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ABSTRACT

Part One

19 27wy o, 38

Si, K, 39

The beta decays of “Ne, 23Mg, K, and ““Ca have
been studied by observing the delayed gamma radiation with large volume
Ge(Li) detectors. A pneumatic shuttle was used so that weak beta transi-
tions could be observed. Two previously unobserved allowed transitions
have been found, and the uncertainty for most of the previously known
transitions has been reduced. Limits for unobserved transitions have
been strengthened. A comparison is made between the predictions of
various nuclear models, particularly the many-particle shell model, and

observed values.

Part Two

Cross sections have been measured by the activation method for

23 )23 63 )63

Mg, 3°C1(q,n)38, and Zn from threshold to 11 MeV

)62

na(p,n Cu(p,n

65Cu(a,n)686a from threshold

and for 59Co(a,n Cu, 63Cu(a,n)66Ga, and
to 19 MeV. The excitation functions are compared with the predictions
of the Hauser-Feshbach model of nuclear reactions. If resonance effects
ara averaged, then using established parameters for the nuclear poten-
tials and for the nuclear level densities, the predicted values are
within a factor of 2 of the experimental values for practically all
cross sections measured. For cases where direct reactions are not im-

portant, agreeinent to within 20% is obtained.



I

ITI.

Iv,

-iv-

TABLE OF CONTENTS

PART I. STUDY OF SOME BETA DECAYS IN THE SD SHELL

INTRODUCTION

THEORETICAL CONSIDERATIONS

A.
B.

Nuclear Beta Decay Theory

Nuclear-Structure Models

EXPERIMENTAL DETAILS

A.
B

Introduction

Shuttle (Rabbit) System
Detection Systems
Electronics

Timing

METHODS OF DATA ANALYSIS

A,
B.

General Features of Spectra
Correction to Gamma-Ray Yields

1 Introduction

2. Gamma-Ray Detection Efficiency
3. Annihilation in Flight

4. Spatial Distribution

Calculation of the Fermi Function

EXPERIMENTAL RESULTS

A.

B.

Introduction
Neon-19 Decay

1. Previous Knowledge
2. Experimental Details
3. Experimental Results

15

18
18
18
22
24
25

27
27
29

29
29
31
35

36

38
38
38

38
39
40



4.

Theoretical Work

C. Magnesium-23 Decay

Previous Work

1

2. Experimental Details
3.
4

Experimental Results
Theoretical Work

D. Silicon-27 Decay

1
2.
3
4

Previous History
Experimental Details
Experimental Results
Theoretical Work

E. Potassium-37 Decay

S ow N —

Previous'History
Experimental Details
Experimental Results
Theoretical Work

F. Potassium-38 Decay

1
2.
<
4

Previous History
Experimental Details
Experimental Results
Theoretical Work

G. Calcium-39 Decay

1
2.
3.
4

Previous History
Experimental Details
Experimental Results
Theoretical Work

VI. DISCUSSION AND CONCLUSIONS

A. Discussion of Shell-Model Predictions

B. Conclusions

41
43

43
44
45
47

49

49
50
51
58

55

b5
56
57
60

62

62
63
64
65

66

66
67
67
68
69
69

70



-vi-

APPENDIX A - DIGITAL SEQUENCE TIMER
I. Introduction

II. Use of the Timer

A. Overview
B. Control Section
C. Basic Clock Unit
D. Reset Circuit
E. Random Pulse Generation
F. Periodic Pulser Generation
III. Example of Use
REFERENCES - PART I
TABLES
FIGURES

PART II. COMPARISON OF EXPERIMENTAL REACTION CROSS SECTIONS
WITH THE HAUSER-FESHBACH MODEL

I. INTRODUCTION

IT. THEORETICAL CONSIDERATIONS
A. Introduction
B. Statistical Model of Nuclear Reactions
1. Elementary Approach
C. Improvements to the Elementary Theory

1. Initial Comments
2. Work of Moldauer
3. Work of Weidenmuller

D. Level-Density Parameterization

1. Initial Comments

71
71
72

ie
73
73
74
74
75

75

80
85
118

169

171
171
172
172
177

117
179
181

183
183



-vii-

Spin Dependence

Energy Dependence

Gilbert and Cameron (1965a)

Facchini and Saetta-Menichella (1968)
Back-Shifted Fermi Gas Formula

~N O O Bow N

Comparison with Experiment
E. Calculation of Transmission Coefficients

1. Introduction
2. Forms of the Optical Potential
3. Parameter Searches

Fs HAUSER*Z: Computer Code to Calculate Nuclear Cross
Sections Using the Statistical Model

ITI. EXPERIMENTAL PROCEDURE
A. Introduction
B. Experimental Procedure

1. General Procedure
2. Gamma-Ray Detection
3. O0ff-Line Geometry

4. Electronics

C. Experimental Details

Introduction
23Na(p,n)

65 6SGa

Cu(a,n)

o o1 AW NN -
(&)
O
o
o

IV, EXPERIMENTAL RESULTS

A. Introduction
23 )23Mg

K

B. Na(p,n

c. 3¢i(a,n)®

183
185
189
190
191
192

193

193
195
200

209

212
212
2l2

212
214
218
219

220

220
220
222
224
226
228

230
230
230
231



-viii-

D. 59C0(a,n)62Cu
E. 63Cu(a,n)666a and 65Cu(a,n)68Ga
E, 63Cu(p,n)63Zn

V. COMPARISON WITH HAUSER-FESHBACH CALCULATIONS

A. Introduction

B. 23Na(p,n)%3ug
c. 35¢1(a,n)38

D. 59Co(a,n)62Cu
Ex 63Cu(a,n)66Ga
F. %%cy(a,n)®8ca
G. 63Cu(p,n)63Zn

VI. CONCLUSIONS

REFERENCES - PART II

TABLES

FIGURES

232
233
234

235
235
236
238
239
241
242
243

246

249

258

290



-1 X

PART I

STUDY OF SOME BETA DECAYS IN THE SD SHELL
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I. INTRODUCTION

One of the main goals of nuclear physics is to be able to explain
the properties of the various states occurring in nuclei. It is gen-
erally believed that if one knows the fundamental interactions and the
appropriate wavefunttions describing the levels, then the desired
properties can be calculated. Thus much effort has gone into the study
of interactions and into the production of accurate wavefunctions.

In recent years nuclear beta decay has been one of the best tests
for determining the accuracy of wavefunctions. For the case of nuclear
beta decay, the weak interaction is believed to be well understood. Thus
given the wavefunctions of various levels, it is straightforward to
calculate unambiguously a quantity (known as ft ) which can be compared
with experimental results. |

As the ability to predict wavefunctions becomes better, one
wants to be able to test smaller parts .of the wavefunctions. Almost any
theory can predict the ft value for the decay of a level to its mirror
levels as apart from a known correction factor, the value is that
obtained from the decay of a free neutron. Rather it is those decays
which are not to mirror levels that test the small components and dif-
ferences in the wavefunctions.

This part of the thesis will describe the search for these tran-
§1tions which, because they compete against mirror transitions and are
energetically unfavored, are usually quite weak. The second section of
this part will describe the weak interaction Hamiltonian that is

normally used and the formulae that are used to calculate ft values
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for the strongest (that is, for the allowed) transitions. Also in

the second section the current status of theories predicting nuclear
wavefunctions is reviewed, with particular emphasis on those theories
which derive ft values for transitions studied in this work. The
third section describes the experimental procedures used in this
study. The types of analysis and corrections made and a general over-
view of the experiments are given in the fourth section. The fifth
section treats in detail the results for the decays studied, viz.,

]9Ne, 23Mg, &7 37, 38

si, 3k, 3%, and 3%a. Also in this section are
further details about the wavefunctions predicted for levels populated
in these decays. In the sixth and final section of this part, com-
parisons between theory and experiment are made, and the status of the

ability to predict accurate wavefunctions is discussed.
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II. THEORETICAL CONSIDERATIONS
A. Nuclear Beta Decay Theory

This subsection Tays the theoretical groundwork underlying the
connection between the wavefunctions calculated by theorists and the
branching ratios and Tifetimes measured by experimentalists. Since
all the decays observed in this work are of the a]]oWed type (that is,
they appear in the first order of the theory), approximations will be
made whenever the omitted or excluded term is small compared to the
remaining terms. It should be noted, however, that whenever either
very high accuracy is desired (as in the case of superallowed transi-
tions used to determine beta decay coupling constants) or when forbid-
den (at least in the sense of the allowed theory) transitions are
studied, then a more complete treatment is necessary. For example,
Stech and Schulke (1964), Schulke (1964), Buhring (1963a and 1963b),
and Behrens and Buhring (1971) have provided a formulation in which
the kinematical structure, the effect of electromagnetic interactions
between the charged Tepton and the nucleus, and model dependent
nuclear effects are clearly separated. Furthermore, approximations,
when necessary, are made only at a late stage where their implications
can easily be recognized. In the treatment given here, emphasis will
be given more to physical insight than to mathematical details.

It should be noted that although the Hamiltonian involved in
nuclear beta decay is believed to be well known, the weak interactions
from which the Hamiltonian is derived are not well understood, par-

ticularly at the highest energies. In fact, using current weak-
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interaction theory (Feynman and Gell-Mann 1958), certain reactions,
such as electron-neutrino scattering, are predicted to have unbounded
cross sections, thus violating unitarity. Weinberg (1967) and others
have proposed merging weak interactions and electromagnetic interac-
tions into one unified theory by fhe introduction of an intermediate
vector boson which would act as the propagator of the weak interac-
tions, just as the photon (also a vector boson) acts in electromagnetic
interactions. This unification could solve the problem of unbounded
cross sections. It should be noted that since the proposed inter-
mediate vector boson is so massive (greater than 37 GeV) as compared
with energies involved in nuclear beta decay, the existence of this
massive boson and its precise mass have no measurable effect on nuclear
beta-decay predictions.

Enrico Fermi (1934) set the stage for merging the two inter-
actions by describing the nuclear beta-decay Hamiltonian density in
exact analogy with the density associated with electromagnetic inter-

actions,

Hen =1 e Ji(r) <A (r) (1)

Here e 1is the electric charge (or strength of the interaction), JU
is the current density, Au is the vector potential describing the
radiation field, and s is the position coordinate of the nth par-

ticle. Thus Fermi's proposal for beta decay was

o + %
s = ) E g Ji(r) L (rp) (2)
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where J_u is the current density associated with the proton-neutron
transition, Lu is the "vector potential" of the lepton field, and

g 1is the elementary charge of weak interactions. Although this
Hamiltonian density has changed slightly in details since Fermi first
proposed it, it still forms the starting point for all discussions
of nuclear beta decay.

Assuming that equation 2 is the proper form for the Hamilton-
ian density, the question arises as to what form the representations
of the currents and potentials should take. The form of the represen-
tations can be Timited by making some physically reasonable assumptions
and then using experimental results to determine the values of the

parameters remaining in the theory. The assumptions which are normally

used are:

1) Special relativity is valid, and therefore invariance with
respect to the proper Lorentz group is required. As shown by Wu et al
(1957) and others, parity (invariance with respect to mirror reflec-
tion) is violated.

2) The interaction is at a point. Although this assumption
implies violation of unitarity at high energies, the energies involved
in nuclear beta decay are so small compared with any proposed propaga-
tor that the error introduced with this assumption is small.

3) Quantum mechanics is valid, thus requiring the Hamiltonian
to be Hermitian.

4) Charge, baryon number, and lTepton number are conserved, thus

requiring creation and annihilation operators to appear as pairs.
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5) The operators of the particles enter only linearly into
the Hamiltonian.

6) No derivatives appear in the Hamiltonian. Again an appeal
can be made to the low energies and hence Tow momenta available in

nuclear beta decay.

Using these assumptions it can be shown (Pauli 1958) that

the most general form of the Hamiltonian density is

J, = O e 1
+ = 1 @pogun) [y (c4+ Civgln] (3)
+ Hermitian conjugate

are operators which are formed

where Z(IC1.|2 + |C%|2) =1, the o,
.i

from the products of Dirac gamma matrices, Yoy and wx is the crea-

21/2 s intro-

tion operator for particle X . For historical reasons,
duced so that the value of g is the same as would have been obtained
before the discovery of parity violation. The operators 61’ can be
grouped into five classes depending upon their transformation under the

proper Lorentz group,

a) scalar (S) 6, =1

b) vector (V) 8 = Y,

c) axial vector (A) 8; = Y5

d) pseudo-scalar (P) 0; = g

e) antisymmetric tensor 0 = Y%
of rank 2 (T) H

The pseudo-scalar form is thought to be zero, but as it does not play
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a role in the theory of allowed transitions, its exact value is unim-

portant for this study. Paul (1970) has performed a least-squares

adjustment on the remaining coupling constants (which can be involved

in allowed transitions) with the following results:

1)

e o +0.40
Ci/Cy = 0.82 Tp°qs

1.10+£0.06

Ca/Cp

If one assumes that Cy = Cy and Cy = Cp (which is
equivalent to assuming that the neutrino is massless and

has a definite helicity) one obtains

CA/C = 1.262 = 0.008

If it is further assumed that C¢ = C

S and C+ =

S G

CS/C = -0.007T + 0.006

(gp]
]

A -0.0004 + 0.0003

However, if equality is not assumed between the primed

and unprimed quantities, then the results become very

uncertain,

Cs/Cy = 0.08 + 1.2

Cé/Cv = -0.07 £ 1.0

CT/CA = 0.006 + 0.2
= -0.006 + 0.2
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In practically all studies involving allowed decays, the neutrinos are
treated as massless and the scalar and the tensor parts of the beta in-
teraction are ignored. This results in the V-A theory, first proposed

by Feynman and Gell-Mann. Thus the Hamiltonian density becomes
6/«7/8 Q-DP Y(1'>\Y5)1P 10 (T = vglu ]

+ Hermitian conjugate (4)

where ) = |CA|/|CV| . It is felt that the inequality between C, and
CA is due to the renormalization of CA due to exchanges with the
meson cloud surrounding the baryons, while CV experiences no such re-
normalization (the conserved-vector current theory). As to further
renormalization due to the many nucleons within a nucleus, Mukhopadhyay
and Miller (1973) state that after all corrections are included, no
evidence exists for further renormalization. Finally Towner and Hardy
(1973) after performing extended analyses of superallowed Fermi decays

have determined the beta coupling constant g , to be

g = (1.4129 +0.0005) x 10°*? erg-cm®

Since the coupling constant is so small, the relationship
between the Hamiltonian density and the rate of nuclear beta decay can
be made by using first-order perturbation theory (Fermi's (1949) Golden
Rule). Thus the probability, Wips for a transition from an initial
state 1 to a final state 2 which involves a neutrino with energy Er "

is
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Z e
W, = 2nHp,l? (dn/du ) m e/ (5)

where |H12l2 is the transition matrix element found by integrating the
Hamiltonian density over space and summing over all nucleons in the
initial (or final) nucleus, and where (dn/dwr) mec2 is the number of
final states per unit energy at an energy equal to the normal-
ized total neutrino energy W, = Er/(mecz)

The transition matrix element H]2 can be expanded in a series,
and for allowed decays the first term is sufficient. First consider the
term in H12 involving the baryons. As there is so little kinetic
energy in the nucleus relative to the total energy contained in the
nucleus (less than 1%), the nucleons are moving non-relativistically,
and hence the Dirac matrices can be reduced to their Pauli matrix equiv-
alents which now operate on wavefunctions rather than on state vectors.

Thus the baryon current term reduces to the nuclear matrix element, Mif’

<l (1 + aghv) |

> T AT T [ ln) (1 +53) olny) (6)
= Mg

where ¢ 1is the many-particle wavefunction describing the nucleons

Vv

inside the nucleus, o is the Pauli spin matrix, and where <T. [T7| T,
is the isospin term, where T is the isospin lowering operator for the
nucleus and Tf and Ti are isospin quantum numbers.

The reduction of the lepton-current term depends upon which beta-

decay process occurs. For electron or positron emission, the wavefunc-
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tions involved are the solutions of the Dirac equation in a Coulomb
field, while for electron capture, the wavefunction of importance is
that of the bound electron that will be captured. It should be noted
that the effect of the other electrons on the beta-decay process is
neglected except insofar as they modify the Coulomb field. The re-
mainder of the lepton-current term is easily evaluated. Since the
neutrino interacts so slightly with matter, it can be represented by a
plane wave, normalized to unity in some volume V . Also, since the
wavelengths associated with the emitted neutrino and electron are quite
iarge compared to the nuclear volume, their wavefunctions can be ex-
panded in a power series. Following the convention of Kotani and Ross
(1958), the neutrino wavefunction is expanded about the nuclear origin,
while the electron or positron wavefunction is expanded about the
nuclear radius. In cases studied in this work, the zero order terms
are much larger than the succeeding terms and thus only they need be
kept since the nuclear matrix element, Mif’ is non-zero.

For electron capture, the same arguments cannot be made, since
except for s-wave electrons, the wavefunctions of bound electrons are
zero at the nuclear center and increase to a finite value at the nuclear
radius, hence changing greatly over the nuclear volume. ilowever, since
it is the s-wave (or K-shell) electrons which have the largest overlap
with the nucleus, the other electrons can usually be neglected or be
included only in an approximate manner. For example, the L-shell electrons
usually contribute about 10%0f the rate. For the case of K-shell elec-
tron capture, the bound-electron wavefunction is nearly constant over

the nuclear volume, and hence Tike the emitted electron or positron
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wavefunction, it too can be expanded in a series. For similar reasons
as outlined above, only the zero order term need be kept.

The density of states, (dn/dW), which results just from kine-
matic considerations, also depends upon which beta-decay process occurs.
For particle emission, there are three bodies in the final state. Thus
all neutrino energies up to a maximum energy determined by the mass
difference of the parent and daughter nuclei are available. Neglecting
the small amount of kinetic energy in the recoiling nucleus, the density

of states for electron or positron emission is

4. 2.2 172

] 2 4.6
dn/dW =V m. cTHo(WE 1) W/ (4n B7) (7)

where we is the normalized total electron energy, we = (Ee + mecz)/mec2
In the case of electron capture, there are only two bodies in the final

state, and hence only one neutrino energy is available,

2

dn/dwr = nV Nr

5(E,- eg)/(2n°c> %) (8)
where €g is the electron binding energy and n 1is the number of elec-
trons in the shell, which for K-shell capture is 2.

Thus using equations 5, 6, 7, and 8, one obtains for the proba-
bility for transition from initial state 1 to final state 2 which

includes a neutrino having a definite energy

2 1/2
FZ(WE,R) we(we -1)

_ g il
']2 = ]M.fl wY‘/TO * (9)

;
+6,(R) (E,- ep)

W
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where T, is the universal beta-decay time constant (TO = (2n3'ﬁ7) /

(92m2c4) ~ 8890 sec), Fz(we,R) is the solution to the Dirac equation
evaluated at the nuclear radius R , and GZ(R) is the bound state
wavefunction of the K-electron to be captured, again evaluated at the
nuclear radius. However, since no attempt is made to observe the
neutrinos, much less to measure their energy, the quantity of interest
is the probability for decay regardless of neutrino energy. Thus by
integrating equation 9 over all neutrino energies, the decay probability
is
L
f Wyp iy, = = = (f, + 1y KI5

where wo is the normalized total energy of the decay, and the f's are

the Fermi functions for beta decay,

—4
1]

[ .22 1/2
or = ) HalHg = 1) 77 WF (W ,R) W,

-+
1

—

=

G_(R) (11)

Traditionally, instead of the mean life of the decay, T , the half-life
of the decay is used. If t]/2 is multiplied by the appropriate Fermi
functions, the "comparative half-life" or ft value is formed,

ft = (f, *+ fidtyp = Tolen 2)/[M,c]? (12)

For electron emission, the capture term is of course absent. It will
be noted that the ft value is independent of the energy of the decay

and hence indicates only nuclear properties, the overlap between the
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initial and final nuclear states.

Three types of corrections are sometimes applied to the above
results: (1) an electron-screening correction, (2) a finite nuclear-
size correction, and (3) electromagnetic corrections. Each of these
tries to correct for approximations made in obtaining FZ(Ne,R) , the
solution to the Dirac equation for a point-source Coulomb field. The
e]ectron-scréening correction attempts to correct for the effect of
screening electrons by replacing Fz(we,R) with (1-v0/we) * FZ(We-VO,R)
where V0 is the shift in potential energy at the nucleus caused by
the screening. This correction was proposed by Rose (1936). The
finite nuclear-size correction of Rose and Holmes (1951) attempts to
correct for the nucleus not being a point charge. This effectiis small
for the Tow-Z decays studied in this work. The various electromagnetic
corrections are quite complicated (see Kallen (1967) for a discussion).
These corrections attempt to include those electromagnetic interac-
tions involving the electron or positron with the decaying nucleon
which are neglected in this simple treatment.

By using equation 12, the results of experiment (t1/2’ remem-
bering that this is the half-Tife to decay to a certain state and not
the half-life for decay to any of the several available levels) can be
compared with the predictions of theory (Mif)' The nuclear matrix ele-
ment is quite simple in form (see equation 6), involving only the
simple overlap of wavefunctions and overlap after a spin flip opera-
tion. Since the Pauli spin matrices transform as vectors, the Wigner-
Eckart theorem (Wigner 1927, and Eckart 1930) holds that the spin

difference between the initial and final nuclear states cannot be
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greater than 1. Also since neither the Pauli spin matrices nor the
unit operator change parity, the initial and final nuclear states must
have the same parity. By using the Wigner-Eckart theorem on the iso-
spin term of equation 6, additional selections can be obtained. Thus

the selection rules for allowed beta decay are

A = 0,1
Am = no
AT = 0,1

only one J = 0-~0 decay (if isospin is a good quantum
number) (13)
As can be seen from the expression for ft (equation 12), the
smaller the overlap, the higher the value for ft . Experimentally it
has been found that ft values cover many orders of magnitude. Thus
it is customary to refer to 10910 ft rather than to ft . Fiqure 1
shows the distribution of 1log ft for A < 44 (the data being taken
from Ajzenberg-Selove andLauritsen 1968,1974, Ajzenberg-Selove 1970,
1972, and Endt and van der Leun 1973). The distribution is doubly
humped. The first hump (at log ft ~ 3.5) contains those decays
where the overlap is near unity, the superallowed decays. The second
hump (at 1log ft v~ 5.1) are those decays where the initial and final
nuclear states are quite different, but yet still have appreciable
overlap (v 10%). The tail consists of decays which involve gross mis-
matches in the nuclear wavefunctions or accidental cancellations in

the nuclear matrix elements.
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B. Nuclear-Structure Models

Most of the theoretical work performed in constructing wave-
functions and nuclear matrix elements for nuclei in the s-d shell
(17 < A < 40) has been done using the shell model. In this model, one
or more nucleons are active outside an inert core. Any transitions
which occur are described by changes in the valence nucleons, the core
remaining unchanged.

In the simplest treatment, only one particle is considered
active. The wavefunction is expressed as a linear combination of
available shell wavefunctions. The coefficients in the resultant sum
are determined by calculating various transition probabilities and
static moments and requiring agreement with experimental values. These
wavefunctions are then used to predict other properties and transi-
tions. An example of this method, known as the weak coupling model,

27 27 &f

is the beta decay of “'Si to Si is considered to be a neutron

Al;
hole in an inert 2851 core. The beta decay changes the neutron hole

27p1.

into a proton hole, thus forming
It has long been recognized that the weak-coupling model is an
ovér-simp]ification, but to include more than a few nucleons outside
the inert core was computationally impractical. In recent years, how-
ever, with the increase in memory size and computational speed, large
computers have enabled theorists to treat many-valence-nucleon cases

(see McGrory (1973) for a review of these calculations.) In this

approach, the nuclear Hamiltonian, HN , is broken into three parts:

HN = HC * HCS + HS (14)
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where HC is the Hamiltonian describing the core, HS is the
Hamiltonian describing the interaction between the valence nucleons,
and HCS is the Hamiltonian describing the interaction between the
core and the valence nucleons. Since the core is assumed not to par-
take in the transitions, the Hamiltonian describing the core can be
removed from the calculations. Matrix elements of the form
<core[HcS[a> and <B|Hs|y> must still be calculated or derived from
experiment. These matrix elements can depend on many quantum numbers,
especially important are the 2 and J valueé of the valence nucleons.
Harmonic oscillator wavefunctions are taken as the basis and some
form of "realistic" (i.e., physically reasonable extrapolation from
nucleon-nucleon) potentials is used. Usually there are adjustable
parameters in the potential so that agreement between experimental
values and theoretical predictions can be optimized. In the case of
the Rochester-0ak Ridge computer code (French et al 1966), the energy

matrix <1I(HCs

+ HS)|j> is formed and then diagonalized. Even though
computers with large memory units are used, very often restrictions on
the set of possible shell configurations are imposed in order that the
matrices can fit inside the computer. For the calculation of 28Si,
matrices which have dimensions of 3800 are needed if the full s-d
shell is used; no computer exists which is capable of keeping this much
data in core. Whitehead (1972) has devised another method of diagonal-
ization which takes less core, but the results for the decays studied
in this work have not yet been published. However, calculations

covering the entire s-d shell have been performed with the Rochester-

Oak Ridge program and these will form the major theoretical predictions



W T

with which experimental values will be compared (see Lanford and

Wildenthal (1973) for a compilation of the predicted Tlog ft values).
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III. EXPERIMENTAL DETAILS
A, Introduction

As the beta decays of interest in this work are quite difficult
to observe in the presence of the much stronger superallowed transitions,
a system was developed which rendered the delayed gamma transitions
which followed the beta decay more easily observable by using high reso-
Tution Ge(Li) detectors. Preferential absorption through the use of
lead attenuators optimized the relative photopeak efficiency of the
gamma ray detectors.

To obtain maximum yield the energy and intensity of the bombard-
ing beams were at the limits of CIT-ONR tandem accelerator. Use of such
high energy (10 MeV and greater) and high current (%—uA and greater)
béams caused Targe yields of prompt neutrons (greater than 2000
neutrons per cm2—sec at a detector 7 m from the target) which would
quickly destroy any Ge(Li) detector near the target during bombardment.,
A shuttle system was thus used to carry the activated target material
from the target room to the control room for remote counting.

To insure that gamma rays observed by the Ge(Li) detector re-
sulted from the beta decay under study, the yield of gamma rays was
studied as a function of time after bombardment. Often further checks
such as using different target materials and different lead attenuators

were performed, and these are further described below.

B. Shuttle (Rabbit) System
Since the activities under study, except for the decay of the

ground state in 38K, had half-1ives less than 20 s, a human shuttle
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system could not be used. Instead the shuttle system used by Kavanagh
and Goosman (1964) to study the beta decay of 37K was modified for the
present requirements.

Figure 2 shows a block diagram of the rabbit system. The solenoid
valves control the admission of propelling gas and the connection to the
roughing pump, and hence control the direction of the rabbit's motion.
The pump used was a Beach-Russ Co. rotary pump, model #2HVRC, circa
1930. This pump was capable of 5 mm Hg vacuum and had a capacity of
7 liter/s. The tubing through which the rabbit passed is Eastman
Imperial Poly-Flo plastic tube, having an inner diameter of 3/8 inch
and a length of 17 meters. Typical transit time was 0.5 to 1.0 sec,
depending upon the timing of the opening of the solenoid valves. The
tubing was replaced whenever large amounts of carbon (probably from
cracked roughing pump 0il) settled in the tubing and retarded the rab-
bit's movement.

The Ansco 2-way solenoid valves were powered by Clare mercury-
wetted-contact relays which were in turn controlled by electronic
sequence timers which will be described in part D (electronics) of this
section.
| Figure 3 shows in detail the hutch, or rabbit holder, at the
beam end of the shuttle system. A thin foil of Al, approximately 25
microns thick, was used to separate the low pressure system associated
with the tandem beam 1lines (10—5torr) and the pressure in the rabbit
tubing. Under favorable conditions these foils would Tast for more than

ten running days subjected to 1 pA of 10-MeV protons. Aluminum was
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chosen as the foil material because for the thickness needed to sep-
arate the two systems, Al degraded the beam energy as Tittle as pos-
sible (about 250 keV for a 10 MeV proton beam) and the radioactive
products of Al from beam bombardment have been well studied. It is
possible for recoiling products of the Al + beam reaction to stick onto
the rabbit and then be shuttled to the counting station.

The beam rabbit hutch was a piece of heat-treated 4340 stainless
steel. This material was required in the present series of experiments
since it soon became apparent that the deceleration of the rabbit put
too much stress on the previously designed hutch of Kavanagh and
Goosman. The hutch was contained within a brass holder which served
to connect the hutch to the gas~handling system, to the beam pipe of the
accelerator, and to the poly-flo tubing. To soften the rabbit's land-
ing, Viton O-rings were placed at the end of the hutch. Viton O-rings
were used as they absorb a blow with minimal bounce, while standard
butyl O-rings can produce large bounces.

Figure 4 shows the rabbit hutch located in the control room, as
well as the gamma-ray detection system (which will be described in part
B). The control-room hutch was a cylindrical piece of Tucite 8.9 cm
long and 7.5 cm in diameter. A flat face was cut into the cylinder
2.0 cm from the axis, leaving just enough low-Z material to stop the
beta rays with reasonable minimization of bremsstrahlung. Since a
low-Z material is used to stop the beta rays, the positrons do not
annihilate at the target, at a point, but rather annihilate some dis-
tance from the rabbit, creating a distributed source for 511-keV an-

nihilation radiation.
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The construction of the rabbit is shown in Figure 5. The rabbit
consists of three pieces, the Be front shell, the target material, and
the nylon tail. Beryllium was chosen for the front shell because it is
extremely 1ight and bombardment by most beams does not produce any ac-
tivity that would hamper these experiments (see Table 1). The activi-
ties have either very short or very long half-lives. The only exception
results from bombardment of 3He which produces ]]C in large quantities
by the 9Be(3He,n)”C reaction. A tail plug was needed to keep the
target material inside the Be front shell. Nylon was chosen for the
tail plug because of its low density and atomic number and high resili-
ence. MWeight is important in rabbit construction, as transit times
are dependent upon the mass of the rabbit. High resilience is impor-
tant because of the mechanical shock the rabbit receives on impact with
the hutches. The target material itself was usually a three-part
system. Since most of the targets were powders, a foil was needed to
retain the target inside the rabbit. This foil had to be strong so
that repeated impacts by the powder did not pierce it, yet thin so that
energy loss of the bombarding beam was small. Also the foil could not
produce any activity of its own. Because of this last requirement
high-Z materials whose products had long half-Tives were considered.
Both 25 micron Ta and Re foils were used. Neither foil produced any
measurable activity and would usually remain intact for a full day's
run. Behind the target powder, 500 microns of Ta were placed so that
if the foil did break and the powder leave the rabbit, the bombarding

beam would stop in Ta rather than in nylon which because of the carbon,

nitrogen, and oxygen in it produces large amounts of radioactivity when
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bombarded.

Although the shuttle system is extremely convenient for measur-
ing relative intensities of delayed radiations, as is done in the first
part of this thesis, reliable measurement of absolute yields is much
more difficult. Because of the poor vacuum at the bombarded target,
the use of a moving target, and the need to use collimators which form
part of the Faraday cup, electronic measurement of the beam current is
unfeasible and other means must be employed to obtain absolute produc-

tion rates.
C. Detection Systems

No attempt was made to observe the emitted positrons directly.
Rather the observation of beta branches depended upon detection of the
gamma rays which de-excited the nuclear levels populated in the beta
decay. Since all the beta decays studied decay predominantly by posi-
tron emission (more than 99% of the decays), two 511-keV annihilation
gamma rays also follow each decay.

Although Nal detectors have higher detection efficiencies, par-
ticularly for high-energy gamma rays, Ge(Li) detectors were preferred
because of their excellent energy resolution. Ge(Li) detectors are now
standard laboratory equipment, and their properties will not be
described here. (For a review, see French et al 1969). Fiqure 6 shows
the detection efficiency for a 73cc Ge(Li) in the geometry of Figure‘4.
Three curves are shown: 0 cm of Tead between the hutch and the detector,
2.5 cm of lead, and 5.0 cm of lead. Since in all cases studied, the

511-keV gamma ray was by far the most intense, steps were taken to lower
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its efficiency relative to the higher-energy gamma rays of the weak
branches. As can be seen from Figure 6, the addition of a few cm of
lead between the hutch and the detector makes high-energy gamma rays
much more likely to produce a photopeak event in the Ge(Li) than the
511 keV gamma rays. However, the presence of lead results in much
lower absolute detection efficiency.

The introduction of lead attenuator has one other minor benefit.
Since the probability for detecting two gamma rays is so low when even
a small amount of Tead is used, corrections for summing of gamma rays
become unimportant. To reduce detection of X-rays produced in the
lead shielding, an X-ray filter of Ta and Sn is placed between the Pb
attenuator and the Ge(Li) detector.

In most of the experiments described the count rate was lower
than desired, being about 104 counts/sec. It was felt, however, that
to increase the rate by reducing the amount of Pb attenuator would not
help sufficiently for the loss of resolution in the Ge(Li) detector.
Consequently counting periods, although not intolerably long, often
lasted a full running day. In order to keep the detected room back-
ground as low as possible for such long runs, 5 cm of Pb surrounded the
Ge(Li) detector. With this arrangement, the integral count rate for
pulses greater than .511 MeV was 1.5/sec.

Two different Ge(Li) detectors were used in these experiments.
Both detectors were purchased from Princeton Gamma-Tech and were of
coaxial design with one end open as shown in Figure 4. The smaller of
the two detectors (#503) originally had a nominal active volume of

3

55 cm” and a photopeak efficiency relative to a 3"x3" Nal of 12%.
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However, before these experiments started, the detector was sent back
to the manufacturer for lithium redrifting because of neutron radiation
damage. Through redrifting, the active volume was reduced by about 10%.
The resolution of the redrifted detector for the 1.33 MeV gamma ray

of 60

Co is about 3 keV and the peak-to-Compton ratio is 25:1. The

larger of the detectors (#909) arrived after the start of these experi-
ments. It has a nominal volume of 73 cm3 and an efficiency relative to
Nal of 16%. The resolution for this detector at 1.33 MeV is 2 keV and

the peak-to-Compton ratio is 35:1.
D. Electronics

A block diagram of the electronic equipment used in these experi-
ments is shown in Figure 7. The electronics associated with the treat-
ment of the charge pulse from the Ge(Li) detector is standard, consisting
of a preamplifier, a main amplifier, and an analog-to-digital converter.
For all experiments a Tennelec TC-200 amplifier was used with 3.2 usec
double differentiation pulse shaping. This shaping time was determined
to give best resolution under actual counting conditions. The preampli-
fiers were charge-sensitive and were an integral part of the Ge(Li)
detectors. The ADC's were integral parts of the multi-channel analyzers
of which three were used, a Nuclear Data ND160 with ND2200 ADC's, RIDL
Model 34-27, and the Nuclear Data ND4420 computer system.

In the earliest investigations, the timing signals for bombard-
ment, transfer of the rabbit, and counting were obtained from a pre-
existing analog sequence timer (Kellogg drawing #101B). Then, to

achieve superior precision and facility in setting required timing
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intervals, a digital sequence timer was constructed. A description of
the operation of this sequence timer is given in Appendix A. The unit
consists of a basic oscillator, a frequency divider, and 14 preset
scalers. The basic oscillator is a multi-vibrator whose frequency is
controlled by a quartz crystal. The frequency is stable to 10 ppm and
can be adjusted over a small range, *30 ppm. The frequency divider is
a set of synchronous divide-by-ten circuits which can be gated into or
out of the circuit by means of a thumbwheel switch. The frequency fol-
lowing the divider circuit is as accurate as the basic clock and can
range (when the standard 1 MHz crystal is used) from 1 MHz to 0.1 Hz.
The preset scalers are set by use of four-decade thumbwheel switches.
The precision of the timer is limited by the range (1 to 3999) of these
scalers. Because the times are digitally set through the use of thumb-
‘wheel switches, the time necessary forset up is small. The unit also
has provision to act as a free-run oscillator so that signals from an
ADC can be digitally routed into various sections of memory depending
upon the amount of time since a given event. This sequence timer was

used for all measurements except those of the 2751 and 23Mg decays.

E. Timing

The selection of the timing sequence was determined so that bom-
bardment is long enough to obtain maximum yield, yet not so long that
Tong-lived contaminant radiation will be significantly produced. Also
since many cycles are necessary, the total bombarding time, not just

the length of an individual bombardment, is important. Normally, in
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view of the limited available beam current, the best compromise was to
bombard for a mean life of the activity under study. This usually
produced sufficient yield per cycle and kept long-lived contaminants to
a tolerable level.

If the half-Tife of the decay under study was comparable to the

rabbit transit time, as in the case of 39

Ca, then the counting periods
needed to start as soon as possible. For longer-lived activities, the
start of the counting periods could be delayed somewhat so that any
short-lived activity could decay.

Since positive identification of the source of the delayed gamma
radiation was desired, the gamma rays were stored into different areas
of the analyzer's memory depending upon the length of time since bom-
pardment. This procedure gave valuable information about the half-life
of the parent nuclei. Usually two time periods, each either a half-life
or a mean-life in length, were sufficient as the energy of the gamma ray
narrowed the possible parents to a few nuclei. Since there are so many
sources of 511-keV annihilation radiation, the energy signal is not
useful. Therefore, four or more counting periods were used whenever
the intensity of the 511-keV gamma radiation was desired. This allowed
an adequate determination of the strength of the 511-keV radiation pro-

duced by the decay of interest, which was always the most intense source.
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IV. METHODS OF DATA ANALYSIS

A. General Features of Spectra

As all but one of the experiments involved a rabbit bombarded by
a high energy proton beam, many common background features are present
in the spectra independent of the target material used. These features
can be divided into three categories, room—background radiation, beam—.
produced background radiation, and gamma-ray processes from high energy
positrons.

A1though the Ge(Li) detector was heavily shielded with Tead, peaks
nevertheless appear in the spectra that can be ascribed to room back-
ground. The photopeaks at 1461 keV (40 (232

K) and 2614 keV Th) arise

from radioactivity in the concrete walls of the control room. Lower

energy gamma rays from the decay of 232

Th are not seen because they are
much more severely attenuated by the lead shielding than the 2614-keV
gamma ray. These two photopeaks (and the escape peaks from the Th
2614-keV gamma ray) did not coincide with any gamma-ray transition
sought, and the Compton events from this room-background radiation were
always much less than the background produced by the other two processes
in the areas of interest.

The gamma ray from the beta decay of ]40, 2313 keV, 1is seen in

]40 being produced by the ]4N(p,n)]40 reaction. Al-

most spectra, the
though neither the photopeak nor the escape peaks from this gamma ray
interfere with any of the experiments, the Compton events sometimes
did. To reduce the activities attributable to beam bombardment of air,

argon was used as the propellant gas whenever this background was severe,



-28-

When bombarded by 10-MeV protons, 40

Ar (which makes up 99.6% of natural
Ar) produces only activities which have very long half-lives (269 days
and Tonger) or decay without producing any gamma radiation (33P and
36C]). Beam on the beryllium rabbit produced no discernible radio-
activity, but in certain Tong runs which had low yield of high-energy

gamma rays, photopeaks ascribed to the decay of 66Ga, 52 60

Mn, and "~ Cu
were noted. These are attributed to beam bombardment of the stainless
steel beam hutch and the brass hutch holder. This activity was picked
up by the rabbit and carried to the detector station. These gamma rays
were extremely weak and never bothered the experiment.

The most serious background problems arose from the activity of
interest, radiation produced by moving positrons, viz., bremsstrahlung
and annihilation in flight. Annihilation in flight is important not
only as a background problem but as a correction needed to determine
accurately the positron yield. It is thus treated extensively in the
next section. Like bremsstrahlung, annihilation in flight increases
with positron energy and with the Z of the stopping medium. Also
like thick-target bremsstrahlung, its intensity drops quickly as a
function of gamma-ray energy. These properties can be seen in Figure
8. Bremsstrahlung is a well known process, its important properties
having already been described. (For derivation see, e.g., Heitler 1954).
These background problems were minimized by using materials with as Tow
an atomic number as possible to stop the emitted positrons. However,

as in previous arrangements chosen to improve signal-to-noise, the ab-

solute efficiency for detecting gamma rays is reduced, as the thickness of
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lucite needed to stop a given energy positron is more than that of a
dense material, nence increasing the source-to-detector distance.
The sensitivity of this detection method is limited by the brems-

strahlung and the annihilation in flight.

B. Correction to Gamma-Ray Yields
1. Introduction

After the gamma-ray spectra have been obtained, the observed
photopeak intensities must be corrected to determine the true yield. The
lead-shielded Ge(Li) detector, as can be seen from Figure 6, does not
have the same efficiency for each gamma-ray energy. Indeed, the detec-
tion system was designed so that 511-keV gamma rays would be detected
far less efficiently than higher energy gamma rays.

When annihilation radiation is observed, two further corrections
are necessary. Since the annihilation gamma rays do not originate from
a point, the point-efficiency measurements used for nuclear gamma rays
must be corrected for a distributed source. Also because of annihila-
tion in flight, two 511-keV gamma rays are not necessarily emitted for

each positron. In most cases, these last two effects tend to cancel.

2. Gamma-Ray Detection Efficiency

Although gamma-ray attenuation coefficients are known for lead,
for the best precision the relative-efficiency functions for each of
the two Ge(Li) detectors and for each thickness of lead attenuator is
determined experimentally. Standard well-known gamma-ray sources were

placed inside the detector hutch at the position of the rabbit or were
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otherwise separated from the lead attenuator by the appropriate amount
of Tucite. For large thicknesses of Tead, the amount of room-background
radiation could not be neglected, and backgrounds were subtracted.

The two calibration sources most often used, 56Co and ThB, were
produced at the Kellogg Radiation Laboratory. Thorium B was produced

by milking a 228

Th source. Before use, the source was allowed to decay
for more than 10 hours so that the daughters of ThB would be in transi-
ent equilibrium with the parent. Branching ratios were taken from
Nuclear Data Sheets (Pancholi 1972, and Lewis 1971). Cobalt-56 was made
by 11-MeV proton bombardment on 'Netic' magnetic shielding foil. After
allowing time for the short-lived activities to decay (about a month),

no gamma radiation appeared except that which could be ascribed to 56

Co.
The branching ratios for this source were taken from the adopted values
of Camp and Meredith (1971).

After obtaining relative-efficiency measurements at energies
present in the radioactive sources, relative-efficiency values had to be
determined for the energies actually seen in the decay measurements.
Usually interpolation with the logarithm of the gamma-ray energy versus
the logarithm of the relative efficiency was found to give the simplest
fit for the measured efficiencies and so was used for the unmeasured
gamma—ray energies.

A correction needed only in the study of the beta decay of 23

Mg
was that for coincidence summing. (Random summing was negligible in all
cases studied.) This correction depends on the cascade structure of the
decay and will be explained in the description of the experimental re-

sults for the 23Mg decay.
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3. Annihilation in Flight

When a positron at rest annihilates with an electron at rest, two
511-keV gamma rays are emitted. (The case of three-photon emission
can be neglected.) However, the positrons are not at rest when they leave
the nucleus, and there is a non-negligible probability that they will an-
ninilate while moving. This process will yield gamma rays having
energies different from 511 keV. Since in these experiments the number
of positron decays is deduced from the number of 511-keV gamma rays
ovserved, the number of positrons which annihilate in flight and hence
do not produce 511-keV gamma rays must be known.

The treatment given here follows that of Gerhart et al (1954);
an alternative derivation can be found in Heitler (1954). There are two
important processes, two-quanta annihilation and one-quantum annihila-
tion (which is important at high energies and for high-Z stopping
materials). Using the probability for two-quanta annihilation when the
positron is at rest, first derived by Dirac (1930), Bethe (1933) ob-
tained the cross section for annihilation when the positron is moving,

dw ﬂrz 2
2 0 1 2 i 2 E+1

where ry = e2/(mec2) is the classical electron radius, Emec2 is the

ia

energy of the positron (including the rest mass), and kmec and

2 are the energies of the gamma radiation emitted. The conserva-

k meC
tion of energy and momentum requires k+k' = E+1 and that the gamma-

ray energies lie between
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(E+1) - (E2-1)V/2 < 2k < (E+1) + (£2-1)1/2 | (16)

The probability that a positron will annihilate with a gamma ray having

energy in the range dk while traversing a distance dx is then just
NZ dw dx = NZ dw(dE/dx)”" dE (17)

where N 1is the number of atoms per unit volume having Z electrons
per atom, and dE/dx 1is the stopping power. The stopping power has
two sources, collisions and bremsstrahlung. Using the Bhabha (1936)
cross section for positron-electron scattering, Rohrlich and Carlson

(1954) derived the stopping power for positrons due to collisions,

‘ 2
2mr 2
dE _ 0 2T (E+1)
" T M D "‘"fz"‘—
- ﬁE [23 + 14 . 10 _, 4 1} (18)
12 (B+1) (g2 (m41)3

where T is the kinetic energy of the positron, B 1is v/c of the
positron, and I 1is the ionization potential of the stopping material.
This stopping power differs by about 5% at 100 keV, and less at higher
energies, from the Bethe (1932 and 1930) formula. The stopping power

due to radiation emission was taken from Jackson (1962)

dE
dE

m
rad _ 4 e 2
=3 W B~ oZ[an(2T

2ees1y/18770 (19)
col

where (me/M) is the mass of the electron relative to the mass of the

average atom in the stopping material.
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If every positron started with the same energy, then the number
of annihilating photons could be obtained by integrating equatioh 17
over the positron energy from the starting energy E1 to the minimum

energy needed to produce a photon in the range dk ,

Eoen = K = (k-1)/(2k-1) (20)

There is a small correction to equation 20 since the positrons which
annihilate should not be included in the integral after annihilation.
However, this correction is small and will be neglected. Also the posi-
trons do not start with the same energy but rather with a distribution
D(E];EO) of energies as determined by the phase space available to the
decay. This distribution is related to equation 7. In addition, since
the energy of the annihilation photon is not important in this experi-
ment (except as a source of background), an integration over photon
energies is required from the maximum gamma energy to that energy for
which the gamma ray is indistinguishable from a 511-keV gamma ray

(T8 E = 511 + A, where A 1is the resolution of the gamma de-

min
tector). Thus the number of positrons lost due to two-quanta annihi-
lation in flight per positron is

Y

max  Eg du, dE, -1
L, = J d G NZ g2 (8)  DIE.E,) (21)
Ymin min

One-quantum annihilation in flight is not important in these
experiments except as a source of background. However, when stopping
materials with a high atomic number are used, the correction can be

significant. The cross section per K electron for single-quantum
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annihilation was given by Bethe (1933),

uy = e 2wr§(E+1)'2 (£2-1)7]

« [(E2-1)12 (E%+ 2E +4)/3 - (E+2) cosh™'E] (22)

where the symbols have the same meaning as for two-quanta emission.

The energy of the emitted photon is given to sufficient accuracy by

k =E+1 (i.e., the binding energy of the annihilated electron and the
recoil of the spectator atom can be neglected). Again integrals over
initial positron energy and over the energy of the annihilating positron
must be performed. The probability that a positron will annihilate by

one-quanta emission is

Ly = 2N JJ w1(dEe/dr)‘1 D(E,E,) dE dE, (23)

where the factor of 2 represents the two K electrons per atom. In
Figure 8, the number of photons emitted per positron per keV gamma-ray

energy is shown for the positron decay of 27

Si, both for a tantalum and
a lucite absorber. Since the only Z dependence for two-quanta
annihilation in flight appears in the stopping power , there is little
difference in intensity between the two absorbers for the low-energy
gamma rays where the two-quanta process is important. At higher ener-
gies, the single-quantum becomes important and its 25 dependence
separates the curves for the two absorbers. In Figure 9, the percen-
tage of positrons which annihilate in flight is shown as a function of

positron endpoint energy for a detector resolution of 2 keV. As can be

seen from Figure 8, the gamma-ray cutoff energy is relatively
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unimportant since the added contribution near 511 keV is small.
Experimental tests of these predictions are difficult because in
addition to annihilation in flight, inner and outer bremsstrahlung are
present. Added experimental complications are the difficulty of
normalization and the response function of the gamma detector. Kendall
and Deutsch (1956) obtain agreement to about 5% for low energy posi-
trons in anthracene, while Gerhart et al find 1argér disagreements,

particularly for positrons from the decay of 35

Ar (EO = 4,4 MeV, the
highest endpoint energy for the decays they studied). Therefore, the
uncertainty in the annihilation in flight correction is taken equal to
the correction for the decays studied in this work. If the correction
is too small, as found by Gerhart et al, then the branching to the non-
mirror states would be decreased from the values stated in this thesis.
Many experimenters neglect the correction for annihilation in flight
and hence their branchings to non-ground-state decays will be system-

atically high. This systematic error increases if high-Z material is

used to contain the positrons near the decaying nucleus.

4, Spatial Distribution

Because the efficiency of the camma-ray detector was obtained for
point sources and since the 511-keV annihilation radiation is not a
point source, a correction for a distributed source must be made. A
22Na source enclosed in steel was placed at various distances from the
crystals, both on and off axis. Because of the cylindrical symmetry of

the detector system, only a two-dimensional grid is required. Lucite
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and lead were placed between the source and the detector, so that the
proper amount of attenuation was included. Knowing the point effici-
encies and the range for a given energy positron (obtained from a
Tinear interpolation from the data given in Nelms 1956 and 1958),
integrals over space and positron energy were performed to obtain the
efficiency of the distributed source relative to a point source. For
the positron energies and distances used in thesé experiments, the cor-

rection was usually less than 10%.

C. Calculation of the Fermi Function

Once the partial half-life of a beta transition is known (by
dividing t1/2 of the parent nucleus by the branching ratio for the
transition), the Fermi function, f , must be calculated in order to
obtain log ft . Both positron and electron capture must be considered.

The calculation of the Fermi function for positron émission is
straightforward although some exotic mathematical functions are used.
The computer program of Bahcall (1966) was used to calculate the posi-
tron f values. This program includes the nuclear-size corrections
and atomic screening corrections as described in Section 2. Electromag-
netic corrections are not included.

The calculation for electron capture is more difficult as bound-
state wavefunction must be calculated. The values for the Fermi
function for electron capture were derived from the tables of Gove and
Martin (1971). The bound-state wavefunctions and the exchange and
overlap corrections were calculated from solutions of the Dirac equa-

tion with a Hartree self-consistent potential (Lu et al 1971). The
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electron exchange is included in the Slater (1951) approximation.
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V. EXPERIMENTAL RESULTS
A. Introduction

This section will separately treat each of the decays studied.
The expected beta branches will be discussed based upon the spectro-
scopic information in Ajzenberg-Selove (1972) and Endt and van der Leun
(1973). Also earlier attempts to measure the beta branches will be
described. Since each decay involves slightly different experimental
details, these details will be reviewed. The actual experimental data
and its interpretation follows. Finally, the various theoretical models

used to calculate the beta decay studied will be considered.

B. Neon-19 Decay

1. Previous Knowledge

(i) 19

The decay of “Ne to its mirror, the ground state of

19. 19

F, is

well known. The energy level diagram for “F - “Ne is shown in Fiaure

10, the data being taken from Ajzenberg-Selove (1972). As can be seen,
Q

the only allowed decays of the 1/2+ ground state of ]“Ne are to its

mirror and to the 3/2+ Tevel at 1554 keV. Jones et al (1954), the

first group to study the L

Ne decay, observed no indication of gamma
rays other than the 511-keV annihilation radiation. Other investigators
have looked at various aspects of the decay, but none have sought the

decay to the 1554-keV Tlevel.

The most precise values for the 19

Ne half-1ife come from
Earwaker et al (1962) (t]/2 = 17.43 £0.06 sec) and from Goss et al

(1968) (t”2 = 17.36+£0.06 sec). The earlier measurement of Janecke
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(1960) disagrees with the more recent results and was not used.

2. Experimental Details

Because the decay to the 1554-keV level was expected to be the
weakest of the beta branches that we would try to observe (on the basis
of the many-particle shell model; see the compilation of Lanford and
Wildenthal 1973), the greatest amount of lead attenuator, 5.1 cm, was
used in this experiment. Since so much lead is needed to 1ncrease the
efficiency for detecting the 1357-keV gamma cascade from the 1554-keV
level relative to the annihilation radiation, other attenuators were
investigated. Denser materials which have a Tower atomic number than
lead, such as Ta, were unsatisfactory as the attenuation coefficient
for 511-keV radiation relative to 1357-keV radiation is not as high as
for lead. For denser materials than lead which also had a higher
atomic number, radioactivity becomes a serious problem. For example,

9 238

depleted U (which is also totally t]/2 = 4.5 x107yr"""U) produces

large amounts of gamma radiation, primarily due to the beta decay of
234Pa.
Since the delayed gamma yield is greatly reduced by the Pb atten-
uator, thick targets of fluorine are required to obtain sufficient
yield. Teflon, (CF2)n, was tried but the bombarding proton beam
quickly drilled a hole through the teflon rabbit. Since no other solid,
non-powder form of fluorine-containing compound was available, com-

pounds of fluorine, LiF and PbF2 were used. The powders were held in

the rabbit by either a Ta or Re foil.
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Using the LiF salt, a 1357-keV gamma ray was observed having

19

the approximate half-1ife of “Ne. However, when the experiment was

repeated, using slightly different beam currents and energies, the in-
tensity relative to the annihilation radiation differed by a factor of
3. It is believed that the gamma ray observed originates not from

19 19

the decay of “Ne but rather from

0. Oxygen-19 decays through the

19

1554-keV Tevel, the same level as that sought in “Ne decay. Oxygen-19

has nearly the same half-Tlife (t]/2 = 29 sec) as ]9Ne. It is pre-

18 19

sumed that

0 was produced from the "“F(n,p) reaction, the neutrons

coming from the prolific 7

Li(p,n) reaction. Evidence for a high
neutron flux came from the observation of 1634-keV gamma rays produced
from 19F(n,y)20F(B+,Y)20Ne and of v6-MeV gamma rays produced from
" (n,0)"®(87,7)'%. When PbF, was used instead of the LiF, these
gamma rays, including the 1357-keV gamma ray, were absent, consistent
with this interpretation.

The main background problems were annihilation in flight and

the Compton events from the 2313-keV gamma ray following decay of 14

O'
This latter source of background was areatly reduced by use of argon

gas as the propellant in the rabbit system.
3. Experimental Results

As can be seen from Figure 10, if a beta branch feeds the
1554-keV Tevel, a 1357-keV gamma ray should be observable. In Figure
11 is the 4096-channel spectrum obtained during the first 17.5 sec
counting period with PbF2 as the target material. No evidence of a

1357-keV gamma ray is seen, although many gamma ray peaks appear. In
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Figure 12, the region around 1357-keV is shown in more detail. The
gamma rays (other than 511-keV) come from various parts of the rabbit
system or from Tead in the PbF2 target material. For example, the 1291-
keV peak seen in Figure 12 is the second escape peak of the 2313-keV
gamma ray following ]40 decay. The peak at 1434 keV results from 52Mn*
beta decay. Oxygen-14 is produced by proton bombardment on nitrogen

trapped in the powder, while 52Mn* is from proton bombardment of the

stainless steel rabbit hutch (which contains chromium), the recoil nuclei
sometimes being implanted into the rabbit.

Only an upper limit for the decay of ]9Ne to the 1554-keV
level can be assigned, as no gamma ray from the 1554-keV level has
been observed. Using the gamma decay scheme for the 1554-keV level
given in Ajzenberg-Selove, viz., (92.5%0.1)% cascading via the 197-keV
level, one finds the beta branch to be less than 3 X10-5 with a con-

fidence level at 90% (20 level). This corresponds to a log ft > 5.7 .

4., Theoretical Work

Although much theoretical work has been performed for A =19 ,
particularly using the shell model, only two predictions for the
strength of the beta branch to the 1554-keV level are available.

In the compilation of Lanford and Wildenthal (1973), the re-
sults for a many-particle shell-model calculation of Wildenthal are
included. The work has not otherwise been published. Using an unre-

stricted s-d shell basis and an inert 16

19

0 core, Wildenthal calculated

the allowed beta branches from the "“Ne ground state, predicting the
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branch to the 1554-keV state to have a log ft of 10.5 . For com-
parison, the well-known highly retarded allowed decay of ]4C has a
lot ft of 9.0

Although all the particles in the s-d shell were considered
active in the calculations by Wildenthal, the configuration space may
have been too restricted. If only s-d particles are active, then only
positive parity states can be formed. Yet the first excited state of
]9F, at 110 keV, has negative parity as do three of the five states
below the level at 1554-keV. According to the calculation of Zucker

et al (1968), if a '2

C core of (15)4(1p3/2)8 is used, then there is a
sizable component of (1p]/2)2(1d5/2)2 in the ground state of ]60 as
well as (1p]/2)4. According to this calculation, 165 cannot be

treated as just an inert (15)4(1p)]2 core, but core excitations from

this configuration must be included. Consequently if the configuration
space is enlarged, the calculations may show that the beta transition
from ]9Ne to the 1554-keV level is not so extremely retarded as now

predicted by Wildenthal.

Donnelly et al (1974)71n an article suggesting the possibility
of studying neutral weak currents by inelastic neutrino scattering from
nuclei, predict Tlog ft = 5.0 té:g
level. They used the single particle Nilsson model with a K = 1/2

for the branch to the 1554-keV

band and four adjustable parameters, which predict various gamma
strengths and energies in good agreement with experimental values.

Donnelly et al note that the use of this simple model is justified
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through extensive intermediate-coupling calculations of Benson and
Flowers (1969).

The upper Timit obtained in this experiment cannot rule out
either prediction. However, the strength of this transition is not
near the middle value of Donnelly et al, as then the strength of the
1357-keV gamma ray shown in Figure 12 would be as large as the 1434-keV
to its right. Because of the large uncertainty assigned to the
Nilsson-model prediction, (1.0 +0.9) x 107° , it is difficult to prove
it too Tow. On the other hand, until the branch to the 1554-keV level can

be actually seen, the prediction or the many particle shell model must

remain unchallenged.

C. Magnesium-23 Decay
1. Previous Work

As the beta decay of 23Mg to the first excited state of 23Na

is quite strong (about 10% of the mirror transition), the mirror decay
and the decay to the first excited state have been well studied. Table
2 shows the results of previous investigations.

23Na—23Mg is shown in Figure 13,

The energy Tevel diagram for
based on the data from Endt and van der Leun (1973). Besides the
decays to the ground and first excited state of 23Na, there are three

23Mg decays, to the 1/2+ Tevel at 2391 keV, to

other possible allowed
the 3/2° Tevel at 2982 keV, and to the 5/2° level at 3915 keV. The
last two decays lack sufficient energy for positron decay but may decay

by electron capture.
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Only Détraz et al (1971) have searched for these weak branches.
They did not find them but placed an upper limit of 8><1O'5 for the
transition to the 2391-keV level. This Timit corresponds to a Tlog ft
of 4.9, comparable to typical allowed transitions. Dé&traz et al did not
place limits on other allowed transitions.

The value for the half-1ife of 2

Mg is the weighted average from
Goss et al (1968) 11.40 =0.05 sec, Alburger (1974), 11.36+0.05 sec, and
Azuelos et al (1974), 11.26+0.08 sec. This weighied average,

11.36 £0.04 sec, is considerably smaller than older values. All gamma-

ray branching information was taken from the compilation of Endt and

van der Leun.
2. Experimental Details

The measurement was performed in two separate stages. First,

23Na were measured

the strengths of gamma rays depopulating levels in
relative to the 440-keV gamma ray. Then the strength of the first ex-
cited state branch was measured by comparing the strength of the 440-keV
gamma ray to the amount of annihilation radiation.

For the first stage, two salts, MaF and NaBr, were used as
target materials. Gamma radiation from the beta decay of 79Kr, pro-

79Br(p,n) reaction, was observed but did not interfere

19

duced from the
with the study of the 23Mg decay. Proton bombardment of "“F produced
only annihilation radiation. In order to increase the relative effici-
ency of high-energy gamma rays to the normalizing 440-keV gamma rays,
2.5 cm of lead separated the rabbit hutch from the 50 cc Ge(Li)

detector. Although the Tead attenuates the 440-keV gamma rays more
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strongly than annihilation radiation, the photopeak was still quite
visible in the hollow between the Compton edge and the annihilation
photopeak.

Since in the second stage of the study, the amount of annihi-
lation radiation was the primary concern, the target powder, Na2w04,
was used to avoid extraneous production of annihilation radiation under
proton bombardment. Both NaF and NaBr produce significant amounts of
511-keV annihilation radiation from non-23Mg decays. Using Na2w04
the only contaminant source of 511-keV radiation is from (p,n) reac-

17O and ]80 whose products are

tions on the less abundant isotopes
relatively long-lived. No lead attenuator was placed between the de-
tector and the Tucite hutch in this case.

Gamma-ray efficiencies for point and distributed sources were
measured as described above. Furthermore, since there is a substan-
tial probability that the 440-keV gamma ray will be detected in
coincidence with one of the 511-keV gamma rays, a summing correction

was applied. From the observed sum peak in the spectrum of the =

Mg
decay and the photofraction of 511-keV radiation (obtained by using a
radioactive source of 68Ge, which decays predominantly by positron
emission and has no low energy gamma rays), the summing correction was

calculated to be (12 +1)%.
3. Experimental Results

The spectrum of the delayed gamma rays following 10-MeV proton
bombardmént of NaF is shown in Figure 14. The photopeak corresponding

to the 2391-keV transition to the ground state is observed as is the
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photopeak corresponding to the cascade through the 440-keV level. No

indication (less than 7 x107°

of the strength to the 440-keV level) was
found for any gamma ray depopulating the 2981-keV level. No special
attempt was made to see the gamma rays, if any, depopulating the 3915-
keV Tevel as the available energy for electron capture is only 142 keV,
making the phase space very small. Besides the checks provided by
measuring the half-1ife of the gamma-rays at 2391 and 1951 keV and the
energies of these two gamma rays, a confirmation that these gamma rays

correspond to the decay of 23Mg to the third excited state of 23

Na is
the ratio between the ground-state gamma-ray branch and the branch to
the 440-keV level. From the data obtained in this experiment, the
2391-keV level decays (64 £7)% of the time directly to the ground state,
consistent with the value (65% 1)% appearing in the compilation of Endt
and van der Leun.

For the measurement of the intensity of the beta branch to the
440-keV Tevel, two runs were taken, each having four counting periods,

23

each period lasting a "“Mg mean life. There was no evidence of any

troublesome amount of Tong-lived 511-keV radiation. One of the spectra
obtained while determining the absolute branch to the first excited

state appears in Figure 15.

23

Table 3 1ists the beta branching of ““Mg to various states of

23Na relative to the first excited state branch. The results for the

branch to the state at 2391 keV, (8.1+1.2) x 10_4 is consistent with
the 1imit of Détraz et al, 9 x 10_4. The Timit for the transition to

the 2077-keV Tlevel is one-half the value given by Détraz et al.
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After making corrections, the branch to the first excited state
of %3a is (8.1+0.4)%. When this value is averaged with previous
values, which are slightly higher (see Table 2), the strength of the

beta branch from 23 23

Mg to the first excited state of ““Na is (8.7 £0.2)%.
Using the weighted average for the strength of the beta branch

to the 440-keV state, the absolute strengths to the other levels are

calculated as listed in Table 4. It can be seen that the branch to

the 440-keV Tevel is quite strong, having a Tlog ft value of 4.39, and

that the branch to the 2391-keV Tevel is not retarded, having a Tlog ft

of 5.0. The Timits for transitions to other levels are not stringent.

Even for the allowed decay to the 2981-keV Tevel, which has a branching

6

ratio of 5x10 °, the limit for log ft s only 4.6, a value smaller

than most non-mirror allowed decays.
4. Theoretical Work

Only two papers have appeared which contain predictions concern-

ing non-mirror decays of 3

Mg. Gunye (1973), using projected multishell
Hartree-Fock wavefunctions, predicted the branch to the ground and

first excited states. He modified the NN interaction obtained by
Elliott et al (1968) so that reasonable binding energies and rms radii
are obtained for s-d shell nuclei. The calculation is restricted to
axially symmetric deformations and does not include pairing corrections.
Band mixing, however, is included. Gunye obtains a Tlog ft for the
transition to the ground state of 3.92, as contrasted with 3.67 obtained

experimentally, and 4.15 for the 1log ft for the branch to the 440-keV

level, compared with 4.39 obtained experimentally. Gunye comments that



-48-

this disagreement, which he calls "semiqualitative agreement" is due to
the use of states which are not invariant under time reversal. It must
be noted, however, that the ground-state branch is a mirror decay and
hence should be accurately calculable.

The other calculation is a many-particle shell-model calculation
by McGrory and Wildenthal (1971). However, unlike the calculation for
the ]9Ne decay, the model space is truncated to a subset of s-d shell
orbits. An inert core of ]60 is assumed and the configurations outside
this core are restricted to

n-l n2 n3
(d5/p) = (s1,5) © (d3/p)

where 3 £y LI n, < 4 , and Ny < 2 . That is, they allow no
more than 4 particles outside the d5/2 shell and no more than two par-
ticles in the d3/2 shell. The configuration space is restricted so
that computer computations would not take inordinate time or computer
memory. McGrory and Wildenthal used "realistic" matrix elements by

Kuo (1967) but modified them to improve the agreement between calculated
and observed energy levels for A = 18 to 22 , but not for A = 23.

They report that they found no significant difference between the spectra
of lTow-lying states for A = 20 to 22 when calculated in the full space
or in the truncated space. They note, however, that although this is
certainly a necessary test, it is hardly sufficient, since the percentage
of states truncated is larger for A = 23 than for lighter nuclei. Also

McGrory (1970) has shown that both M1 gamma rays and beta decays for

A = 17-22 depend strongly on the size of the model space. Even so, the
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model does very well, as shown in Table 5. McGrory and Wildenthal
accurately predict the mirror decay and disagree with experimental
values for the two Towest non-mirror decays by a factor of only two.
Again, like Gunye, values for the decays obtained theoretically differ
in opposite directions from the experimental values for the two states.
Although the necessary wavefunctions have been calculated, McGrory and
WiTldenthal do not report predictions for othef allowed transitions.

AT1 their reported values appear in the compilation of Lanford and

Wildenthal and not in the original paper.

D. Silicon-27 Decay

1. Previous History

2751 to 27A] has been studied by many inves-

The mirror decay of
tigators as noted by Endt and van der Leun (1973). Using the information
from their compilation, Figure 16 displays the energy level diagram for
27A]-2751. Allowed decays should be present to the states at 1014,
2211, 2734, 2981, 3956, 4409, and 4580 keV.

Table 6 presents the work which has been performed on the inten-
sity of the beta branch to the 2211-keV level. There are serious
discrepancies. Vasil'ev and Shavtvalov (1961) used a magnetic spectrom-
eter to observe emitted positrons. Talbert and Stewart (1960), Paul et
al (1961), and Gorodetzky et al (1964) used Nal counters to detect the

275i. Détraz et al (1971)

delayed gamma rays following the beta decay of
and Berenyi et al (1971) used Ge(Li) detectors to observe the delayed

gamma rays.
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There is much Tess information for the other allowed transitions.
Détraz et al observed transitions to levels at 1014 and 2981 keV, as
well as to the 2211-keV level. They did not see a transition to the
2734-keV level or to any of the levels above 3 MeV. For allowed tran-

&l

sitions to levels above 3 MeV, the decay of “'Si can proceed only by

electron capture, thus making the branching to these levels very small.

The value for the half-1ife of 27

Si is taken from Goss et al
(1968) to be 4.17 £0.01 sec, which is in good agreement with earlier

measurements summarized in Endt and van der Leun.

2. Experimental Details

7

As for the study of the 23Mg decay, the - Si decay study was car-

ried out in two distinct stages. However, the study of 27

Si was
facilitated by the use of an aluminum cylinder of 99.999% purity as a
rabbit. This alleviated concern about the breakage of foils and con-
taminants in the rabbit while providing a stopping target to the beam
producing 2751 via the 27A](p,n) reaction.

For the relative measurements two runs were made, both having
3.3 cm of lead separating the Tucite hutch from the detector. For the
absolute measurements of the branch to the 2211-keV level, 0.6 cm of
lead separated the hutch and the detector. It should be noted that at

the bombarding energies used (about 10 MeV), no proton induced activity

other than 2751 can be produced on a pure aluminum target.
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3. Experimental Results

The spectrum of gamma rays following the beta decay of 2731 is
shown in Figure 17. Background photopeaks, at 1461, 2313, and 2614 keV
are quite evident. Also present are gamma rays depopulating levels in
27A1. The gamma ray corresponding to the ground-state decay of the
2734-keV level is seen as well as the cascade through the 1014-keV
Tevel. According to the compilation of Endt and van der Leun, (76+2)%
of the 2734-keV level decays proceed through the 1014-keV state, while
in this experiment the value is (79+2)%, an acceptable agreement. In

Table 7 are shown the relative intensities for the beta branches of 27

Si
allowed decays obtained in this experiment and by Detraz et al.

Although there is agreement concerning the relative strength of the
branch to the 2981-keV level, the strengths of the branches to the

1014~ and 2734-keV levels are in disagreement. In a private communica-
tion, Détraz (1972) stated that the strength of the 1014-keV gamma ray
depopulating the 3/2+ Tevel was difficult to measure because of the
presence of summing 511-keV annihilation radiation. Détraz et al used no
attenuator between the target and the detector. In the spectra sent by

£7

Zaidins (1973) for the gamma rays following “'Si decay as observed by

Détraz et al, a 2754-keV gamma ray is c]éé?iy present. This gamma ray

24Na and is seen because the rabbit

results from the beta decay of
facility at the University of Colorado is in a target room rather than
in a shielded area. Both Détraz and Zaidins conclude that their upper
limit for the branch to the 2734-keV level is realistic. However, the

signature of the gamma rays observed in this experiment is too clear

to mistake the branch to the 2734-keV level in 27A1 for some other decay.



-52-

If the branch to the 2734-keV level is accepted, then the dis-
crepancy concerning the 10T4-keV Tevel can be explained. Since the
2734-keV level decays most of the time to the 1014-keV level, much of
the strength Détraz et al ascribe to the branch to the 1014-keV level
should be ascribed to the 2734-keV level. If the fe]ative intensities
of the 1014- and 2211-keV gamma rays observed by Détraz et al and in
this experiment are compared (0.142 +0.048 and 0.093+ 0.012, respec-
tively), then the disagreement becomes much less.

After making small corrections for the various effects already
mentioned in the 23Mg decay study, the absolute strength to the 2211-
keV state is (0.181£0.014)%. This is in excellent agreement with the
result of Berenyi et al (0.18 +0.05)% but in disagreement with the pre-
cise measurement of Gorodetzky et al (0.10+ 0.02)% . No reason for
this disagreement is apparent, except perhaps that the poorer resolution
of the Nal detector (as compared to a Ge(Li)) was insufficient to separ-
ate adequately the gamma ray peak from the large amount of bremsstrah-

lung.
From theAweighted average of the strength of the beta branch to

the 2211-keV level, the beta-branching ratios for 2781 are calculated
as listed in Table 8. It can be seen that the transitions to the
2211-, 2734-, and 2981-keV levels are strong, each having 1o§ Tk
values less than 5.1. However, the transition to the 1014-keV Tevel
(log ft = 7.4+£0.2) 1is substantially retarded. As can be seen from
Figure 1, there are few allowed beta decays in the s-d shell having

higher log-ft values.
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4. Theoretical Work
Two different models, the weak-coupling model and the many-
particle shell model, have been used to describe beta transition

strengths of &7

Si. Because the branch to the 1014-keV level is so re-
tarded, it probes the smallest parts of the wave functions and is a
sensitive test of the models.

The weak-coupling model is the single particle shell model
built upon two inert cores, in this case the ground énd first ex-

28

cited states of ~°Si. Silicon-27 is viewed as a neutron hole coupled

partially to the ot 28 + 28

Si ground state, and partially to the 2 Si
level at 1779 keV. Aluminum 27 is hence considered as a proton hole
coupled to the two states. Using the wave functions of Thankappan
(1966) who considered the hole to be in the d5/2 subshell, Berenyi et
al predict the various decay strengths, which appeared in Table 9
along with the experimental values. It can be seen that except for
the mirror transition, the model's predictions are about an order of
magnitude in disagreement with the data. It even predicts the
transition to the 2734-keV level to be weaker than the retarded
transition to the 1014-keV level. Part of the reason for this dis-
agreement may be in neglecting the other two subshells, the S1/2 and
the d;,, . If only the d5, subshell is used, then only one 32"
state is predicted, yet two exist below 3 MeV. Another source of
error may be in neglecting higher states 1n28Si, but since the second

excited state of 28

Si is at 4.6 MeV, the neglect of this and higher
states is probably valid.
DeVoigt et al (1972) have used the many-particle shell model to

predict beta decay strengths. They used an inert ]60 core and confined
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the active configurations to
n n n
1 2
) © 3

(1d5/2) (ZS]/2 1d3/2)

where N, + n, + ng = 9 and ny > 8 . This restriction is necessary
because of computer memory size. For the nucleon-nucleon interaction,
DeVoigt et al used a surface delta interaction (Glaudemans 1967). Also,
in order to save computer time, DeVoigt et al included in the transi-
tion strengths only those contributions for which the product of the
amplitudes of the initial and final states is greater than 5 x 10—4.
This truncation, although not important in E2 transitions, is important
for M1 transitions (and hence, since the operators are similar, for
beta decay) as the predicted strength oscillates as the number of in-
cluded components is increased. The values predicted by DeVoigt et al
also appear in Table 9. Except for the transition to the 1014-keV
level, the predictions are within a factor of 3 of experiment. The
predicted strength to the 1014-keV level is of the same strength as
the other decays, while experimentally it is much retarded.

| Lanford and Wildenthal (1973) in their compilation of calcula-
tions of allowed beta decays in the s-d shell refer to another many-
particle shell-model calculation, that of Wildenthal and McGrdry (]973).
In this calculation the model space is again restrfcted. However, tHey
allow one more particle to be in either the 251/2 or 1d3/2 subshell
than do DeVoigt et al. Again the surface delta interaction is used.
The predicted beta branches of Wildenthal and McGrory appear in Table
9. As would be expected the values are not much different from those

obtained by DeVoigt et al. However, there is slightly better agreement
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for the non-retarded decays (but slightly worse for the retarded decay).

Wildenthal and McGrory have also predicted the decay of 27Mg, obtaining

values that are an order of magnitude Tower than experiment (see Endt
and van der Leun) for the branches to both the 1014- and 843-keV
levels, indicating that the trouble predicting beta transitions for

A =27 is not just limited to the 2’

Si decay to the 1014-keV level.
Thus the many—partié]e shell model does better than the weak-

coupling model (as might be expected since more valence nucleons are

considered), but both models cannot predict accurately (within a factor

of 100) the rate of the retarded transition to the 1014-keV Tlevel.

E. Potassium-37 Decay

1. Previous History

Beta decay for A =37 has become important because of the ex-

periments of Davis et al (1968) who are attempting to measure the flux

37

of solar neutrinos by the C1(T,e-)37Ar reaction. Since the neutri-

nos may have high energy (E g™ 14 MeV), many states in 37Ar take part

ma
in the reaction, the needed matrix elements having caused much experi-

mental and theoretical work to be performed to unravel the A =37
system.

An abbreviated energy level diagram is shown in Figure 18 for

37, 37

Ar-""K. Above the 3605-keV level, there are many levels of unknown

spin and parity. At 4.99 MeV is the T = 3/2 state whose spin and

37¢1.  0f the

parity are known by analogy with the ground state of
states with known spin and parity, there are five states to which al-

lowed decays are expected. The mirror decay to the ground state is by
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far the strongest. Kavanagh (1964 and 1968) and collaborators have
shown the existence of the branch to the 2796-keV level. Moss et al
(1971) have detected the branch to the 3605-keV level. However, no
group has reported the branch to the 1410-keV Tlevel or to the lowest
T =3/2 Tevel. Although the branch to the 4.99 MeV level is expected
to be very weak because of the small amount of energy available for
its decay, the branch to the 1410-keV has more energy available than
the already seen non-mirror decays.

The half-1ife is taken from the compilation of Endt and van der
Leun (1973) who give the weighted average of rather old measurements

(the Tast being that of Kavanagh 1964) as = 1.23+ 0.02 sec.

Y2
Because of an apparent mistake in the Titerature (which will be more
fully described in the section on experimental results), the gamma ray
branching was taken from Endt and van der Leun for all levels except

the strongly fed 2796-keV Tlevel.

2. Experimental Results

37

The decay of “"K was studied in two steps, first looking at the

decay relative to a non-mirror transition, the transition to the 2796-
keV level, and then looking at the strength of that transition relative
to annihilation radiation. As no (p,n) reaction on a stable target

37 4OCa(p,oc) reaction was used. At the bombarding ener-

produces 'K, the

gies used (about 10 MeV), the 40Ca(p,n Sc is energetically forbidden.
A thin disc (about 0.02 cm thick) of natural calcium was used as
a target. To reduce oxidation and nitration, a thin layer of gold

covered the disc. A non-stopping target was used to maximize the
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40 37y .z . . N
Ca(p,a)~'K yield relative to the yield of (p,n) reactions on the other
Ca isotopes present in the target.
For the relative measurements two runs were made, the first hav-
ing 2.5 cm of lead separating the detector from the lucite hutch, and

the second having 2.0 cm. For the absolute measurements, four different

thicknesses of lead attenuator were used, 0.7 cm, 1.3 cm, 2.1 cm, and
2.5 cm.

3. Experimental Results

Since natural calcium was used as the target, many radioactive

products besides 37

K were produced as can be seen in Figure 19, a
spectrum of delayed gamma rays following 11 MeV proton bombardment of
Ca. In Table 10 the various photopeaks are identified. Although the
(p,n) reactions on Ca are strong, because of the long-Tived products

it is easy to separate 37K decays from the decay of the Sc isotopes.
The decay of the Sc isotopes do not present a serious background prob-

lem as the gamma rays are lower in energy than the gamma rays of

interest following 37K decay.

3

Three photopeaks having the half-Tife of 'K were observed,

lo11 keV, 2790 keV, and 3605 keV. The last two result from known de-

cays of o

K, but the gamma ray at 1611 keV has not been previously re-
ported. If the value for the strength of the 2796-keV gamma ray relative
to annihilation radiation is taken from either the work of Kavanagh or
from the present work (see below), and if it is assumed that the
1611-keV results from a beta decay to the 7/2-level at 1611 keV, a

log ft value of about 6.5 is obtained for this unique first-forbidden

transition. However, in a recent survey, Raman and Gove (1973) have
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shown that all known unique first-forbidden beta transitions have

log ft's greater than 8.5. Also, according to the compilation of Endt
and van der Leun, neither the 2796-keV nor the 3605-keV level decays
through the 1611-keV level. As can be seen from Table 11, which con-
tains the relative beta strengths to the various states in 37Ar, the
1611-keV level if populated by only 1.6% of the decays of the 2796-keV
level would explain the gamma rays seen. Taras et al (1972) put an
upper limit of 2% on the decays of the 2796-keV through the 1611-keV
level, but assert that there exists a 2 £1% branch to the 7/2+ Tlevel at
2217 keV. This latter branch according to the present results (at the
90% confidence level) is less than 0.4%. If one looks at the mirror

nucleus of 37Ar, 37

K, for some guidance, then according to the work of
goosman and Kavanagh (1967b) and Goosman (1967a), the 5/2+ level decays
(1.4 £0.3)% of the time through the 7/2- level. No statement concern-
ing the possible branch}through the 7/2+ level is made. From the present
work and from the work of Goosman and Kavanagh, it seems that Taras et
al may be mistaken about the branch to the 7/2+ level at 2217 keV, and
the branch they reported is actually to the 7/2- level at 1611 keV.
Thus the gamma ray at 1611 keV results not from the direct feeding of
the 1611-keV level by a beta branch, but rather from a small gamma
branch from the strongly fed 2796-keV level. This argument could be
made even tighter by the direct observation of the 2796-keV to 1611-keV
transition but, unfortunately, this energy range is obscured by the
decays of the various Sc isotopes, particularly the intense gamma ray

44

from " "Sc at 1157 keV.

37

The other observed gamma ray associated with the 'K decay, from

the deexcitation of the 3605-keV level, almost certainly originates
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from a beta branch feeding that level. Moss et al reported that this
pbeta branch had an absolute strength of (3.4+0.6) x 10—4 by using the
data of Kavanagh and Goosman (1964) for normalization. Noting that the
relative error for the branch to the 3605-keV state is smaller than the
relative error of the normalization, the error associated with the
branch to the 3605-keV level must refer to only the uncertainty in the
measurement of Moss et al. This would imply that the branch to the 3605-
keV level relative to the 2796-keV level as measured by Moss et al is

(1.7+0.3) x 1072

ment.

. This value is Tlarger than that found in this experi-

The four different runs used to find the absolute strength of
the branch to the 2796-keV level are in good agreement with each other,
and after correcting for the various effects previously mentioned, give
the strength of the branch to the 2796-keV level as (1.45=0.16) x10-2.
This is lower than the value of Goosman and Kavanagh, but the errors
overlap. Using the values obtained in this experiment, Tlog ft values
were calculated and appear in Table 12. It can be seen that the branch
to the 1410-keV Tevel is retarded, while the observed branchings have
- typical allowed strength.

The parity of the 5/2 state at 3170 keV is unknown. If the

parity is positive, the allowed branch is also retarded. It should be
noted that from the survey of Raman and Gove, a non-unique first-
forbidden transition (which would result if the parity of the level at
3170 keV is negative) can have a Tlog ft as Tow as 5.9 in this Z

region. Thus, it seems that even if the beta branch is observed to the

3170-keV level, the 1log ft value will not be able to be used to

assign a parity to the state.



<60~
4, Theoretical Work

Since nuclear matrix elements were needed to estimate the cross
section for the solar neutrino experiment and few experimental values
were available, various groups have predicted the beta transitions for
A = 37 . Each used a version of the shell model, each being more
sophisticated than the treatment before.

Bahcall (1964) in the original paper on solar neutrino cross

4OCa core. With

sections coupled three ]d3/2 particles to an inert 0"
only angular momentum considerations and assuming that the overlap be-
tween each 1d3/2 particle was reduced by the same value as for the

37 37

Ar decay, Bahcall predicted the beta transition from “'K to three

37Ar, J = 3/2+, 1/2+, and 5/2+. The values he predicted are

states 1in
presented in Table 13 along with the experimental values. Even though
Bahcall associated the 5/2+ state with the 1611-keV Tevel rather than
with the 2796-keV level, the value calculated for Tlog ft for the
branch to the 5/2+ level does not change. Bahcall greatly overesti-
mated the strength of the retarded branch to the 1/2+ state and under-
estimated the branch to the 5/2+ by an order of magnitude.
Engelbertink and Brussaard (1966) used a much less restricted
space, allowing all (25]/2)(1d3/2) particles to be active around an

inert 28

Si core. The matrix elements were obtained by reproducing the
energies of the ground states and low-lying Tevels. Their calculated
values for Tlog ft also appear in Table 13. It can be seen that the
gap between experiment and theory narrows as more active particles are

considered. However, the strength of the branch to the 1410-keV level

is still overestimated.
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Wildenthal et al (1971) produced a many-particle shell-model
calculation that allows all (2s)(1d) particles to be active outside a
]60 inert core. They used the two-body matrix elements of Kuo (1967)

and the single-particle energies from 13

0. Their values for Tlog ft
are also in Table 13. This is the only calculation which predicts the
strength to a second 5/2+ state. Associating the 5/2+ state with the
3605-keV Tevel (as predicted by the model and consistent with the known
spin information), the predicted Tlog ft value agrees well with exper-
iment. The predicted 1log ft for the retarded branch is approaching
the Tower Timit of the experimental 1log ft , indicating an improvement
over more restricted configuration spaces.

Dieperink and Brussaard (1969b) used the same configuration
space as Wildenthal et al but used the Tabakin (1964) two-body matrix
elements instead of those of Kuo. The Tabakin interaction is a sum of
separable potentials which fit S-, P-, and D-wave phase shifts for free
nucleon-nucleon scattering fairly well. These calculations, whose re-
sults are also shown in Table 13, prédict strengths for the decay to
the 3/2+ and (first)5/2+ states which are nearly the same as those of
Wildenthal et al. However, the strength predicted for the branch to
the 1/2%+ state is quite different in the two models. Using the Tabakin
interaction, the branch is predicted to be very retarded (log ft = 7.6)
consistent with the experimental Tower Timit, while Wildenthal et al
predict the branch to be 20 times stronger.

‘Also in Table 13 are the results of the calculation by Glaudemans

which are mentioned as a private communication in the paper of Dieperink
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and Brussaard. Glaudemans used the modified surface delta interaction
and the same configuration space as Wildenthal et al and Dieperink

and Brussaard. It can be seen that the results are nearly the same as
for the calculation of Engelbertink and Brussaard who used a more re-

stricted space but the same type of interaction.

The importance of the nuclear Hamiltonian is clearly illustrated
in the last three columns of Table 13. The three calculations used the
‘same configuration space, but by using different Hamiltonians they
obtain very different predictions, particularly for the branch to the

1410-keV Tlevel,

F. Potassium-38 Decay
1. Previous History

38,38

The level diagram for Ar is shown in Figure 20. Both the

ground state and first excited state of a5

K are beta emitters. The
half-life of the isomeric state at 131 keV is short (t”2 = 0.929 sec
according to the compilation of Endt and van der Leun 1973). A1l
decays of the isomeric level except the known branch to the ground

38 38

state of Ar or

Ar require either isospin mixtures in the states of
have so little energy available for the decay that only electron cap-
ture is allowed. Since both these conditions make expected branching
extremely small (especially considering that nuclear structure is also
against these branchings), the study of the decay of the isomeric Tlevel
was not attempted.

As can be seen from Figure 20, the decay of the ground state of

38K has many possible allowed branches. Only two of them, the branch.
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to the 2168-keV level and the branch to the 3937-keV Tevel, have been

observed (Kavanagh 1968). Green and Richardson (1956) report that

less than 0.6% of the ground stéte decays go to the Ot ground state

of 38Ar (as might be expected since this branch is a fourth-forbidden

transition). Thus the 511-keV annihilation radiation can be ignored,

since the total number of decays (after correcting for cascading and

for efficiency) is given by the number of non-511-keV gamma rays seen.
The half-1ife used for the calculations of Tlog ft 1is the mean

of five measurements, which are not in too good mutual agreement,

t]/2 = 7.64+0.02 min (Endt and van der Leun).

2. Experimental Details

38

Since the lifetime of the ground state of “"K is so long, the

rabbit system described in Section III is not needed. Instead, manual
transfer of the target was used. During bombardment'by an 11 MeV

alpha beam, the target BaC12 on Ta backing was held in a glass tee by
a Zr holder. As 511-keV radiation produced only count rate but no addi-
tional information, 3.8 cm of Pb was inserted between the Zr holder

and the Ge(Li). No gamma rays were observed that could be associated

37

with bombardment on “'C1, Zr, Ba, or Ta. The only delayed gamma rays

)38

observed were from the 35C](oc,n K reaction.

As high energy gamma rays were expected and since the highest

666a was used to calibrate

66 )66

energy gamma ray in 5600 is about 3.5 MeV,

the Ge(Li) detection efficiency. Gallium-66, made from the "~ Zn(p,n) Ga
reaction, has gamma'rays up to 4.8 MeV and its decay scheme, although

complex, is well known (Camp and Meredith 1971). In addition to
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calibrating for photopeak efficiency, single and double escape peak

efficiencies were also measured.

3. Experimental Results

A typical spectrum is shown in Figure 21. Since the target was
bombarded in vacuum, the gamma ray at 2313 keV (due to 14O decay which
appeared whenever the rabbit system was used) is absent. The observed
peaks are associated with the decay of the ground state of 38K, the
half-1ife of the isomeric state being very much shorter than the tran-
sit time (about 60 sec). Only two gamma rays are seen, the 2168 keV
and the 3937 keV. The cascade from the 3937-keV level to the 2168-keV
level is not observed, but the observed upper 1imit for this gamma
branch is larger than from earlier work (Endt and van der Leun). This
cascade was included in the calculations for the strength of the beta
branch to the 3937-keV level. In Table 14 appears the strengths of the

beta branches from the ground state decay of #a

K, along with the calcu-
lated log ft values. The upper limits for unobserved transitions is
higher in this decay than others studied in this work since the effi-
ciency for detection of the most intense branch is nearly the same as
for the weaker branches. For some levels 1in 38Ar, no branching limits
are given as the gamma rays depopulating the level did not appear in
the energy range surveyed in the current study.

The branch to the 2168-keV level has a typical 1log ft value,
4.98. The other observed transition to 3937-keV level is slightly re-
tarded, having a Tlog ft of 5.92. The other allowed transitions decay

predominantly, if not exclusively, by electron capture and the



-65-

available phase space for the decay is small. The limits for Tlog ft
for these transitions eliminate strong transitions but do not deny
typical decay strengths.

The value for the branching ratio found in this experiment for
the transition to the 3937-keV Tlevel, (1.50+0.05) x 10'3, is less

than found by Kavanagh et al (2.0+0.3) x 1073,

4. Theoretical Work

Much theoretical work exists predicting the beta decay strength

for the decay to the 2168-keV Tevel in 38

Ar. These predictions, as
well as the experimentally obtained value, are shown in Table 15. Only
one prediction exists for the decay strength to the 3937-keV Tlevel.

The first model was by Engelbertink and Brussaard (1966) who

used an inert core of 28

Si with active particles restricted to the
231/2 and 1d3/2 subshells. The effective Hamiltonian was chosen to re-
produce the ground and low-lying states for A = 35-38. The value pre-
dicted for the decay to the 2168-keV level suggests a stronger transi-
tion by a factor of 5.

Evers and Stocker (1970) extended the configuration space to
include either O or 2 particles in the 1f7/2 subshell. This lowers the

predicted value of log ft , increasing the discrepancy between experi-

ment and theory. Evers and Stocker then added a tensor interaction which
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had no effect upon the predicted strength of the transition. It did
affect the predicted decay of the isomeric level.

Dieperink and Glaudemans (1969a) and Dieperink and Brussaard
(1969b) report basically the same calculation. Each used the full s-d
space. In the first calculation (of two) a modified surface delta
interaction was used, the parameters being obtained by a least-squares
fit to the excitation energies for A = 35-39. The predicted strength
for the decay to the 2168-keV level is practically the same as for the
more restricted space of Engelbertink and Brussaard. The next calcu-
lation used the same configuration space but used the Tabakin (1964)
interaction. This interaction fits the phase shifts for free nucleon-
nucleon scattering. The prediction of Tlog ft = 4.75 agrees well with
the experimental value.

"~ Finally, Wildenthal et al (1971) as compiled in Lanford and
Wildenthal (1973) predicted values for both observed beta branches

38K. They used the two-body matrix elements

from the ground state of
of Kuo (1967). Their predictions are very close to experimental values
(2168 keV: 4.97 against 4.98 experimentally,and for 3937-keV Tevel:

5.76 against 5.98).

G. Calcium-39 Decay
1. Previous History
The only branch previously reported in the beta decay of 39Ca

39K. Calcium-39 has

is the mirror transition to the ground state of
the largest amount of energy available for any mirror decay in the s-d

shell. This implies a short half-life and many allowed transitions.
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39 39

As there are so many levels in ““K to which

Ca would decay, only the
Tow-1ying states are shown in Figure 22. The half-life used, (0.876
+ 0.006) sec, is the weighted average of six measurements compiled in

Endt and van der Leun (1973).
2. Experimental Details

Potassium iodide salt was inserted into the rabbit and held in
place by a thin Ta foil. The 4]K in the target presented no problems,
as the (p,n) reaction produces 105year 4]Ca and the (p,o) reaction pro-

duces stable 38

Ar. In order to reduce the detection efficiency for
annihilation radiation, 2.5 cm of lead separated the detector and the
lucite hutch.

3. Experimental Results

One of the spectra of the delayed gamma rays is shown in Figure
23. Only the 511-keV photopeak can be ascribed to the beta decay of
39Ca. The upper limits (at the 90% confidence level) for the strength
of the beta transitions to the various states in 39K are tabulated in
Table 16, along with the associated 1log ft values.

The beta transition to the 2523-keV level is retarded, having a
log ft greater than 6.4. The transition to the 4096-keV level has a
log ft greater than 5. The beta transitions to the 3939, 3943, 4083,
4514, and 4521-keV levels may be allowed, as the spins 1ie in the
proper range, but the parity for these states is not known. The branch
to the 3939-keV level (if allowed) has some retardation as does the

branch to the 4083-keV level (again assuming the transition is allowed).

Since the upper Tlimits of the 1log ft values for the other transitions
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are less than 5, no nuclear structure information can be inferred.

4. Theoretical Work

396a beyond

There has not been much theoretical work performed on
the single particle wodel. If one restricts the configuration space so
that only 531/2 and ]d3/2 subshell particies are active, then the only
allowed transition having a finite Tlog ft is the mirror decay. Thus
a fuller configuration space is needed to predict other decays. However,

39K—39Ca are only one hole from a doubly magic ndc]eus, 40

39

since Ca, the

Tow-1ying states of ““K and 39Ca will have very little configuration
mixing, and hence the log ft values for the non-mirror transitions

will be high.
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VI. DISCUSSION AND CONCLUSIONS
A. Discussion of Shell-Model Predictions

This section will present a more global view of the ability of
the many-particle shell model to predict the strength of beta transi-
tions. In Figure 24 the ratio of the theoretical ft values as
obtained by Wildenthal and his collaborators (as compiled by Lanford
and Wildenthal 1973) to the experimental ft values obtained in this
work is presented. This ratio, which is also equal to the square of
the experimental nuclear matrix element divided by the square of the
theoretical matrix element, is plotted against the theoretical 1log ft
value.

With the exception of the beta decay of &

Si to the 1014-keV level
in 27A1, the predictions are good, in most cases within a factor of 2.
However, the very retarded 2751 decay to the 1014-keV level, and to a

lesser extent the 27

Si decay to the 2734-keV level which is predicted
to be ten times stronger than observed, present problems. HMcGrory (1970)
has shown that for A = 18-22, large changes in the predicted 1log ft
values can occur when the configuration space of the model is increased
to the full s-d shell. However, whether a larger configuration will
resolve the discrepancy, only a calculation using all particles active
in the s-d shell will show.

As shown by the calculations for the beta decays of 37K and 38K,
the choice of the Hamiltonian used in the calculation can greatly affect
the predicted values. This is particularly true for the decay of 37K to

the 1410-keV level. Even though the same configuration space was used,
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the predicted strengths for the decay are 1 (Dieperink and Brussaard
1969, using the Tabakin interaction); 20 (Wildenthal et al, using the
Kuo interaction): 400 (Dieperink and alaudemans 1969, using the
modified surface delta interaction). For this partiéu]ar branch the
Tabakin interaction gives the best agreement; yet the predictions of
Wildenthal et al for the other branches from the decay of 37K are in
excellent agreement with experiment as are their values for the decay

of 38

K. To clarify the situation, calculations for the entire s-d shell
using the various interactions must be carried out.

The modified surface delta interaction seems to produce the least
accurate predictions of any of the interactions used. The agreement is

poor for the 2751, 37K, and 38

K decays. Yet this interaction is

usually used in many-particle shell-model calculations presumably be-
cause of its ease of application. Our results seem to indicate that

the use of one of the "realistic" interactions, such as the Elliot, Kuo,

or Tabakin interactions, may lead to more accurate predictions.

B. Conclusions
This part of the thesis has described the experimental study of

19 23Mg, 2731’ 37 38K, ad 39Ca.

six beta decays in the s-d shell, Ne, K,
Two previously unreported allowed transitions were found, and 1limits
for unobserved transitioné have been strengthened. In general, the
many-particle shell model of Wildenthal and his collaborators does well,

although there are several notable exceptions.
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APPENDIX A
DIGITAL SEQUENCE TIMER

I. Introduction

The digital sequence timer allows the user to generate electric
signals at digitally preset times. These times may be independent of
each other or may be part of a periodic pattern, or both. As all sig-
nals are digitally derived from a basic clock, the time difference
between the signals is determined only by settings on the sequence timer
and not by charging or discharging components.

This appendix is a condensation and revision of material found
in the Kellogg Electronics Shop (Kellogg number K 39C). Complete sche -

matics for the unit may pbe found in the circuits file.

The digital sequence timer produces signals at 13 user-selected
times and produces signals at a user-chosen frequency. Twelve of the
thirteen signals are paired so that for each pair a square wave signal
starts at the first preset time and falls at the second. Each square
wave signal drives a light-emitting diode (LED) and a relay. The thir-
teenth signal, a pulse lasting about 11 usec, resets the timer.

The periodic signals are available from a front-panel BNC connec-
tor. The number of such signals since the last reset is displayed in
binary on the front panel by LED's. Voltage levels corresponding to the
state of the LED's are available on the front panel via BNC connectors
and on the rear panel via a 14 pin connector.

The unit can be started, stopped, and reset manually, automatical-
1y, or by remote signals. The unit may be singly cycled or repeatedly

cycled.
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II. Use of the Timer

A. Overview

There are five logical blocks in the sequence timer: the control
section, the basic clock section, the reset section, the random pulse
section, and the periodic pulse section. Although all five sections
may not be needed, the knowledge of their operation will make using the
timer much easier. Figure 25 shows the front panel of the sequence

timer.

The first requirement in the use of the timer is the determination
of the times at which signals are wanted. As the unit is a digital
(i.e., discrete) device, the user does not have complete freedom to
choose times. However, this lack 6f freedom is unlikely to be important
in practice. The basic unit of time must be a 1ONsec (where N=0,1,---,7)
and the se]ected times must be an integral multiple of this basic time
unit (but less than 10,000). The user must next determine whether this
set of signals should occur once or should reoccur indefinitely. If a
recycling mode is desired, the length of the cycle (again an integral
multiple of the basic clock unit but less than 10,000 clock units) must
be determined.

If randomly timed signals are chosen, then the user can use
either the voltage: levels on the front panels or the relay contacts on
the rear panel. If periodic signals are chosen, then the user can use
the pulses generated at the end of each period or can use the voltages
on the front panel which represent the number of periods since the start

of the cycle.
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B. Control Section

The control section consists of the thrée—position rotary switch
located next to the power switch. In the far Teft position the unit
will not start. In the middle position the unit will operate (after
being started) until stopped or until the reset time is reached, when
the unit will reset all scalers to zero and then stop. In the far
right position the unit will reset all scalers when the preset time is
reached, but the unit will restart. If the control switch is in the
center position, the unit may‘be started by pressing the manual start
switch or by applying +5V to the remote start BNC connector on the
front panel. If the control switch is not in the far right posit%on,
the unit will stop (but not reset scalers or outputs) if the manual
stop button is pressed or if +5V is applied to the remote stop BNC
connector. If the control switch is in the far right position, the
unit will remain running independent of the start and stop circuits.

| The LED to the right of the control switch will be 1it whenever

the scalers are in operation.
C. Basic Clock Unit

The basic clock frequency determines the basic unit of time. All
times are an integral multiple of this unit. The sequence timer is
usually used with an internal 1 MHz quartz crystal clock, accurate to
10 ppm. However, an external clock (maximum frequency is 4 MHz, no
minimum frequency) can be used by sending a 5V clock pulse into the
External Clock BNC connector and by selecting the external clock cir-

cuit by switching the Clock toggle switch. The frequency of either the
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internal or the external clock can be digfta]1y divided by 1ON (where
N=0,1,---,7) by placing the appropriate numeral in the Clock Thumbwheel
switch. Thus using the 1 MHz quartz crystal internal clock, the basic
clock period can be 1 usec, 10 pysec, --- 10 sec. Although a 1 MHz
crystal is normally used, slower crystals may be substituted. The
pulses generated by the basic clock circuit can be inspected by Tooking

at the Time Out BNC connector on the front panel.
D. Reset Circuit

To the right of the Clock Section is the Reset Section. When the
number of pulses in the cycle reaches the number preset on the Reset
Thumbwheel Switch, all scalers and outputs are reset to zero. A pulse,
lasting about 11 usec is also generated at the Reset Out BNC connector.
If the unit is in either the single cycle mode or the hold mode, the
unit will stop after reset; if in the auto mode, the unit will restart.
The same effect as reaching the preset reset number can be achieved by
A pressing the manual reset button or by applying a +5V pulse to the

Remote Reset BNC connector located next to the Reset Thumbwheel switch.
E. Random Pulse Generation

The user can preset 12 independent times. These times are arranged
in pairs, so that the pair is "off" until the first preset number of
the pair is reached; then it is "on" until the second preset number or
until the preset reset number is reached; the pair then goes "off".
The preset times are selected by using the thumbwheel switches located
along the top of the front panel. The top row of thumbwheel switches

selects the first preset number of the pair, while the next row of
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thumbwheel switches selects the second number of the pair.

Two outputs, voltage levels capable of driving most NIM modules
(located on the front panel) and relay contacts capable of handling
120V AC (located on the rear panel), are available. When the pair is
“"off", the voltage level is near 0 V, while when the pair is "on", the
voltage level is about +7 V. Tne output impedance from the BNC connec-
tors is about 1008 . Three contacts are available when using the relay
contacts located on the rear panel, C (Common), NO (normally open, i.e.,

infinite resistance when the pair is "off"), and NC (normally closed).

F. Periodic Pulser Generation

The user can select a period such that whenever an integral num-
ber of periods has occurred since the last reset and start, a pulse will
occur at the Timer Out BNC connector. This period is selected through
the use of the Timer Thumbwheel switch Tocated in the lower right hand
side of the front panel. These voltage pulses can be gated by applying
a signal to the Gate Input BNC, next to the Timer Thumbwheel switch.

The pulses since the begiﬁning of the cycle are counted, the result dis-
played in binary representation. The representation is shown via LED's
and is available through BNC's on the front panel and a 14-pin connector
on the rear panel. These outputs are very useful in routing signals as

a function of time.
III. Example of Use

Statement of the Problem: A radioactive source with a mean life
of 100 sec is to be made and its activity counted. The beam will be on

target for 3/4 of a mean life. There will be 4 counting periods, each
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lasting 1 mean life, with the first starting 1/2 mean 1ife after bom-
bardment.

It is assumed that a router is used to collect the spectra as
a function of time and that 5V is sufficient to activate it. It is
assumed that a beam chopping magnet is used to start and stop bombard-
ment, the current for the magnet being switched by a relay. Finally,
it is assumed that the ADC of the analyzer used has a blocking input
whicn blocks ADC output whenever the input is grounded.

The first step is to determine the times of the wanted pulses:

0 sec beam on

75 sec beam off

125 sec | start counting group #1
225 sec start counting group #2
325 sec start counting group #3
425 sec start counting group #4
525 sec stop counting

These timing requirements can be set up in many ways. One way
will be described in detail, while two others are briefly noted.

The chopping magnet will be controlled by a relay governed by
tne timing of one pair of random pulse generators; the ADC will be
blocked by another relay; and the fouter will be set by the Periodic
Pulse Unit

The length of the cycle is 525 sec. However, the times when
counting begins in each group are quite inconvenient for this method.

It would be far easier if the times could be represented by 2(m—1), X
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'where m is the group number about to be counted and X is the length
of the counting period. This also cannot easily be done, but the start-
ing times can be written as (Z(m—]) + 2p)- X , where p is a small in-
teger constant. That is, the first group starts at 400 sec, the second

group at 500 sec, and so on. Thus X = 100 sec, p =2 . The new timing

becomes
275 sec beam on
350 sec beam off
400 sec start counting group #1
500 sec start counting group #2
600 sec start counting group #3
700 sec start counting group #4
800 sec stop counting

The total time in a cycle is 800 sec. Since times can be selected
up to 9999, the basic clock period can be selected as 0.1 sec. The
internal 1 MHz quartz crystal clock can be used with a divisor of 105.
Thus 5 is placed into the Clock Thumbwheel switch. 8000 is placed into
the Reset Thumbwheel switch. If only one cycle is desired, the master
control switch is placed in the single cycle position (the center posi-
tion); if more than one cycle is desired, then the switch will be placed
into the auto position (the far right position) when the cycles are to

begin.
The beam is to be on from 2750 to 3500 basic clock units. Thus

2750 is placed into one of the Random Pulse Thumbwheels along the top
row, while 3500 is placed into the thumbwheel switch below it. The mag-

net is then connected to its power supply by the relay contacts on the
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rear panel corresponding to the Random Pulse Generator selected (#1-6).
The ADC must be blocked from 0000 units to 4000 units. Thus 0000 and
4000 are placed into another pair of thumbwheels just as were the times
for the chopping magnet. A cable connects the relay contacts with the
ADC blocking input (assumed to have one side of the cable grounded.)
Since groups are to be changed every 100 sec (or 1000 clock units),
1000 is p]aced.into the Timer Thumbwheel switch. A cable will go from

1 counting output to the first input of the router; a second cable

the 2
goes from the 22 output to the second router input. This, of course,
assumes that the router merely patches into memory.

The equipment will function as follows:

0-275 sec no beam, ADC blocked;

275-350 sec beam on, ADC blocked:;

350-400 sec beam off, ADC blocked;

400-500 sec beam off, count and store in first
group;

500-600 sec no beam, count and store in second
group;

600-700 sec no beam, count and store in third
group;

700-800 sec no beam, count and store in fourth
group;

800 sec reset.

If only one cycle is desired, press manual start to begin run.
The timer will stop after one cycle is completed. If many cycles are
desired, put the master control switch in the auto position, and the

unit will start. To stop the unit, put the master control switch in
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the single cycle during the last wanted cycle. The unit will stop
at the end of this cycle.

Since there are only four groups in which counting will occur,
and since there are four random pulse generator pairs not used by the
above scheme, these four generators can be used instead of the periodic
pulse generators. The start time for each group is put into the start
preset time thumbwheel switch and the stop time into the stop thumb-
wheel switch. Using this scheme, the counting groups need not be of
equal time. However, the router must be capable of accepting pulses
which determine which line is active into the ADC rather than indicat-
ing which part of memory is used. Since the periodic pulse generator
is not used, there need be no wasted time inserted into the cycle.

One may circumvent this time wastage in another way by counting
pefore bombardment. That is, the counting part of the cycle occurs in
the n+15t period, while the bombardment occurs in the nth period. In
this scheme, counting (for the example cited) is done between 0 and
400 sec, while bombardment is from 400 to 525 sec (assuming no waiting
time between tne end of counting and the start of bombardment). This
scheme has the advantage of being able to use many counting groups (up
to 256). However, for efficient use of time, many cycles should be

used.
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TABLE 1T

9

Products resulting from light-ion bombardment of “Be. All re-

actions which have a Q value greater than -12 MeV are listed. Neutron,

proton, or deuteron bombardment of 9Be produce no product which emits

a delayed gamma ray. Alpha bombardment makes L

to ]ZC emits a 4.4 MeV gamma in 1.3% of the decays. Normally this

B which when decaying

would not be a problem. Helium-3 bombardment is the only case which
produces significant amounts of delayed radiation. In all the cases

in which beryllium was used in the experiments described in this thesis,
a proton beam was used. By looking through the table, it can be seen
that no product is produced either by the primary beam or a secondary

beam which would produce interfering delayed +y-radiation.

(See page 21.)
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TABLE 1
Delayed
y-Ray Energy
Reaction Q(MeV) T]/Z(Product) (MeV)
98e (n,v)1%8e 6.81 106 yr
,2n)8Be -1.67 107 10sec
t)Li -10.44
) CHe -0.60 0.8 sec
,an)SHe -2.53 1071 ec
“Be(p.y) 0B 6.59 .
,n)9B -1.85 10" 185ec
,d)8Be 0.56 10 10sec
)7L -11.20
2)0Li 2.13 ..
,an)5L1 -3.54 107215ec
Be(d,y) !B 15.82
,n) 108 4.36 g
,2n)gB -4.07 107 18sec
) Oge 4.59 108yr
,t)8Be 4.59 10" 105ec
,7)3L4 ~11.39 0.8 sec
o)L 7.15
,an)®Li ~1.06
,ap)6He -4.57 0.8 sec
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TABLE 1 (Cont.)

Delayed
v-Ray Energy
Reaction Q(MeV) T]/Z(Product) (MeV)
Y8a v} % 26.28
) e 7.56 20 min 0.51
2n)10¢ -5.52 19 sec 0.51,0.72
,P)]]B 10.33
,d)'0p 1.09 .
,t)%B -1.09 16~ B
,0)88e 18.91 107 165ec
an)’Be 0.02 53 days 0.48
A,up)7L1 1.66
6L1)0he 5.4 0.8 sec
L 10.65
,n)]zc 5.70
) '8 -6.88 .02 sec 4.44
,d)1 '8 -8.03 .
,an)Be -1.665 107 10sec
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TABLE 2

Experimental branching ratio for =

23Na. The weighted average of these measurements is

Mg beta decay to the first

excited state of
shown on the last Tine. This weighted average was used in subsequent
calculations rather than the result found in the present experiment

since the assigned error is twice as small.

(See page 43.)
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TABLE 2

Authors Intensity (%)
Storey and McNeil 1959 6.5 + 2.5
Talbert and Stewart 1960 9.1 + 0.5
Gorodetzky et al 1968 8.6 + 0.3
Détraz et al 1971 6 + 3

Alburger 1974 9.1 + 0.4
Present Work 8.1 £ 0.4

Weighted Average 8.7 £ 0.2
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TABLE 3

Experimental beta branching of 23Mg relative to the beta

branch to the 0.440 MeV level in a. The branch to the 2.391 MeV

has not been previously reported.

(See page 46.)
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TABLE 3

E, (MeV) Relative Beta Branch
2.076 <5.3x10%
2.391 | (8.1 +1.1) x 107°
2.640 € 3.8 % 1070
2.704 <1.6 x 1074
2.983 < 5.9 x 107°

5

3.678 < 1.4 x 107
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TABLE 4

Experimental results for the beta decay of 23Mg. The
weighted average of values appearing in Table 2 is combined
with the results found in this experiment (listed in Table 3)

to obtain the branching ratios shown.

The beta branch to the 2.391 MeV level has not been pre-

viously reported.

(See page 47).
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TABLE 4

EX(MeV) g" Branching f log ft
0.000 3/2" 0.913 + .002 377 3.67 + .01
0.440 572" 0.087 + .002 187 4.39 + .0]
2.076 7728 <46 x107° 2.7 > 5.8
2.391 1725 (7.0%0.9) x 107° 0.58 4.97 + .06
2.640 1727 <3.3x10° 0.11 > 5.6
2.704 9728 < 1.4 x107° 0.07 > 4.7
2.983 3728 <51 x10° 0.02 > 4.6
3.678 327 < 1.2 x10° 0.002 > 5.2
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TABLE 5

Theoretical predictions for the beta decay of 23Mg and
experimental Tlog ft values. Sources for the theoretical

log ft calculations are

Gunye: Gunye 1973
multi-shell Hartree-Fock

L&W: Lanford and Wildenthal 1973
many-particle shell model

(See page 49.)
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TABLE 5
EX(MeV) g" exp. Gunye L&W
0.000 472" 3.67 + .01 3.92 3.68
0.440 5/2" 4.39 + .01 4.15 4.68
2.391 172" 4.97 + .06 4.69
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TABLE 6

27

Intensity of the beta branch from ~'Si to the 7/2+

level at 2211 keV in 2/

Al. There is much scatter in the meas-
urements. The weighted average of these measurements is shown
on the last Tine. The error on this weighted average is the
external standard as it is about twice as large as the calcu-

lated internal error. The weighted average and its error is

used in the subsequent calculations.

(See page 49.)
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TABLE 6
Authors Intensity (%)
Talbert and Stewart 1960 <0.2
Vasil'ev and Shvtvalov 1961 10
Paul et al 1961 6+ 3
Gorodetzky et al 1964 0.10 £ 0.02
Detraz et al 1971 0.15 + 0.07
Berenyi et al 1971 0.18 = 0.05
Present work 0.181 +£0.014
Weighted average 0.156 + .0212)

a)Extelr'nal standard error
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TABLE 7

Experimental beta branching of 2751 relative to the beta

2701, The vesults of Dotraz et al

branch to the 2.211 MeV in
(1971) are presented along with present results. The discrepancy
between the value for the branch to the 1.014 MeV level can be

explained by the presence of the branch to the 2.734 MeV level.

Branches to the states at 0.843 and 3.001 MeV are not
allowed transitions.

(See page 51.)
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TABLE 7

Ex(MeV) Detraz et al Present work
0.843 < 75 < 22
1.014 160 = 50 27 + 13
2.211 = 1000 = 1000
2.734 < 60 86 = 7
2.982 165 + 25 144 + 8
3.001 < 15 < 8
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TABLE 8

Experimental results for the beta decay of 2751. The
weighted average of the values appearing in Table 6 is combined
with the results found in this experiment (listed in Table 7)

to obtain the branching ratios shown.

The beta branch to the 2.734 MeV state has not been pre-

viously reported.

(See page 52.)
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TABLE 8
E, (MeV) J" Branching f log ft
0.000 Bt .9981 £ 0021 984 3.61 £ .01
0.844 1724 < 3.4 x 10°° 316 > 7.6
1.014 372" (4.2+2.0) x 107° 242 7.4 + .2
2.211 772 (1.56 +.21) x 1073 20.8 4,75+ .06
2.734 372" (1.34 +.21) x 1074 3.9 5.08 £ .07
2.981 372" (2.25 +.31) x 107 1.3 4.40 + .06
3.004 9/2" < 1.4 x 1072 1.2 > 5.5



-102-
TABLE 9

27

Theoretical predictions for the beta decay of ~'Si. Also

present are log ft values experimentally determined. Sources for

the theoretical 1log ft calculations are

BHSW:  (Berenyi, Hutcheon, Start, and Weaver 1971)

weak coupling model

DGW:  (DeVoigt, Glaudemans, and Wildenthal 1972)
many-particle shell model
L&W (Lanford and Wildenthal 1973)

many-particle shell model

The model used by Berenyi et al does not predict a second 3/2+ level.

(See page 53.)
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TABLE 9
EX(MeV) Ju exp. BHSW DGW L&W
0.000 572" 3.61 + .01 3.68 3.53 3.53
1.014 3/2% 7.4 + .2 5.60 5.24 5.01
2.211 772" 4.75 + .06 5.57 5.12 5.04
2.734 g78" 5.08 + .07 6.05 5.19 5.08
2,981 372t 4.40 + .06 4.72 4.72
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TABLE 10

Delayed gamma rays observed following proton bombardment of
calcium. Most of the gamma rays result from (p,n) reactions on
calcium isotopes. Oxygen-14 results from the proton bombardment
of nitrogen in the shuttle or on the surface of the gold-covered
calcium. The gamma ray peaks of interest result from the

40 37

Ca(p,a)” K reaction.

(See page 57.)
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TABLE 10

E (keV) decay source
511 mec2
983 B MBca(p,n)
1040 B %ca(p,n)
1157 Moo Hcalp.n)
1227 s %ca(p.n)
1291 145(p.E.) N (p,n)
1312 48 8caip,n)
1499 44, “calp,n)
1524 425 %2ca(p,n)
1774 37¢(0.E.) ca(p,a)
1802 149(s.E.) 14 (p,n)
2285 37¢(s.E.) Yca(p,a)
2313 Vg N (p,n)
2583 37¢(p.E.) 40ca(p,a)
2796 37y “ca(p,a)
3094 37¢(s .E.) 40ca(p,a)
3605 iy ca(p,a)

D.E. double escape peak

S.E. single escape peak
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TABLE 11

Experimental beta branching of 37K relative to the beta

branch to the 2.796 MeV level in 37Ar. The branch entered for
the 1.611 MeV level probably results from a gamma cascade from
the 2.796 MeV Tlevel rather than from a direct beta branch. See
the text for more details concerning the branch to the 1.611 MeV

level.

(See page 58,)
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TABLE T1
EX(MeV) Relative Beta Branch (%)
1.410 < 0.8
1.611 < 1.6 £ .3 probably <y branch
2.217 < 0.4
2.490 < 0.5
2.796 100.
3140 < 0.2
3.186 < 0.7
3,272 < 0.4
3.517 < 0.6
-3.526 < 0.4
3.605 0.97 £ .13
3,939 < 0.1
3.981 < 0.1
4.45 < 0.4
4.58 < 0.4
4.64 < 0.3
5.09 < 0.3
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TABLE 12

Experimental results for the beta decay of 37K. The

listed branch to the 1.611 MeV Tevel assumes feeding of this
level directly from beta decay, although as explained in the
text (p. 59) it is more Tikely the feeding results from a

gamma transition from the 2.796 MeV level.

No new branch was found.



-109-

TABLE 12

E(MeV) Jm Branching f log ft
0.000 g2t 0.9985 + 0.0002 3582 .66 + .01
1.410 172 < 1.5 x 1074 821 > 6.8
1.611 7/2" <2.3x 107" 638 > 6.5
2.217 772 < 6x107 273 > 5.7
2.490 3/2" < gx10™ 176 > 5.4
2.796 572" (1.45+0.16) x 107° 102 .94 + .05
3.170 5/2 < 3x107° 48 > 6.3
3.186 9/2" < 1x107" 46 > 5.7
3.272 (3/27) < 6x10" 39 > 4.9
3.517 3/2" < 1x107" 21 > 5.4
3.526 7/2" < 9x107° 20 > 5.4
3.605 (3/2,5/2)" (1.4+0.2) x 10” 16 16 £ 0.06
3.939 < 1.5 x 107° 5.9 5 5.7
3.981 < 1.5 x 107 5.1 5 5.6
4.448  (1/2,3/2)" < 6x107° 8 > 4.2
4.579 < 6x 107 41 > 3.9
4.638 < 5x107° 32 > 3.8
5.000  (1/2,3/2) < 5x107° .09 > 3.3
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TABLE 13

Theoretical predictions for beta decay of 7

K. Also present
are log ft values experimentally found in this work. Sources for

the theoretical Tlog ff calculations are

Bah: (Bahcall 1964) 1d3/2 space

E&B  (Engelbertink and Brussa ard 1966)
251/2 and 1d3/2 space

L&W: (Lanford and Wildenthal 1973)

1d5/2, 1d3/2, and 251/2
Gla: (Glaudemans, reported in Dieperink and Brussaard 1969b)

1d5/2, 1d3/2, and 251/2
D&B: (Dieperink and Brussaard 1969b)

1d5/2, 1d3/2, and 251/2

(See page 60.)
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TABLE 13

E, (MeV) J exp Bah E&B L&W Gla D&B
0.000 372" 3.66 +.01 3.72 3.63 3.53 3.62  3.55
1.410 17t > 6.8 5.06 5.21 6.32 5.17  7.61
2.796 672" 3.94+ .05 4.90 4.34  3.41 4.14  3.49
3.605 (3/2,5/2)7 5.16+ .06 5,299

%This assumes that 3.605 MeV Tevel is second 5/2+ state, which is pre-
dicted to be at 3.04 MeV. The second 3/2+ state is predicted to be

at 4.63 MeV and have a

log ft of 4.64.
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TABLE 14

Experimental results for the beta decay of 38K. No information
was obtained concerning the branches to the levels at 0.0, 4.71, and 5.73
MeV as the branch to the first level emits no gamma ray, while the
branches to the other two states emit gamma rays which did not fall
into the energy range observed. However, because of the spin and
parity of these three levels, no significant beta decay strength is ex-
pected.

No new branch was found.

(See page 64.)
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TABLE 14

E(MeV) d Branching f log ft
0.000 of

2.168 2" 0.999 = 0.001 206 4.98 + 0.01
3.377 o* < 2x10°3 16.5 > 6.5
3.810 3" 1.5 x 1073 4.2 > 6.1
3.937 2t (1.41£0.05) x 1073 2.6 5.92 & .02
4.480 4" 1.5 x 1073 23 > 4.8
4.565 ot 1.5 x 1073 A7 > 4.7
4.585 5" .5 x 1073 a7 > 4.7
4.710 o

4.877 3" < 3x107 083 > 5.1
5.084  (1-3)° 2.5 x 1072 054 > 3.0
5.157 2" < 2x10™" 045 > 4.9
5.340  (3,4)" 2.5 x 107 025 > 4.6
5.513 3" 2.5 x 107 013 > 4.4
5.552  (1,2) 2.5 x 107 010 > 4.2
5.595 1- < 9x107% 008 > 3.6
5.658 5" < 3x10°3 006 > 2.9
5.734 1

5.825 g < 4x10" 0007 > 2.9

4

5.857 (2,3} < 9x10° .0003

Vv
no
nNo
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TABLE 15

Theoretical predictions for beta decay of 38

38

K to the first ex-
cited state of “SAr at 2.17 Mev (™ = 27). The first line contains
the value found experimentally. Sources for the theoretical Tlog ft

calculations are

E&B: Engelbertink and Brussard 1966
E&S: Evers and Stocker 1970

D&G: Dieperink and Glaudemans 1969a
D&B: Dieperink and Brussaard 1969
L&W: Lanford and Wildenthal 1973

The interaction used in each calculation is shown, the modified sur-
face delta interaction (MSDI), an interaction involving a tensor term
(tensor), and a realistic interaction obtained by Kuo (Kuo). See
text for additional details. The configuration for these shell-model

calculations is also shown.

(See page 65.)
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TABLE 15

Authors Space Interaction Tog ft
Present work--experimental 4.98 £ .01
E&B (1966) 51/2,d3/2 MSDI 4,32
E&S (1970) S]/Z,d3/2,f7/2 MSDI 4.05

Tensor 4.05
D&G (1969) MSDI 4.75
D&B (1969) 1/2°%3/2>%/2 Tensor 4.3
L&W (1973) S]/z,d3/2,d5/2 Kuo 4.97
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TABLE 16

Experimental results for the beta decay of 39Ca. Mo new

transitions were found.

(See page 66.)
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TABLE 16
E(MeV) 0 Branching f log ft
0.000 372" 1.00 4869 3.63 * .
2.523 1y <1x10" 298 > 6.4
2.814 772" <1x10% 189 > 6.2
3.019 3/2° <6 x107° 133 > 6.3
3.598 (7/2,9/2)" <4 x107° 40.3 > 5.9
3.883 (3/2,5/2)" <3x107° 21.0 > 5.8
3.939 (1/2-5/2) <4 x107° 17.9 > 5.6
3.943 (5/2-11/2) <2 x 10 17.7 > 4.9
4.083 3/2 < 3x107° 12.0 5 5.4
4.096 172" <1x 107 1.5 > 5.0
4.126 (3/2-9/2)" <1x10" 10.6 > 5.0
4.476 <4 x107° 3.3 > 4.8
4.514 (1/2-7/2) <2x107° 3.0 > 5.1
4.520 (5/2-11/2) <5x107° 2.7 > 4.7
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FIGURE 1

Histogram showing distribution of beta decay strengths for
allowed transitions for A < 44 ., The peak at 1log ft = 3.6 cor-
responds to Fermi transitions having nuclear matrix elements near
unity. The existence of another peak, at 1log ft = 5.0 , suggests
that nuclear matrix elements between non-mirror states are approxi-
mately equal. It should be noted that for 1log ft greater than
7.0, few transitions are known in this mass region, and only one

14

transition (the famous decay of 'C) has a log ft greater or

equal to 9.0 .

(See page 14.)
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FIGURE 2

Block diagram of rabbit system. The beam hutch (shown in
detail in Figure 3) is located in the target room of the CIT-ONR
Tandem accelerator, while the detector hutch (shown in detail in
Figure 4) is located 17 meters away in the shielded controi room.
The rabbit travelled the 17 meters through a plastic tubing. The
roughing pump is a rotary model, built around 1930. The propellant
gas is either air or argon. Argon was used whenever delayed radia-
tion produced by bombardment of air interfered with the observation
of weak delayed gamma rays under study. The values were controlled

by an electronic sequence timer which powered mercury-wetted relays.

(See page 19.)
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FIGURE 3

Rabbit system at end of accelerator beam line. The beam
enters from the right, having been partially collimated by tantalum
discs, passes through an aluminum tube which further collimates the
beam. At the end of the aluminum tube, a thin aluminum foil
maintains the pressure differential between the beam tube and the
rabbit system. The nylon holder serves to electrically isolate
the hutch from the beam line, so that crude beam integration can be
performed. The rabbit enters from the left and stops by compress-
ing the 0-rings at the end of the rabbit hutch. The hutch is made
from heat treated stainless steel, so that repeated impacts will
not fatigue the material. The hutch holder seals onto the nylon
holder and the rabbit tubing, providing a cavity through which the

propelling gas is passed.

(See page 19).
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FIGURE 4

Rabbit system and detector system located in accelerator
control room. The rabbit enters the lucite hutch from the viewer's
position. Air or argon is pumped out of the hutch from behind the
figure. The hutch is of such a size that 5 MeV positrons will
stop witnhin the lucite, and not in the lead absorber near the
Ge(Li). The Tlead absorber is used to attenuate the annihilation
radiation more strongly than the higher energy gamma rays of in-
terest. No lead absorber to 5 cm of Tead absorber were used in
the experiments. Additional lead shielding was placed around the
detector to reduce room background. One of two Ge(Li) detectors,

50 cc or 73 cc, was placed as close as possible to the hutch.

(See page 20.)
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FIGURE 5

The rabbit. For most of the decays studied, the target
material was a salt in powder form. The salt was held inside a
berylTium shell by a thin tantalum foil and a nylon tail. Additional

tantalum was placed behind the powder to stop the beam. For the

37

study of the decay of 'K, a metallic disc of calcium replaced

the salt and the first tantalum foil. In the study of the decay

27

of “'Si, an aluminum cylinder replaced the rabbit shown in the

38K decay, the target, BaC]2

figure. Finally for the study of the
evaporated on a tantalum backing, was hand transferred as the half-
life was sufficiently long for manual transfer.

(See page 21.)
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FIGURE 6

Relative gamma-ray detection efficiency of the 73 cc Ge(L1i)
detector for the geometry in Figure 4. Three curves are shown, the
highest for no lead separating the hutch and the detector, the
middle having 2.5 cm of lead separating the hutch and the detector,
and the lowest curve having 5.1 cm of lead. The three curves have
the same normalization, the scale along the vertical axis being in
arbitrary units.

Two effects are seen: the effect of lead absorbing gamma rays,
particularly those of Tower energy, and increased source-to-detector
distance. It can be seen that through the addition of Tead absorber,
the relative photopeak detection efficiency can be changed. When no
lead is used, .51 MeV gamma rays are 4 times as likely to be observed
as 2.0 MeV gamma rays. With 5.1 cm of lead separating the hutch
and the detector, the .51 MeV gammas are detected only 1/40 as often
as 2.0 MeV gamma rays.

The curves for the other Ge(Li) used, a 50 cc detector would
be similar, but would have a slightly steeper slope for the higher

energy gamma raysS.

(See page 22.)
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FIGURE 7

Block diagram of electronics used in beta-~-decay studies. The
high voltage power supply provided bias for the Ge(Li) detector
(normally about 2400 V). The 60 Hz (line frequency) pulser provided
a convenient method to monitor dead time and to observe any gain
shifts. The preamplifiers are integral parts of the Ge(Li) detectors
and used low-noise FET inputs. The shaping amplifier was a Tennelec
TC-200. Other newer amplifiers were tried but did not give signi-
ficantly better resolution. Three different multichannel analyzers,
the RIDL 34-27, the Nuclear Data ND 160, and the Nuclear Data 4420,
were used. The sequence timers, either analog or digital, were used
to control the rabbit system and the multichannel analyzer. Also
the sequence timer controlled the timing of beam bombardment.

(See page 24.)
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FIGURE 8

Number of gamma rays per MeV per positron resulting from
annihilation in flight. The upper curve is for positrons annihi-
lating in tantalum, while the lower curve is for positrons annihilat-
ing in lucite. Using lucite as the stopping medium reduces the amount
of gamma radiation produced by positrons annihilating in flight, par-

ticularly at higher gamma ray energies.

(See page 34.)
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FIGURE 9

Percentage of missed annihilation radiation due to annihi-
lation in flight as a function of positron endpoint energy. The
curve shown is for positrons annihilating in lucite and is based
on the theory described in the text (p. 34.) The cross repre-

sents the percentage lost for positrons annihilating in tantalum.
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FIGURE 10

19 19 19

Energy level diagram for “F and “Ne. A1l levels in °F
for which beta decay is energetically possible are shown., Only two
of these levels, however, can be involved in allowed beta transi-
tions, the ground state and the state at 1.554 MeV. The branch to
the ground state of ]9F is well known, but the branch to the 1.554

MeV has not been seen. This branch was the object of the search.

(See page 38.)
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FIGURE 11

Delayed gamma ray spectrum following proton bombardment of
PbFZ. Only the 511-keV gamma ray has the half-life corresponding to

]gNe decay. The other gamma rays result from (p,n) reactions on 14

N
(trapped in the PbF, powder), Pb, and stainless steel (the rabbit
hutch in the target room). The gamma ray corresponding to the decay
of the 1554-keV level would be at 1357 keV.

(See page 40.)
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FIGURE 12

Expanded view of Figure 11 around the region where the
expected 1357-keV gamma ray from the decay of ]gNe should appear.

The peak at the Tleft is the second eécape peak of the 2313-keV gamma

14

ray produced in "0 decay, while the peak at the right is the 1434-

keV photopeak from the decay of 52Mn*. No indication of a peak is

seen at the channel corresponding to 1357 keV.

(See page 41.)
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FIGURE 13

Energy level diagram for 23Na and 23Mg. A1l levels below

3 MeV are shown. The branch to the 2391-keV level has not been

previously reported.

(See page 43.)
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FIGURE 14

Gamma ray spectrum following 23Mg decay with NaF as the
target material and 2.5 cm of Tead separating the Tucite hutch
and the Ge(Li) detector. fhe 0.44 MeV is clearly seen in the
hollow between the 0.51 MeV photopeak and the Compton edge. Also
seen is the ground state decay and cascade decay through the 0.44
MeV state of the 2391-keV level. The beta branch to the 2391-keV

has not been previously reported.

(See page 45.)
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FIGURE 15

Gamma ray spectrum following 23Mg decay with
NaZWOu as the target material and no lead between
the lucite hutch and the Ge(Li) detector, Gamma
rays at 0,44 and 0,51 VeV are seen, This is the
first spectrum of four time groups that were taken.
The backscatter peak is large since a lead brick
was placed behind the lucite hutch to reduce back-

eround annihilation radiation,

(See page 46,)
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FIGURE 16

Energy level diagram for 27Si and 27A1. The Tlevels below
3 MeV are shown, The branch to the 2734-keV level has not been
previously reported.

(See page 49.)
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FIGURE 17

Gamma ray spectrum following 27Si decay with 3.3 cm of
lead separating the Ge(Li) and the lucite hutch. Gamma rays
depopulating states at 1014, 2211, 2734, and 2981 keV are seen,
Both the ground state decay and cascade decay through the 1014-
keV level for the 2734-keV level are seen. The beta branch to

the 2734-keV level has not been previously reported.

(See page 51.)
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FIGURE 18

Energy level diagram for 37Ar and 37K. The only levels

shown are those below 2.80 MeV and those levels which could par-
take in allowed beta transitions. The three beta branches

shown are known from previous work. No branch has been reported
to the 1/2+ state at 1.41 MeV. This branch was the main object

37

of the study of “ 'K beta decay.

(See page 55.)
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FIGURE 19

Delayed gamma spectrum following 10 MeV proton bombard-
ment of Ca. The sources of the gamma rays seen in this figure

are given in Table 10, The gamma rays of interest in the beta

decay of 37K are the 2796 keV and 3605 keV. A gamma ray is

expected at 1410 keV, corresponding to the allowed decay to
that state. Not seen in the figure, because of the scale

chosen, is the 1611-keV gamma ray. The source of this gamma

37

ray (which depopulates the 1611-keV state in “"Ar) is believed

to be a previously unreported gamma branch of the 2796-keV Tevel

37

rather than a beta branch from ~ 'K,

(See page 57.)
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FIGURE 20

Energy level diagram for 38Ar and 38K. The only Tevels

shown are those below 3.94 MeV and those levels which could

38K. Other Tevels have

partake in allowed beta transitions from
been omitted for clarity. The two beta branches shown are known
from previous work., The object of this work was to find the
remaining allowed branches.

(See page 62.)
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FIGURE 21

3%

Gamma ray spectrum following the decay of “"K. This

figure displays only those gamma rays following the ground
state decay, as the lifetime of the isomeric state of 38K is
short compared to the manual transfer time taken to bring the
target to the Ge(Li) detector. The two photopeaks at 2167 and

3937 keV have been previously reported. No new beta branches

were inferred from these data.

(See page 64,)
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FIGURE 22

39 39

Energy Tlevel diagram for ““Ca and ““K. A1l levels below

4,10 MeV are shown, although not labelled. The only levels

which are labelled are those which can partake in allowed beta

Q
transitions in the decay of 3JCa. The only branch known is

39

the mirror transition to the ground state of “7K.

No new branch was found in this work.

(See page 67.)
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FIGURE 23

Gamma ray spectrum following 39Ca decay. Only the
annihilation peak can be ascribed to 39Ca decay. The other
peaks are from background radiation and contaminant-produced
radiation. Little strength is expected for the non-mirror
decays because of the hole in the doubly magic 4OCa core

39

structure of ““Ca.

(See page 67.)
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FIGURE 24

Comparison between experimental and theoretical values
for Tlog ft for the decays studied. The theoretical values
are taken from the compilation of Lanford and Wildenthal (1973)
and the experimental values from Tables 4, 8, 12, and 14, Values
for ]9Ne and 390a are not shown since they involve only mirror

decays. Each decay is shown by a separate symbol as defined in

the upper left corner. The abscissa, ftex
|2

p/ftth s 1S propor-

tional to IMth|2/ |M where M is the nuclear matrix

exp
element.

Except for a few decays the theoretical values agree

quite well with experiment. The exceptions are the 2781 decay

27

to the 1.01 MeV state in ““Al (the transition being 250 times

weaker than predicted) and the 37K decay to the 1.41 MeV Tevel

in 37Ar (the transition being at least 3 times weaker than pre-

dicted) and the 37 37

K decay to the 1.41 MeV level in “"Ar (the
transition being at least 3 times weaker than predicted.) The
transition to the 2.796 MeV level in 37Ar from the 37K is pre-
dicted to be 3 times stronger than experimentally seen, this
representing the worst remaining case.

(See page 69.)
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FIGURE 25

The front panel of the digital sequence timer. The

timer is described in Appendix A.

(See page 72.)
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PART II

COMPARISUN OF EXPERIMENTAL REACTION
CROSS SECTIONS WITH THE HAUSER-FESHBACH MODEL
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I.  INTRODUCTION

Not only are concepts 1in physics probed and checked by experi-
mental measurements, but also the data from such measurements often
prove useful to problems in other fields. The determination of nuclear
reaction cross sections is an example of such measurements. The cross
section data provide part of the necessary input information for calcu-
lations of stellar evolution and nucleosynthesis. Similarly, the rates
of energy production from thermonuclear reactions, together with the
associated radiation damage effects, rely upon such information.

Measurements at the Kellogg Radiation Laboratory have provided
many of the cross sections needed for nucleosynthesis calculations,
especially those concerned with hydrogen, helium, and (recently) carbon
burning. Also recently a program has been started to measure cross
sections which may be important in energy production using "exotic"
thermonuclear reactions (i.e., reactions other than d+d or dtt).

However, the demand for cross section data is growing faster
than the rate at which experimentalists can produce the needed numbers.
In many cases, cross sections are wanted that cannot be readily measured
in the Taboratory using available techniques. For example, astrophysi-
cists have long asked for cross sections at energies so low that it
would take years, or in some cases millennia, to perform the measure-
ment. Also, information is now required for cross sections on nuclei
which decay in seconds or less. HNuclear engineers want information
concerning damage and gas production rates by neutron-induced reactions

occurring during fission and fusion processes, yet such information is
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difficult to obtain because of the Timited number of neutron beam faci-
lities. Thus a theoretical method must be constructed to predict cross
sections accurately.

This part of the thesis will describe such a theory: the statis-
tical model of nuclear reactions. Although the model was first
discussed 40 years ago by Bethe, it is only recently with the introduc-
tion of computers having large memory units and fast computational units
that cross sections can be accurately and quickly predicted. Section II
will describe the statistical model and examine the various concepts
underlying the theory. At the end of this section, a computer coding
for this model is described. Section III describes the experimental
measurement of several reaction cross sections, the results of which are
discussed in Section IV and compared to the predictions of the statis-
tical model in Section V. Finally, Section VI summarizes the state of
the statistical model of nuclear reactions and suggests further abp]i-

cations of its use.
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II. THEORETICAL CONSIDERATIONS
A. Introduction

This section will present the basic theory of the statistica]
model of nuclear reactions and examine the various components, such as
level-density parameterization and transmission coefficient calcula-
tions, which are needed if the theory is to produce numbers. At the
end of this section the computer code used to perform the statistical
model calculations is given.

An excellent discussion of nuclear reactions and the theories
which attempt to explain them may be found in the book by Hodgson (1971),
Nuclear Reactions and Nuclear Structure. The model that will be des-
cribed here is often known as the Hauser-Feshbach (1952) model after the
authors who first introduced angular momentum constraints into the
calculation. Wolfenstein (1951) anticipated the work of Hauser and
Feshbach, and occasionally the model is referred to as the Wolfenstein-
Hauser-Feshbach model.

When a projectile interacts with a nucleus, either it scatters
elastically or reacts. Following absorption, the projectile may

quickly (in the time it takes to transverse the nucleus, %10_21

sec)
interact with one or more nucleons, and these particles, as a group or
individually, may leave the nucleus. However, the projectile may in-
teract with the nucleus as a whole (with the many nucleons quickly
sharing the incoming projectile's energy) and a Tong-1lived (10—18sec)
state may form. This so-called compound-nucleus state then decays into

one of many possible channels. The two processes, direct and compound,
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are obviously extreme cases. Often, however, a nuclear reaction can
pe considered as proceeding by one mechanism or the other.

Direct reactions depend strongly on the nature of the initial
and final wavefunctions. These may vary considerably from nucleus to
nucleus because of shell effects and nuclear deformations. At Tow
energies compound nuclear reactions are also unpredictable because of
the presence of resonances whose properties vary in energy and from
nucleus to nucleus. However, at moderate energies the resonances over-
lap and a statistical analysis can be applied to the nuclear properties.
Experimental evidence shows that compound-nucleus formation usually
predominates at low and moderate energies (up to~15 MeV for nucleon-
induced reactions), and direct reactions are more important at high
energies. However, the possibility of significant direct reaction

contributions at low energies must be considered in many cases.

B. Statiética] Model of Nuclear Reactions
1. Elementary Approach

In its most elementary form, the statistical model involves three
assumptions:

1. That all matrices describing the reactions are unitary.
This follows from the conservation of flux. It is also
assumed that direct reactions play a negligible role in
the reaction.

2. That time-reversal invariance holds. Unly for the weak
interaction does evidence exist which contradicts this

assumption, but weak interactions play no role in the theory.
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3. That within the energy averaging interval there exist
enough states of the proper spin and parity that a

statistical treatment will be valid.

The third assumption is the most tenuous; however, it forms the
basis of the theory. Such a statistical approach to the decay of the
compound nucleus state is analogous to Bohr's (1936) hypothesis that
the compound nucleus decays independently of its formation (amnesia
assumption). In later parts of this section, modifications of the
third assumption will lead to slightly different results from those
derived immediately below.

In the treatment of Friedman and Weisskopf (1955), the scatter-
ing cross section Oag from entrance channel o to exit channel 38
- is expressed in terms of the U (or collision) matrix as
z

ﬂ?&a

- 2
OOtB = (ZIOL]+])(ZIOL2+Ty JTZr (2J+]) la(xB = UOLBI (])

where ka is the reduced wavelength (4 divided by the center of mass
momentum of the incident projectile), J"™ is the spin and parity of the
compound nucleus state, and I“i is the spin of particle i 1in the
entrance channel. The presence of resonances will cause strong fluc-
tuations in the cross section as the energy is varied. Thus the col-
Tision matrix is represented as the sum of an average part U which
does not vary with energy over the energy average interval and a fluc-

tuating part U which may vary appreciably with energy but which is

assumed to average to zero over the averaging interval; thus
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~

Yag = Yap ¥ Usg (2)
witn

_&B = <Ua8> = constant (3)
and

<Ga5> = 8 (4)

After averaging over the energy interval, equation 1 becomes

g7 m xé (2d+1) 7
g, = & =
5"t M, e el

- %2

2

N2
v <[0,0%) (5)

P

The first term, ]GQB— UOLBIZ , corresponds to direct reactions and is
usually neglected in this theory. If the direct reaction component is
known, however, it can be added to the compound nuclear component cor-
responding to the second term <{UQB|2> . There is no interference
term since the fluctuating part DaB of the collision matrix is as-
sumed to average to zero.

By hypothesis, the compound-nucleus decay is independent of the

mode of formation, which implies that the cross section for the reac-

tion can be written as a product of two factors,

0y = 1 ogt (3M) - Py (37 (6)

ap I

where ogN(J“) is the cross section for producing the compound nucleus
naving spin J and parity 7 and where PB(JW) is the probability
that the compound nucleus will decay into channel g . The summation

over spin and parity is necessary since the compound nucleus must obey
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the conseryation laws of angular momentum and of reflection (as well
as energy). The cross section for forming the compound nucleus (noting

that g PB(JW) =1 for each J™) 1{is just

B
g
: x°- (2d+1)
Cil 04 = 2
g =) e, = L <[Uygl™> (7)
a 5 aB (21a1+1)(21a2+1) g aB
By using the unitarity assumption,
x - - - S
<% b gl e =1 —<<§ (Ugg * Ugg) (Uyg * Ugg)? (8)
and noting that equation 4 implies tnat the sum over u is zero, the

aB
cross section for compound nucleus formation can be written as

2 = @
X (2d+1)(1 - Y |U )

CN _ ! ;ﬂ % I QBI (9)
% ~ (21u]+1)(21a2+1)

It should be noted that the direct reaction matrix element (UGB)

predicts the cross section for the formation of the compound nucleus.

The transmission coefficient T
- w 12
T,=1-7 [0, (10)
B
expresses the loss of flux. Thus the formation cross section for the

compound nucleus can be written as

mé T (20+1) T
Ci J"
o (11)

o
(21a1+])(21a2+])

To find the probability P, that the compound nucleus will decay

B
into channel B , time reversal symmetry is invoked for each spin and
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parity,

m 'lT
M - )
o 88

where the circumflex over the letter implies the time-reversed state.

(12)

Rewriting equation 12, we obtain

TP, =T P (13)
o B B &

But this is true for all channels so

P PB
Tg~= T = constant = A (14)
- B

But
Z P/\ = '1 = >\ z T (]5)
~ o o
o o

R P, =ATa=T T 6

wnere the sum over vy is a sum of all channels to which the compound
nucleus may decay. Combining equations 11 and 16, the cross section for

the reaction o> is
2
™ %a aT

%ug ~ L, L) o @21 g7 (17)

-
™>

==

The circumflex over B 1is usually not explicitly included although it
is indeed thne transmission coefficients for the time-reversed channel
that are needed.

| Thus to calculate the reaction cross section (neglecting direct

reaction contributions or including them separately) one must first
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calculate the transmission coefficients and do the proper sums. As can
be seen from equation 10, the transmission coefficients are obtained
from the direct collision matrix elements for elastic scattering. It
should be remembered that the elastic scattering process consists of the
direct process (U) and the compound (D) . Thus when transmission

coefficients are obtained, the effect of compound elastic scattering

must be calculated if the true value for Tl is to be obtained.

C. Improvements to the Elementary Theory
1. Initial Comments

As noted above, the most tenuous assumption in the statistical
model is the assumption that the compound nucleus forgets how it was
formed. If the number of states in the compound nucleus is not suffi-
cient then nuclear properties may play a dominant role. This can be
clearly seen if the above derivation is carried out using explicit states
in the compound nucleus as was first done by Bethe (1937). Depending
upon the formalism used, energy averages over the states in the com-
pound nucleus are taken, but the form of the scattering matrix is very

reminiscent of summations over Breit-Wigner (1936) forms,

v L ) (18)

g"
E~E_+ 1" /2
Y

where FaJ is the partial width of the compound state +y having spin

and parity J"  for decay into channel o , EY is the energy of state

i1
Yy , and FJ is the sum of Fiﬂ. If equation 18 is now averaged over



-178-

an energy interval, the cross section becomes

2
™ I'T
_ o, 21 o B
0., = y o (20+1) t—< > (19)
af (21a1+1)(21a2+1) 4m DJ1T T g7

where D ﬂ is the mean spacing between states in the compound nucleus
J

having spin and parity J™ and the energy average is done for each

J" . In order to obtain an equation similar to equatidn 17, one assumes
that

I < > <. >

a B _ Q B

and notes that for small values of TI/D , most models give (Moldauer

1967, 1968 and 1969)
T = g (@)

Using equations 18, 19, 20, and 21, one obtains equation 17, the expres-
sion normally used to calculate compound nuclear cross sections when
averaging over many resonances (or compound nuclear states).

In most applications, the correlations between widths are
neglected (i.e., equation 20 is assumed to be valid) and the relation-
ship (equation 21) between T and T/D 1is assumed to hold for all
values of TI'/D . If a justification is attempted, an appeal is made
that there are enough Tevels so that the properties of any particular
level are averaged out and that any second-order terms in the deter-
mination of T are unimportant. Any shortcomings in the theoretical
predictions can usually be attributed to the presence of a significant

direct-reaction component or the uncertainty in the parameters of the
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calculation.

2. Work of Moldauer

The statistical model of nuclear reactions has received careful
scrutiny in recent years by Moldauer, who in 1964 published a detailed
consideration of the model.

Instead of assuming equality in equation 20, Moldauer introduced

WOL5 , the width fluctuation correction,
TT 2T 3T
0B, "0 "B
WOLB < = >/ o (22)

This correction can be calculated once a distribution for the widths of
the levels in the compound nucleus is determined. Since for most reac-
tions the excitation energy of the compound nucleus is quite high
(greater than 10 MeV), the Tevels in the compound nucleus may be
imagined to be superpositions of very complicated configurations. The
amplitude y of a level is thus the sum of a large number of random
variables, both positive and negative. Thus using the theory of errors,

the distribution of <y 1is a Gaussian distribution,

1 1
P(y) dy = — -—L)d (23)
! e s

The amplitudes are related to widths by

I o= 2py°

where P 1is the penetrability. Defining x = I'/<I'> equation 23

becomes a Porter-Thomas (1956) distribution,



(25)

It should be noted that Rohr and Frieland (1967) have shown that the
Porter-Thomas distribution describes the low energy neutron resonances
for 52Mn quite well. As the total width T 1is the sum of the partial
widths, its distribution is that of the sum of the squares of n quan-
tities (n being the number of partial widths), the factorial distribu-
tion for (n/2)x ,
_ 1 n
Pn(x)dx X (?-nx) e ~ dx (26)
(?-- 1)!

Substituting this result into equation 22, the width fluctuation cor-

rection becomes

2% T, =l 2x T8 -1
Wy = (1+268) f (M=) (O t—7)
0 C c

2X T -1/2
* 1. (1+—§—TC—1) / dx (27)

Equation 27 assumes that T=2nI'/D for all values of I'/D . The inte-
gral of equation 27 can be evaluated analytically only for j <2 . If
a # B8 then waB is always less than unity. As noted by Satchler
(1963) since the total cross section must remain the same, W, 1is
greater than unity. As the number of available channels increases NaB
pecomes independent of the entrance and exit channels and approaches

unity.
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Moldauer has also considered the relationship between the trans-
mission coefficient and T/D (equation 21). He concludes (1967, 1968
and 1969) that

T = 1 - exp(2nT/D) (28)

27A](p,a)24Mg) show that if

However, Shaw et al (1969) (considering
the standard expression for the cross section is used (equation 17),

the agreement is better than if transmission coefficients of the form
of equation 28 are used, even though TI'/D is large. As Shaw et al
point out, T may not be related to any physically observable quan-
tity. Hence at high energies, the question may not be whether T/D

is small enough for the theory to successfully predict cross sections,
but rather if the contributions from direct processes which are ignored
in the treatment are significant.

A final note of caution should be added concerning the correc-
tions (Was and T dependence on TI/D) introduced by Moldauer. Any
cross section calculated using the statistical theory of nuclear reac-
tions is very dependent upon the parameters used to determine the
transmission coefficients., These coefficients are derived from elastic-
scattering experiments after the compound-nuclear contribution has been
subtracted. If one uses the Moldauer corrections, then to be consis-
tent one should include those corrections when the transmission coef-

ficients are determined. This is rarely done.

3. Work of Weidenmuller
Engelbrecht and Weidenmuller (1973) have shown that using general

properties of the S-matrix such as analyticity and unitarity, equation
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17 (the defining equation for the statistical model) can be consis-
tently derived from a pole expansion of the S-matrix only when all the
transmission coefficients are small. But as noted above, equation 17
or its modification by Moldauer continues to be used. Tepel, Hoffmann,
and Weidenmuller (1974) attempt to justify such use by computing cross
sections numerically from a random-matrix model which ignores any
direct reaction contributions. It should be stressed that their ap-
proach is a Monte-Carlo calculation and not an analytic derivation.
They find that the Bohr assumption of independence of the decay of the
compound nucleus is borne out for the inelastic channels, while a
width fluctuation correction W, must be applied for the elastic
channel, They find that the width fluctuation correction depends only

on the one channel,

_ 1/2
W, = 2/(1 + T ) (29)

The transmission coefficients are slightly mddified,

T B Ta,d = TQ,J[1 + TaJNJ/ZCTCJ] (30)

Oty J

but they note that the form of the predicted cross section is similar

to the classical expression

™ xi gﬂ(2J+1) T 78

O ol
aB ] B
(21u1+])(21a2+]) G

wa) (31)

In the 1imit of many competing channels, the modification to the
transmission coefficients goes to zero and the classical expression
15 obtained. Tepel, Hoffmann, and Weidenmuller note that their

formalism fits their numerical "experimental" data better than the
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formalism of Moldauer. There has been too 1ittle time since publica-
tion for experiments to check whether the formalism of Tepel et al is
more effective, However, it is much simpler to use than the modifica-

tions of Moldauer and may prove successful.

D. Level-Density Parameterization

1. Initial Comments

For any given reaction it is usually possible to populate many
different states in the residual nuclei. Unfortunately, only a small
number of these are of known energy, spin, and parity. Somehow the re-
maining levels have to be included in the calculation. For low-energy
bombardment the dependence on such a parameterization is usually small
since the residual states have known properties. However, at higher
incident energies the need to invoke some general formalism to represent
the Tevel distribution can result in considerable uncertainty in the

cross section calculation.
2. Spin Dependence

Not only is the number of levels per MeV needed, but also the
distribution as a function of spin and parity must be known. Following
the treatment of Bethe (1936,1937), the spin J of a level (as also
its z component M) is conceived as being composed of the initial angu-
lar momenta ji (z component mi) of the constituent particles of which

n are excited. It is further assumed that for each ji s M. may have

3
any value between -ji and ji with equal probability and that the

density of states can be factored into two terms,
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o(E*,M) = P(M) p(E¥) (32)

where P(M) depends only weakly (if at all) on the excitation energy
E¥ . Since the number of states having a net spin J is the differ-
ence between those states where M =J and those where M = J+1,

then the density of states becomes

o(E*,d) = p(E*) [P(M=J) - P(M=J+1)] (33)
or
£*,J) = 9 (E*
o( ) = I _— p(E™) (34)

since it is expected that P(M) varies slowly with M . To evaluate
the derivative, the functional dependence of P(M) must be known., It
is assumed that P(M) has a normal distribution (which is plausible

when many of the individual constituent nucleons are excited),

P(M) = z———%377?-exp(-M2/202) (35)

2mo

The variance 02 (known as the spin cutoff parameter) can be calcu-
lated from the value of <m1.>2 if some model for the nuclear struc-

ture (such as the shell model) is assumed,

02 =0 <> (36)

Jensen and Luttinger (1952) have shown that <m1.>2 is proportional to

A2/3 by considering the succession of states in the shell model. The

number of excited nucleons (n) is usually obtained by considering the
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nucleus as a Fermi gas (see subsection 3), where n becomes propor-
tional to (E*)]/2 A. The constant of proportionality depends upon
which paper is consulted., Although the parameters in the level den-
sity formula, o(E*) , are determined by experiments which normally do
not determine the spin dependence, inconsistencies can result if 02

and the level density parameters are inferred from separate investi-

gations. By substituting equation 35 into equation 34, one obtains

2
p(E*,0) = ~—1§%;%)-7§ exp[- igi%l-J o (E*)
o

(8m) o (37)

Although equation 37 is expected to hold at high excitation
energies where many configurations enter into each level, significant
deviations can occur at low excitation energies. Firstly, the spins
and parities of low-lying levels will be largely determined by the
shells near the valence nucleons. Particularly, the numbers of even
and odd parity states are usually unequal. Secondly, rotational bands
will be built on the 1owest-1ying states. Neither effect is included

in equation 37.
3. Energy Dependence

Most treatments of level density follow the work of Bethe (1936,
1937). The treatment given below assumes certain standard relations
from statistical mechanics; for their derivation and justification, see
a text on statistical mechanics such as ter Haar (1954).

A grand canonical ensemble is used to represent the nucleons

inside the nucleus,
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n(o,B8,8) =) ) ) \0 exp(oZ + BN - 6k) (38)
N Zk

where 1 is the multiplicity of the nuclear enerqgy level E Z

K>

is the proton number; N the neutron number; o, B, and 6 are
Lagrange multipliers. 6 will, of course, turn out to be 1/kT where

k is the Boltzmann factor and T the nuclear "temperature". Replacing
the sums by integrals and introducing the level density o(E,Z,N),

n(c,B,0) can be written as
n(e,8,0) = f o f dN f dE p(E,Z,N) exp(aZ + BN - 6F) (39)

Since the integrand is assumed to be sharply peaked, the method of

steepest descents can be used to approximate n ,

1/2
n(850) ¥ p(E,Z,N) explaZ +8N - 6F)[- T £ 20 38 (40)

Moreover, the entropy S 1is related to the grand partition function
n by
S/k = 2n n(a,B,6) - oZ - BN + 6E (41)

Thus the density of states can be written as

3
o(E,Z,N) = e5/K [o T 3Z 3N 3E4-1/2

(42)

The level density can thus be found if some model for the
nucleus is assumed by calculating the entropy S and the needed der-
jvatives. Ter Haar gives three examples: the non-interacting particle

model, the independent particle model, and the fluid drop model. Only
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the first case will be included here, as the non-interacting particle
model is the model normally used for calculating nuclear level densi-
ties. For a detailed derivation of this case, see the appendices in
Gilbert and Cameron (1965a).
The nucleus is considered as a highly degenerate Fermi gas of
two components, protons and neutrons. The number of "proton" (or

"neutron") levels in this gas is

3/2 _ .-3/2

Z v alkT) 06 (43)

The relationship between the excitation energy, U , and the nuclear
temperature 1is

2

U = E-A = a(kT) (44)

where A represents, in some sense, the zero point energy and not nec-
essarily the ground state energy.

Thus using the relationship among energy, temperature, and

entropy,

S/k = J G50 do = J o (45)
the entropy becomes

s/k = 2(au)/? (46)

Using equations 42, 43, 44 and 46, the density of states is thus propor-

tional to
o(E) « U* exp[2(au) /2] (47)

If the proper normalization is included and the density of spins from

equation 37 is inserted, then the most commonly used expression for the
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density of states as a function of energy, spin, and parity is ob-

tained,

2341 exp[2(aU) /% - 3(3+1) /(262 ]
(E,J) =
i 247 o° a'/* u/%

Different models will give different energy dependences. However,
practically all efforts to determine empirically the nuclear-Tlevel
density have used equation 48,

Currently three parameterizations for the parameters a, EO , and
02 are in vogue: Gilbert and Cameron (1965a), Facchini and Saetta-
Menichella (1968), and Dilg, Schantl, Vonach, and Uhl (1973). The
early parameterization of Newton (1956) has fallen out of use, as it
was based on very early experimental data. The parameterization of
Vonach and Hille (1969) has been superseded by the more recent work of
Dilg et al for A > 40 .

A11 the workers find that for the best fits to experimental data
the effective excitation energy U (as defined in equation 44) does
not correspond to the actual excitation energy but must be shifted.
Each parameterization uses data from s-wave neutron resonances and, in
some cases, low energy proton resonances. (None of the parameteriza-
tions attempts to fit experimentally known levels, even though informa-
tion for some nuclei seems complete to energies greater than the
resonance information used.) After obtaining fits to as many nuclei
as possible, the parameters were smoothed and were themselves fitted
by a simple expression., The work of the three most-cited parameter-

izations will be discussed next.
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4., Gilbert and Cameron (1965a)

Gilbert, Chen, and Cameron (1965b) found that for excitation

energies up to about 10 MeV for Tight nuclei (Z < 30) the level density

p(E) = %eXP[(E-EO)/T] (49)

fitted the data well, where EO and T are parameters independent of
energy. Since T does not depend upon the excitation energy, this
Tevel density is known as the constant-temperature formula. From the
data in Huizenga and Katsanos (1967) for nuclei in the iron region, the
constant temperature formula does indeed do well for low excitation
energy. Thus Gilbert and Cameron use equation 49 for Tow excitation
energies and equation 48 at high excitation energies. The matching
energy EX is chosen so that two level densities merge smoothly into
each other. The shift of the effective excitation energy is taken to be
due to pairing effects. Gilbert and Cameron use the pairing corrections

of Cameron and Elkin (1965 ) and define A as
A = PZ(Z) + PN(N) (50)

where the pairing energies P were determined by fitting the ground
state masses with a liquid drop formula and requiring PZ(odd Z) =
PN(odd N) = 0 . The parameter 02 is taken from Jensen and Luttinger
(1952)

2 273

o~ = 0.0888 akT A (51)

Using equation 48, the values of Ao and 02 as given in equatioﬁs 50
and 51, and experimental data near the neutron separation energy, the

level-density parameter a is determined. Then by requiring a smooth
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transition into equation 48, the parameters Eo , T 4 and EX were

determined. They find that

1

a=(0.142 + W) A MeV~ (52)
E, = 2.5 + 150/A + PZ(Z) + PN(N) MeV (53)
T = (/)2 2 1.5/x Mev (54)
E, = E, - T an(TY) Mev (55)

where W 1is a small correction due to shell effects, X = 2,5+ 150/A =
Ex - PZ(Z) - PN(N), and Y is from equation 48 evaluated at EX : 1P
should be noted that a different set of expressions for the parameters
is given if the nucleus is deformed. Neglecting the shell corrections

and only considering undeformed nuclei, the spin cutoff parameter becomes

0% = 0.0126 kT A%/3 (56)

5. Facchini and Saetta-Menichella (1968)

Facchini and Saetta-ienichella use only the Fermi gas formula
of equation 48, They adopt the shift (A) in excitation energy pro-
posed by Gilbert and Cameron (equation 49) but use a different value
for the spin cutoff parameter. Citing the work of Lang (1966), they
use

2 2/3

o° = 0.143a kT A (57)

Having fitted the experimental data, Facchini and Saetta-Menichella
find

a = 0.133A Mey™! (58)
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and hence
o% = 0.0290 k1 A3 (59)

6. Back-Shifted Fermi Gas Formula

As noted above, an effective excitation energy must be used in
the calculation of level densities. Gilbert and Cameron (and others
using their shift functions) obtain their shift functions from know-
ledge of the ground state masses. However, as pointed out by Gadioli
and Zetta (1968), the ground state has no such importance; rather the
shift functions should be determined by the observed level densities.
Thus one obtains shift functions which are shifted downward (or "back-
shifted") from previous parameterizations.

Dilg et al (1973) use equation 48, the conventional Fermi gas
formula, but treat both a and A as free parameters. Dilg et al
follow the work of Lang and LeCouteur (1954) who define the effective

excitation energy in terms of the nuclear temperature as
U= a(kT)? + kT (60)

instead of the expression shown in equation 44. In practice this dif-
ference has little effect in the calculated-Tevel densities but does
slightly change the value of the parameters. Dilg et al use a spin
cutoff parameter based upon the moment of inertia rather than on the
shell model,

513 (

o2 = kT 1/02 = 0.0150 A KT) (61)
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This value lies between the values of Gilbert and Cameron and of
Facchini and Saetta-Menichella. After fitting available experimental
data (s-wave neutron resonances and level counting at low energy),
Dilg et al ontain for the smooth behavior of their parameters for

40 < A < 63 ,

2.40 + 0.067 A MeV~! (62)

Q
1]

A= -130/A + P MeV (63)

where P is the pairing correction, taken from Kimmel et al (1966)

P(even-even) = 2q a1/2
) q = 12.8 MeV
P(even-odd) = q A 1/2
_1 p = 29.4 MeV
P(odd-odd) =pA (64)

7. Comparison with Experiment

There are very few  experimental data concerning level densi-
ties other than level counting at Tow energies, proton resonances, and
neutron resonances. However, recently much work has been performed
for nuclei around A = 60 . The level densities have been determined
from fluctuation widths in the cross sections (Katsanos et al 1970,
Kopsch and Cierjacks 1972, and Huizenga et al 1969); high resolution
elastic scattering (Lindstrom et al 1971, and Browne et al 1970); and
compound nucleus cross sections (Lu et al 1972a). These measurements
all tend to support the back-shifted Fermi gas formula. The actual
values for tne parameters a and A differ slightly, but the calcu-

lated Tevel densities closely approximate the experimentally derived
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level densities. Also Lu et al (1972b) have found that the spin cutoff

parameter is nearly the value used by Dilg et al,

o = (0.014 + 0.001) A%/3 (kT) (65)

E. Calculation of Transmission Coefficients
1. Introduction

The transmission coefficients, TR , could if sufficient data
existed be obtained from elastic scattering data as described in Sec-
tion B. However, this would have to be done for each energy desired
and is impossible when transmission coefficients are for unstable
nuclei.

An alternative is to use a potential which can generate the
transmission coefficients through the solution of the Schrodinger
equation. Several problems arise from this approach. The Schrodinger
equation for a projectile on a target is a many-body problem and the
potential between nucleons is not entirely understood. Instead of
using this many-body approach, a potential of few variables (and in
most cases only one variable) is used to generate the transmission
coefficients. Normally these potentials have parameters which are
adjusted to optimize the agreement between theory and experiment.

Such a potential may be based upon the shell model which 1is
generally able to account for positions of bound states in nuclei.
However, as shown by Bethe (1935) such a potential cannot account for
non-elastic cross sections. Serber (1947), in analogy with scattering

and absorption of light through a cloudy crystal ball, proposed a model
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which used a complex potential to generate a complex index of refrac-
tion. This and succeeding models which use complex potentials have
been known as optical models. Fernbach et al (1949) use the theory
to explain scattering and absorption of 90 MeV neutrons.

Many attempts have been made to justify the optical model.
Feshbach (1958) has provided an account which is too long to include
here. Starting with a potential between nucleons (but neglecting
antisymmetrization) Feshbach demonstrated that the nucleon-nucleus
potential has a complex, energy-dependent, and non-local character.
Although the potential can be calculated given the nucleon-nucleon
potential and the energy levels of the target nucleus, such a calcula-
tion is extremely lengthy and difficult.

Greenlees et al (1968, 1970a, and 1970b) take a more pragmatic
approach which seems to be able to account for the experimental data.

They propose that the optical potential should be of the form

where p(r) 1is the distribution of nucleons in the nucleus and
v(|r-r'|) s the nucleon-nucleon potentia]. This classical expression
is just the first term of the quantum-mechanically derived formulas of
Feshbach. Kidawaiand Rook (1971) have shown that equation 66 neglects
hignher-order processes in the interaction, the indistinguishability of
the nucleons, and the correlations of multiple scattering. However,
they show that these deletions have a negligible effect on the pre-

dicted cross section.
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Although the optical model has proven very useful, it has some
inherent Timitations. The model ignores most of the detailed features
of nuclear structure. The nucleus is treated as a blob of nuclear
matter giving rise to a potential of a certain radius and diffuseness
(compare equation 66). Thus the model is able to give the gross
structure of the scattering and features dependent upon single-particle
states but cannot give properties which arise from more complicated
configurations. In particular, the "quasi-elastic" scattering from the
ground state of a rotational nucleus to a member of the ground state

band is not predicted by the model.

2. Forms of the Optical Potential

Historically, the optical potential is expressed as a square
well because of the ease of solving the Schrodinger equation for this
form of the potential. The transmission coefficients can be expressed
as analytical functions of the depth (V0 + i wo) and the width R0
(Vogt 1968)

4nP, Im(SQ)
T =
LT oS Re(f) + P Im(f)R+[PRe(f)+s mm(f 2 ‘o7
geity 3 3 grelto)* s, )
Here Pg is the usual penetration factor,
P, = KR/[F2(kR) + GZ(kR)] (68)

where F2 and Gz are the regular and irregular Coulomb wavefunctions

respectively, R 1is the radius outside of which the nuclear potential

no longer has any appreciable effect, and k 1is the wave number at
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infinity of the approaching projectile in the center of mass. The

SQ are the usual shift functions of nuclear reaction theory,

rf, dF,/dr+ rG,(dG,/dr)
S = b 4 [k gt %y,

J (69)
N r=R

where bg are boundary-condition numbers determined by resonance
properties of the well.

It was found, however, that the sharp edge of the square well
gave too much "reflection". Michaud, Sherk, and Vogt (1970b) proposed
an equivalent square well which at low bombarding energies produces
the same transmission coefficients as potentials with more diffuse
shapes but retains the ease of calculation of the square well. The
depth and width of the potential are slightly changed and a reflection
factor, f, increases the transmission coefficient. When the transmis-
sion coefficients are much smaller than unity, they are given by

T2 = 4n PQ Im Sy f (70)

where the penetration factor and the strength function Sy

s, = [rr(dp/dripy] _p-mb, 17! (71)

are evaluated with the new depth and width. However, as the bombard-
ing energy increases equation 70 increasingly over-estimates the
transmission coefficients.

Most of the recent work has used the Woods-Saxon potential

(Woods and Saxon 1954),
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Vr) = 1= exp%(r—ro)/a] (72)

where VO is the depth of the potential, ry 18 the width, and a is
the diffuseness. This shape is generally used for both the real and
imaginary parts of the potential, although the value of the parameters
may be different. Some authors (especially for nucleon scattering) add
a surface-peaked absorption term. This term usually takes the form of

a derivative Woods-Saxon,

(r-r )/a

o |
(r-ro)/aJZ | (73)

VS =4a V,
[T+e
There is some evidence that the depth of the real potential
depends upon energy, charge (aside from the normal Coulomb interaction),
and 1sosbin. The energy dependence is thought to arise from a depend-
ence upon the kinetic energy of the nucleons inside the nucleus.
Thomas and Burge (1969) have shown that the potential depths which
describe proton scattering vary by more than 30% for energies from
10 MeV to 60 MeV. The dependence on charge arises because the poten-
tial is now energy dependent. This term has a slightly different
radial dependence than the Woods-Saxon form assumed for the main poten-
tial, but since this term is small, it is customary to replace it by
an equivalent form which has the Woods-Saxon radial dependence. The
isospin dependence can be seen from equation 66. If the protons and
neutrons have nearly the same distribution inside the nucleus,and the
nuc]eon—nuﬁ]eon isospin potential has the same radial dependence as

the non-isospin potential, then a term proportional to (N-Z)/A occurs.
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If the projectile and the target are charged, then the Coulomb

potential must be added to the real term. Although the exact charge
distribution of the nucleus should be used, Woods and Saxon (1954) and
alassgold and Kellogg (1957) have found the transmission coefficients to
be relatively insensitive to the nuclear charge distribution that is
assumed. Thus the potential from a uniformly charged sphere is
usually used,
¥ e2/r r> R
e (z2' €2/2R)(3 - r¢/R?) F 2 (74)
With the potentials described so far, the optical model is

unable to predict polarizations. The form for the spin-orbit part of
the potential is taken from atomic physics not only for its familiarity
but also because it can formally be shown to be appropriate (Fernbach
et al 1955, and McDonald and Hull 1966). Although nuclear spin
dependent terms might exist, Rahman-Khan (1966) has shown that no evi-
dence exists to warrant their inclusion.

Thus the transmission coefficients are obtained by solving

1 d,.2 2 e (241) )
r_ZT(r %\%) + %—rzﬂ [E - —E;n-—r—z—‘*‘ V(Y‘)] = 0 (75)

with

V(r) = Vc(r) " [Vv - VE Z/A - VS(N—Z)/A] f(r)

- W, g(r) - 1Ws h(r)

+ (Vg + M) (@°/m°ct) 3(r) (76)

SO

where
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V (r): the repulsive central Coulomb potential given by equation

c
74,

VV : energy dependent real part of the central potential,
Vv = VO + dVO «F ¥

VE : correction to VV due to charged particles experiencing
energy dependent potential;

VS : correction to VV because of the presence of isospin de-
pendent potentials;

wv : energy dependent imaginary part of the central potential

7 having Woods-Saxon radial dependence: wv = wo ¥ dwo s E 3

ws : energy dependent imaginary part of the central potential

peaking at the nuclear surface, ws = wsur + dws- E 3
- real part of the spin-orbit potential;
wso : imaginary part of the spin-orbit potential;

f(r) and g(r): Woods-Saxon shape of equation 71;
h(r) : derivative of Woods-Saxon, (-4a) dg(r)/dr ;

j(r) : Thomas potential shape, (df(r)/dr)/r .

Sheldon (1963) has shown that if the spin-orbit potential is neglected,
the transmission coefficients T2 are weighted averages of the spin

dependent transmission coefficients sz , where 3 = E + Z ;

Finally, especially for heavy-ion reactions where the projec-
tile can have a large fraction of the total mass, the so-called univer-
sal potentials are used. These will be described in the section

concerning transmission coefficients for heavy-ion reactions (Section

3e).
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3. Parameter Searches

a. Ambiguities

Even if the elastic scattering cross sections were known exactly
it is not in general possible to find a unique potential (Bargmann 1949a
and 1949b, and Gel'fand and Levitan 1951a and 1951b). Many authors (see
Cage et al 1973, for a recent discussion) have studied the causes and
consequences of ambiguities arising from inexact knowledge of scattering
cross sections. Both discrete and continuous ambiguities arise because
the incident particles are strongly absorbed, and hence only a few
partial waves having impact parameters near the nuclear surface contri-
bute to the elastic scattering.

The best known continuous ambiguity is the Vorg ambiguity,
where n s a constant normally about 2. Forest (1965) has investigated
this ambiguity for square well potentials. Another continuous ambiguity,
the woa ambiguity, has been investigated by Hentschel and Heinreich
(1970) and has peen shown to be associated with nuclear deformation.

Finally,

V(R.) = V0(1 4 exp(RX— Ro)/ar)_] = constant (77)

X

results from the fact that scattering occurs in a region around RX
and hence the potential is determined only around that region.

An interesting ambiguity is the discrete ambiguity associated
with the real potential. As tne real potential is increased the agree-
ment between theory and experiment pecomes alternately better and
worse. Austern (1961) has explained this behavior by using the WKB

approximation and showing that the number of half wavelengths increases
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by unity as one goes from one good fit to the next.
Very little information exists on the true shape of the nuclear
potential. Hence there is an ambiguity as to what shape the nuclear

potential (especially the imaginary part) should take.

b. Proton Potentials

A wealth of information exists on proton elastic scattering.
Hence there have been many systematﬁc attempts to obtain parameters
wnich yield fits to many reactions (Perey 1963, Buck 1963, Rosen et al
1965, and Becchetti and Greenlees 1969a). Using the potential de-
scribed in equation 76, the values for the parameters achieved in these
searches are shown in Table I. The search by Becchettiand Greenlees
being the most recent, incorporates the most data, 46 data sets of dif-
ferential elastic scattering measurements, polarization measurements,
and reaction cross section measurements. They also provide a table
showing how the fit improves (degrades) as various terms are added or
assumptions are made. They note that the most apparent discrepancy is
in the prediction of reaction cross sections for nuclei having masses
less than 90. However, these are the cross sections of interest here when
the statistical model of nuclear reactions is used. Perey and Perey
(1972) note that most of the data used in the analysis of Becchetti
and Greenlees come from measurements with incident proton energies be-
tween 30 and 40 MeV. They suggest that the analysis by Perey gives an

alternative set of parameters for incident energies Tess than 20 MeV.
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Another parameter set should be mentioned. Michaud and Fowler

(1970a) in their discussion concerning the calculation of cross sections

for astrophysical applications suggest Vv 50 MeV, wv =4 eV,

RV = Ry = 1.25A (target)]/3f, and a_, = a

v " 0.75 f. This set does not

result from a systematic fit to experimental cross sections but does
seem to do well.

In Figure 1 are shown the transmission coefficients for
2ya+p with 2=0,1,2,3,4 for E., = 0.1 MeV to 6 MeV . The
transmission coefficients were calculated by the computer program

described in Section 3f. The effect of the Coulomb and centrifugal

barriers is seen.
c. Neutron Potentials

A Targe amount of experimental data also exists for neutron
induced reactions. Perey and Buck (1962) and Schulz and Wiebicke (1966)
have obtained non-local potentials. However, since it is much easier
to solve the differential Schrodinger equation than an integro-
differential equation (which results from the use of non-local poten-
tials), these potentials have not been widely used.

Wilmore and Hodgson (1964) (with a revision by Hodgson 1967)
have obtained a local potential which is equivalent to the non-Tocal
potential of Perey and Buck. The parameters of this local potential
appear in Table II along with the parameters of Rosen et al (1965) and
Becchetti and Greenlees (1969a). Engelbrecht and Feidelberg(1967),
Gorlov et al (1967), and Aver'yanov and Purtseladze (1967) provide
systematic fits using a Gaussian shape for the imaginary potential.

Perey and Perey note the potential of Becchetti and Greenlees was
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derived without fully calculating the compound elastic contribution to
the elastic scattering cross section. Therefore they recommend for low
energies that the potential of Wilmore and Hodgson be used.

Michaud and Fowler (1970a) suggest that the same potential they
used for proton scattering (page 202) be used for neutron scattering,
although as can be seen from Table II, there are slight differences
petween the neutron and proton potentials derived by other authors.

In Figure 2 are shown the transmission coefficients for
23%g + n with 2=0,1,2,3 for Egy = 0-01 to 10 MeV. The transmission
coefficient for £=0 1is near unity even for very low incident ener-
gies. This is due to the absence of both the Coulomb and centrifugal
parriers. The other £ values are lower because of the presence of

the centrifugal barrier.

d. Light-Ion Potentials

Light ions in this context will be projectiles with
2 <A< 4 . Relative to nucleon scattering, Tittle effort has been
expended in achieving systematic potentials for these ions. Each of
these projectiles is strongly absorbed which suggests that the interac-
tion is confined to the surface region of the nucleus. Because of
this localization, the ambiguities described in Section 3a are ex-
tremely serious.

The deuteron has special problems for optical model analysis
because it is so loosely bound. The early analysis of Perey and Perey
(1963) is applicable below 25 MeV but should be used with caution

below 12 MeV (Perey and Perey 1972) since both the real and imaginary
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potentials tend to increase rapidly. The parameters of this potential,

which has been used extensively to calculate stripping reactions, are

V, = 81.0 - 0.22E + 2.0 z/al/3 MeV
W, = 14.4 + 0.24E HeV
_ 1/3 ) 1/3
R, = 1.15 A1/3 fm R, = 1.3¢ A3 fin
av = (0.81 fm aw = 0.68 fm (78)

3H and 3He scat-

The study of systematic parameter variation for
tering is still in a primitive state. Although some analyses have been
performed over a limited energy or mass range, only the unpublished
results of Becchetti and Greenlees (1969b) have included a large set of

data. The parameters of the 3H potential were deduced to be

V, = 136.4 - 0.17E + 55 (N-Z)/A MeV

W, = 41.3 - 0.33E + 63 (N-Z)/A MeV

R, = 1.2 A3 fm R, = 1.4 A3 fn

a, = 0.72 fm a, = 0.86 fm (79)

3

while the parameters of the “He potential were found to be

=
]

165 - 0.17E - 7(N-Z)/A MeV

=
1}

46 - 0.33E - 110(N-Z)/A MeV (80)

with the radius and diffuseness parameters as for 3H. The Coulomb poten-
tial is that of a uniformly charged sphere of radius Rv . It should be

noted that these fits are not unique. As for reactions induced by
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deuterons, reactions induced by 3H or 3He usually proceed through
direct reactions rather than by forming a compound nucleus.

No systematic search for potential parameters for alpha scatter-
ing has yet been performed. This is most likely due to the existence
of parameter ambiguities and because of the absence of low energy data
for many nuclei. Michaud and Fowler (1970a) in their discussion of
the applicability of the optical model to calculations of astrophysi-

cally relevant cross sections suggest

1.25 A3 + 1.09 fm

<
1]

60 MeV R

1]

=
1]

10 MeV a=0.50 fm (81)

]

Igo (1959a and 1959b) has shown that most of the interaction occurs on
the tail of the potential and on the basis of a limited data sample

suggests the tail should have the form
_ 1/3
V(r) = =1100 exp -(r-1.17A )/0.574 MeV
W(r) = -45.7 exp -(r-1.40A173)/0.578 Mev (82)
This is equivalent to a Woods-Saxon potential (for R = ].]7A]/3-Fro)
if

zn(Vv) -1.74 rs

7.00
gn(W. ) - 1.74 r_ = 3.82
R = 1.17AY3 + v fm

R, = 1.408173 + ¢ fm

for VV and wv in MeV, and r_. in fm .
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In fact, Igo uses Woods-Saxon potentials to fit reaction cross sections.

Tnese potentials can be fitted by the formulas

V, = 50 Mev

W, = 4.21 + 0.103A - 0.33(N-Z)/A MeV

R =117 873 +1.77 fn

a =0.576 fm (84)

McFadden and Satchler (1966) report good fits for elastic scattering on
numerous nuclei for 24.7 MeV alpha particles. However, they observed no

systematic trends and suggest that

<7
1]

185 MeV

=
n

25 MeV
R =1.4 A3
0.52 fm (85)

QU
1]

would be appropriate values tostart a search program for VV between 150
and 200 MeV. There is some evidence (Put and Paans 1974) that for very
nigh energy (E > 100 MeV) the real potential has an energy dependence
which is about a third as strong as for the nucleon real potentials.

2006 + 0 for &= 0,1.2

Figure 3 shows the transmission coefficients for
and 3 for Ecm =1 to 10 MeV. The Coulomb barrier is very significant

even though the atomic number of neon is relatively Tow.

e. Heavy-Ion Potentials

no global potential has been obtained for heavy-ion reactions.
This is not surprising as the target and the projectile often have nearly

tne same mass and the Woods-Saxon potential might not seem to apply.
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However, elastic scattering data can be successfully fitted through the
use of a Woods-Saxon potential (see, for example, Gobbi 1971, or
Reilley et al 1973).

In the absence of a general potential which describes a variety
of heavy-ion reactions with small systematic parameter variations, it is
often necessary to interpolate or extrapolate from known cases. The
compilations of Perey and Perey (1972 and 1974) will prove helpful.

Another approach is to use a universal real potential based upon
folding the nucleon-nucleon potential over the densities of the interac-
ting particles. Such an approach has been considered by many authors (Broglia
and Winther 1972, Meyers 1974, and Brink and Rowley 1974) and usually
results in a good description of heavy-ion scattering with reasonable
parameters. This method has the advantage of fewer parameters as no

imaginary component is developed.

f. Gamma Rays

Effective gamma-ray transmission coefficients are invariantly
calculated by using the single-particle estimates of Weisskopf (1951)

and introducing a normalization constant. Thus for E1 transitions,

H(ET)

= NO(ZH/D) r(ET)
gm

E
5.59 N p2/3 [ E% o(E,(d™") dE (86)
0

where N0 is the normalization constant, E* 1is the excitation energy

of the nucleus, (J")' are those spins and parity which are allowed to

take part in E1 transitions from a level having spin and parity g7
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Magnetic and other electric multipolarities can be similarly calculated,
although usually only the lowest multipolarities are used. Bollinger
and Thomas (1970) noted that better agreement with experiment can be
obtained if the exponent in equation 86 is changed from 3 to 5. This
is thought to reflect the Lorentzian-shaped giant dipole resonance
(when still on the low energy tail) which causes the transmission coef-
ficient to exhibit an energy dependence stronger than the Weisskopf
estimate.

Wecosley et al (1975) have made a study of gamma ray transmission

-

coefficients. They consider only E1T and Ml contributions and define

+ TM] (87)

T
where Tg] is the E1 contribution,

T (E%) = 3.48 x 10°% « sMR x GR
i J (£* - £)* p(E,3'™) aF
JU L OpER- £ - ERPTR 4 ERE(EY - B
* 4
+ y WE - Edisc) , (gl
discrete [(E*- E)% - ERZ]Z + GRE(E* - E)2

states

T
and Tﬁ] is the M1 contribution,

Y = 3.89 x 1077 / D
i1 ' 0

* * _ e 3 (! * _ ) 3 89
\JZH' J SRR S disc;ete i Ed]SC) Y

states
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where SMR is the fraction of the E1 sum rule (=0.22), GR is the

giant-dipole width (0.6 for either N or Z magic; 0.8 if N or Z is
within 2 units of magic, but neither magic; 1.2 if the nucleus is de-
formed; and 1.0 otherwise), ER is the giant resonance peak energy (35
A']/6), and Do is the M1 hindrance factor (20). The density of
states is the back-shifted Fermi gas formula (see Section II.B) with
parameters determined in a similar manner to Dilg et al (1973), except

that tne nuclear temperature is defined as
E*-a = U = a(kT)? (90)

By this method, they were able to predict within a factor of 2 (n,y),

(p,y), and (a,y) cross sections.

F. HAUSER™2: Computer Code to Calculate Nuclear Cross
Sections Using the Statistical Model

Although many computer codes exist which calculate cross sections
using the statistical model of nuclear reactions based upon the statis-
tical model ["Helene" (Penny 1965), "Statis" (Stokstad 1972), "Cindy"
(Sheldon and Rogers 1973)], a new computer program was written to in-
crease computation speed and include those features of interest in the
experiments described later in this thesis.

The code, designated HAUSER*2 (the 2 referring to the second ver-
sion), is based on the optical-model code of Fox (1973) and on the
statistical-model code of Stokstad (1972), “Statis". The program was
written for the CDC 7600 computer, but with minor modifications it can

be run on an IBM 360/370 computer.
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The advantage of the present code is its ability to compute trans-
mission coefficients and then interpolate between these values when
necessary. The lengthy process of computing the transmission coefficients
at each required energy and the memory consuming process of storing mul-
tidimensional arrays of the coefficients for later use are thereby
avoided.

The transmission coefficients are calculated by integrating the
Scnrodinger equation using Cowell's method (Cowell and Crommelin 1910,
and Fox and Goodwin 1949). The integration extends to a radius beyond
which the nuclear potential has no further effect on the wave function.
This distance is usually Tess than the classical distance of closest ap-
proach but is adjustable within the program. The transmission coeffi-
cients are then derived from the phase shift of the wave function (for
T2 > 0.0001) or by integrating the absolute square of the wave function
weighted by the imaginary part of the potential (for T&/g 0.0001). The
integration procedure is necessary for small Tz's as the phase shifts
become very small and one subtracts two nearly equal numbers to obtain
T2 . The code does not compute either transmission coefficients which
depend upon the channel spin (i.e., spin orbit terms in the potential
are neglected), or gamma ray channel Tz's. The transmission
coefficients have been compared with those calculated by "Helene" for
35C1 + g, 38Ar + p, and 38K + n for energies between 0.1 and 10 MeV.
The two programs yield values in agreement to better than one percent.

The cross sections are calculated according to equation 17. The

angular momentum coupling and parity are correctly included for
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particles of any spin. The maximum allowed angular momentum in the
compound nucleus is 32 and the maximum orbital angular momentum in any
reaction channel is also 32. Both of these Timits can be changed by
changing the dimensions of appropriate arrays. However, no attempt is
made to set an upper 1imit to the angular momentum that the compound
nucleus can support (the Yrast Timit). For reactions involving light
ions, this absence is unimportant.

This program, unlike "Statis", allows the use of the level density
of Gilbert and Cameron (1965a) as well as the back-shifted formulas of
Dilg et al (1973). It also has the provision to approximately account
for the effect of unbound states if the user supplies an effective gamma
ray transmission coefficient.

35C1 + o reac-

HAUSER*2 has been compared with "Helene" for the
tion for Ecm = 5.5 to 10 MeV. The results for each pair of products agree
to better than 3%, the difference probably being due to the interpolation

(rather than calculation) of transmission coefficients by HAUSER™2.
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ITI. EXPERIMENTAL PROCEDURE

A. Introduction

This project started as part of an effort by the Kellogg Radiation
Laboratory to determine with what accuracy the statistical model of nuc-
lear reactions could predict the total reaction cross sections for a wide
range of reactions. (See Howard et al 1974, and Rios et al 1974 for a

description of the other work.) The reactions studied in this part of the

23 )23 3b 38K 59 63 )63
]

Na(p,n)“°Mg, ~“Cl(a,n) Co(a,n)62Cu, Cu(p,n) ~Zn,

65

project were

63 68

Cu(a, n)66Ga, and ~“Cu(a,n) “Ga.

Whereas the other work at Kellogg used a Nal two-crystal spectrom-
eter to observe annihilation radiation, a high resolution Ge(Li) detector
was used in the present experiments to observe other delayed gamma radia-
tion which could be uniquely connected with a decay (and hence to a cross

section). Also to test the model further, a wider range of target masses

was bombarded than in the other studies.

B. Experimental Procedure

1. General Procedure

Reactions were chosen which produce radioactive parents with a
half-1ife less than a day so that the activation technique could be used.
The targets were bombarded by either protons or alpha particles from the
Tandem Van de Graaff accelerator. After bombardment the delayed gamma rays
were observed. Repeated runs at the same energy were made to gather ade-
quate statistics.

As shown by Bashkin et al (1959), the yield of an activation ex-

periment having n cycles of bombardment (0 < t < t1) of counting
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(t2 €t < t3), and of waiting (t3 2§ = t4) can be written as

Y = NNy eff o F(A,t],tz,t3,t4,n) B (91)

where Y 1is the yield of the observed events, NO is the number of tar-
get nuclei per cm2, N] is the number of incident particles, eff is the
detection efficiency, o 1is the cross section for producing the events,
X 1is the decay constant of the source, B is the beam shape factor
(which corrects for systematically varying beam intensity from t = 0

to t]), and F 1is the decay function

kt] th Xt3 —nkt4
At] (1 -e t4) n(e L 1)

For all the experiments, the beam was on target much longer than the time
needed to switch the beam on and off target (a magnetic chopping system
being used) and when on the target, the beam current was constant
within 10%. Thus the beam shape factor is unity for these experiments.
The energy of the incoming beam was determined by a precision 90°
magnet located about 15 m upstream from the target. This magnet was
calibrated by Mak and Mann (1973) by observing known thresholds and res-
onances, and measuring the NMR frequencies for each of the known ener-
gies. The magnet "constant" k in the expression

2 2

E = kfq (mp/m)/ (1 - E/2m) (93)

where q is the charge of the ion, m 1is the mass of the ion (in energy
units), and mp is the mass of the proton, was determined as a function

of energy. These values for k were fitted with a cubic equation.
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Repeated measurements showed that, if reasonable care is used to avoid
hysteresis effects, the calibration is probably accurate to better than
0.1% in energy.

Since the maximum terminal voltage on the Van de Graaff is about
6.5 MV, the maximum protpn energy is limited to about 13 MeV in the
laboratory system. Using 1ithium exchange, negatively charged helium
can be injected into the accelerator and 19-MeV alpha beams can be ob-
tained. The current on target ranged from about 5 nA to 300 nA. Care
was taken not to melt the target materials and to keep the dead time of

the electronics to an acceptable level (Tless than 15%).

2. Gamma-Ray Detection

Cross sections were inferred from the intensity of delayed gamma
radiation produced by.the product of the reaction. Although Nal spec-
trometers have higher detection efficiency and do not suffer as severely
from radiation damage caused by neutron bombardment, Ge(Li) detectors
were used almost exclusively because of their much superior energy resolu-
tion. Thus for most of the products observed, a unique gamma ray could
be used to infer the amount of the reaction product.

Ge(Li) detectors are now standard laboratory equipment and their
properties will not be discussed here. (For a review, see French et al

35C](oc,n)38K measurements, a 50 cm3 (nominal volume)

1969). For the
Ge(Li) detector was used (serial #503). This detector has a resolution
for the 1.332 MeV gamma ray from 6000 decay of about 3 keV and a peak-to-
Compton ratio for that energy of 25:1. For the other measurements a

larger detector (having a nominal volume of 73 cm3, serial #909) was used.
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This detector has a resolution of about 2 keV and a peak-to-Compton
ratio of 35:1. Both detectors were purchased from Princeton Gamma-
Tech and were of coaxial design with one end open. The better detector

35 )38

was not used for the C1(a,n K measurements since these measurements

were performed in the target room (because of the short half-life of
38K*), thus subjecting the detector to neutron irradiation.

Nal detectors have long been used in nuclear laboratories, and
their properties will not be discussed. (For a review, see Heath 1964,)
A 5-cm diameter by 5-cm thick Nal detector (serial #CM990) with an

35C](u,n)38K runs

RCA8575 photomultiplier tube was used for some of the
so that adequate yield could be obtained. The resolution, 10% for 511
keV annihilation radiation, although poor, was sufficient for the experi-
ment.

a, Detection Efficiency

The intensity of gamma radiation was determined in all cases by
the area in the photopeak of the gamma ray. The photopeak detection
efficiency was determined experimentally by placing radioactive sources
inside the target holders. (For a fuller discussion concerning calibra-
tion of gamma spectrometers for detection efficiency, see Legrand 1973.)
Relative efficiency was determined from the well known decay of 56Co and

66Ga (Camp and Meredith 1971). The absolute detection efficiency was de-

56 66

termined from the 1274-keV gamma ray of 22Na. Co and ~Ga were made

)56Co and 63Cu(a,n)66Ga respectively.

at Kellogg by the reactions 56Fe(p,n
The 22Na source, also made at Kellogg by placing a drop of 22NaC1-water
solution on a metallic disk and then evaporating the water away, was

calibrated by comparing the intensity of the 1274-keV gamma ray to that
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of a source of known strength made by Amersham-Searle. The detection

efficiency for the 73 cm3 Ge(Li) detector in the geometry of the off-
Tine experiments is shown in Figure 4. Also shown in this figure is
the efficiency for the 50 cm3 detector in the same geometry. It can be
seen that the larger detector has a larger absolute efficiency and a

smaller slope. The points were fitted with the equation

e = A[E(MeV)T’ (94)

where e is the detection efficiency, and A and P are constants,.
This form differs from that of Freeman and Jenkin (1966) and Tokcan and
Cothern (1968), but experience in this laboratory has shown that for
Targe volume Ge(Li) detectors, equation 94 gives excellent fits to mea -
sured values with agreement to better than 5% for the energy range 0.2

to 4.8 MeV.

35C1(a,n)38K measure-

Since the Nal detector was used for only the
ments where a Ge(Li) detector was also used, its detection efficiency
was not measured. Rather the relative cross sections obtained with this
detector were normalized against the absolute data taken with the Ge(Li)

detector.
b, Corrections to Detection Efficiency

The most important correction is due to the summing in the detec-
tor of two (or more) gamma rays. Because of the close geometry, this
correction can amount to 10%, The number of observed gamma rays, y(1),
is

y(1) = N(1) e(1) [1 - T(2) P(1/2)] (95)
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where (1) is the number of gamma rays of type 1 emitted, e(1) is
the efficiency for detection of gamma rays of energy 1 in the photopeak
peak (equation 94), T(2) 1is the efficiency for detection of gamma
rays of energy 2 (whether in the photopeak or'not), and P(1/2) s the
probability that gamma ray 2 appears given that gamma ray 1 has.
Although it is difficult to calculate photopeak efficiencies for Ge(Li)
detectors (because of the uncertainty of the internal detector geom-
etry and the multitude of processes resulting in the full energy or
photopeak), it is relatively simple to calculate the total detection

efficiency,

TE) = [{1 - ewlu(E)t]} do (96)

where t is the path length for the gamma radiation in the crystal
for a given direction and u(E) 1is the attenuation coefficient. The
integral covers all directions subtended by the detector. The code
used to calculate T(E) includes corrections for the dead ]ayer of
Ge on the front face and the presence of an inactive core region. The
attenuation coefficients are taken from Storm et al (1958) who inter-
polated from the values given in Grodstein (1957). The accuracy of
the calculation was checked by comparing the calculated number with

the experimentally found summing correction for 22Na,

SC(1274) = PS(1274+511) PS(1274) / PF(511) (97)

where SC is the summing correction, PS 1is the photopeak intensity,
and PF is the photofraction. The photofraction, the number of

counts in the photopeak divided by the total number of counts in the
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spectrum, was determined by using 68

Ga which is a positron source with
negliglble high-energy gamma radiation.

Two other corrections are necessary if the gamma ray observed
is annihilation radiation: annihilation in flight and the effect of
a distributed source. Annihilation in flight refers to the production
of non-511 keV gamma radiation when the positrons annihilate when
moving as contrasted to the two 511-keV gamma rays which are produced
when the positron annihilates at rest. For a discussion of this ef-
fect, see Part I of this thesis, Gerhart et al (1954), or Heitler
(1954). This effect can approach 10% for high energy positrons anni-
hilating in high Z material.

The other correction, the distributed source correction, was

determined by the use of a 22

Na source (whose positrons are stopped
within the source) variously placed in a matrix of positions. From
the efficiencies measured in the matrix, the necessary correction can
be calculated. This correction is in the opposite direction to the

correction due to annihilation in flight.

3. Off-Line Geometry

0ff-Tine counting is preferable to detecting the delayed radia-
tion inside tne target roomjas the amount of unwanted radiation
(either beam-related or natural) is usually much less. Thus whenever
the yield was sufficient, the off-line geometry was used.

The geometry used for the off-Tine measurements is shown in
Figure 5. The target was bombarded in a glass tee and then was

manually transferred into the teflon holder. Concrete walls and dirt
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nearly filled the 15m separating the point of bombardment and the

point of detection. The target could be transferred in about 35 sec.

4. Electronics

The electronics used in these experiments are standard. A
block diagram is shown in Figure 6. A gamma-ray detector produced a
pulse which was amplified by a preamplifier and then by an amplifier.
The voltage signal was then fed into a multi-channel analyzer. In
order to correct for the dead time of the system, a 60 Hz (line fre-
quency) pulser was introduced at the preamplifier.

Two different MCA's were used, the Nuclear Data ND 160 (with
updated ND 2200 ADC's) having 4096 channels of memory and the Nuclear
Vata ND4420 computer system having 8096 channels of memory. Since
the computer system arrived as tnese experiments were in progress,
little attempt was made to expand the software to detect the delayed
radiation in more than two time groups. However, using the Kellogg-
built router (Kellogg number 212A), the ND160 allows up to 128
counting groups, although only 16 groups were normally used to allow
256 channels of analysis for each group.

Timing is quite important in these measurements as the infer-
ence of cross section from yield depends critically upon the timings
used. The digital sequence timer (Kellogg number 39C), described in
the first part of this thesis (particularly in Appendix A) supplied
time signals accurate to one part in 10000, selectable using four-

digit tnhumbwheel switches.
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C. Experimental Details

1. Introduction

The various experimental details for each reaction will now be
given. These details will include the energy range studied, the
nature of the target, and the geometry used. Particular emphasis
will be placed on those aspects of the decay scheme of the reaction
product which allow the value of the cross section to be inferred
from yield measurements.

ATl Q values come from the 1971 Mass Tables of Wapstra and
Gove. The values for energy loss come from the tables of Northcliffe

and Schilling (1973).

23

2. Na(p,n)23Mg

Besides the interest in 23Na(p,n)23Mg as a test of the statis-
tical model of nuclear reactions, the measurement allows the cross

23Na to be inferred.

section of the inverse cross section of 23Mg(n,po)
Tnis latter reaction is important in determining the neutron-
enrichment parameter (the excess of neutrons relative to protons,
either bound or free, divided by the number of nucleons) in stellar
evolution calculations (Arnett and Truran 1969). This parameter be-
comes very important in the late states of stellar evolution as it
determines the abundance of many nuclei.

2
23 ) 5

As the ““Mg(n,p)~"Na reaction is astrophysically important only

for small neutron energies, the 23Na(p,n) reaction was measured in much

finer steps near threshold than“ét higher energies. Two targefs were

used, 1o7 ug/cm2 and 1060 ug/cm2 of NaCl on Ta backing. From
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NorthcTiffe and Schilling (1973) the energy loss of a 6-MeV proton
passing through 1000 ug/cm2 of NaCl is 52 keV. The thickness of the
targets was measured by a Sloan quartz-crystal monitor whose accuracy
has been shown (by measurements described later in this thesis and by
other use at Kellogg) to be better than 10%.

In Table III are listed the Q values for the reactions on Na
which are possible using a 11.5 MeV proton beam, the highest energy
beam used in this measufement. Also included is the half-1ife of the
products as well as the associated delayed activity. Also in Table III
is similar information for proton bombardment of Cl. It can be seen
from Table III that for Tow-energy proton bombardment of NaCl, only the
23Na(p,n)23Mg reaction produces a positron emitter. However, at higher
energies other positron emitters are produced.

Besides the positrons emitted in the decay of 23Mg, a 440-keV
gamma ray is emitted in (8.7%0.2)% of the decays (Storey and McNeil
1959, Talbert and Stewart 1960, Gorodetzky et al 1968, Detraz et al
1971, Alburger 1974, and Mann and Kavanagh 1975). The half-life of
23Mg is 11.36+0.04s , (the weighted average of Goss et al 1968,
Alburger 1974, and Azuelos et al 1974). This average is smaller
than older values for the half Tife.

The timing of the various operations is shown in Table IV. It
will be noted that the interval between the end of bombardment and the
start of counting is many half-lives. This long delay results from
using the off-line geometry to measure the decay. The yield of

neutrons is large enough even near threshold to prevent using a Ge(Li)

detector for an on-line experiment. Unfortunately, near threshold the



-222-

yield is not yet large enough to obtain adequate statistics for the
440-keV gamma ray, but the 511-keV peak, being twenty-fold more in-
tense and contaminant free, can be used to deduce the cross section.

A decay curve corresponding to 23Mg decay plus a background was fitted
to the yield of the 511-keV radiation using the 16 groups of acquired
data. No evidence was found for a short-lived activity other than
23Mg. At higher energies, the yield was sufficient to obtain accurate

yields of the 440-keV line, which was therefore used to obtain the

cross section, independent of possible contaminant positron activity.

35 3
) 8

3. Cl(o,n) 7K

3561(a,n)38K reaction is an interesting test of the statis-

The
tical model since the first excited state of 38K is a beta-emitting
isomeric state. Thus two reactions starting from the same initial
state and going to different sets of states in the same nucleus can
be measured. It can be determined whether the model, which ignores
nuclear structure, can predict accurately the reaction cross section
involving two different types of levels when using the same potential.

The half-Tife of the ground state of 38

K is (7.636+0.018)m as
determined by Replace (1970), Vasil'ev et al (1967), Ebrey and Gray
(1965), Bormann et al (1965), and Cline and Chagnon (1957). It should
be noted that although the measurements are not in good agreement, the
error in the half-life is not a major factor in the determination of

the cross sections. Greater than 99% of the decays of the 8

K ground
state go to the first excited state of 38Ar at 2.168 MeV (Kavanagh 1968,

and the first part of this thesis.)
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The half-Tife of the isomeric state is considerably shorter,

(929 £ 3) ms (the adopted value from Endt and van der Leun (1973), from
the measurements of Hardy and A]burger (1972), and Clark et al (1972).)
This adopted value is lower than the less precise earlier measurements.
The isomeric state decays only to the ground state of 38K by a super-
allowed transition.

Because of the shortness of the half-life of the isomeric state,
there was not sufficient time to transport the target to the off-line
geometry. Thus the geometry shown in Figure 7 was used. Since the
annihilation radiation was the only signal for the decay of the isomeric
state, the champer was made of Be to reduce annihilation in flight and
premsstrahlung. Alpha bombardment of Be produces no interfering radia-
tion. The Nal detector was used for most of the measurements because
of its superior efficiency; however, the 50 cm3 Ge(Li) detector was
used to check the results and was used for the runs where an absolute
measurement of the cross section was performed. Because of the éuperior
resolution of the Ge(Li)detector, it is easier to calibrate absolute
detection efficiency and to determine peak areas.

A 120 Ug/cszam2 target on Au backing was used for the relative
measurements (target thickness was 40 keV for 6 MeV alphas). For the
absolute measurements a 147 ug/cm2 BaCl target on Au backing was used.
Since BaC]2 is slightly hygroscopic, special care was taken in weighing
the target. After evaporation but before the admission of air into the
bell jar used for the evaporation, the frequency of the Sloan thickness

.. 2
monitor (with a clean new quartz wafer) indicated 147 ug/cm~. After
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admission of air, the thickness as indicated by the monitor increased
by 7%. The hydrated target was then weighed by the tare method with a
microbalance. After allowing for the 7% increase in weight, the "dry"
BaC12 weighed (147 +10) g/cm2, in agreement with the Sloan monitor re-
sult.

The Q values and the delayed-gamma activities of the products
of 35C]-+a and of the Ba(a,n) reactions are shown in Table V. Since
the Coulomb barrier is so hign for charged-particle emission from the
intermediate nucleus formed by Ba-f& , only the neutron channel is ex-
pected to contribute, and that channel quite weakly because of the
parrier for the incoming alphas. As can be seen from Table V, only the

38

isomeric level of “"K has a half-life less than a minute among all the

products of BaC]2 + o. The decay of the ground state of 38

K is uniquely
signaled by the presence of the 2.17-MeV gamma ray.

The yield of both the isomeric and ground state decays can be
obtained by using many cycles, each of which is short. By using two
short counting periods (as shown in Table IV), the yield of the isomeric
level is Tinearly related to the difference of the annihilation radia-
tion, while the yield of the ground state is proportional to the sum of
the observed 2.17-MeV gamma ray. Usually 150 cycles were needed to
obtain adequate statistics to determine accurately the difference be-
tween tne annihilation radiation in the two counting periods. |
g 99 )62

Co(a,n) “Cu

Much work has been performed recently around the A = 60 region

in determining level density parameters. Thus in this region where
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there is scant information concerning the energies, spins, and parities
of low-lying states (necessary information for calculating cross sec-

59

tions using the statistical model), the Co(a,n)62Cu reaction should

be calculable with good precision.

The Q values and the delayed-gamma activities for products of
Co + o are shown in Table VI. Only 62Cu has a short half-Tife. Jongsma
et al (1969) have reported the half-life to be (9.73+ 0.02) min.
Unfortunately, as Van Patter et al (1970) have shown, > 99.5% of the
62Cu decays are to the ground state of 62Ni. Thus one must observe
the anninilation radiation which occurs in 98% of the decays (the re-
maining 2% of the decays proceeding through electron capture). To
verify that the observed annihilation radiation came from 62Cu and not
some other positron emitter, two counting groups were used, as shown in
Taple IV. The use of off-Tine geometry, possible because of the length
of the 62Cu half-1ife, considerably reduced annihilation radiation not
associated with the decay of 620u.

Six targets of 146 ug/cm2 Co on W backing, corresponding to an
energy loss of 43 keV for 10-MeV alphas, were used. The thicknesses of
the targets were found to be the same within 2% by observing the
prompt gamma rays from 59Co(a,py)62Ni. For the absolute measurement a
seventh target was prepared, 40 ug/cm2 as determined by weighing, using
the tare method. Its thickness relative to the other targets was also
determined by opbserving prompt gamma rays. Cobalt is a very difficult

material to evaporate cleanly because cobalt alloys with the boat used

in the evaporation. Thus part of the boat can be evaporated onto the
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target (especially when the boat breaks because of the strain caused
by the alloying). At the time the target for absolute determination
of the cross section was made, cobalt was evaporated onto an Al foil.
This foil was then scanned through use of a 61-cm double-focusing
magnetic spectrometer by elastically scattering alpha particles from
the foil. A heavy-element contamination of 1% by weight was found,
presumably from the W boat used in the evaporation. This slight
amount of heavy elements had no bearing on the experiment.

Because no fine structure was expected in the reaction cross
section, coarse energy steps (500 keV from threshold to 13 MeV, 1 MeV
from 13 to 19 MeV) were taken. At the higher energies the
59C0(a,2n)6]Cu competes strongly with the 59Co(oc,n)62Cu reaction. Even
though the Coulomb barrier is high for W , delayed gamma radiation
from (a,n) reactions on the backing material were observed. These,
however, were not of sufficient intensity to pose any problem in the
measurements.

63 66

65 )68

B, Cu(a,n) Ga and Cu(a,n) "Ga

The (a,n) reactions on Cu are interesting since the only changes
in the potentials involve the neutron number and atomic weight. Thus
one can judge the importance of the mass term in the potentials.

Table VII presents the Q values and the delayed gamma activities
for products of Cu + o . The production of 66Ga is signaled by the
delayed emission of many gamma rays. In fact, since the relative in-
tensities of the many gamma rays are so well known (Phelps et al 1970;

Camp and Meredith 1971), %Ga is often used to determine relative
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detection efficiencies for Ge(Li) detectors. The absolute intensity
of the gamma radiation can be determined from Camp and Langer (1963)
who measured the strength of the ground-state beta branch. Although
no error was given for this strength, a 1imit of 1.6% of the value can
be determined from the error in the 1log ft given by them for the
transition. Combining the data of Phelps et al and Camp and Langer,

the 1039-keV gamma ray occurs in (37.4 +1.0)% of the decays of 66

06

Ga.
The half-Tife of ~~Ga has peen measured by Chrisler et al (1972) to be
(9.49+0.02) hr.

From the ratio of the number of gamma rays to annihilation
radiation (Horen 1959 and Carter et al 1968) and the positron-to-elec-
tron-capture ratio (Gove and Martin 1971), the number of 1077-keV gamma
rays emitted per decay of 55Ga is (3.13£0.27)%. The half-life has
been determined by various groups (see Smith and Williams 1971, and
Rao 1968), but the values are only in fair agreement. The value,

68..

t]/z( wa) = (68.0+0.2) min, used for these measurements is an average

of tine data, the error being the internal error of the values reported.
66Ga and 68Ga have dffferent decay schemes but similar half-lives
tnus allowing natural copper to be used as the target. Measurements
were made with evaporated targets on W backings (400 and 580 ug/cm2
as determined by a quartz-crystal monitor) and oxygen-free high-
conductivity (OFHC) copper foils (1640 ug/cm2 as determined by weigh-
ing). For reference, a 10 MeV alpha beam loses about 300 keV in 1000
ug/cm2 Cu.

The off-Tine geometry was used. The timing for each bombardment

was different but was carefully noted. In general, for Tow energies
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(E < 12 MeV), the bombardment lasted an hour, and as the energy (and
yield) increased, the length of the bombardments was decreased. At
least two counting periods were taken within the first hour after bom-
bardment. Approximately 12 to 18 hours after bombardment, the delayed
activity was remeasured. There was no indication of gamma rays asso-
ciated with decays other than 66Ga, 68Ga, room background, and products

of (a,n) reactions on the backing.

6. 63Cu(p,n)63Zn

This reaction is of interest as one can compare its cross sec-

tion to that of alpha bompardment of b3Cu. The Q values and delayed

gamma activities for the products of Cu + p are shown in Table VIII.
Because of the long half-life of 65Zn(244 d), the yield of the 1.115 MeV

v-ray is small. Thus the 65 65

Cu(p,n)~"Zn cross section was not measured
even though natural Cu targets (those from the Cu + o measurements)

were used.

%471 has been well studied (Kiuru and Holmberg 1970,

The decay of
Bocnert 1969, and de Frenne et al 1967). The weighted average of these
measurements after correcting for electron capture (Gove and Martin 1971)

shows that the 688-keV gamma ray appears in (8.44+0.15)% of the 2

n
decays while the 963-keV gamma ray appears in (6.63+0.17)%. The half-
life, (38.4+0.1) min, comes from the average of values appearing in
Collé et al (1974).

The reaction was studied in coarse steps (about 500 keV at low

energies, 1 MeV for high energies) from threshold to 12 MeV in order

to ontain the general shape and magnitude of the cross section. As with
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Cu + a , the timing was not fixed, being longer when the yield was low.
For all energies two successive counting periods were used, each lasting

a half-Tife.
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IV.  EXPERIMENTAL RESULTS

A. Introduction
This section deals with the spectra obtained and the cross sec-
tions determined for the six reactions measured. Also included are
results from previous investigators.

23

B. Na(p,n)23Mg

A typical spectrum is shown in Figure 8. The half-1ife for the
annihilation radiation was obtained for each bombarding energy and agreed

with the known heif-tife oe =2

Mg. As a further check the ratio of the
440-keV gamma ray to the annihilation radiation was obtained for each
energy and it too was found to be a constant.

The cross section as a function of energy is shown in Figure 9
with an insert showing an expanded view of the cross section around the
neutron threshold. The values of the cross sections are also given in
Table IX.

An interesting feature of the excitation function is the
resonance-1ike behavior just above threshold. This is not an effect of

23 23Mg as the threshold for that reaction is significantly

Na(p,n])
higher in energy. Endt and van der Leun (1973) in their compilation
list no low-spin Tlevel in 24Mg at the appropriate energy (only states
with J > 6 are listed). Low spin is suggested because of the strength

2

of the resonance so near the threshold of 3Mg (J=3/2) + n . Other

structure is also present; even though at the (p,n) threshold, the
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compound nucleus excitation is 16.5 MeV and the level density is pre-
dicted to be high (220 states/MeV from the parameters of Gilbert and
Cameron 1965a) which should wash away most nuclear structure effects.
After this "bumpy" region is passed, the cross section flattens out to
remain constant at about 100 mb from about 1 MeV above threshold to

the highest energy measured (E_ = 10.2 MeV).

cin

The cross section for 23Na(p,n)23Mg has only been measured once
before (Blaser et al 1951). Rough agreement for energies near threshold
can be obtained if their energy scale is shifted by 150 keV. However,

for energies greater than 6 MeV, the present results are higher.

35 38

o Cl(a,n)™"K

Typical spectra are shown in Figures 10 and 11. Figure 10 shows

the delayed gamma radiation following bombardment of BaCl, with 8 MeV

2
alphas, taken with a Nal detector, while Figure 11 shows the results for

the same bombarding energy when a Ge(Li) detector is used. The improve-
ment in resolution when using a Ge(Li) detector is striking. The large
peaks between the 0.51 and 2.17-MeV photopeaks are the single- and
double-escape peaks of the 2.17-MeV gamma ray.

The cross section for the 35C](oc,n)38K (ground state) reaction is

shown in Figure 12. This figure shows the part of the (a,n) cross sec-

38 38

tion which populates either the ground state of “"K or levels in 7K

whicn then gamma decay directly or indirectly to the ground state. The

)38

cross section for 35C1(a,n K (isomeric state) is also shown in Figure

35

12. The total C](u,n)38K reaction cross section (regardless of which

level is populated) is shown in Figure 13, i.e., the sum of the cross
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sections presented in Figure 12, since even at the highest bombarding

38

energies used in this experiment all states populated in “°K are

‘particle bound. The cross sections are also tabulated in Table X.

38

The 3bC](oc,n) K (ground state) cross section has also been

measured by Howard et al (1974). The agreement is very good.

)62

D. 59Co(a,n Cu

The spectrum of the delayed gamma radiation for the first count-
ing interval for 14-MeV alpha bombardment of Co is shown in Figure 14.
Besides the peak at 511 keV the only other peaks in the spectrum are

the Pb X-rays (at Tow energy) and the weak gamma rays (0.88 and 1.17

62

MeV) associated with the ~“Cu decay. Because the 0.88 and 1.17 MeV

gammna rays were so weak, the cross section was inferred from the dif-
ference of the annihilation yield in two successive counting intervals.
The difference, rather than the sum, was used to reduce the effect of
any long-Tived contaminant. The half-life for each bombarding energy

was calculated and found to agree with the accepted value for the half-

02

Tife of " Cu.

5 62
. )

The reaction cross section for ““Co(a,n) ~Cu is shown in Figure

15 and tabulated in Table XI. Only that part of the cross section
which populated states that decay to the ground state of 62Cu is in-
cluded. The threshold for sequential particle emission (5.9 MeV for
p , 5.4 ileV for o , and 8.9 MeV for n ) are shown at the appropriate
energies in Figure 15. Because of the large Coulomb barrier, a state

unbound to charged-particle emission may yet gamma decay preferentially.
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Also shown in Figure 15 is the work of previous investigators
(Stelson and FcGowan 1964, D'Auria et al 1968, and Zhukova et al 1973),
Tne agreement among the various groups is good, except for a few iso-
lated points. The turning over of the cross section at the highest
energies is due to the (a,2n) reaction taking strength from the (o,n)

channels.

E. 03Cu(a,n)%Ga and 05Cu(u,n)68Ga

Une of the spectra of the delayed gamma radiation following the
14.5-MeV alpha bombardment of Cu is shown in Figure 16. Gamma rays
from 00Gq and b.8(5a are seen. The gamma ray at 1039 keV was used to
infer the b6Ga cross section, the line at 833 keV providing a check
that the yield was due to bb-Ga and not from some other decay. The
thresnold for 65Cu(a,3n)bbGa is above the energy range of these meas-

urements and hence does not confuse the assignment of the production of

ooG 68

a. The 1078-keV gamma ray was used to infer the production of ~~Ga.

The cross sections for 63Cu(a,n)GGGa are shown in Figure 17 and
tavulated in Table XII. Again only that part of the cross section which
populates states in the residual nucleus which gamma decay are included.
The thresholds for competing three-body reactions are shown in Figure
17 at the appropriate energies (3.3 MeV for no, 5.1 MeV for np , and
9.1 MeV for 2n).

The cross sections for 65Cu(oc,n)68Ga are shown in Figure 18 and

tabulated in Table XIII. As previously, the three-body part of the

cross section which proceeds through the residual nucleus of interest
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68Ga) is not included. The thresholds for such three-

(in this case,
vody reactions are shown in Figure 18 at the appropriate energies (4.1
MeV for na , 6.5 MeV for np , and 8.3 MeV for 2n ).

Previous work on (a,n) reaction cross sections on Cu are shown on
tne appropriate figures (Stelson and McGowan 1964, Porile and Morrison

1959, Bryant et al 1903, and Hille et al 1972). The agreement is good

except for the old data of Porile and Morrison.
Fa 63Cu(p,n)632n

One of the spectra of the delayed gamma radiation following the

6-MeV proton vomvardmnent of Cu is shown in Figure 19. The gamma rays at

670 and Y62 keV result from the decay of 63Zn. Since the annihilation

radiation remained proportional to the two gamma-ray lines, all three

63 63Zn.

lines were used to infer the relative cross section for ~~Cu(p,n)

The Tines at 670 and 962 keV were used to find the normalization constant.

63 )°3Zn reaction are tabulated

The cross sections for the ~“Cu(p,n

in Tanle XIV and displayed in Figure 20. Also

shown in Figure 20 are the recent data of Collé et al (1974), who also

give a review of tne extensive work that has been performed on this re-

action. As can be seen, the agreement between the data sets is good.
The highest oombarding energy used in this measurement was not

sufficient to reach particle-unbound states in G

63

Zn, and thus thé Cross

sections obtained are the totals for the Zn + n channels.
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V. COMPARISON WITH HAUSER-FESHBACH CALCULATIONS

A. Introduction

The predictions of the statistical model of nuclear reactions de-
pend on Q values, the properties (energy, spin, and parity) of the vari-
ous states of each nucleus involved, and the potentials used to generate
the transmission coefficients. Not all of these quantities can be deter-
mined from the measurements reported here. In fact, these measurements
will only be able to determine how well the theory (with previously es-
tablished parameters) can do. Fortunately, the Q values involved are

well known (see the 1971 Mass Tables of Wapstra and Gove). Also, many

level properties can be inferred from earlier nuclear-structure experi-
ments and from level-density calculations and models.

The potentials are the most uncertain input. For the nuclei where
potentials have been deduced from elastic scattering, the energies in-
volved (particularly for the alpha-nucleus potentials) are much higher
than those used here. More often, no elastic-scattering data exist, so
the optical potential cannot be inferred. Thus one is forced to use
"global" potentials which are a compromise between the number of param-
eters used and the goodness of fit.

For the calculations reported here, three sets of potentials were
used for each reaction pair. For the neutron-nucleus potentials, the
global potentials were from Becchetti and Greenless (1969a), Wilmore and
Hodgson (1964), as revised by Hodgson (1967), and Michaud and Fowler
(1970a). For the proton-nucleus potentials, the potentials of Becchetti
and Greenlees, Perey (1963), and Michaud and Fowler were used. For the
alpha-nucleus potentials, the potentials of Michaud and Fowler, Igo

(1959a and 1959b) and McFadden and Satchler (1966) were used.
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Since the parameters of Wilmore and Hodgson were derived from the
non-Tocal potential of Perey and Perey (1963), these parameters were
paired with the proton parameters of Perey. Nine different potential
sets for each reaction (3 nucleon x 3 alpha) were used rather than 27
(3 neutron x 3 proton x 3 alpha) so as not to use extensive computer

time.

23

B. )23

Na(p,n)~"Mg

Since much is known about the states populated in 23

)23

Na + p , the

23Na(pan

Mg might seem an excellent test of the statistical model.
However, the target nucleus is deformed and there are relatively
few particles in the compound system. Thus the predictions may not be

as valid as the extensive knowledge of Tevel information might otherwise
imply.

A ladder diagram showing the products of =

20

Na + p is shown in

Figure 21. Levels up to 11 MeV in “"Ne (Ajzenberg-Selove 1972) were used

in the calculations, while 12 levels were used for &3

23

Na (up to 4.8 MeV
excitation energy) and 11 levels for ““Mg (up to 4.4 MeV). More levels
were not included as the compilation of Endt and van Leun (1973) does not
have spin information for states just higher than the cutoff energies
used.

For proton bombardment on Na all channels are important; so all
nine sets of potentials were used. The predictions (divided by the ex-
perimental cross sections) are shown in Figure 22 for the potentials of
Michaud and Fowler and for the alpha potential of Igo with the nucleon

potentials of Perey and of Wilmore and Hodgson. When the alpha potential

of McFadden and Satchler is used, very little difference is seen (less
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than 5%) from the results using the alpha potential of Michaud and

Fowler. The results of potential sets not shown in Figure 22 lie in
between the two shown,

Even though the level and Q value information is well known for
the various channels, as can be seen from Figure 22, none of the poten-
tial sets Teads to a good fit to the data. The predictions are generally
however, within a factor of 2 of the measured values, which may be con-
sidered good agreement, since the potentials were derived for more
massive nuclei.

The parameters in the level density formula are not the cause of
the disagreement as they play no role below Ecm = 7 MeV and only a
very minor role (< 10%) at the highest bombarding energy used. Rather
a possible explanation for the overestimates may be found in the presence
of direct reactions. Hellstrom et al (1970) and Vasil'ev et al (1968)
have, by looking at the inelastic scattering of protons on Na at 8 to
12 MeV and at 6.5 MeV, respectively, shown that a large amount of the
inelastic cross section proceeds through direct reactions. The presence
of this direct component "robs" from the (p,n) channels since (p,n) is
less likely to be involved in a direct reaction process that the ground
state band members populated in (p,p'). Following this 1ine of argument,
the statistical model should overpredict (p,a) and (p,n) channels and
underpredict the (p,p') channels. From the data of Hellstrom et al and
Mann et al (1975) for the proton channels, the present data for the

neutron channels, and Warsh et al (1963) for the alpha channels, this

appears to be the case.
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35 38K

C Cl(o,n)

The level information for the channels populated by the

Cl + o reaction is nearly as complete as for the 23Na + p reaction,

35
Moreover, more particles are involved in the compound nucleus (making
resonance structure such as is present in the 24Mg compound system
unlikely here) and the incident particle is an alpha particle rather
than a nucleon (making direct reactions less 1ikely).

The level information (from the compilation of Endt and van der
Leun 1973) for the reaction products is shown in Figure 23. Five levels

were explicitly included in 48 48

35

K (up to 2.41 MeV), 10 in “"Ar (to

4,81 MeV) and 7 levels in “°C1 (to 3.26 MeV). More levels were not
included because of the absence of spin information. Above the last
included level, the level density parameterization of Gilbert and
Cameron (1965a) was used.

Again, all the channels are important in the calculation, so
nine sets of potentials were used. In Figure 24 appear results of four
of the potential sets divided by the experimental results. Both the
theory and experiment are for all neutron channels (i.e., the yield to
the ground and isomeric states having been added). The results calcu-
lated using the alpha potential of McFadden and Satchler are very
similar to those of Michaud and Fowler and the results using the nucleon
potentials of Becchetti and Greenlees are very similar to those using
the potentials of Perey and of Wilmore and Hodgson,

As can be seen from Figure 24, the potentials of Michaud and

Fowler fit the data extremely well. The dip at high energies occurs

when the neutron level-density parameterization becomes significant and
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suggests that the predicted density of states may be too low. The
calculations using the other potentials predict too much (a,n) cross
section, but the agreement is not bad (about 50% high on average).
Figure 25 shows the prediction of the calculation using the
potentials of Michaud and Fowler for the ground state and isomeric state

of 38

K (divided by the observed values). Because spin information is
only known up to the state at 2.41 MeV, the predicted cross sections
must stop at Ecm = 8.5 MeV so that states with unknown spin (but known
gamma branching) will not contribute. Below ECm = 8.5 MeV, excited
states in 38K decay only to the isomer. As can be seen, the predictions
fit the ground-state and isomeric-state reactions with excellent agree-

ment. It should be noted that the potential of McFadden and Satchler

provides similar results.

59

D. Co(a,n)62

The Tevel information for the channels involved in this reaction

is much poorer than for either the as 45

Na + p or for the “°Cl1 + o reac-
tion. Not only is less known about the excited states of the nuclei
involved in this reaction, but also the center-of-mass energies reached
are much higher, However, because of the large Coulomb barrier for
charged particles, most of the flux from the compound system is in the
neutron channel (approximately 85% using the level density of Dilg et al
1973). Thus changes in the level-density parameters will cause small
changes in the predicted (a,n) cross sections but cause large changes in

the (a,0') and (a,p) channels. For example, doubling the number of

Tevels in the neutron channel will change the predicted (o,n) cross
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section by less than 10%, but will change the (o,0') and (a,p) cross
sections by nearly a factor of 2.

Because most of the flux is in the neutron channel, only the poten-
tial which determines the total reaction cross section is important.
Changes in the other potentials do not greatly affect the (a,n) cross
section, Changes in the alpha potential do vary the predicted (a,n)
cross sections as these vary the cross section for formation of the com-

pound nucleus on which the (a,n) reaction depends Tinearly.

5

The ladder diagram for the products of 9Co + o is shown in

Figure 26. The discrete level information is from Coop et al (1970)

59

and Vervier (1968) for ““Co (8 levels), from Verheul (1967a) and van

Patter et al (1970) for 62

for 626u (14 levels). Even though many levels are explicitly included

Ni (6 levels) and from Daehnick et al (1973)

in the calculation, the level information is sparse above 2.5-MeV exci-
tation energy. Above the Tlast included level, the Tlevel density of Dilg
et al was used. The parameters for 62Cu were obtained from their
default parameters, equations 62 and 63.

A feature not present in the low energy measurements of the

23 23

Na(p,n)~“Mg and 35C1(a,n)38K cross sections is the presence of particle

unbound levels. If these levels are excited in the reaction, they may

62

not decay to the ground state of "~Cu and the high-energy part of the

calculated excitation function will be increased. Figure 27 presents the
predicted cross section as a function of the degree of unboundness. The
need to incorporate this competition is evident from the experimental
data shown in Figure 15 which decrease at high energy.

In Figure 28 are shown the results of the calculations (divided

by the experimental cross sections) for the nucleon potentials of
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Becchetti and Greenlees and the 3 sets of alpha potentials. As is

noted above, the use of different nucleon potentials does not signifi-
cantly change the results. The alpha potential of McFadden and
Satchler agrees with the experimental data better than do the other
two alpha potentials. If one compares the theoretical calculations to

59Co(a,p)GZNi cross sections as measured by Lassen and Sidorov

the
(1960), the potential of McFadden and Satchler again does well. This
conclusion must be tempered by noting that this cross section is very
dependent upon the parameters taken for the various level densities. The

potential of Igo does almost as well for both &0

Co(a,n) and (ao,p).
D'Auria et al (1968) have measured 59Co(a,n), (asp), and (o,a').

Their values disagree with other workers. However, because of the strong

dependence on level-density parameters, their cross sections can be ob-

tained if the level-density parameters are allowed to vary enough.

63 )66

E. Culasn

Because of the highly negative Q value for the (a,n) reaction on
63Cu as compared with the (a,a) and (a,p) reactions, the (o,n) cross sec-
tion is not as large a percentage of the total reaction cross section as

65Cu. However, at several MeV above

for the (a,n) reactions on 5960 or
threshold, the Coulomb barrier still retards charged-particle emission
enough so that the Hauser-Feshbach model predicts that neutron channels
should take 2/3 of the total reaction cross section.

Again, level information is scarce. The discrete level informa-

tion is taken from Smith et al (1968) for 63

66

Cu (9 levels), from Hudson

66

and Glover (1972) for ~"Zn, and from Najam et al (1971) for ~ Ga. Again,
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the level-density parameters of Dilg et al were used when the known

Tevel information ran out. A ladder diagram showing the levels is pre-
sented in Figure 29.
In Figure 30 are shown the prediétions of the statistical model

divided by the experimental values. The effect of particle unbound

59

levels was treated in the same manner as for Co(a,n)GZCu. Two curves

are shown, the Tower from the alpha potential of Michaud and Fowler, the
upper from the alpha potential of Igo. The choice of the nucleon poten-
tial made very little difference. As in previous examples, the potential
of McFadden and Satchler was between the other two alpha potentials. All

potentials give comparable predictions for this cross section.

63

The Cu(a.p)66Zn data of Lassen and Sidorov can be used as a fur-

ther test of the model. Again, good agreement is obtained with each set
of potentials.

65 )68

F. Cu(a,n) "Ga

63

The Q value for this reaction is 2 MeV lower than for the ~“Cu(a,n)

66Ga reaction. Thus the reaction 65Cu(a,n) should have a larger cross

63

section than for the (a,n) reaction on ~~“Cu. Experimentally and theor-

etically this 1is the case.

The level information (shown in Figure 31) comes from Smith et al

for 65Cu, from Glover and Hudson (1972) for 682n, and from Rao (1968) for

686a. The level density parameters are from Dilg et al,

65Cu(a,n)686a reaction

Figure 32 shows the predicted values for the
divided by the measured values. The higher curve uses the alpha poten-

tial of Igo, while the lower curve uses the potential of Michaud-Fowler,
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the results from the McFadden-Satchler potential falling in between.

The choice of the nucleon potentials does not make much difference.

The potential of Igo fits the data much better than do the other two
potentials. This may be due to the isospin and mass dependence Igo uses
for the imaginary-potential depth. Neither Michaud and Fowler nor
McFadden and Satchler include such a term. The dependence of the
imaginary-potential depth on mass and isospin seems well established

for nucleon potentials (compare the potentials in Tables I and II) and
such a term may be needed in the alpha potential as well.

The ®2cu(a,p)®8

In cross sections of Lassen and Sidorov (1960) are
much Tower than the values predicted by the theory. This most likely

results from an incorrect parameter in the neutron level density param-
eterization. Changing these parameters would have little effect on the

(a,n) cross section but the predicted (o,p) could be Towered signifi-

cantly,

63 63

G. Cu(p,n) "~ Zn

This reaction is a good test of the statistical theory because
information exists not only for the (p,n) reaction but also for the(p,p')
and (p,a) reactions. Also, since the |Q| value for the (p,n) reac-
tion is fairly high, the other channels are likely to have a sizable
cross section,

The largest uncertainty in the comparison between theory and
experiment for this system is the almost total lack of knowledge of the

level structure in 63Zn. The levels of 63

60

Cu are known from the work of

Smith et al (1968) and levels in ~~Ni are known from the work of Ronsin
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et al (1973). However, only the first two states of 63

Zn have definite
spin and parity assignments (Verheul 1967b). One is forced to rely
heavily upon the level-density parameters which, as for all the work
around the A = 60 region presented in this thesis, is from Dilg et al

(1973). A Tadder diagram for the 63

Cu+p system is shown in Figure 33.
Figure 34 shows the results of the statistical theory for differ-
ent values of the "level-density parameter", parameter a of equation

47, for °3

Zn, It can be seen that this parameter strongly affects the
predicted cross section. If the value for a is taken from the‘de-
fault equation of Dilg et al (equation 62), then the (p,n).cross section
is underpredicted as can be seen by comparing Figures 20 and 34. Although
the potentials used to generate the transmission coefficients might be
incorrect and thus cause the difference between theory and experiment,
this is unlikely because the total reaction cross section for 63CUr+p

is predicted correctly and the (p,p) and (p,a) reactions are overpre-
dicted. This suggests that the more Tikely cause for the disagreement
lies with the Tevel density information. This is fairly well known for

60Ni and 63Cu, but as noted above the information is almost totally ab-

sent for 63Zn. Therefore, the a parameter for 63Zn was increased by

25%, so that theory and experiment would agree for the (p,n) cross sec-
tions for Ecm v 10 MeV.

In Figure 35 the theoretical predictions divided by the measured

63

values are presented for (p,n), (p,p'), and (pya) reactions on ~~Cu. The

63Cu(p,p') and 63Cu(p,oc) are from Benveniste et

experimental values for
al (1961), It can be seen that the various potentials do quite well.

The small discrepancies between theory and experiment can be made to
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vanish by very small changes in the Tevel density parameters.

It should be noted that although the 63 )60N1 reaction

Cu(p,a
cross section is well predicted if all alpha groups are included in

the calculation, if one compares the data of Kumabe et al (1963) for

tne cross sections for individual alpha groups, then as the bombarding
energy increases, the theoretical values are too Tow. This discrepancy
can be attributed to the increasing presence of direct reactions,

since Kumabe et al have showed that at 11 MeV the (p,ao) cross section
proceeds 50% of the time via direct reactions, the (p,a]) Cross sec-
tion 30%, and the (p,a2+a3) 15%. These estimates are obtained from

the asymmetry of the measured angular distribution around 90°,

Because of the presence of direct reactions and the uncertainty
of the level-density parameters, 1ittle comment can be made concerning
which potentials fit the data best. However, all potentials seem to
pe able to predict cross sections within 50% when using a "level-density
parameter" for the neutron channels slightly higher than given by the

default equation of Dilg et al. It should be remembered that this

agreement is for each of the reaction pairs.
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VI. CONCLUSIONS

AT1 the remarks in this section must be tempered in view of the
small number of reactions studied, i.e., although these reactions are
presumanly typical of the mass regions of the various targets, only a
Tinited sample is used. Also only a small number of potentials were
studied. The potentials studied are the potentials that have usually
been used by various groups, but they by no means exhaust all signifi-
cant possibilities.

As seen, especially in the case of 63

Cu + p, an accurate know-
ledge of level information is requived. Discrete Tevel information is
preferred, but a level-density parameterization is quite adequate if
only cross sections averaged over many hundreds of keV are desired.
Unfortunately, except for a few nuclei (most alpha-cluster nuclei with
Tow mass numbers), the knowledge of the energies, spins, and parities
of discrete states ends at a quite Tow excitation energy. Level-density
parameterizations are plagued by the uncertainty as to which formula
(or formulas) should be used and what values the parameters should
take. This is pérticu]ar]y true for masses below A = 40 where the
standard assumption of equal numbers of even and odd parity states
pbreaks down even for energies above 8 MeV. Also, for many nuclei the
level density has not been measured at any energy, so global prescrip-
tions (such as equations 52-59 and 63-64) must be used. As can be

63

seen in the case of "“Cu + p , such a global description can lead to a

very inaccurate prediction.
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The choice of the best potential to use in a statistical-model
calculation is difficult. Obyviously, wherever possible the potentials
derived from elastic scattering for that projectile and target in the
observed energy range should be used. Since such potentials are rarely
available, one must often rely on a global potential. Using the
limited data base presented, the nucleon potentials of Becchetti and
treenlees (1969a) and the alpha potential of McFadden and Satchler
(1966) most often seem to predict accurately the observed cross sec-
tions. The proton potential of Perey (1963) and the neutron potential
of Wilmore and Hodgson (1964) as revised by Hodgson (1967) also seem to
fit the data well in most cases.

It should be noted that using any of the potentials and any of
the established sets of level-density parameterizations, the predicted
cross sections are almost always within a factor of two of the measured
values. This is true even when direct-reaction mechanisms are in-
volved or when the level-density parameterization is (seemingly)
incorrect. Thus one can be fairly sure that the predicted cross sec-
tions for an arbitrary reaction (for nuclei not too far from the
region of known parameters) should yield values which reasonably ap-
proximate the true values. The charged-particle cross-section
compilations of McGowan and Milner (1973) and of the Nuclear Data
Group will prove useful in providing test cases in the mass region of
interest if a set of potentials is to be examined.

A word of caution must be inserted about low-energy cross sec-

tions. Not only is the model on much less firm footing (as resonances
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do not necessarily overlap and the resonance properties do not average),
but gamma-ray transmission coefficients and fluctuation corrections

must be included. For the cases studied here, these were unimportant
(except, maybe, at the lowest energies measured). However, for low-
energy bombardment, particularly when the neutron channels have not

yet opened, the fluctuation corrections can vary the predicted cross
section by twofold, and the gamma-ray channel may be by.far the most
important channel.

However, with these provisions, it can be seen that the statis-
tical model of nuclear reactions can provide a useful guide to cross
sections which cannot be measured in the laboratory (for example, the
hundreds of cross sections needed for nucleosynthesis caTcu]ations
(Clayton and Woosley 1973) or which are difficult to measure (for
example, (n,a) reactions on materials to be used for reactor walls).
With moderate computational time and cost, fairly accurate information

can be obtained.
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TABLE I

Parameters of the Woods-Saxon potential for proton-induced reac-
tions. The significance of the parameters is discussed in the text
(see page 198, particularly equation 76). A1l potential depths are in
MeV and all radii in Fermis. The symbol E denotes bombarding
energy and is in MeV. The Coulomb term, Vc(r), is taken to be that
of a uniformly charged sphere of radius RV (equation 7¢). The param-

eters are taken from the work of

Perey (1963) (The values for W, and Vi, are for E less
than 17 MeV. For E greater than 17 MeV, the values are

We = 3A**(1/3) and VSO = 8.5);

Buck (1963);
Rosen et al (1965);

Becchetti and Greenlees (1969a) (The values for Vv’ Nv, and
WS are either zero or the values given, whichever is larger.
W has another term, +12(N-Z), which should be added to the
term shown. The diffuseness a,, also has a similar addi-

tional term, +0.7(N-Z)/A).

None of the potentials has an imaginary spin-orbit term.
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TABLE I
Parameter Perey Buck Rosen Becchetti
v, 53.3-0.55F  52.6-0.28F  53.8-0.33F  54.0-0.32F
v, 0.4 0.0 0.0 0.4
Vg 27 0.0 0.0 24
i, 0.0 0.0 0.0 0.22E-1.7
H, 15.5 10.6 7.5 11.8-0.25E
Vg, 7.5 8.0 5.5 6.2
Ry/A 7 1.25 1.25 1.25 1.17
R /n 73 1.25 1.25 1.25 1.32
R, /A3 1.25 1.25 1.25 1.01
ay 0.65 0.65 0.65 0.75
a, 0.47 0.47 0.7 0.51"
a 0.65 0.65 0.65 0.75
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TABLE II

Parameters of the Woods-Saxon potential for neutron-induced
reactions. The significance of the parameters is discussed in the
text (see page 198, particularly equation 76). A1l potential depths
are in MeV and all radii are in Fermis. The parameters are taken
from the work of

Wilmore and Hodgson (1964), which is the local potential

equivalent to the non-local potential of Perey and Buck

(1962);

Rosen et al (1965);

Becchetti and Greenlees (1969a).

None of the potentials has an imaginary spin-orbit term.



-261-

0sS

6.0 59°0 E e
85°0 L0 890 %e
6.0 590 99°0 Mo
11 g2° L e R
921 §2° 1 (VG00°0-1)V/Z€£000°0-992" L M\_q\mm
[UL g1 (¥S00°0-1)¥92000°0-22€" | e/ /™
29 G 0°0 %)
¥/(2-N)2l-352° 0-€1 §7°% 650" 0-29"5 M
95 1-322°0 0°0 0°0 M
p2- 0°0 0°0 Sh
0°0 0°0 00 1
3267 0-€"95 3IE€°0-€ " 6b ,38100°0-392°0-10" Lt "
SSS | udauy wcw 1138Y2084g Le 39 ussoy uoSHbpoH pue adoW| LM Jdajslleded

IT 378vl



-262-
TABLE III

Q values and activities for products of p + NaCl. The
reaction of interest is 23Na(p,n)23f~‘ig with a Q value of -4.84 MeV.
As seen from the table, this is the only reaction which has a Q
value avove -o0.75 MeV which emits annihilation radiation. The
nalf-life information and activity information (energies of delayed
gamma radiation) is from Lederer et al (1967). The Q values are

deduced from the 1971 Mass Tables of Wapstra and Gove.

(See page 221.)
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TABLE 111
Reaction Q Value Half-Life Activity
Z3Na(p,Y)24Mg 11.69
n)%3ig -4.84 1 s 51,.44
,d)%%na -10.19 2.6y 51,1.27
,3He)2 e -11.44
,u)zone 2.38
,2p)%ile -8.79
op) ' OF -10.47
20100 -2.35
3501 (p,y)0Ar 8.51
n)3Ar -6.75 1.8's 51,122
,d)3%¢ -10.41 1.6 s 51
,d)3%cr” -10.56 2 m 51,2.13
,3te)33s -10.07
)35 1.86
,2p)3%s -6.37
ap)3lp -7.00
,20)28s -4.99
3701 (p,y)Cur 10.24
)3 hr -1.60 35 d



-264-
TABLE III (Contd)

Reaction Q Value Half-Life Activity
37¢1(p,d) 3¢ -8.09 10° y

,6)3°0 -10.41

,3He )35 -10.56 88 d

,a)3%s 3.03

,Zn)36Ar -10.39

,2p)30s -8.40

,an)33s -8.39

,ap)33p -7.85 25 d

)30

,20) " S -4.89
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TABLE TV

Timing chart for the reactions studied. The timings used for
bombardment, waiting, and counting are shown for 23Na(p,n)23
35 38y

Mg and
Cl(a,n) The timings used for alpha bombardment of Cu and Co
and for proton bombardment of Cu are not shown as they varied as the
energy of the beam (and yield of the reaction) increased.

23

The timings for the ““Wa(p,n) and 3561(a,n) reactions were con-

trolled by a digital sequence timer having a time precision of 0.1 s

3561 + o . The timings for the other

for Zdwa + p and 0.001 s for
reactions were manually controlled. The imprecision in the manual
control is small compared to the uncertainty in the half-lives of the
products.

(See page 221.)
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TABLE IV
Activity 23Na(p,n)23Mg C](u,n)38K
Bombardment 12.0 sec 1.365 sec
Wait 60.0 sec 0.200 sec
Count 20.0 sec 1.365 sec
(4 groups) (2 groups)
t]/2 11.4 sec 7.64 m (g.s.)

0.929 s (i.s.)
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TABLE V

Q values and activities for products of o + BaC]2 which have
4 values avove -11.0 MeV. The reactions of interest are 35 )38

30 38K*

Cl(o,n) 7K

and ““Cl(a,n) whose Q values are -5.88 and -6.01 MeV, respectively.

As can be seen from the table, there exists no short-lived
anninilation-radiation emitter except for 38K* . Also the 2.17-MeV
gamma ray provides a unique signal for the production of 38K(g.s.).

Tne half-life and activity information (energies in MeV of de-
layed gamma radiation) is from Lederer et al (1967). The Q values are
from the 1971 llass Tables of Wapstra and Gove.

(See page 224.)
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TABLE V
Reaction Q Value Half-Life Activity
By la, 5K 7.21
)38 _5.87 7.7 m 512,17
R et -6.00 .95 s 51
,p)38Ar 0.84
,d)3ar -8.77 35 d
,2p)37c -9.40
ap)ts 6.7
20)31p ~7.00
01 g TR 6.2
)4 -3.88 107 y 1.46
,p)4oAr -1.59
,d)3ar -9.24 269 y
,t) 38y -9.57
,an)30CT -10.32 10° y
P e -8.40
,20)33%p -7.85 25 d
13084 (0,n) 133¢a -10.31 6 h 51
1325 (o ,n) 135¢e ~9.40 17 h 51,.3
1340 (a,n) ¥ ce -8.18 9 h
(or,n) 137 ce* -8.35 34 h .25
1354 (q,n) 1 38ce -5.9]
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TABLE V (Contd)

Reaction Q Value Half-Life | Activity
1308, (0.0} 3Pce 7,64 140 d 7
]37Ba(a,n)]4OCe -5.54

138

n)141

Ba(a, (e -8.64 53 d - 1B
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TABLE VI

Q values and activities for products of o + Co. The reaction

of interest is 59Co(oc,n)620u. Below the threshold for 59Co(u,an)58C0,

59C0(a,n)62Cu reaction produces annihilation radiation. Above

only tne
this energy, decays which have anninilation radiation also have an
associated gamma ray.

The half-life and activity information (energies in MeV of
delayed gamma radiation) is from Lederer et al (1967). The Q values

are from the 1971 Mass Tables of Wapstra and Gove.

(See page 225.)
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TABLE V1
Reaction Q Value Half-Life Activity
990 (a,v)%3cu 5.78
)52y -5.08 9.8 m 51
)21 - .35
,d)%Twi -8.72
,t)00%4 -10.29
,3He 090 -13.09 5.7 y 1.17,1.33
,3He)%Vco* 12,15 M m .06
,2n)®lcy -13.97 3.3 h 51,.28,.66
,2p)%'co 11.46 99 m .07
,an)°8co -10.46 71 d .51,.81
,an)>8co* -10.50 9 .03
,ap)58Fe -7.38
,20,)°7Mn -6.95
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TABLE VII

Q values and activities for products of o + Cu. The reactions

of interest are 63Cu(u,n)66Ga and 65Cu(a,n)686a which have Q values

of -7.52 and -5.84 MeV. The production of °8Ga and 0

65

Ga is signalled
Cu(u,3He)66

one of the delayed gamma rays produced by 63Cu(u,n)66Ga. However,

by the emission of delayed gamma rays. The Cu produces
the half-life of 66Cu is much shorter than 66Ga and only a moderate
wait makes the contribution from 66Cu insignificant compared to 66Ga.

The half-life and activity information (energies in MeV of the
delayed gamma radiation) is from Lederer et al (1967). The Q values
are from the 1971 Mass Tables of Wapstra and Gove.

(See page 226.)
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TABLE VII
Reaction Q Value Half-Life Activity
T 3.70 78 h .29,.18,.09
,n)006a -7.52 9.4 h .51,2.74,1.04
,p)66Zn -1.57
,d)®%7n -10.38 245 d 1.12,.51
,£)%%2n 12,11
,3he)%%cy 12,66 13 h 51
,2n)%%6a ~16.64 15 m 51,.12
,2p)650u -10.57
on)%2cu -10.86 10 m 51
op) 2N -5.12
,20)°%¢co -5.78
5B el 6 4.49
,n)%86a -5.83 68 m .51,1.078
(%82 2.14
,d)877n -10.11
,£)%07n -10.91
,3He)%%¢cy ~13.52 5.1 m .04
,2n)%76a ~14.12 78 h .09,.18,.29
2p)% ¢y -12.73 59 h 19,.09
on)®cy -9.9] 13 h 51
,po) 04 ~7.45
,20)87co -6.76 99 m .07
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TABLE VIII

Q values and activities for products of p + Cu which have
Q values above -11 MeV. The reaction of interest is 63Cu(p,n)63Zn
which has a Q value of -4.15 MeV. The production of 6371 is sig-
nalled by the emission of two delayed gamma rays, 0.67 and 0.96 MeV.

The half-life and activity information (energies in MeV of
the delayed gamma radiation) is from Lederer et al (1967). The Q

values are from the 1971 Mass Tables of Wapstra and Gove.

(See page 228.)
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TABLE VIII
Reaction Q Value Half-Life Activity

63cu(p sy )8%n 7.71
,1)%370 -4.15 38 m .51,.67,.96
,d)%2cy -8.62 10 m 51
,t)%Tcu 1728 3.3 1 51,.28,.66
,3he) %M -9.01
)% 3.75
,2p) %24 AL
on)?2ii -7.63 10° y
p)°7Co -5.78
o -3.97

65Cu(p,y)662n 8.90
,1)8°7n 2,18 245 d 51, 1.12
,d)®%cuy ~7.69 13 h 51
,t)%3cu -9.34
,3He) 03 -9.39 92 y
)i 4.35
,2n)%%7n -10.12
2p%Mi -7.45
,on)®Thi 525
,ap)®lco -6.76 99 m .07
E -3.29
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TABLE IX

23 23

Cross section for ““Wa(p,n)““Mg. The normalization uncertainty
is 8.5%. The energies given are in the center of mass system and are
the energies at the center of the target. Below Ecm = 5.38 MeV, a

10 keV thick target (at ECm v 5 1ieV) was used; above 5.38 MeV a target
four times as thick was used.

The Q value of the reaction is (-4839.0 + 2.2) keV.

(See page 230.)



Ecm(MeV) o(mb)

4.845 1.8+ 0.6
4,864 2.3+ 0.4
4.884 2.9+ 0.4
4.903 6.2 + 0.7
4.922 13.4 £ 0.8
4.941 20.7 £ 1.0
4.960 150 = 0.9
4.979 13.9 + 0.8
4.999 14.9 = 1.3
5.018 14.8 1.3
5.037 15.5 £ 0.8
5.056 9.8 £ 0.8
5,075 11.7 £ 0.9
5.094 13:0 £ 0.9
5.114 15,3 = 1.0
5,133 14.9 £ 1.0
5. 152 17.7 £ 1.2
5171 161 = 1.5
5.190 23,3 £ .1
5.209 28.2 = 1.1
5.229 29.2 £ 1.2
5.248 33.9 2 1.3
5.266 35.3 % 1.3
5.285 39.7 & 1.7
5.304 41.4 =+ 1.6
5.324 50.4 £ 1.7
5.343 36.1 = 1.5
5.3062 28.6 # 1.3
5.391 30.5 £ 0.7
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TABLE IX

Ecm(MeV) o(mb)

5.439 44 .2 + 0.9
5.486 65.8 = 1.1
5.534 63.1 £ ].2
5.582 70.3 £ 1.4
5.630 13:7 € 1.8
5.678 66.1 + 1.4
5.726 63.9 £ 1.5
5. 184 gb.T £ 1.5
5.822 83.3 £ 1.8
5.870 66.9 & 1.7
5.918 52:3 £ 1.8
5.966 873 £ 1.7
6.014 70.7 = 1.8
6.061 i7.3 £ 1.7
6.109 73.1 £ 1.6
6.157 67.3 £ 1.6
6.205 78.0 £ 1.8
6.253 97.0 % 1.8
6.301 92.1 £ 1.8
6.349 g91.9 = 1.8
6.397 99.1 + 1.8
6.445 88.2 £ 1.7
6.493 85.2 £ 1.2
6.541 91.2 = 1.3
6.589 95.5 = 1.4
6.636 105.8 + 1.4
6.684 103.4 + 1.4
6.732 92.8 + 1.4
6.780 90.4 + 1.3
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TABLE IX (Contd)

Ecm(MeV) o(mb)

6.831 86:.5 & 1.3
6.879 84.0 £ 1.4
6.927 84.9 = 1.2
6.975 91.9 % 1.3
7.071 109.5 £ 1.5
7.166 94.0 = 1.4
7.263 93.1 + 1.8
7.360 97.8 + 1.3
7.456 Ila7 & 1.2
7.552 83.3 £ 1.3
7.647 195.8 £ 1.7
7.743 99.9 £ 1.4
7.839 93.8 £ 1.2
7.935 94.1 =+ 1.2

Ecm(HeV) o(mb)

8.033 102.8 # 1.3
8.129 118.0 + 1.5
8.224 92.3 £ 1.4
8.320 109.0 # 1.5
8.417 103.9 + 1.4
8.514 119.3 £ 1.6
8.610 123.3 + 1.8
8.849 100.9 = 1.4
9.089 122.0 £ 1.4
9.329 1256.3 £ 1.5
9.809 107.0 £ 1.6
0.289 110.8 £ 1.4
0.527 108.0 £ 2.0
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TABLE X

35 )38

Total reaction cross section for ~~C1(a,n K. A1l cross

sections are in mb. The energies given are in the center of mass
and are the energies at the center of the target. o(g.s.) is the
cross section for producing states which eventually decay to the

38K ground state. Similarly o(i.s.) is tﬁe cross section for

those states which eventually decay to the isomeric level at 131 keV.
o(total) is the total cross section for formation of 38K and is just

the sum of o(g.s.) and o(i.s.).

The Q value for 35C1(0L,n)38

35 38

K(g.s.) is (-5868 + 8) keV,

while the Q value for ““Cl(o,n)"K(i.s.) is (-5999 + 8) keV.

The normalization uncertainty is 15%.

(See page 232.)



TABLE X

E (V) o(g.s) ofi.s.) o(total)
5.905 2.3 % 0.2 2.3+ 0.2
5.995 4.2 + 0.3 4.2 £ 0.3
6.085 6.4 + 0.3 0.7 + 0.2 7.1 = 0.4
6.174 7.3+ 0.4 0.8+ 0.3 8.1 £ 0.5
6.265 9.4 * 0.4 1.2 0.3 10.6 = 0.5
6.355 13.4 + 0.5 3.8+ 0.4 17.2 £ 0.7
6.444 17.5 + 0.6 6.4 + 0.5 23.9 + 0.8
6.534 16.9 + 0.6 8.3 £ 0.5 25.2 + 0.8
6.624 16.3* 0.6 6.3+ 0.5 22.6 + 0.8
6.714 19.0 + 0.6 7.1 £ 0.6 26.1 + 0.8
6.803 22.4 + 0.7 6.3+ 0.7 28.7 1.0
6.894 24.9 + 0.7 8.1 * 0.8 33.0 * 1.1
6.984 21.1 = 0.6 7.0 % 0.7 28.8 + 0.9
7.074 28.3 * 0.8 11.7 £ 0.9 44.0 + 1.2
7.163 26.6 + 0.8 6.4 + 1.1 33.0 £ 1.3
7.253 26.9 + 0.8 7.6 0.8 34.5 + 1.2
7.343 25.9 + 0.8 7.4 + 0.8 33.3 1.1
7.433 26.0 + 0.6 13.3 £ 0.8 39.3 + 1.1
7.522 26.5 + 0.8 11.3 + 0.9 37.8 £ 1.2
7.613 29.0 + 0.8 11.8 + 1.0 40.8 + 1.3
7.703 24.0 = 0.8 11.1 £ 0.9 35.3 + 1.2
7.792 23.0 = 0.7 14.5 + 0.9 34.5 + 1.2
7.882 26.1 + 0.8 13.8 + 0.9 39.9 + 1.2
7.972 28.2 + 0.8 15.2 £ 1.0 43.4 + 1.3
8.062 26.8 + 0.8 12.0 = 1.0 38.8 + 1.3
8.152 27.7 + 0.8 14.6 1.0 42.3 + 1.3
8.242 25.3 + 0.8 15.4 £ 1.0 40.7 + 1.3
8.332 27.7 + 0.8 16.1 = 1.1 43.8 + 1.4
8.421 26.5 + 0.8 16.6 + 1.1 43.1 + 1.3
8.511 28.3 + 0.9 13.2 = 1.1 41.5 + 1.4
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TABLE X (Contd)

Ecm(MeV) o(g.s.) o(i.s.) o(total)
8.601 28.7 + 0.9 16.0 £ 1.1 44.7 £ 1.4
8.692 2.2 % T.) 16:3 £ 1.2 48.5* 1.6
8.781 31.6 & 1.1 17.6 £ 1.2 49.2 * 1.7
8.871 315 £ 1.] 16.8 £ 1.2 48.3 * 1.6
8.961 29.4 £ 1.0 17.4 £ 1.2 46.8* 1.6
9.051 28,2 £ 1.0 14.7 £ 1.2 42.9* 1.6
9.140 30,5 ¢ 1.2 14.9 £ 1.4 45.4 % 1.8
9.321 32.9 = 1.1 16.8 £ 1.4 49.7 * 1.8
9.411 38.7 £ 1.1 18.5 £ 1.8 54.2 £ 2.1
9.500 41.8 £ 1.2 18.4 + 1.7 60.2 * 2.1
9.590 49.4 £ 1.5 21.4 £ 1.8 70.8 ¥ 2.3
9.680 49.0 = 1.4 22.0 * 1.8 71.0 £ 2.3
9.770 b2.3 = 1:4 22.7 1.9 75.0 & 2.4
9.860 50.8 £ 1.5 22.6 £ 1.8 73.4 £ 2.4
9.950 bl.5 £ 1.6 19.2 * 1.9 7167 £ 2.5
10.040 56.6 = 1.8 21.4 £ 2.0 78.0 £ 2.6
10.129 63.2 + 1.8 23.5 £ 2.1 86.7 * 3.9
10.220 60.3 £ 1.8 19.9 * 2.3 80.2 £ 3.2
10.310 62.2 + 1.8 24.1 £ 2.5 86.3 £ 3.1
10.399 62.4 £+ 1.8 25.1 2.6 87.5 £ 3.2
10.489 68.1 * 2.0 26.6 * 3.1 94.7 + 3.7
10.580 66.6 £ 2.0 24.3 £ 2.9 90.9 * 3.6
10.670 64.9 * 2.0 37.9 £ 3.0 102.8 £ 3.6
10.759 73:8 £ 2.3 31.3 £ 3.4 105.1 = 4.1
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TABLE XI

102cu.  The

Total reaction cross sections for 59Co(a,n
energies given are in the center of mass and have been corrected
for cross section effects by assuming that the Coulomb potential is
the main cause of the variation with energy.
_ The normalization uncertainty for these cross sections is
10%. The Q value for the reaction is -5077 + 5 keV. The cross
sections given are only for the two-body reaction and do not include
any three-body channels that may have passed through 62Cu. The Q
value for (a,2n) is -14.0 MeV, for (a,np) it is -11.0 MeV, and for
(a,on) is -10.5 MeV. Only the (a,2n) reaction has any appreciable

cross section because of the Coulomb barrier for charged particle

emission.

(See page 232.)
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TABLE XI
ECm o(mb)
5.140 0.028 = 0.002
5.492 0.099 £ 0.003
5.974 1.056 + 0.01
6.475 4.25 * 0.04
6.976 14.0 % 0.2
7.478 34.3 £ 0.4
7.977 75.9 £ 0.8
8.480 131 %=1
8.979 213 £ 2
9.476 282 =+ 3
9.980 379 * 4
10.4381 441 * 5
10.701 4883 * 5
10.751 807 % b
11.482 891 = &
11.983 506 £ 6
12.483 690 £ 7
12.983 744 * 8
13.485 761 =48
13.985 75 = 9
14.987 756 = 8
15.995 719 %= 8
16.986 B0 % 7
17.988 561 £ 7
18.487 496 £ 6
18.987 435 = 8§
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TABLE XII

63cu(a,n)%%a. The effec-

Total reaction cross sections for
tive energies given are in the center of mass and have been corrected
for cross section effects by assuming that the Coulomb barrier is
the main cause of the variation with energy.

The normalization uncertainty is 10%. The Q value for the
reaction is -7515 £ 6 keV. The cross sections given are only for
the two-body reaction and do not include any three-body channels that
may have passed through %6Ga. The Q values are: for (a.2n) -16.8 MeV,
for (a,np) -12.2 MeV, and for (a,an) -10.9 MeV. Only the (o,2n)

reaction has any appreciable cross section because of the Coulomb

barrier for charged particle emission.

(See page 233.)
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TABLE XII

Ep (MeV) o (mb)
7.910 10.9 + 0.1
8.386 37.6 + 0.4
8.836 85.0 + 1.0
9.798 183 + 2
10.742 323 £ 4
11.686 441 + 5
12.649 488 * 6
13.591 593 + 7
14.533 652 + 8
16.417 672 9
17.358 595 * 6
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TABLE XIII

68Ga. The

Total reaction cross sections for 65Cu(oc,n)
energies given are in the center of mass and have been corrected for
cross section effects by assuming that the Coulomb barrier is the
main cause of the variation with energy.

The normalization uncertainty is 10%. The Q value for the
reaction is -5827 + 6 keV. The cross sections given are only for
the two-body reaction and do not include any three-body channels
that may have passed through 686a. The Q values are: for (a,2n)
-14.1 MeV, for (a,np) -12.3 MéV, and for (o, n) -9.9 MeV. Only

the (a,2n) reaction has any appreciable cross section because of

the Coulomb barrier for charged particle emission.

(See page 233.)
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TABLE XITII
Ecm(MeV) o(mb)
6.032 0.08 + 0.04
6.978 5.8 * 0.3
7.924 41.7 £ 1.5
8.397 7.7 £ 2.1
8.870 147 = 3
9.816 280 £ 5
10.762 555 + 6
11.708 644 + 7
12.672 670 £ 9
13616 790 £ 1]
14.560 878 £ 11
16.447 865 * 11
17.391 752 % 11



-288-

TABLE XIV

63

n. The

Total reaction cross section for )63

Cu(p,n
energies are in the center of mass system and are for the center
of the target.

The normalization uncertainty for these cross sections is 10%.
The Q value for the reaction is -4148.0 + 2.8 keV. For the energies

measured, all states in 63Zn populated by the reaction are bound.

(See page 234.)



-289-

TABLE XIV

E . (MeV) o (mb)
4.168 10.5 + 0.1
4.217 14.0 + 0.2
4.485 53.3 + 0.6
4.986 N7+ 1
5.487 182 + 2
5.988 193 + 2
7.011 285 + 3
7.990 325 + 4
8.991 407 * 6
9.992 451 £ 9

11

991 448

I+

15
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Figure 1

Transmission coefficients for 23Na +p for 2 =20,1,2,3 and 4
for Ecm = 0.1 to 10 MeV. The proton potential of Becchetti and Green-
lees (1969&) was used to generate the coefficients. Other potentials
will show similar behavior, the main difference being in absolute
magnitude.

The effect of the Coulomb and centrifugal barriers is clearly
seen. At high enough energies all transmission coefficients approach
unity.

(See page 202.)
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Figure 2

Transmission coefficients for 23Mg +n for 2 =20,1,2, and 3

for Ecm = 0.01 to 10 MeV. The neutron potential of Becchetti and
Greenlees (1969a) was used to generate the coefficients, Other poten-
tials will show similar behavior.

The Tlack of a Coulomb barrier is evidenced by the large values

of the T,'s at low energy. This is particularly true for 2 =0,

'
where Tz=0 is near unity even for very low energies. Other 2

values are smaller due to the presence of the centrifugal barrier.

(See page 203.)
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Figure 3

200e + o for 2 =0,1,2, and 3

Transmission coefficients for
for Ecm =1 to 10 MeV. The alpha potential of Michaud and Fowler
(1970a) was used to generate the coefficients. Other potentials will
show similar behavior.

The Coulomb barrier is very significant even though the atomic
number of neon is very low. For nuclei with higher Z (and hence a
higher Coulomb barrier) the increase of TQ with energy is even more

dramatic. The centrifugal barrier, although of less significance,

still plays an important role.

(See page 206.)
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Figure 4

Absolute detection efficiency for off-line geometry (Figure 5)
when using the 73 cm3 or 50 cm> Ge(Li) detector. Although the
smaller Ge(Li) was not used in this geometry, the comparison is use-
ful, as only the normalization changes (to a good approximation) when
the 50 cm3 is used in the on-line geometry (Figure 7).

The Targer detector has a larger absolute detection efficiency,
of course, and the variation of efficiency with energy is less than
for the smaller detector.

The Tines shown are the result of a least squares fit to the

56 22

decays of ~Co, ~“Na, and ThB. See text (page 216) for additional

details.
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Figure 5

0ff-line geometry. The activated target was inserted into the
teflon holder,

Lead shielding was placed around the detector to reduce room
background to a negligible level. An X-ray filter was placed between
the detector and the teflon holder to absorb Tow energy gamma
radiation and to stop any beta particles emerging from the holder from
entering the detector.

(See page 218.)
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Figure 6
Block diagram for the electronics. The electronics used are
quite standard. The amplified charge pulse produced by the detector
is analyzed by either a Huclear Data ND 160 or ND 4420 Multichannel
Analyzer, A 60 Hz pulser is introduced at the preamplifier in order
to determine the dead-time of the electronics and any gain drifts.
The digital sequence timer was used in those experiments for
(23Na(p,n)23

which the half-1ife of the product was short Mg and

-
3OC-I (O(,,n)38

K). For the other reactions, the timing was manually
controlled,

(See page 219.)



-301-

SEIVIN]
aouanbag

jsuueydi}inin

dwy

buideys dwy -aid

i18s|nd
ZH 09

A1ddng

A H

(17)9D




-302-

Figure 7
On-Tine geometry. This geometry was only used in the measure-

35C1(a,n)38K cross section. The chamber is made of Be in

ment of the
order to reduce annihilation in flight and bremsstrahlung. Alpha
bombardment of Be produces no interfering delayed radiation.

Both a 50 cm’ Ge(Li) and a 5 cm x 5 cm Nal detector were used
at different times during the measurement. The Ge(Li) offered

superior resolution, but the Nal had better detection efficiency.

(See page 223.)
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Figure 8

Typical delayed gamma spectrum following proton bombardment
of NaCl. The spectrum shown is for Ecnfb 8.0 MeV. Even though
‘many half-1ives have occurred between the end of bombardment and
the start of the counting of this spectrum, only 511- and 440-keV
radiation is present.

23Na(p,n)23Mg reaction was inferred

The cross section for the
by use of both gamma rays when possible. The spectra were taken in
4 sequential time groups. The yield of the 511-keV gamma rays was
fitted by a curve corresponding to the decay of 23Mq and a long-
iived component. In none of the runs was there any indication of
a short-Tived component other than 23Mg. At low bombarding energies
the yield of 440-keV radiation was insufficient to produce accurate

cross sections from use of this gamma ray.

(See page 230.)
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Figure 9

* Reaction cross section for 23Na(p,n)23Mg from Ecm = 4.85 to
10.53 MeV. The Q of this reaction is -4.84 MeV. The insert shows
an expanded view of the cross section near threshold. The cross
sections are listed in Table IX.

Several resonance-like structures are seen. The large peak
just above threshold is not due to the opening of the (p,n]) channel,
as this occurs several hundred keV higher. Once the bumpy region
is passed, the cross section is relatively flat to the highest energy
measured.

Only Blaser et al (1951) have measured this cross section
before. Rough agreement is obtained for energies near threshold if
their energy scale is shifted by 150 keV. For energies greater than

6 MeV, the present results are higher,

(See page 230.)
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Figure 10
Typical delayed gamma spectrum following alpha bombardment
of BaC]Z. The spectrum shown is for Ecm v 8.0 MeV and was taken

with a 5 cm x 5 cm Nal detector. The gamma rays present are from

38

the decay of K (0.51 Mev, 0.95, 1.46, and 2.17 MeV) and room

background. The peaks at 0.95 and 1.46 MeV are the single- and
double-escape peaks of the 2,17 MeV gamma ray.

Two spectra were taken for each bombarding energy. The cross

35 )38

section for the ““Cl(a,n)~"K(g.s.) reaction was determined by summing

the yields of the 2.17 MeV gamma rays in the two spectra. The yield

for the 35 38

C1(a,n)”"K(i.s.) was determined by subtracting the yield
of the 511-keV peak in the second group from the yield in the first
group. Since the counting periods were short compared to the half-

life of the ground state of o8

K, the difference in the 511-keV
radiation is proportional to the number of decays of the isomeric
level, which has a short half-life.

(See page 231.)
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Figure 11

Typical delayed gamma ray spectrum following alpha bombard-
ment of BaC12. The spectrum shown is for Ecm ~v 8.0 MeV  and was
taken with a 50 cm3 Ge(Li) detector.

By comparing Figures 10 and 11, the superior resolution of
the Ge(Li) detector is quite evident. The same gamma rays appear in

both spectra, and the analysis was the same.

(See page 231.)
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Figure 12

)38 35 38

"
Cross section for 3JC](oa,n K(g.s.) and ““C1(a,n) "K (i.s.)

for ECm = 5.91 to 10.76 MeV. The Q value for the ground state

reaction is -5.88 MeV.

38

The cross section to K(g.s.) denotes the part of the

35C1(a,n) cross section which populates either the ground state of

38 38

K or levels in K which then gamma decay directly or indirectly

to the ground state. Similarly the cross section to 38K(1’somer1'c

35

state) denotes the part of the ““C1(a,n) cross section which popu-

lates the beta-decay isomeric state of 38K at 0.13 MeV or to levels

in 38K which gamma decay to the isomeric level.

3
35 ) 8

The early flatness and subsequent rise of the ““Cl(a,n) " K(g.s.)

cross section is due to the early absence of states which decay to

the ground state and subsequent population of many states which do

38

gamma decay to the ground state of ~ K.

The values of the cross sections are presented in Table X.

The cross section for 35C](a,n)38K(g.s.) has been measured once
before by Howard et al (1974). The agreement between the two sets of

data is good.

(See page 231.)
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) 350! (a,n)38K (g.s.)

35 38
Cl(a,n) K (isomer)
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Figure 13

35 38

Cross section for ““Cl(a,n) K for Eep = 5.91 to 10.76 MeV.
The Q value for the reaction is -5.88 MeV.

This cross section is just the sum of the cross sections pre-
sented in Figure 12. The values of the cross section are presented

in Table X.

(See page 231.)
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Figure 14

Typical delayed gamma spectrum following alpha bombardment of
Co. The spectrum shown is for Ecm v 14 MeV. The largest gamma ray
present is the annihilation radiation from 62Cu decay. Also weakly
present are the two gamma rays which sometimes accompany the decay of
62Cu (0.88 and 1.17 MeV). Also present at very low energies are Pb
X-rays.

The cross section for 59Co(u,n)626u was inferred by taking

the difference in yield of the annihilation radiation in two sequential
groups. The difference of yields was used to reducz the effect of any

long-lived contaminant.

(See page 232.)
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Figure 15

59 62

Cross section for ““Co(o,n) “Cu for ECm = 5.14 to 19.0 MeV,.
The Q value for this reaction is -5.07 MeV. The cross sections are
also listed in Table XI.

Also shown are the Q values for sequential particle emission,
which takes strength from the 62Cu + n channels.

The work of previous investigators (Stelson and McGowan 1964,
D'Auria et al 1968, and Zhukova etal 1973) is also presented. The

agreement is good.

(See page 232.)
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Figure 16

Typical delayed gamma spectrum following alpha bombardment of

Cu. The spectrum shown is for Ecm v 14,5 MeV. The gamma rays seen

686a.

are from the decays of 66Ga and The gamma ray at 1039 keV was

66

used to infer the 63Cu(a,n) Ga cross section, the 1line at 833 keV

providing a check that the yield was due to 66Ga decay. The 1078-keV

65

gamma ray was used to infer the Cu(a,n)68Ga cross section.

(See page 233.)
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Figure 17

Cross section for 63Cu(a,n)66Ga for Ecp = 7.9 to 17.4 MeV.
The Q value for this reaction is -7.5 MeV. The cross sections are
also listed in Table XII.

The Q values for sequential particle emission from 66Ga are
shown at the appropriate energies. Sequential particle emission com-
petes with gamma decay of excited 66Ga levels and causes the cross
section to turn over at the higher energies.

The work of previous investigators (Stelson and McGowan 1964,
Porile and Morrison 1959, and Hille et al 1972) is
also presented. The agreement is good except for the work of Porile

and Morrison.

(See page 233.)
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Figure 18

Cross section for 65Cu(OL,n)68Ga for E.. =6.0 to 17.4 MeV.
The Q value for this reaction is -5.8 MeV. The cross sections are
also listed in Table XIII.

The Q values for sequential particle emission from 68Ga are
shown at the appropriate energies. Sequential particle emission takes

strength away from the 68

Ga + n channels, causing the cross sections
to turn over at higher energies.

The work of previous investigators (Stelson and McGowan 1964,
Porile and Morrison 1959, and Hille et al 1972)
is also presented. The agreement among the groups is good except for

the work of Porile and Morrison.

(See page 233.)
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Figure 19

Typical delayed gamma spectrum following proton bombardment of
Cu. The spectrum shown is for ECm = 8 MeV. The strongest lines (at

0.51, 0.67, and 0.96 MeV) are due to the decays of 63

In. As the yield
ratios of these three gamma rays were constant as the bombarding energy
was increased, all three gamma rays were used to determine the relative
cross section. The non-annihilation gamma rays were then used to find

the proper normalization.

(See page 234.)
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Figure 20

Cross section for 63Cu(p,n)63

In for Ecm =4.17 to 12 MeV.
The Q value for this reaction is -4.15 MeV. The cross sections are
also Tisted in Table XIV.

Much previous effort has been expended on the measurement of
this cross section. See Collé et al (1974) for a review. Plotted
along with the present results are the results of Collé et al. The

various groups are in good agreement.

(See page 234.)
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Figure 21

Ladder diagram for 23Na + p, only the most important channels

being shown. Other channels not shown (with Q values relative to

23Na + p) include d + e + 16

L 12

Na (-10.2 MeV), 2a 0 (-2.35 MeV), and

]ZC

C (-2.24 MeV).

The discrete states shown were included in the statistical
model calculations. The Tevels characterized by the slashed region
were included by means of a level density formula (the constant tem-
perature formula using parameters which predicted the known level
density of the nuclei). Only the n,p and « channels were con-
sidered in the calculations, since the presence of other channels has

negligible effect for the energies studied.

(See page 236.)
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Figure 22.

23? )23

Theoretical reaction cross sections for la(p,n)~"Mg divided by
the measured values. The points plotted are the averages of values
in 250 keV energy interval around the point. Two potential sets are
shown: 1) proton potential from Perey (1963) neutron potential from
Wilmore and Hodgson (1964), and the alpha potential from Igo (1959a
and 1959b); and 2) protbn, neutron and alpha potentials from Michaud
and Fowler (1970a). The results from other potential sets lie in
between the results shown.

The theoretical values overpredict the measured cross sections.
This overprediction is understandable as it is known from previous

23

work (see page 236) that ““Ha(p,p') goes strongly by direct reactions,

thus robbing the (p,n) channels of strength.



-333-

Ol 8 9 1%
r T _ ! J
0 e

o0 © © Ox 0¥o

0 4 %X X

60 0o 00 0

y X oxx x 0 X
X -

X
X y X X
|‘'H8M'd O

.D/L“_O



-334-

Figure 23

Ladder diagram for 35C1 + o , only the most important channels

being shown. Other channels not shown (with Q values relative to

3c1 + o) include d+ 37

31

Ar (-8.77 MeV), p + o + 5% (-6.37 MeV), and
200 + VP (-7.00 MeV).

The discrete states shown were included in the statistical model
calculations. The levels characterized by the slashed region were
included by means of a level density formula (the parameters being
from Gilbert and Cameron 1965a). Only n, p, and o channels were
included in the calculations since the presence of other channels

has negligible effect for the energies studied.

(See page 238.)
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Figure 24

49
)38

Theoretical reaction cross sections for ““Cl(a,n) " K divided
by measured values. Four potential sets are shown: 1) proton poten-
tial from Perey (1963), neutron potential from Wilmore and Hodgson
(1964), and alpha potential from Igo (1959a and 1959b); 2) proton
potential from Perey, neutron potential from Wilmore and Hodgson,

and alpha potential from Michaud and Fowler (1970a); 3) proton and
neutron potentials from Michaud and Fowler and alpha potential from
Igo; and 4) proton, neutron, and alpha potentials from Michaud and
Fowler. See text (page 234) for a discussion of other potential sets.

Potential set 4 predicts values in excellent agreement with

experiment.
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Figure 25

Theoretical reaction cross section predictions (divided by

35 )38 35 )38

measured values) for ““Cl1(a,n)”"K(g.s.) and for ““Cl(a,n) "K(i.s.).

The potentials used were from Michaud and Fowler (1970a) for protons,
neutrons, and alphas.
The theoretical values end at ECm = 8.5 MeV, since above this

energy, states in 38

K are populated whose spin is not known. Therefore
a unique division between states which eventually decay to the ground
state and states which decay to the isomeric level cannot be made
above this energy.

The agreement is very good, especially considering that a
"global" potential was used to describe two quite different types of

38

states in K.

(See page 239.)
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Figure 26

5

Ladder diagram for 9Co + a , only the most important channels

62

being shown. The sequential particle breakupsof "“Cu are shown at

the appropriate energies. Other channels not shown (with Q values

59 61 58

relative to ““Co + &) include d + Fe

55

Ni (-8.72 MeV), p + a +
(-7.38 MeV), and 2o + ““Mn (-6.95 MeV).
The discrete states shown were included in the statistical

626u used in the calcu-

model calculations. The discrete states for
lations are not explicitly shown as they are so dense; only the
first and last levels used are shown. The levels characterized by
the slashed region were included by means of a level-density formula
(the parameters being from Dilg et al 1973). Only n, p, and «

channels were included in the calculations since the presence of

other channels has negligible effect for the energies studied.

(See page 240.)
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Figure 27

)62 as a function of the

Theoretical cross sections for 59Co(a,n
"effective gamma-ray transmission coefficient". As thresholds for
sequential particle emission are passed, new modes for the decay of
the residual nucleus are opened. Thus the residual nucleus can be
treated as a new compound nucleus and its decay can be predicted by
the statistical model. For this calculation, gamma ray transmission
coefficients are needed. In the calculations presented here, only one
coefficient was used which approximates the effect of using the com-
plete set. This approximation is valid, since the transmission
coefficients for the particles increase quickly as a function of
energy and small errors in the gamma ray channels make only small
errors in the predictions in the leakage from the residual nucleus.

That such a leakage occurs is evident from comparing this figure
and the figure showing the measured values of the cross section (Figure

15). From single particle estimates, the "effective gamma ray

transmission coefficient" should be about 0.001.

(See page 240.)
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Figure 28

Theoretical cross sections for 59Co(a,n)62Cu divided by
measured values. Three potential sets are shown: the proton and
neutron potentials of Becchetti and Greenless (1969a), and 1) the
alpha potential of Igo (1959a and 1959b), 2) the alpha potential
of McFadden and Satchler (1966), and 3) the alpha potential of
Michaud and Fowler (1970a). The choice of the nucleon potential
makes little difference in the calculated values.

Potential set 2, the alpha potential of McFadden and
Satchler, seems to agree with the measurements better than the

other two potential sets.

(See page 240.)
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Figure 29

Ladder diagram for 63Cu + a, only the most important channels
being shown. The sequential particle breakupsof 66Ga are shown at

the appropriate energies. Other channels not shown (with Q values

63Cu + o) include d + 65 62

59

relative to In (-10.38 MeV), p+ a + "“Cu

(-10.84), and 20 + ““Co (-5.78 MeV).
The discrete states shown were included in the statistical

66Ga used in the calcu-

model calculations. The discrete states for
lations are not explicitly shown as they are so dense; only the

first and last Tevels are shown. The levels characterized by the
slashed region were included by means of a level density formula
(parameters from Dilg et al 1973). Only n, p, and o channels were
included in the calculations since the presence of other channels has

negligible effect.

(See page 242.)
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Figure 30

Theoretical cross sections for 63Cu(a,n)666a divided by
measured values. Two potential sets are shown: 1) the proton and
neutron potentials of Becchetti and Greenlees (1969a) and the alpha
potential of Igo (1959a and 1959b), and 2) the proton and neutron
potentials of Becchetti and Greenlees and the alpha potential of
Michaud and Fowler (1970a). If the alpha potential of McFadden
and Satchler (1966) is used with the nucleon potential of Becchetti
and Greenlees,, the calculated values fall between the results of
potential sets 1 and 2. The choice of the nucleon potential makes
littie difference in the calculated results.

Also shown on this figure are the theoretical cross sections

63 )66

for "“Cu(a,n) "Zn divided by the measured values of Lassen and
Sidorov (1960).

(See page 242.)
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Figure 31

Ladder diagram for 65Cu + a, only the most important channels
being shown. The sequential particle breakups of 68Ga are shown at

the appropriate energies. Other channels not shown (with Q values

65cy + o) include d + &7 66

64

n (-10.11 MeV), t +
61

relative to n

(-10.91), p + a + " 'Ni (-7.45 MeV), and 2a + ~ Co (-6.76 MeV).

The discrete states shown were included in the statistical-

68Ga used in the calcu-

model calculations. The discrete states for
lations are not explicitly shown as they are so dense; only the

first and last levels are shown. The levels characterized by the
slashed region were included by means of a level-density formula
(parameters from Dilg et al 1973). Only p, n, and o channels were
included in the calculations since the presence of other channels

has negligible effect.

(See page 242.)
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Figure 32

Theoretical cross section for 65Cu&x,n)68Ga divided
by the measured values. Two potential sets are shown:
the proton and neutron potentials of Becchetti and
Greenlees (1969a) and the alpha potential of
Igo (1959a and 1959b) and of Michaud and Fowler (1970a).
The choice of the nucleon potential makes little
in the results of the calculation, The use of the
alpha potential of McFadden and Satchler lies between
the two results shown,

(See page 242,)
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Figure 33

63

Ladder diagram for "“Cu + p, only the most important channels

are shown. Other channels not shown (with Q values relative to

63Cu + p) include 2p + 62 59

and 2o + 56Fe (-3.97).

Ni (-6.12 MeV), p + a + “7Co (-5.78 MeV),

The discrete states shown were included in the statistical-model

63

calculations. Only two states in ~“Zn (the ground and first excited

states) have known spin and parity. The levels characterized by the

slashed region were included by means of a level density formula (the

63 60

parameters for ~“Cu and ~~Ni from Dilg et al 1973). The level-density

parameters for e

In were changed from that of Dilg et al to obtain
better agreement with experiment (see text, page 24+, and Figure 34).
Only n, p, and a channels were included in the calculations, since
the presence of other channels has negligible effect.

(See page 244.)
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Figure 34

63 63

Cu(p,n)~“Zn as a function of

Theoretical predictions of the
the "level density parameter" ( a of equation 47). The value from
Dilg et al (1973) is from their default equation (equation 61 of
this thesis), as there is no experimental evidence concerning the
level density of 63Zn.

As the curves show, there is a very strong dependence of the
predicted cross section on the value taken for the level-density
parameter a .

By comparing the measured cross section (Figure 20), a value
for the parameter a of about 20 to 25% higher than suggested by
Dilg et al is required if the theoretical and experimental results

are to agree.

(See page 244.)
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Figure 35

63 )63

Theoretical cross section for ~“Cu(p,n /n divided by measured

values. Also presented are the theoretical cross sections for

63 63 60

Cu(p,a) "Ni divided by the measured values of

Cu(p,p') and
Benveniste et al (1961). Various potential sets were used as in-
dicated in the figure.

Because the level-density parameter a (of equation 47) was
treated as a free parameter, little comment can be made concerning
the potentials which provide the best fits, since all potential sets
can give excellent fits if the level-density parameter is slightly
varied. However, the agreement for all three reaction pairs

(63Cu t Py 63Zn + n, and 60

Ni + o) is very good if the level density
parameter a is increased by 20 to 25% over the value recommended
by Dilg et al (1973).

(See page 244.)
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