-6878, 429 (1964).

R. L. Jaffe, and W. J. Gerace, Princeton Uniwv.
PUC-937-329, July, 1968 (unpublished).

H. Kattenborn, C. Mayer—BBricke, and B. Mertens,
Nucl. Phys. Al1l9, 559 (1968).




160

i

Kab68b R. W. Kavanagh, A. Gallmann, E. Aslanides,
F. Jundt, and E. Jacobs, Phys. Rev. 175, 1426
(1968) .

Ko67 Raymond L. Kozub, Thesis - Michigan State Univ. -
1967.

Kr66 Merlyn Krick, G. J. F. Legge, Nucl. Phys. 89,
63 (1966).

Lab60 R. D. Lawson, and M. Goeppert-Mayer, Phys. Rev.
117, 174 (1960).

vLa62 T. Lauritsen, and F. Ajzenberg-Selove, Nuclear
Data Sheets - Energy Levels of Light Nuclei
(1962).

Le67 F. D. Lee, R. W. Krone, and F. W. Prosser, Jr.,
Nucl. Phys. A96, 209 (1967). ‘

Li64 C. L. Lin, and S. Yoshida, Prog. Theo. Phys.
(Tokyo) 32, 885 (196L4),

Li66 C. L. Lin, Prog. Theo. Phys. (Tokyo) 36, 251
(1966)0 ¢

Mab65 J. H. E. Mattauch, W. Thiele, and A. H, Wapstra,
Nuecl. Phys. 67, 1 (1965).

Mabb6a Robert Golden Matlock, Thesis - Univ. of
Colorado - 1966, from abstract in Nucl. Science
Abstracts 22, 994 (1968).

Mab6bb  J. R. Maxwell, G. M. Reyndlds, and N. M. Hintz,
Phys. Rev. 151, 1000 (1966).

Maé67 G. Mackenzie, E. Kashy, M. M. Gordan, and H. G.
© Blosser, I.E.E.E. Trans. on Nuclear Science 450,
NS-14, No. 3 (1967).

Mc65 W. R. McMurray, P. Van Der Merwe, and I. J.
Van Heerden, Phys. Letters 18, 319 (1965).

Mc67 W. R. McMurray, P. Van Der Merwe, and I. J.
Van Heerden, Nucl. Phys. A92, 401 (1967).

Mi6l R. Mlddleton, and D. J. Pullen, Nucl. Phys. 51,
63 (1961),

M166 R. G. Miller, and R. W. Kavanagh, Phys. Letters
‘ 22, 461 (1966). ‘




Mi67

Mo59

0165

0167

0168

Pa69

Pebl

Re67

Rob67

Ro68

Shé3

Sabl
Shé68

Shé69a

Sh69Db

Si59
To68

161

R. G. Miller, and R. W. Kavanagh, Nucl. Phys.
A9L, 261 (1967).

=

. Moshinsky, Nucl. Phys. 13, 104 (1959).

» W. Ollerhead, J. S. Lopes, A. R. Poletti,
. F. Thomas, and E. K. Warburton, Nucl. Phys.
6, 161 (1965).

aN=E

=

W. Olness, A. R. Poletti, and E. K. Warburton,
Pys. Rev. 161, 1131 (1967).

D. K. Olsen, and R. E. Brown, John H. Williams
Laboratory of Nuclear Physics, Univ. of
Minnesota, Annual Report C00-1265-67, 86 (1968).

R. A. Paddock, S. M. Austin, W. Bensenson,
I. D. Proctor, and F. St. Amant, Phys. Rev.
(in press).

D. Pelte, B. Pouh, and W. Scholz, Nucl. Phys.
52, 333 (1964). :

G. M. Reynolds, J. R. Maxwell, and Norton M.
Hintz, Phys. Rev. 153, 1283 (1967).

R. R. Roy, and B. P. Nigam, Nuclear Physics
(1967).

C. Rolfs, and W. Trost, Nucl. Phys. Al22, 633
(1968).

A. de-Shalit, and I. Talmi, Nuclear Shell Theory
(1963).

G. R. Satchler, Nucl. Phys. 55, 1 (1964).

M. H. Shapiro, Univ. of Rochester (private
communication). \

M. H. Shapiro, A. Adams, C. Moss, and W. M.
Denny, Bull. Am. Phys. Soc. 14, 530 (1969).

M. H. Shapiro, C. Moss, and W. M. Denny, Nucl.
Phys. A128, 73 (1969).

E. Silversteln, Nucl. Inst. Methods 4, 53 (1959).

J. H. Towle, and G. J. Wall, Nucl. Phys. A118,
500 (1968).




Wi66

162

C. F. Williamson, J. Boujot, and J. Picard,

Centre d'Etudes Nucléaire de Saclay, Report
CEA-R3042 (1966).




