THERMAL NEUTRON (n,a) STUDIES IN THE RARE EARTH REGION




THERMAL NEUTRON (n,a) STUDIES IN THE RARE EARTH REGION

By
KHALID BEG, M.Sc., F.C.T.L'pool

A Thesis
Submitted to the Faculty of Graduate Studies
. in Partial Fulfilment of the Requirements
for the Degree

Doctor of Philosophy

MCMASTER UNIVERSITY

“October 1967



DCOCTOR OF PHILOSOPHY (1967) McMASTER UNIVERSITY
(Chemistry) Hamilton, Ontario

TITLE: Thermal Neutron (n,oa) Studies in the Rare Earth Region
AUTHOR: Khalid Beg, M.Sc. (Punjab University, Pakistan)
F.C.T, (Liverpool, United Kingdom)
SUPERVISOR: Professor R. D. Macfarlane
NUMBER OF PAGES: xii, 160
SCOPE AND CONTENTS:
Alpha décay from the thermal neutron capture states

in Nd143, Sml49, Sml47, Gd;55 151

and Eu has been studied.
Precise measurements of the thermal neutron (n,a)effective
reaction cross sections (3) and the Q-values for various
alpha transitions have been made. Decay schemes have been
proposed and a comparison has been made in each case with
those obtained by other workers. Experimental values for
cross sections were cqmpared with those calculated using

the statistical model approach. From the Q-values and cross
sections obtained, alpha emission reduced widths have been
evaluated.

Neutron transmission experiments were made to obtain
information on the spins and parities of the capture states
in the case of Sm149. The contribution of bound levels to
the neutron capture cross section was confirmed for both

149 143

Sm and Nd .



Bismillah ar-Rahman ar-Rahim. ‘ -
(In the name of God, the Merciful, the Compassionate).

iii




ACKNOWLEDGEMENTS

This work was begun at the suggestion of Dr. R. D.
~Macfarlane and was carried out under his direction. I

feel highly indebted to Dr. Macfarlane for his keen interest,
full devotion and guidance throughout the course of this
research.

I would also like to express my fhanks and grati-
tude to Dr. R. H. Tomlinson, Dr. T. J. Kennett, Dr. K.
Fritze and Dr. G. W. King for their help and valuable
suggestions.. |

I am indebted to N;'S. Oakey for useful discussions
and for the use of his equipment which was used in the study
of Gd155 and Eu151 and the chemical effect on reaction
cross section. |

I am grateful to M. C. Gupta and M. A. Hakim for
their help in writing the computer programme.

The staffs of the Reactor and Machine Shop have
been most cooperative during all stages pf the work and
their help is gratefully acknowledged.

I would like to thank Mrs. Kennelly for her help
in typing this thesis.

Above all, I would like to thank my wife, Nusrat,
for her patience, optimism and encouragement when it was

needed most.

iv




I would also like to express my thanks to McMaster
Uriversity for their financial support and the Pakistan
Atomic Energy Commission for granting a leave of absence

and for their continued interest in my work.




TABLE OF CONTENTS

Page
INTRODUCTION ' 1
(a) Scope of Thermal Neutron (n,a) Studies 1
(b) Historical | 3
' (c) Nature of Present Work : 5
I. THEORY 7
(a) Alpha Decay and Alpha Clustering 7

(b) Slow Neutron Resonances and Alpha Decay 16

From Thermal Neutron Capture States

(c) Spin and Parity of Capturing State 23
II. THEORY OF MEASUREMENTS 25
(a) Definition of Cross Section and Flux 25
(b) Variation of Flux with Energy 26
(c) Effective Cross Section ' 29
(d) Cadmium Ratio and Resonance Integral = 31
III. EXPERIMENTAL 33
(a) Experimental Set Up 33
(b) Targets : 39
(c) Background Measurements 45
(d) Cross~Section Measurements 45
(e) Alpha Particle Energy Measurements 50
(f) Neutron Transmissioﬂ Measurements 52

vi




Page

IV RESULTS AND DISCUSSION 58
(a) Ndl43(n,oa)Ce140 Reaction 59

.(b) Sml49(n,a)Nd146 Reaction 66

(c) Sml47(n,a)Ndl44 Reaction 75

(d) Gdlss(n,a)Sm152 Reaction. : 84
.(e) Eu151(n,a)Pm148 Reaction 90

V COMPARISON OF EXPERIMENT AND THEORY | 95
(a) Cross Section and Reduced Widths - 95

(b) Neutron Transmission Measurements 116

(c) Comparison of Experiment with Theory 120

in the Neutron Transmission Experi-
ments

VI SEARCH FOR A CHEMICAL EFFECT ON THE REACTION 136

RATE 1IN Sml49(n,a)Nd146 REACTION
BIBLIOGRAPHY 146
APPENDIX A TREATMENT OF ERRORS ’ 152

APPENDIX B A COMPUTER PROGRAMME FOR CALCULATIONS155

IN NEUTRON TRANSMISSION MEASUREMENTS

vii




Fig.
1.1
1.2

3.6

LIST OF FIGURES

Potential energy curve for alpha decay
Pictorial representation of alpha particle
formation |
A schematic diagram of the thermal column
Diagram of the Electrostatic Particle Guide
Diagram of the target assembly and counting
equipment
Cross section view of the Electrolytic Cell
A typical alpha spectrum from Li-Sm mixed

evaporated target

A typical alpha particle spectrum from electro-

deposited Li-Sm mixed target

Apparatus for neutron transmission measurements

Alpha spectrum from the mixed Li-Nd target
143

Alpha spectrum from electrodeposited Nd™ '~ target

Alpha decay scheme of Nd144 compound nucleus

149

Alpha spectrum from electrodeposited Sm target

150 compound nucleus

6 147

Alpha decay scheme of Sm

Alpha spectrum from the mixed Li%-sSm target

Alpha spectrum from electrodeposited Sm147

148 compound nucleus

143

Alpha decay scheme of Sm
Alpha spectrum from electrodeposited Nd

target

viii

target

-Gd

Page

12

34
37
38

43
47

49

54
60
63
64
70
72
76
79
82




Fig.

4.11

4.12

5.1

5.7

6.1

Alpha decay scheme for Gd156 compound nucleus

Alpha spectrum from electrodeposited Nd143—Eu151
target
Alpha decay scheme for Eul~52 compound nucleus

Effect of Li6 absorber on relative intensity of

alpha groups from Smlsg-Li6 target

Effect of Sm absorber on relative intensity of
alpha group
Effect of L16 absorber on relative intensity of

6 143

alpha groups from Li -Nd target

149

Calculated excitation functions for Sm and

and Li6

Calculated neutron flux distributions

Effect on Li and Sm (absorber) concentrations
on relative intensities of a-groups from
mixed Li6-Sm149 target

Effect of Li6 absorber concehtration on rela-
tive intensity of triton and a-groups from
LiG-Nd143 target

Plot of the neutron resonance absorption curve
in silver for assﬁmed r = OD (case of inter-

mediate binding)

ix

Page
89

92

93
119

121

124

127

128

132

133

139A




LIST OF TABLES

Table Page

3.1 Isotopic analysis of Sm147 Sample 55

3.2 Isotopic analysis of Sm149 sample 55

3.3 Isotopic analysis of Ndl43 sample 56

3.4, Isotopic analysis of Gd155 sample . 56

3.5 Isotopic analysis of Eu151 sample 56

3.6 Isotopic analyses of Li6 and Li7 samples 57

3.7 Targets for Energy Measurements of'Alpha Particles 57

4.1 Results of Cross Section Measurements for 62
Ndl43(n,a)Ce140 Reaction

4.2 Results of Cross Section Measurements of 67
Sm149(n,a)Nd146 Reaction for 8.73 MeV alpha group

4.3 Results of Cross Section Measurements for the 9.17 69
MeV Alpha Group of the Sm149(n,a)Nd146 Reaction

4.4 Results of Cross Section Measurements of 78
.Sml47(n,a)Ndl44 Reaction

4.5 Relative Intensities and Ehergies of Various Alpha 80
groups in Sm147(n,a.) Reaction

4,6 Results of Cross Section Measurements of Highest 87
Intensity Peak (C) in Gdlss(n,a)Sm152 Reaction

4.7 Results of Energy“and Cross Section Measurements 87
for Various Alpha Groups in Gdlss(n,a)Sm152 Study



Table

5.1

Experimental Results on (n,a) Cross Sections

Alpha Penetrability and Partial Width for

143 140

Nd (n,a)Ce Reaction

- Effective Cross Sections and Reduced Widths for

143 140

Nd (n,a)Ce Reaction

Penetrabilities and Partial Widths for a-

1 146

Reaction

Transitions in Sm 49(n,a)Nd

Cross Sections for a-Transitions in

146

Sml49(n,a)Nd Reaction

Reduced Widths for a-Transitions in

46

Sml49(n,a)Nd1 Reactions

Penetrabilities and Partial Widths for a-
Transitions in Sm147(n,a)Nd144 Reaction

Cross Sections and Reduced Widths for ao-

147 144

Transitions in the Sm (n,o0)Nd Reaction

Penetrabilities and Partial Widths for a-

155 152

Transitions in Gd (n,a)Sm Reaction

Cross Section and Reduced Widths for a-

155 152

Transitions in Gd (n,a)Sm Reaction

LiG—Absorbers and Relative Intensities of

Triton-Alpha Peaks in Transmission Measurements

149 _.6

Using Sm~ ~-Li° Target

_Results of Neutron Transmission Measurements

149

Using Sm-Abéorbers and Sm Target

x1

Page

96

102

102

104

106

107

110

111

113

114

118

122



6.1

Relative Intensities of Triton-Alpha Peaks

in Neutron Transmission Experiments on the

Nd143 140

(n,a)Ce Reaction

Chemical Effect on Intensities of a-Transitions

149 46

in Sm (n,a)Nd1 Reaction

xii

Page
123

142



INTRODUCTION

(a) Scope of Thermal Neutron (n,a) Studies

The work described in this thesis deals with a
study of the alpha decay properties of highly excited states
of nuclei in the rare earth region populated by the capture
of thermal neutrons. Alpha decay from these states is
considerably enhanced relative to the ground state because
of the large total energy available.

These studies in addition to their fundamental
interest for the theory of alpha decaj can give other use-
ful information. For example, one can measure (n,o) reaction
cross sections and obtain information on alpha-gamma
branching ratios of éxcited states. Also, Q-values give
information on atomic masses and nuclear binding énergies.
Further, since alpha transitions, in contrast to beta and
~gamma transitions are only mildly inhibited by angular
momentum changes, one might ekpect to populate with
reasonable intensity most of the low-lying states of the
daughter nucleus. This process can therefore be useful
in obtaining additional information on level schemes of
nuclei which have been studied by beta-gamma spectro-
scopy. The relative population of these levels might also

~give information on the nature of the excited states.

1




The simple selection rules associated with these
alpha transitions can further be used to derive information
on the spins and parities of the excited states. Such studies
can be complementary to the more elaborate techniques such
as neutron-nuclei polarization or neutron resonance scattering
for determining the spin of the capturing states in s-wave
neutron capture.

Conditions for the appearance of the thermal neutron
(n, )reaction with a measurable cross section requires the
consideration of two factors. Firstly, the reaction must
be exothermic, that is, it must have a positive Q-value. The
Q-value must be sufficiently high thatlthe probability for
the alpha particle to tunnel favourably through the Coulomb
barrier be sufficiently large to compete significantly with
the other possible decay modes. The probability of alpha
emission from the capture stéte becomes increasingly small
with increasing Coulomb barrier. The Coulomb barrier, in
turn, depends on the atomic number, Z, of the element.
Secondly, the total capture cross section must be large.

This condition, as a result of an increase in the rate of
capture events, enhances the possibility of‘alpha particle
detection. The first condition is met, in general, by even-
odd neutron deficient isotopes.

At present a number of examples of thermal neutron (n,a)

reactions are known. Most of these are in the region of the




light elements where the Coulomb barrier is rather small
and the probability of an alpha emission from the capture -
state is large. Often this is the major mode of decay in
this region.

There are two other regions where the thermal
neutron (n,a) reaction is favourable; near the 50 proton closed
shell and in the rare earth region and above. These regions
are of greater interest in the study of élpha decay theory
compared to the low Z region because larger nuclei are in-
volved and the concept of nuclear surface (where alpha for-

mation is thought to occur) is more meaningful.

{b) Historical

Griffioen and Rasmussenl (1961) were the first to
us2 the statistical modei of the compound nucleus to predict
thermal neutron (n,¢) reaction cross sections for some
favourable cases of the medium and medium-heavy regions.

The first experimental evidence, however, came from the work

of Macfarlane and Almodovarz (1962) at Berkeley, California
3

and independently of Cheifetz, Gilat, Yavin and Cohen~ (1962)
in Israel on Sml49. These researchers observed two distinct
alpha groups in the energy spectrum obtained when Sm149 was

irradiated by thermal neutrons. These alpha groups correspond

150

to alpha transitions from the capture state of Sm compound

nucleus to the ground and first excited states of the daughter




nucleus, Ndl46. Despite the higher energy available, the

ground state transition was the less intense of the two.

The Israeli group, in addition, observed the thermal

neutron (n,oc) reactions in Sm147 and Nd143. They obtained

negative results for Ndl45, Gd and Gd157. The results

of Sm147 were very similar to those of Sml49. Again, in

155

this case the alpha particle energy spectrum was dominated

by two well-defined groups corresponding to alpha transitions

to the ground and first excited states of Nd144. For Ndl43,

140

only the transition to the ground‘state'of Ce was observed.

Cresswell and Roy4 (1962) , using natural platinum
targets, obtained evidence for thermal neutron (n,>) reactions.

They observed three alpha groups and identified them as those

193 194 195

resulting from Pt , Pt and Pt leading in each case to

the ground state of the corresponding osmium isotopes.

Since 1962, considerable interest has developed in
studying various aspects of the thermal neutron (n,a) reaction
in several laboratories. Andreev and Sirotkins'(1965),
havé conducted a survey study of (n,®) reactions throughout
the rare earth region and above. In addition to confirming

the observations reported in references 2 and 3 they reported

the existence of the (n,a) reaction in Eu151. Some quali-

tative information about fine structure was also obtained by

143 149

these workers in the alpha spectra of Nd and Sm .

Ceulemans, Poortmans and coworkerSG’7 at Mol, Belgium,
8 9

Kvitek and Popov at Dubna, USSR and Dakowski et al” at



Warsaw, Poland have studied the spin and parity of the

capture state of Sm150 to explain the ground state transi-~

146 10,11

tion to Nd . Kvitek and Popov have further extended

their investigations to neodymium and samarium isotopes.

Oekey and Macfarlane12 have recently published a detailed

q146

study of fine structure in Sml49(n,Q)N reaction. The

thermal neutron(n,2)reaction has also been reported recently

123 13

in Te by Cheifetz and co-workers™ ",

(c) Nature of Present Work

The present work was undertaken in 1963 with a view
tc making a thorough and detailed study on the thermal

147’ Sm149 143

neutron (n,%) reaction for Sm and Nd with improved

experimental techniques and to extend this work if possible to

155 ana Eu151. These nuclides provide interesting cases

Gd
for study in the rare earth region. Because of the large
thermal neutron capture cross sections and high Q-values
(7"8=10 MeV) they are the most favourable cases. The work under-
taken has the following main objectives:
(i)» To obtain precise_values on the thermal neutron (n,a)

reaction cross sections and compare these with those

- calculated using the statistical model.

(ii) To determine, accurately, the Q-values for (n,a) re-

actions and to compare them with those obtained from

mass data.




(iii) To evaluate alpha emission reduced widths for the
capture state transitions.

(iv) To obtain information on transitions to the excited
states of the daughter nuclei.

(v) To obtain information on the spins and parities of the

capturing states.

. Chapter I contains a brief outline of the relevant
alpha decay theory. Also included in this chapter is a
review of the pertinent aspects of s-wave neutron capture.
Chapter II contéins a Brief outline of fhe theory of
measurement of effective (n,a) reactién cross sections.

The details of the experimental set-up and the general
discussion of the techniques used are given in Chapter III.
Chapter IV contains a suﬁmary of the final results and
their discussion. Chapter V has been devoted to a
comparative study between experiment and theory. Chapter
VIl deals with a study of chemical effects on the reaction

rate of the Sm149(n,a)Nd146 reaction.




CHAPTER I

THEORY

(a) Alpha Decay and Alpha Clustering

The failure of classical mechanics to explain alpha
enission in an alpha decay process led Gamow14 and indepen-

15 in 1928 to adopt the quantum

deﬁtly Condon and Gurney
mechanical approach. Classically, an alpha particle con-

fined to the interior of the decaying system can be emitted
only if its energy exceeds the potential barrier height.
Quantum mechanically, however, the Gamow-Condon-Gurney

theory showed that there exists a small but finite probability
that an alpha particle can penetrate through the potential
barrier. Accbrding to this theory a pre-existing alpha
particle isvtreated as a wave and its propagation through a
poctential barrier can be treated by solving the wave equation
for the alpha particle of disintegration energy QEff’ If the
barrier is assumed isotropic and the alpha wave involved be
taken as having zero angular momentum (s-wave) the problem
can be simplified. The wave equation can then be set in

one dimensional form. The probability distribution for the
alpha particle does not go to zero at the wall of the potential
barrier but decreaseé sharply outside the radial distance Ri
(see fig.l.1). By applying the boundary conditions that the

wave function and its first derivative must be continuous at

7



Fig. 1.1, Potential energy of an s-wave alpha particle
as a function of distance, r, from the centre of the
nucleus. The solid curve represents.thé idealized
potential energy. The dashed curve represents a more
realistic rounded potential. Region I (Interior of
Nucleus); potential energy in this region is less than
alpha particle energy. Region II (Barrier Region);
potential energy iﬁ this region is greater than alpha
energy and R

t
potential energy in this region is less than alpha

>r > R,. Region III (Outer Region);

energy and r > Rt‘
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R, and Rt one can solve the wave equation for the region

between Ri and Rt' that is, inside the barrier where the
potential energy is greater than the total alpha energy,

prf' A complete solution of the wave equation in the

barrier and the interior regions can be obtained by the

application of the WKB methole.

.

The decay constant, A, will be a simple product of
two factors f apd P. The factor f is reiated to the number
of collisions per second which an alpha particle undergoes
against the barrier wall; it is often called the frequency
factor. 1Its order of magnitude is given by v/2Ri where v
is the ?elocity of the alpha particle. The factor P is the
quantum mechanical penetration factor which accounts for

the exponential dependence of the decay constant on energy.

16

Using the WKB method it can be obtained by the following

expression.

Ry

5
P = Exp [- S (U(r) = Qggp) tar]  (1.1)

R,
h E

where R, and Rt are the inner and outer turning points.
M M ‘ .
Here M =y 3Mr is the reduced mass of the system. U(r) is
e, r ZZe2

the potential barrier which is given by U(r) = = : Ze

being the charge of the daughter nucleus. Qpeg is the total

decay energy which is the sum of the alpha particle energy plus

17 7/2_go (z2+2) 2/5ev)

electron screening corrections™’, ESc=(65.3(z+2)
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plus the recoil energy, Erec = M . It is clear from
the above expression that the probability of penetration
decreases with an increasing value of the integral in the
exponent, that is, with increasing barrier height and
width.

This simple one body theory of alpha decay has some
limitations when more detailed aspects of the alpha decay
piroblem are considered. The model assumes the pre-existence
of the alpha particle in the nucleus whereas intra-nuclear
alpha particle formation is now known to be quite a complex
process.

Bethelg, as early as 1937 pointed out that the alpha
particle should not be thought of as existing independently
within the nucleus a 1arge fraction of time. It is only in
recent years that this problem has received some serious
study and numerous methods have been proposed for studying the
effective alpha particle densities in nuclei.

19 (1954) assumed that the alpha particle

Winslow
exists only in a narrow region on the nuclear surface and he
proposed a surface-well potential with a repulsive potential
in the interior. The decay probability obtained by him on
applying a one body treatment to this system was higher than
expected from the traditional one body model. He explained
this by introdﬁcing a many body concept of an equilibrium

between the nuclear configuration with the alpha particle in

the surface well and the configuration with none in the well
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but with constituent nucleons moving individually within
the nucleus. The ratio of the probability of the former
configuration to the total of configurations is designated
as the formation factor. Winslow thus separated the decay
probability into two factors, 'Formation factor' and
'Penetration factor'.

Brussaard and Tolhoek 20 (1958) formalized the problem
of alpha particle formation at the nuclear surface by ap-
plying the shell model. They suggested that if the four
nucleons, at the nuclear surface, are within a sphere of
radius equivalent to that of an alpha particle, and, if
the two neutrons and two protons are in singlet states
they may be regarded as travelling together as an.alpha
particle. A pictorial representation of alpha clustering
is given in fig. 2.1.

Ma_nng“26 has made the most detailed theoretical
study of the problem of alpha decay. He, too, adopted the
shell model approach and developed a general expression for
the calculation of the alpha decay constant, A, which has
the following form

r=g I op@E 63y, (1.2)
J.2
where ?z(E) is the penetrability factor for an alpha particle of

energy,E, and an angular momentum £. The 62 is a reduced-

Jjs
width for the transition from state J to state j with the emis-




Fig. 1.2. Schematic diagram showing las£ Nilsson states
to be filled in a spheroidal nucleus., Favoured alpha
particle emissian occurs when the encircled states are
involved in alpha particle formation. For odd-A ﬂuclei an
unfavoured transition océurs if the alpha particle is

formed from the nucleonsAl,2,3,5;
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sion of an alpha particle that has an angular momentum of

2h units. This expression indicates that the alpha decay constants
can be expressed as a sum of partial transition probabilities

(the sum over all j and ¢ values). These partial transition
probabilities consist of two factors. One represents the

probability of formation of an alpha particle in the nuclear
2

Jje’
of penetration through the Coulomb barrier.

surface region ,$ the other represents the probability
One of the important recent contributions to this
_.study has been the attempt to determine experimentally the
.form of the alpha-nuclear interaction potential by measuring
total alpha reaction cross sections and using the results

to obtain the parameters of an optical model potential. This
potential can be written as the sum of a real part and an
imaginary part. The real part is involved in elastic scat-'
tering processes whereas the imaginary part takes account of
‘the absorption of alpha particles. The best data for these

27 from an analysis of

potentials has been obtained‘by Igo
alpha particle scattering results, mostly in the region of 40
MeV. The real part is'hoped to be close to the true potential
seen by an alpha particle as it leaves the nucleus. This
nuclear potential to which must be added‘the Coulomb and the

centrifugal potential is:

1/3
V(r) = =1100 zxptl'},'%ﬁ L] (MeV) (1.3)
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where r is distance in fermis from the center of the
daughter nucleus. This expression is valid in the region
in which V(r) < 10 MeV and yields a potential barrier with
a fairly sharp inner slope. When this potential is used
in calculations of the alpha decay rate, it is possible to
obtain a more complete separation of barrier transmission
effects (which depend upon the form of the nuclear potential) ‘
from the alpha particle formation probability. The effect |
of the latter appears in thevexpressionhfor the reduced

width which Rasmussen28 defined as:

2 2,

The symbol h, is Planck's constant and P is the penetra-
bility as defined in equation (1.1). 1In this case, however,

U(x) is réplaced by V given by

2 2
vV = [V(r) + 2Zre + z’ﬁ s a(e+ 1 . (1.5)
- .

The symbol ,2, represents the angular momentum quantum number

of the outgoing alpha particle and-h = %F’ In equation 1.4,

A :
p represents the hypothetical decay rate in the absence of

a barrier and is related to the alpha formation factor.

Rasmussen28 has determined 62 for a number of heavy

element alpha emitters and has obtained values in the neigh-

29

bourhood of.O.l MeV. Wilkinson has pointed out that these

values are orders of magnitude larger than one would expect if
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nucleons were freely moving about within the nucleus in-
dependently of each other. This implies that there is a
definite tendency for nucleons to cluster into aggregates,
sometimes alpha particles. Poggenburg30 has recently given
an argument in favour of usingaWoods-Saxor?l type poten-
tial in plaée of the Igo potential for calculating the
penetration factor, P. 'This potential can be represented as

r-1.17a1/3

a

v(r) = -74/{1 + exp( =ETLI (1.6)

The symbol 'a'represents the surface diffuseness parameter.

Use of this potential gives penetrability factors which are

34 to 48% lower than corresponding calculations made with

Igo potential and consequently increasing the value of reduced
widths. This results from a general thickening of the barrier
with an inward shift of the inner turning point when the

steep slope of the Igo potential is replaced by a more gra-
dual slope of the Woods-Saxon form.

In the proposed research a sﬁudy has been made of alpha
decay from excited states of nuclei formed by thermal neutron
capture. It is hoped that.some useful information will be
obtained from this study concerning alpha clustering within
the nucleus. For the case of thermal neutron capture, it is
possible'tovoﬁtain a measure of 62.for the capture state if

the width of the capturing state is known and the capture cross

section and (n,a)reaction cross sections have been measured.
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(b) Slow Neutron Resonances and Alpha Decay

From Thermal Neutron Capture States .

When a thermal neutron interacts with a nucleus ZXA
belonging to the heavy region, the reaction is best described
on the basis of the compound nucleus formation mechanism.
According to this mechanism which was originally proposed

by Bohr32

(1936) a nuclear reaction may be considered as a
two step process. In the first step there is a quick amal-
gamation of the incident neutron and the target nucleus to
form a compound nucleus. In this précess the energy of thé
incoming neutron is quickly shared among all the nucleons
and the neutron loses its identity. The compound nucleus
~in this state, often called the‘capture state, constitutes

a highly excited syétem having excitation energy Ec=Eb+E
where E_ is the binding energy (~ 6-10 MeV) and E is the
kinetic energy of the absorbed heutron. For é target
nucleus in the rare earth region the compound nucleus will
usually have a high density of states at the energy of
excitation. If Ec happens to coincide with an excited

state of appropriate spin and parity, the probability for
forming the compound nucleus is large and a resonance occurs
in the neutron cross section at the corresponding kinetic
energy, E. Such sharp resonances correspond to virtual levels

in the compound nucleus. In the second.step which may occur
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within ~ 10-16 seconds33 subsequent to its formation, the

compound system loses its excitation energy in a variety

of ways. It may emit a neutron, with a probability per unit
time, Pn/h, leaving the nucleus zXA in its ground state or

it may emit electromagnetic radiations with a probability

per unit time, Py/h, leaving the nucleus ZxA+l in its various

bound states. Alpha particles may also be emitted from the

compound system with a probability per unit time, Pa/K, to

A
g-2%

this mode of decay is usually negligiblylsmall. However, ‘in

yield a nucleus -3 but due to Coulomb barrier effects

some cases such as those selected for the present investi-

~gations, where alpha emission from the compound nucleus is

exothermic by several MeV, this mode of decay may be detectable.
The total probability pef unit time, r/fi, for the decay of the

compound nucleus is then given by

I/ = Tp/fi + Iy/f + To /B + =--= L (1.7
According to the two step view of the nuclear reaction

the cross section o(n,x) can be expressed as:
o(n,x) = oc(n). Iy/T (1.8)

where the terms oc(n) and Ty /T correspond to the cross section
for the ﬁormation of the compound nucleus and the relative
proﬁability of emission for x respectively. In the particularly
important case of resonance processes‘the cross section as a

function of neutron energy, in terms of the levels parameters



18

as maximum cross section, neutrén and radiation widths, is
given by the Breit—Wigner34 dispersion formula. The

formula for an isolated resonance, in which the effect of
all other neighbouring levels is neglected, is almost always
sufficiently accurate in practice and is given as:

2 g Fnrx

A

O(n,x) = (1.9)

N~N

T (E-EQ) 2(r/2)?

where ) = wavelength of the neutron at a neutron energy E,
EE = neutron energy at resonance,
I' = partial width for neutron emission,
', = partial width for emission of x,
I' = full width of resonance at half maximum,
g = (23+1)/(2I+1) (25+1) ,
J = spin of the resonance,
I = spin of the target nucleus,
S = spin of the neutron(%o,
Equation (1.9) is obviously a combination of three factors.
The first factor which correspondé to the compound nucleus
2

formation probability is propdrtional to A®". The second

factor,

1

2, I,?
(E-E) " + (3)
is called 'resonance factor' and has its largest value when

E = Eo‘ For all other values of E this factor and hence the
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cross section decreases. The third factor is the probability
for specific types of decay of the compound nucleus and is

expressed by the partial widths I, T If Eo >> E, so

x*
that variation of the E does not greatly affect the resonance
factor then the cross section approaches the well-known

'1l/v' law.

» Implicit in the form of equation (1.9) is the assump-
tion that only neutrons with =0 (s-wave) may interact with
appreciable cross section. This assumption is certainly
valid for nuclei and neutron energies cdnsidéred in this
work. The ratio of the.strength of resonances having =1
(p-wave) to those having 2=0 (s-wave) is of the order of
107° at energies of the order of 1 ev3®, It is therefore
valid to consider only 2=0 (s-wave) resonances at thermal
energies. As a consequence, the spins of the observed
resonances are restricted to |
+

=1 (1.10)

N

and the parity of the resonances is the same as that of the

~ground state of the target nucleus.

The two step concept of the compound nucleus, dis-
cussed earlier, was used by Weisskopf and coworkers36 to
develop a schematic theory of nuclear reactions. Using this
theory it is possible to establish an order of magnitude

value of the reaction cross section for any particular mode
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of decay. In the remaining part of this section we will
show how this theory can be used to evaluate the reaction -
cross section for the thermal neutron (n,x) reaction where
X is a charged particle.

In a special case where the most predominant mode of
decay is gamma emission, one can to a good approximation,
re?lace oc(n), the cross section for the formation of the
compound nucleus and T', the total width of the resonance
by the (n,y) reaction cross section and the partial gamma
width,ry,respectively:nuaequation(l.é)'then becomes

FX
o(n,x) = o(n,v)-f- . (1.11)

¥
If o(n,y) and the partial gamma width,l‘Y , are known,

o(n,x) can be evaluated provided the partial width for

the emission of particle x can be célculated theoretically.
The Weisskopf36 theory assumes that a nucleus is a
sphere with radius R, (R = roAl/3), which has a sharp and
well-defined surface. When a neutron penetrates the nuclear
surface, it finds itself suddenly in a region where its
kinetic energy changes from E to E' = E+e, where ¢ is the
average kinetic energy of‘a nucleon inside the nucleus.
Such a sudden change of kinetic energy results in a reflec-
tion of the neutron wave. The probability for penetration

of the surface is given by
4k _K
P = n n
n 2 (1.12)
(kn+Kn) ,

where kn and Kn are the wave numbers associated with £he
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neutron outside and inside the nucleus respectively.

k2 . 2ME 1

n 432 XZ
K2 = 2M(Ete) _ 42 | g2, k2 = 2Me ~
n hz n o o ﬁz

The value of ¢ can be computed by applying Fermi-Dirac

statistics. Segr337 has obtained a value of -~20 MeV for

Ho= 1.5 % 1ﬁle1/3cm. this yives a valve for K = 1 x 1019em™L,

Cd

For slow neutrons k = << K £ K, hence equation (1.12)

becomes

P = R._I‘. . (1.13)

P is less than 1 because K° >> kn. A similar expression

is valid for any particle. However, in the case of a charged
particle this has to be muitiplied by a factor Gx.(Gamow
factor) which takea into account the penetration of the

Coulomb barrier (in the case of neutron emission this factor
. ¥

£l

is unity). Therefore P is given by

4kn ' .
P, = R;—'Fx . | (1.14)

Since at the time of the formation of the compound nucleus,
the excitation energy is quickly shared among many particles,
the possibility of emission of the particle x depends on

the concentration of sufficient energy on a single particle
to allow its escape. Let Tx.be the average time between such
arrangements of the nuclear constituents as would permit

the emission of particle;x. The frequency of emission of x
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is given by the product of such favourable configurations,
l/Tx' and the probability Px that the particle x, given
the required amount of energy can penetrate through the

potential barrier

r/h =P /T
or
r, = (h Px)/Tx (1.15)
Weisskopf36, on the assumption that energy levels

of the compound nucleus are equally spaced showed that the
periodicity, Tx' is given by

= (1.16)
Tx = (21rh)/Dx

where Dx is the level spacing. When this value of Tx is
substituted in equation (1.15) the expression for the
- partial width of x is reduced to a simpler form given by

equation (1.17).

r = XX ' (1.17)

Since, Px can be evaluated by using the expression given in
equation (1l.1l) with U(r) replaced by a more realistic form of
potentiél such as one given in equation (1.5), Fx can be
calculated if the value for Dx is known.

At the excitation energies of the order of the
binding enefgy of the neutron, Dx can be taken equal to Dn where
the subscript 'n' corresponds to neutron. In the literature Dn is ¢

ten represented simply by D and its value can be determined either
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experimentally from the analysis of the neutron excitation-

38

function data or can be calculated from an expression for

r analogous to equation (1.17) as shown in equation (1.18).

r_ = (PD)/2n (1.18)

rn and Pn in this equation can be substituted from equations

(1.9) and (1.13) respectively.

(c) Spin and Parity of the Capturing State

The parity and the total angular momentum and its pro-
jection along an axis, should be the same for the final
system as for the initial parent nucleus. Since the alpha
particle is spinless and has even parity, the selection
rules take an especially simple form. The orbital angular
momentum of alpha decay is restricted to values between the

sum and differences of initial and final spin.

I. -1 £ 2 g |I. +1I (1.19)
£ i

i gl

If the parity of the parent and daughter ate the same
only even values of % are permitted; if opposite, then,
only odd values of & are permitted.
| Although results obtained from the thermal neutron
(n,a) reaction can not give directly the spin and parity
of the capturing state it is often possible to distinguish
betweén two possibilities. If the spin and parity of an

even-odd target nucleus are J and w, the s-wave capturing

state has spin J b % and parity #. Since alpha decay proceeds
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to an even-even nucleus whose ground state spin and parity
1

are O+, one of the states J + 5 or J -~ %.can not populate -

the ground state. Depending on whether alpha particles
corresponding to the ground state are observed, the spin

and parity of the capturing state can be deduced. If both

J + % and J - % states contribute to the capture cross section,
th? contribution of both can be measured from the relative
intensity of certain groups in the alpha‘particle spectrum.

A considerable effort is being put forth in other
laboratories in the determination of the spin of neutron
capture resonances by techniques such as those involving
the transmission of polarized neutrons through aligned target
nuclei or neutron resonance scattering techniques. A know-
ledge of the spins of these resonances is an important
contribution to our understanding of the distribution of
spins of excited states which has an effect on many nuclear
processes. Results obtained in the course of this investi-
~gation have yielded information on the spin and pafity of

the capture states and have augmented the results of neutron

polarization studies.



CHAPTER II

THEORY OF MEASUREMENTS

In this section the definitions of the various
terms appearing in the section on 'Experimental Measurements'
are introduced. In addition, a brief outline of the theory
in;olved in the estimation of the effective neutron cross
section has been included. The discussion has been, how-
ever, confined to reaction rates rather than those involving

scattering or diffusion.

(a) Definition of Cross Section and Flux

Cross section is a quantity having the dimension of
area (cm2) which is used to describe guantitatively the
rates of nuclear reactions. In a general way it can be
defined by means of the equation |

R = 0¢ y (2.1)
where R is the rate of a particular reaction péf unit atom
irradiated

o is the cross section (cmz) for the reaction under
study

¢ is the flux (neutrons/cmz/sec.) It.is defined as
the product of the neutron density; n(neutrons/cm3)
and the neutron velocity, v(cm/sec). If N is the

total number of target atoms then the total rate of reaction,

25
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Ry can be expressed as
R, = No ¢ (2.2)

(b) variation of Flux with Energy

In a reactor the situation is, howevcr, far more
complex than implied in the simple definition given above.
The cross section variesmarkedly with neutron energy. The
réactor neutrons have a wide spread of energy from several
Mev for the unmoderated fission neutrons down to a fraction
of an eV for the neutrons in thermal equilil;rium with the
moderator. The typical energy dependence of ¢ shows a low
energy region in which o is at least approximately inversely
proportional to neutron velocity and a high energy region
with marked resonance structure. Some isotopes show good

3

'1/v' or (1/E°) dependence over all energies;,others do
not show this dependence even at low energies.

In cases where the 'l/v' law applies, the situation
is comparatively very simple. The cross section can be

written in the form
o = oo/v (2.3)

where % is a constant representing the value of the cross
section at unit velocity. When this value of ¢ is sub-
stituted in equation (2.2) after replacing ¢ by nv, this
equation reduces to

Ry, = No_n (2.4)

which indicates that the rate is independent of neutron
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velocity and depends only on N, © and the neutron

o’
density, n. It is not even necessary to know the cross
section at unit velocity. Measurements are usually made
relative to the known cross section of a standard (monitor).
If the standard also has a 'l/v' response, then if one uses
the value of the cross section for the monitor at any chosen
neutron velocity one can obtain the cross section for the
unknown at the same neutron velocity. Thus in a more
general form equation (2.3) can be written as

o(v) = (o v)/v . (2.5)
where Vb represents some standard velocity and % is now

the cross section at that velocity. The equation for the

total reaction rate then becomes

R, = No v n, 7 (2.6)
By convention vy is taken as 2200 m/sec.

In treating the more general case where the 'l/v'
law does not apply, the theoretical approach is to consider
the reactor neutron spectrum as consisting of two indepen-
dent spectra. These are referred to as 'the thermal' and

'the epithermal' constituents of the spectrum.

The Thermal Spectrum

The thermal component is represented by a Maxwellian

distribution which can be expressed in terms of energy as:

- 2mn -E/kT _1/2
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where N(E)dE is the number of neutrons per cm’ having
energies between E(eV) and E + dE(eV).

n is the number of neutrons per unit volume (cm3)

k is the Boltzmann constant (8.6166 x 1072 eV/degree K)

T is the characteristic tcemperature of the distri-

bution in degrees Kelvin:

This distribution would be valid if the neutrons were in
thermal equilibrium with the moderator at some characteris-
tic temperature, T. In using this distribution, one assumes
that the moderator is a non-capturing medium, that neutron
leakage is negligible and that the temperature T is the
temperature of the neutrons in thermal equilibrium with the
moderator. The peak of the distribution of the.neutron '
energy spectrum occurs af an energy eéual to kT. If this

energy is taken as that corresponding to a neutron velocity

of 2200 m/sec, then neutrons at the peak of the distribution

have the following properties39.

Neutron Energy 0.025298 eV
Temperature 293.59(7)£0.01(4)K°

The Epithermal Spectrum

According to simple neutron diffusion theory the
energies of neutrons which are being slowed down by
collisions with a non-capturing medium (moderator) have a
dE/E distribution, that is, thé'flui of neutrons in a unit

energy interval 4dE is proportional to 1/E or 1/v2. The low
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cnergy end of the epithermal component overlaps the thermal
region. In treating the spectrum analytically a lower
energy cut off is suitably chosen. The low energy cut off
for the epithermal region is given by ukT. The parameter,
u, is chosen to give fhe best approximation to the true

reactor spectrum.

(c) Effective Cross Section

Having defined the thermal and the epithermal
spectra we can now proceed to describelthe effective rate
of reaction which is the sum of the rafes from neutrons in
the thermal and the epithermal regions. This treatment was

developed by West<:ot1:40-42 and independently by Freemantle

and Campbell43. No attempt will be made to go into the ’
mathematical details of this treatment. Only its applica-.
tion to our study will be discussed here.

According to this convention a quantity 'r' is introduced
which measures the relative intensities of the thermal and
the epithermal components. ‘The departure of the cross section
from true 'l/v' dependence is taken into account by the fac-
tors g and s; g applying to the thermal region and s to the

epithermal region. These factors are contained in the

effective cross section, 3, which is defined by the equation

Rp = Nanvo . ' " (2.8)
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The quantity,n, is the total density of neutron
of all energies, Vs is 2200 m/sec and RT is the rate as
discussed previouély. The quantity nv is called the
conventional flux or 2200 m/sec flux. It is the flux if
all the neutrons had a velocity of 2200 m/sec. The effec-
tive cross section, 3, can be expressed by the following
relationship

‘ ¢ = o (g + rsf . ' (2.9)
The quanti£y, Oyr is the 2200 m/sec cross section discussed
above. The factor r, the epithermal index, is the same
as defined above. This factor is characteristic of the
neutron spectrum in the vicinity of the irradiation sample.
For a pure Maxwellian spectrum, r = 0. The parameters,
g and s , are factors which depend upon the departure of the
cross section from 'l/v' dependence in the thermal and the
epithermal regions respectively. These factors are proper-
ties of the target nuclei. If the cross section for the
nuclide of interest has a '1/v' response for neutrons in
the thermal (Maxwellian) region but not for the epithermal
region, theh g=1and s # 0. If the response is not 'l/v’'
even at thermal energies, then'g # 1 and s # 0. The
effective cross section in a pure Maxwellian flux is there-
fore g;veﬁ by the product.gcof The factor, s, is defined by
the equation

nT v E

% go_v
s = = (3 J o) - —22) £ (2.10)
o o El : .
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where T is the characteristic temperature, To=293.6°K . The
quantity o (E) represents the excitation function. E; is the
low energy cut-off. 1In cases where the neutron temperature
is not available a temperature ‘independent factor S, is

introduced such that

- Y
s, = s(To/?) (2.11)
where S, is the value which 's' has when' T = To' Equation

(2.9) then becomes

o =o g+ x(r/r )% s }. (2.12)

Westcott has shown that

4E
s = /-%-(Ji -2 (2.13)

where E_ is the value of kT_ which for T_ = 293.6%K is 0.025

eV. E is the energy corresponding to the Cd cut-off, that

cd
is, 0.5 eV. o is as before and 2 is the resonance integral
above the Cd cut-off to be discussed later.

Westcott has further shown that

3 _ 1
r(T/To) = C(S~o+l/K)_So (2e14)

where C is the cadmium.ratio and K is a number which depends

upon the thickness of cadmium used when measuring C.

(d) Cadmium Ratio and Resonance Integral

A study of the excitation function.of cadmium44 shows
that the cross section increases rapidly with decreasing

neutron energy in the region from 0.2 to 1.0 ev. If a sample
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is irradiated inside a cadmium wrapping, only the neutrons
with energies greafer than about 0.5 eV can penetrate while
the lower energy neutrons are absorbed by the cadmium filter.
In this way one can separate the effects of thermal and epi-
thermal neutrons. The ratio of the rate without cadmium to
that with cadmium is called the cadmium ratio.

v From the cadmium difference measurements the rates for
the unknown and monitor with neutrons of less than 0.5 eV can
be obtained. If both cross sections have a 'l/v' response
in this energy range the 9 for the unkhown can be directly
determined relative to that of the monitor.

As far as the resonance region is ‘concerned, there
is little practical use in comparing cross sections at any
~given energy. A more uséful quantity is the resonance
integral, § , which for neutrons with a dE/E distribution is
given by ’ o™
S = o (E) . (2.15)
0.5 eV

dg
E

" Provided the spectrum has the assumed dE/E form above
the cadmium cut-off, the rates measured with a cadmium
cover will be proportional to the resonance integral
evaluated from the cut-off to the maximum enefgy of the
] spectium. Then from the cadmium covered measurements we

can relate § for the unknown to $ for this monitor.

¥



CHAPTER III

EXPERIMENTAL

(a) Experimental Set-Up

The thermal column of the McMaster University
Swimming Pool Research Reactor was used as a source for
thérmal neutrons. A schematic diagram of this column is
shown in fig. 3.1. The graphite thermal column (21.6 cm
X 21.6 cm x 376.7 cm) was divided.into four equal cylin-
drical holes by means of a hollow lucite structure (not
shown in the diagram). This structure provided facility
for conducting, simultaneously, four different experiments.
It also permitted easy movement of éhe target éssemblies
in and out of the column without striking the walls of the
column. In addition, it served as a guide for reproducing
the irradiation positions. Only one such hole was used
for moét of the present investigations. All other holes
were kept filled with stringers of graphite. Except in

155 151

the case of Gd and Eu all the measurements were con-

ducted by irradiating the target assembly at a position in the
thermal column separated from the face of the reactor core by

about 1.7 meters. This position was achieved by taking out of

the column one of the removable stringers. In the case of Gd155

151

and Eu the irradiations were carried out at about 0.8 meters

33



Fig. 3.1l. A schematic diagram of the thermal column

facility at McMaster Swimming Pool Research Reactor.
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from the same position by rcmoving both of the rcmovable
stringers. The cadmium ratio in the former position for
a 'l/v' detector was not measured but it should be much
greater than 1000 on the basis of measureménts at a similar
position with the Livermore Pool Type Reactor (LPTR)45.
In the latter position, however, the cadmium ratio was
measured for an alloy of Fe-Mn-Mo (Fe = 85%, Mn = 13%,
Mo = 2%) and was found to be about 100.

Most of the experimental work was done using a lucite
target assembly in which the targets were mounted on a
circular lucite disc fitted on the front end of this assembly.
The target holder was connected to a drive shaft which exten-
ded outside the thermal column when the assembly was in
its irradiation position. The arive shaft was manually
driven to position different targets in front of the alpha-
particle solid state detector while the reactor was in
operation. All of these measurements were made under_vacuum
(< 1 mm Hg) with a separation of 3-6 mm between the target

and the detector. The measurements in the case of Gd155

and Eu151 were, however, made by using'the electrostatic

particle guidé' developed by Oakey and Macfarlane46.
This device was used at positions where the high neutron
and gamma fluxes made the lucite assembly completely

useless because of the fast deterioration of the
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detector. The electrostatic particle guide (E.P.G.) oper-
ating at high voltages (20-40 kV) was capable of guiding

the alpha particles, generated at the target, out of regions
of high fluxes into one where they could be qounted with
improved resolution. A schematic diagram of this instrument
is shown in Fig. 3.2.

The alpha particle spectra were obtained with n-type
silicon gold surface barrier de£ectors connected to standard
RIDL electronics and a 400-channel pulse-height analyzer.

A schematic diagram representing this set up is shown in
Fig. 3.3. The charge sensitive nuvistor preamplifier was
placed adjacent ‘to the detector for most of the experiments.
In the last set of experiments involving néutron transmission
measurements the preamplifier was located in the room
separated by a long (~ 4.5 meters) low capacity (21.3
puf/meter) coaxial cable (type Rg-114A/U). This improved
the active lifetime of the preamplifier with very little
change in resolution and noise. Any deterioration caused
by the cable was compensated to a large extent by the
operation of the preamplifier out of the radiation fields.

The alpha—deteétors were either laboratory made or
commercially available (ORTEC). Their resistivities varied
between 800 and 1800 ohm-cm and their active surface area

2 2

ranged from 0.3 cm“=0.8 cm”., They were normally operated

with reverse bias voltages between 20 to 30 volts. The over



Fig. 3.2. A schematic diagram of 'The Electrostatic
Particle Guide'. The target end is irradiated at a

10 n/cmz/sec. The alpha particles

neutron flux of ~10
are guided towards the solid state detector by an
elecéric field generated by two charged concentric
cylinders, 6 meters in length with dia. 7.5 cm and 0.5

mme.
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Fig. 3.3. A schematic diagram of the lucite target assembly

and the counting equipment.
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all resolutions obtained at ~ 8 MeV varied between 76 - 150
keV. In measurements with E.P.G. the overall resolution

was 55 keV at ~ 8 MeV.

(b) Targets

The measurements for the determination of cross
sections were made using targets of enriched samples of rare
earths and Li6(Li7) isotopes. L16 was used as a standard
while Li7 was added to serve as a carrier for Li® in order
to minimize losses due to exchange or diffusion processes ocC-
curring during the target preparations. Targets for energy
measurements were also prepared from enriched samples of the
rare earths but these contained carrier-free energy standards
" such as Am241 and decay products of Th228 and Ra226. All of
these isotopes were acquired from the Oak Ridge National
Laboratory (U.S.A.). The rare earth isotopes were in the
form of oxide while theLi6 and the Li7 isotopes were in the
form of carbonate and metal respectively. The isotopic
analysis of the stable isotopes are given in Tables 3.1-3.6.
The oxide samples were heated for 2 hrs at 450°C in order to
decompose any possible carbonate present in the sample and
also to drive off the last traces of moisture. The carbonate
samples were heated for 2 hrs at 120°C to remove traces of
moisture. These samples were then cooled to room temperature
in desiccatorsbefore they were finally'weighed. for the

)

preparation of solutions. The Li’ sample was converted to
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igs hydroxide by carefully dissolving the clcan and dricd
metal pieces in water. All of thesce samples were subsc-
quently convertea into neutral nitrate solutions of known
strength. The recagents uscd were of spectfographic gradc
and the water used was distilled deionized water. A stock
solution of LiG(Li7) was then prepared in a ratio of 1:300
(by weight) such that the resultant solution had a Li6
cogcentration of 0.684 ug/ml.

Cross section measurements were made with mixed
rare earth-LiG(Li7) targets of thicknesses varying between
20-250 ug/cm2 using known atomic ratios of rare earths
and Li6. The amount of LiG(Li7) used was, however, kept
constant and corresponded to 0.01 ﬁg/cm2 with respect to

LiG. In the case of Gd155 and EulSl, Nd143

served as a
secondary standard. Target thicknésses for the energy
measurements were kept as low as convenient for counting.
This was dependent on the cross section for the {(n,a)
reaction and the method of irradiation used. Table 3.7
gives information on target thicknesses,

Target preparations were done either bf using
a simple evaporation technique or by using a modified

electrodeposition technique of 'Molecular ?1ating'47.

Evaporation Technique
This technique was applied only for targets used

in the cross section measurements. Desired aliquots of
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solutions of the rare earth and LiG(Li7) isotopes were
transferred to a small teflon container using micrpcapacity
pipets. These pipets had been previously calibrated using
doubly distilled Hg. To ensure .-compléte transfer of
solutions the pipets were finsed thoroughly with three
volumes of 10% IHNO, into the teflon container. This

3
solution was then evaporated to dryness by gentle heating

under an infra-red lamp. Thelresidue was subsequently
dissolved in a small volume (~ .1 ml) of water and dried
once again as described above. These steps were undertaken
to remove excess HNO3 and to allow thorough mixing of the
sample. The glass container used in preliminary experiments
was replaced by teflon in order tb'avoid losses of Li6.
Finally, the residue was dissolved in 0.05 ml of 50%
alcoholic solution. This solution was then deposited
homogeneously on a 1 mm thick aluminum backing disc

(¥ 1.3 cm dia). The deposit was first dried under an infra-
red lamp and then heated in a furnace for one hour at

400°C to convert the nitrate into an adhering deposit of

the oxynitrate. No analysis was made on the deposit to
check the uniformity of the distribution of the rare earth/
lithium ratio. Macfarlane and Almodo_var2 had previously

observed no fluctuation in the ratio of Sm/Li in their

samples prepared in a similar way.
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Electrodeposition Techniqgue

In experiments involving mcasurements of cnergy or
the relative intensitics of the adjacent peaks, thin uniform
sample targets were preparcd by electrodeposition. The
technique of 'Molecular Plating' developed, originally, by
Parker and Falk47 was adopted after slight modification .

A specially designed electrodepositing apparatus was

used for preparation of the desired targets. This apparatus
consisted of a polyethylene tube (-~ 2 cm internal diameter)
which held the aluminum backing disc qn:an aluminum

base and served as the cell chamber when compressed against
the disc using a bakelite block and a set of screws. A
cross sectional view of this assembly is shown in fig. 3.4.
The desired amounts (20-100 ug) of'nitrate solutions of the
materials to be deposited were evaporated to dryness and the
residue was resolved in ~ 20 ul ofdeioniéedéﬁstilled water.
This solution was then mixed thoroughly with 10 ml of
spectrographic grade isopropyl alcohol and transferred into
the cell chamber. The deposition was carried out by using

a rotating platinum anode and the polished aluminum backing
disc as the cathode.

A radio tracer technique was used in a set of pre-
liminary experiments to investigate the efficiency of the
deposited rare earth targets. Up to one milligram samples

153

of Sm solutions (as nitrate) labelled with Sm were deposited



Fig. 3.4. Cross sectional view of 'Electrolytic Cell'.
T is target on aluminum backing disc. E is electro-
lytic solution. P is Pt electrode and M is a D.C. motor

to rotate the Pt electrode
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under varying conditions of deposition.‘ The beta activity
of the deposited samples was then compared with that of
a standard using a proportional counter under identical
conditions. Flame photometric technique was used to de-
termine the efficiency of Li debosition. Weighings
were also done to check these results. The optimum
conditions established for the bést performance of the
deposition technique are given below. The efficiency
of deposition under these conditions was 98 ¥ 2% at room
temperature.

Voltage 200-250 Vv

Current 20-30 micro amps

Concentration 100 ﬁg/lo ml

Duration ' 1-1.5 hrs.

pH 3-4

R.P.M. of Pt

anode . < 60 R.P.M.

Watér content < 0.1 ml/10 ml isopropyl alcohol

In experiments involving the electrostatic particle
~guide, larger area targets (44 cmz) were required. These
targets were prepared by a similar technique using a larger
cell described elsewhere48.
Alpha spectra obtained with targets made by this

technique showed a marked improvement in energy resolution

(compare fig. 3.6 with fig. 3.5(a)).
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(c) Background Measurements

Several independent measurements were performed in
order to determine the contribution of background in the regions
of interest, that is, 2.5-3.0 MeV and 6-10 MeV. These spectra
were obtained at thermal neutroﬁ fluxesof“’lo8 n/cmz/sec
with pure Li20 and R,0; targets (R stands for the rare earth
isotope used) with thicknesses comparable to those of the mixed
Li-rare earth targets in actual measurements. Measurements
were also made with a bare dgtector, a pure Al backing disc
and rare earth targets but with the back of the Al disc
facing the detector. Essentially no background was observed
for any of these measurements above 6 MeV region. The back-
ground count rate in this region was less than 0.02 cpm.

In the Li region, the background was less than 19 cpm and
was mainly due to lithium coﬁtamination of the detector
material. This constituted less than 3% of the total triton
count rate recorded in this region. Alpha particle measure-
ments with these targets at zero flux failed to show any

contribution to the background from U or Th contamination of

the samples.

(d) Cross-Section Measurements

The (n,oc) standards (Li6 or Ndl43) mixed with the
rare earth target samples were used in the measurements of
the effective thermal neutron (n,d) reaction cross sections
without evaluating the counting geometry or neutron flux.

The cross section measurements were made by comparing the
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counting rates from the rare earth (n,a) reactions with
those of the (n,a) reactions from the standards.
LiG(Li7) was used as a standard for measurements involving

147,149 143 143

S and Nd isotopes. Nd was then used

for Gd155 and Eu151 as a secondary standard. For LiG(Li7)
the intensity of the 2.74 MeV triton peak from Li® (n,a)T3
was used in the analysis because the resolution of this peak
was less affected by sample thickness thén was that for
the alpha peak (see fig. 3.6).

The counting rate of the two (n,a) reactions was
obtained from the alpha-particle spectrum by integrating
the counting rate over the peaks after appropriate correc-
tions for background and contributions from adjacent peaks.
The ratio of the integrated counts of the standard peak to
the corresponding counts of the rare earth alpha peak needed
for the evaluation of cross section was determined directly

using the relationship

X Er (3.1)

X=

tﬂs

s
The quantity,x, is the number of channeis to be integrated

under the rare earth alpha peak at an enexgy Er corresponding

to the 'n' channels arbitrarily selected for integration under

the standard peak having an energy E . The values of n were

increased and the corresponding values of x were determined.

The ratios of integrated counts in each n and X channels were
AE

then plotted against 1 - E—(where AE is the energy correspon-



Fig. 3.5 (a) A typical alpha particle spectrum obtained
from an evalprated Li-Sm mixed target (130 u/cmz). Reso-

lution at 2.74 MeV is 136 keV.

Li®

Sm2+

(b) A plot of the ratio of integrated ( )

counts against (1 - %E)
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ding to channels n or x). Finally the ratio of the total
counts under the standard peak to the total counts under

the rare earth peak was obtained by extrapolating it to

149

zero value. A typical case for Sm is shown in fig. 3.5(b).

The effective cross section of the rare earth alpha peak

under study was obtained from the expression

~ A X O (S)
g (R) = n,aoa

x f (3.2)
c

where gn a(R) is the effectiVe thermal neutron(n,q)cross
’

section for the rare earth peak under investi-

~gation.

Q>

n’m(S) is the effectiye(n,a)cross section for the
standard peak; for Li6 it is the same as the
2200 m/sec cross section (945 barns)49.

c is the ratio of counts of the standard to the

rare earth alpha peaks.

A is the standard to rare earth atomic ratio used.

46 (1 for

is the collection efficiency factor
~the lucite assembly and is equal to the ratio
of the energies of the rare earth to the standard
alpha groups for the electrostatic particle.gﬁide.
In cases where more than one alpha group was present
in the alpha spectrum the cross section for the highest inten-

sity group was first determined as described above. This

value was then used to evaluéte the cross section for the



Fig. 3.6. A typical alpha particle spectrum obtained

from electrodeposited Li-Sm mixed target.
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other groups, using the following expression

o, = th(Iﬂ,/Ih) (3.3)
where 9, is the cross section of the low intensity group,
9 is the cross section of the highest intensity

_group ,

Iz/Ih is the ratio of intensities of low to high
intensity groups.

The relative intensities of these groups were measured in

separate experiments using targets obtained by electrodeposi-

tion. These targets provided a much cleaner separation

between the various alpha groups. An alpha specﬁrum obtain-

149

ed in this way with a LiG—Sm target is shown in fig. 3.6.

(e) Alpha Particle Energy Measurements

Energy measurements involved the irradiation of the

mixed rare earth-Th2?8-pa?26 electrodeposited targets at

8 n/cmz/sec using the lucite assembly.

neutron fluxes of ~10
The use of the energy standards in this way eliminated the
energy corrections fdr target thicknesses. A distance of
about 6 mm was maintained between the detector and the target
in order to make measurements with reasonably good counting
'geomeﬁry. The energy calibration of the system above 6 MeV
was provided by alpha particle groups from the various energy

228 226

and Ra in the

50

standards present as decay products of Th

target material. The alpha particle energies used were
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Po?18, 6000.0 % 1.4 kev; Rn22%0, 6288.4 + 2.2 kev;

po?1®, 6777.2 + 1.6 kev; Po?'?, 7688.4 + 0.6 Kev;

0212, 8785.0 * 0.8 keV. In order to establish a good cali-

p
bration curve, extra points were obtained in the region

from 6 MeV to 10 MeV with an RIDvarecision pulse gencrator
that was normalized with respect to the Po212 8.785 MeV
alpha group. The peak channel position for these alpha
groups and the simulated pulser peaks wefe determined with

a precision of bettér than O.l‘of a channel usingla

computer programme for a non linear least squares fitSl.

A second order polynomial (Y = a + bX + cxz) was then

fitted to these peak positions to establish the calibration
curve. The contribution of the quadratic term was small
but significant. From the computed positions of the various
alpha gtoups resulting from the (n,a) reactions the energies
of the alpha groups were obtained. In a typical case of
Ndl43, for example, X(the position of a-group) was 328.41,

and the values for the coefficients a,b,c were 5.524,

1.263 x 10™2 and -2.119 x 107° respectively, and the value
for Y (alpha energy) was 9.444 MeV.
For Gd155 and Eu151 which were investigated using

the electrostatic particle guide a similar procedure was

14 216 212

adopted. The N4 3(n,a) reaction, and Po and Po

were used as standards together with various pulser peaks

normalized to the 9.443 MeV alpha group from Nd143 to



establish the calibration curve.

(f) Ncutron Transmission Mcasurcments

These measurements were performed to study the
cffect of concentrations of various ncutron ahsorhers
(both '1l/v' and resonance) on thc'fclativc intaonsitices
of the alpha (triton) pcaks caused by the intcraction of
the transmitted ncutrons with mixed Li6—rare carth targets.

149 143

The rarc earth isotopes studied were Sm and Nd and

the targets used were prepared by'electrodeposition. The
absorbers were aqueous chloride sélutions of enriched Li6 or Sm149
(in natural Sm)corresponding to 96.1% and 13.8% atomic abun-
dances respectively. These solutions were obtained by di-

luting stock solutions of Li and Sm. These stock solutions

6 and 0.0292 gm/cm3 of

corresponded to 0.0484 gm/cm3 of Li
-Sm149 respectively. For the transmission measurements the
front end of the usual lucite assembly described previously
was modified as shown in Fig. 3.7. A column of the absorbér
solution of the desired concentration was supported around
the target-detector system in a narrow-necked,thin,double-
walled spherical bulb. When in position the target which was
housed on the detector was located at the centre of the bulb
and was exposed mainly to the transmitted neutrons. Most of

6

the experiments involving Li~ absorbers were conducted with

bulbs made of aluminum having an average column thickness of
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about 0.5 cm. In preliminary experiments and cspecially
in those where samarium absorbers were employed the
bulbs used were made of lucite and had an avérage column

thickness of 0.35 cm.



Fig. 3.7. Apparatus for neutron transmission measurements.
A is a surface barrier silicon detector, B is a mixed Li-

rare earth target and C is the double walled absoxption bulb.
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Table 3.1. Isotopic analysis of Sm147 sample
Isotope _ Atomic Abundance Precision
% %
144 0.08 -
147 97.8 0.1
148 0.91 0.05
149 0.51 ‘ f 0.05
150 0.17 0.05
152 0.34 0.05
154 0.21 | 0.05
Table 3.2. Isotopic analysis of Sm149 sample
Isotope “Atomic Abundance Precision
% : %
144 0.08 . -
147 0.33 0.05
148 0.55 0.05
149 97.46 0.05
150 . 0.65 * 0.05
152 0.70 0.05

154 0.30 0.05
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Table 3.3 Isotopic analysis of Ndl43 sample

Isotope Atomic Abundance Precision
% %
142 2.63 0.02
143 91.32 ‘ 0.05
144 3.90 0.03
145 0.77 0.02
146 1.05 . 0.02
148 _ 0.23 | 0.02
150 0.14 0.01

155

Table 3.4 Isotopic analysis of G4 sample
Isotope Atomic Abundance Precision
% : %
152 | 0.06 | -——-
154 '0.28 0.05
155 94.3 0.1
156 2.84 0.05
157 1.01 0.05
158 1.05 0.05
160 0.53 0.05
. . 151
Table 3.5 Isotopic analysis of Eu
Isotope Atomic Abundance Precision
3 3
151 96.83 | 0.05

153 | 3.17 * 0.05




Table 3.6 Isotopic Analyses of Li

57

6 and Li7 Samples

Sample Isotope Atomic Abundance
%
. 6
Li 96.1 + 0.1
Li®
- Li’ 3.9 + 0.1
i’ 99.99
Li’
Li® 0.01

Table 3.7 Targets for Energy Measurements of Alpha Particles

Target Thickness Standards Method of Measure-
: 2 ment
ug/cm
147 149 143 Lucite assembly

Sm 100 Sm and Nd

{n,a) reaction

sm149 20 Decay products of
Th228 and Ra226
Nd143 50 ~ Decay products of
Th228 and Ra226
Gd155 80 Decay products of
th22® ang nal?3
(n,a) reaction
Eu151 155 Ndl43 and Pulser

Lucite assembly
Lucite Assembly

Electrostatic Particle

Guide

Electrostatic Particle
Guide




CHAPTER IV
RESULTS AND DISCUSSION

During preliminary measurements several experiments

143 and Sm149 targets of varying thicknesses

were made with Nd
in, order to establish conditions for thg accurate determination
of effective (n,a) cross sections. These targets were

prepared from enriched and natural isotopes as described in

the previous chapter. The solutions in these experiments

were however mixed in glass containers and no additional

Li7 was added. The Li® content of these targets was as

low as ~ 0.1 ug. The irradiations were carried out at neutron
fluxes up to 108n/cm2/se¢. The observed counting rate of
Li6(n,a)T3reaction was too high to be recorded simultaneously
with those resulting from the rare earth isotopes. The Li6
was therefore counted in most cases for 1 hour before and 1
hour after the counting of the rare earth. This was done to
reduce chances of errors in counting resulting from slight
fluctuations in the neutron flux. Although the counting
precision was maintained at < 1%, the results showed fluctu-
ations of the order of ~ 15%. These fluctuations were later
found to be mainly due to losses of Li® resulting possibly

through exchange, diffusion and adsorption processes occurring

58
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during the target preparations. In subsequent experiments

the glass containers were therefore replaced by teflon. This
helped in reducing considerably the largest sourcé of fluctua-
tion in results. However, the method in this form was used

only in measurements involving Sml47. For measurements with

Sm149 and Nd143

the targets were prepared from solutions with
considerably reduced 1i® content (6.838 x 1073 ug) but with
an increased total Li content (~ 3 ug). This step permitted
the rare earth and Li6 to be counted simultaneously on the
same spectrum and thereby eliminated the errors caused by
possible variations in the neutron flux. In addition, the
higher overall Li concentration coupled with the use of
teflon containers for mixing of solutions almost completely
eliminated the loss of Li6 during target preparation.

Only the final set of resultskare presented in
this chapter. The method used to obtain these results, unless
otherwise mentioned, was the same as described in detail in
the previous chapter. From the alpha energies and cross-

sections it was possible to calculate directly the correspon-

ding Q-values and the 2200/sec neutron cross sections.

14

Reaction

The neutron-induced alpha particle spectrum obtained
in Nd143 consisted mainly of a single alpha group. A typical
alpha particle spectrum obtained in éréss section measurement

is shown in fig. 4.1. The peak B in this spectrum corresponds



Fig. 4.1. Alpha particle spectrum from the mixed

Nd143-Li6(Li7) target. Thickness ~ 89 pg/cmz; Time = 1000

minutes.
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to an alpha particle group at 9.44 MeV. The peak A is
the standard 2.74 MeV triton peak from the Li6(n,a)T3
reaction. The results of six ekperiments with different
target thicknesses are given in table 4.1. A final result
of 21.28 * 0.18 mb has been assigned for the effective
cross section for this reaction. The irradiation of

43

electrodeposited targets of pure Ndl failed to show the

existence of any fine structure. A spectrum covering a
range of ~ 2 MeV below the main alpha group is shown in

Fig. 4.2. The resolution of this peak (FWHM) is ~ 110

keV. The energy of this group was determined by making four
independent measurements. A final value of 9.443 ¢+ .005 MeV

has been established.

1

The Q-value for the Nd 43(n,oc)Ce140

reaction cal-~

culated from atomic mass differences is 9.732 % 0.022 MeV52.

This is in good agreement with our measured Q-value of
9.713 + 0.005 MeV. This shows that most of the alpha decay

takes place from the capturing state in the compound

nucleus, Ndl44, and not from intermediate states populated

by gamma transitions. - The first excited state in the

daughter nucleus, Cel4o, lies 1.596 MeV53 above the ground .

state (0+). No transition to this state was observed. A
proposed decay scheme is given in Fig. 4.3.

143

The nuclide, Nd , -in its ground state has a spin

of 7/254. It has an odd parity which is a consequence of
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Table 4.1 Results of Cross Section Measurements
143 140

For Nd (n,a)Ce Reaction
Thickness LiG/Nd'143 . LiG/Ndl43 Effective Cross
Target (ug/cmz) (Atom Ratio) (Count Ratio) Section (mb)
(A) (c) s = (A/c)xoLi®
* -4 .
33 147 2.520x10 11.06 21.5340,43
84 30 4.337x10"3 199.30 20.5640. 49
85 59 2.169x10™3 95.10 21.5540.48
86 . 89 1.446x10™3 64.90 21.0640.45
87 119 1.084x103 48.60 21.0840.43
88 148 8.675x10 4 37.60 21.8040.44

Best value for Effective
Cross Section 21.28+0.18

(mb)

*
Li7 was not present in this measurement but solutions for

target preparations were mixed in teflon container.



1 140

Fig. 4.2 Alpha spectrum from Nd 43(n,a)Ce obtained
by irradiating electrodeposited target (~ 50 ug/cmz)

at 108/n/cm2/sec. T = 1000 min.
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Fig., 4.3. Proposed partial alpha decay scheme of the

s-=wave neutron capturing state of nal44,
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the unpaired neutron of the target nuclcus occupying the

f level. For an s-wave ncecutron absorption, the cap-

7/2
turing state will have a spin 4 or 3 with odd parity. The
contribution to the 2200 m/sec. neutron cross section for

Nd143 is dominated by a resonance at -6 eVSS. The first

positive resonance is at 56 eV56. This, as well as the
higher resonances, contributes only slightly to the 2200
m/sec cross section. The excitation funétion shows very
nearly a 'l/v' dependence . (The 2200 m/sec cross section
is less than 1% higher than expected from a true 'l/v'

behaviour)ss. The positive resonance at 56 eV has a spin

57
of 4 .- The alpha transition from this state to the

140 - 57

ground state (0+) in Ce is parity forbidden. A 3 1level

>6 can explain the alpha transition but its contri-

at 127 ev
bution is exceedingly small in the thermal neutron region.
Cheifetz et al3 have postulated that the -6 eV resonance
reported by Hays55 is a 37. Our results have confirmed this.
Since the excitation function for the (n,y) reaction shows
essentially a 'l/v' behaviour the alpha group observed
should also exhibit a ‘'1/v' behaviour. The results ob-
tained in the neutron transmission measurements have con-
firmed this. These results will be discussed later. The

failure to observe the 2 alpha transition which can occur

by the emission of £ = 1,3,5 wave alpha particles is the
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result of the strong energy dependence of the alpha

penetrability factor.

1 146

(b) Sm 49(n,a)Nd . Reaction

The alpha particle spectrum obtained in the study

1 146

of Sm 49(n,a)Nd reaction is dominated by two alpha
groups; one at 8.73 MeV and the other at 9.17 MeV. The
intensity of the low energy group is about 7 times that
of the high energy group. An alpha particle spectrum
obtained during cross section measurements is shown in Fig.
3.5. The cross section for the high intensity group was
determined from several independent measurements using
different target thicknesses. The final results based on
11 measurements are given in Table 4.2. A value of 38.70 %
0.45 mb has been established for the effective cross section
of 8.73 MeV alpha transition. The fluctuations observed in
the results of individual measurements are, most probably,
due to errors introduced while making corrections for
the contributions from the highest energy group.

The effective cross section for the highest
energy group was determined relative to the more intense
group. Four independent irradiations were made with
electrodeposited targets of Varying thicknesses. The
results of these measurements are summarized in Table 4.3.
A value of 5.23 ¢ 0.17 mb has been established for the

cross section of 9.17 MeV alpha group.
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Table 4.2 Results of Cross Section Measurements of

Sml49(n,a)Nd146 Reaction for §.73 MeV Alpha Group
Target  Thickness LiG/Sm149 Li6/Sm149 Effective
(ug/cmz) (Atom Ratio) (Count Ratio) Cross Section
(A) (c) : (mb)

(A/C)XoLiG

78 18 11.728x10"3  289.00 38.34%0 .48
79 18 7.818x10"°  181.40 40.73%0.57
91 18 7.818x10"°  180.60 40.91%0.39
92 18 7.818x10™°  181.20 40.77%0.43
77 36 5.864x107>  152.40 36.36£0.54
80 36 3.909x107°  101.77 36.30£0.61
81 72 1.955x1073 . 38.40 38.4040.44
89 72 1.955x1073 46.80 39.47£0.35
82 108 l.303x10-3. 31.90 38.60%£0.19
83 - 144 9.773x10"4 23,20 39.81t0.31
90 156 7.819x10"3 20.20 36.5740. 26

Best Value for Effective
Cross Section 38.70%0,45

(mb)
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Four independent energy measurcments were made and
values of 8.734 + 0.004 MeV and 9.177 + 0.004 MeV were
obtained. ‘

A very thin target was irradiated for 72 hours in
order to detect the presence of any fine structure in the
spectrum. The spectrum from this experiment is shown in
Fig. 4.4. In addition to the prominent 9.177 MeV(peak A)
and 8.734 MeV (peak B) alpha gfoups two additional peaks
were observed at 8.160 + 0.010 MeV (peak C) and 8.000 * 0.010
MeV(peak D). Their effective cross sections, determined
from relative intensity measurements,are 0.61 + 0.05 mb
and 0.66 + 0.06 mb respectively. These results have been
confirmed in a recent high resolution study by Oakey et allz.
The alpha group (D) has been’resolved into components and
several other peaks in the low energy region were observed.

Summing the contributions from each of the alpha

14

groups, the total effective cross section for the Sm 9(n,a)

Nd146 reaction is 45.20 * 0.48 mb.
The Q-values of the four alpha groups (A,B,C and D)

of Fig. 4.4 are 9.429 * 0.004 MeV, 8.974 % 0.004 MeV,

8.384 + 0.010 MeV and 8.219 * 0.010 MeV respectively. The
Q-value for the Sm149(n,a)Nd146 reaction obtained from mass
52

table is 9.460 + 0.020 MeV™®., This means that the highest

energy’alpha group is associated with the transition to

~the ground state of the daughter nucleus Nd146. The excited
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Table 4.3 Results of Cross Section Measurements for the

9.17 MeV Alpha Group of the Sml49(n,a)Nd146 Reaction
Tafget Thickness Ratio of Alpha Effective Cross-
(ug/cmz) ’ Intensities (R) section (mb)
6 36 | 7.24 $0.37 5.34 +0.28
2 72 7.81 10.45 4.96 *0.29
7 ) 108 ' 7.24 *0.37 5.34 t0f28
4 144 7.40 #0,27 5.23 +0.20

Best Value for Effective
Cross Section 5.23 #0.17

(mb)
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Fig. 4.4. Alpha particle spectrum from Sm 49(n,a)Nd

reaction; T = 72 hours. Target Thickness ~ 72 gg/cmz.
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states near the ground state are known to have spins and

* and 37 1lying 454 keV, 1043 keV and 1190 keV,

parities 2+, 4
respectively58 above the ground state. The experimental
Q-values for the lower energy alpha groups are consistent

+

with the known excitation energies of the 2+, 4" and 3~

states in Ndl46. The agreement between the present work

and previously reported work58’59

based on decay scheme
studies suggests that all ofvthe alpha transitions result
from the capture state and not from levels populated through
its gamma decay. A proposed decay scheme is given in Fig.
4.5. As shown in Fig. 4.5, about'8é% of the alpha decay
leads to the first excited state and about 12% goes to the
ground state. The weak intensities of the alpha transi-
tions to the 47 and 37 states are due to the effects of
the alpha barrier penetrability which is strongly energy
dependent. The relatively low intensity of the highest
energy group is due to a different effect related to the
spins and parities of the contributing states in the
compound nucleus. This subject has received serious study
in recent years and a good part of the.present study has
also been devoted to it.

The neutron absorption cross section in the region
of thermal energies is dominated by a resonance at 0.0967

eV60,61 61,64

. There is a resonance at 0.87 eV but the

contribution from this as well as from higher energy resonances



Fig. 4.5. Proposed partial alpha decay scheme of the

s~-wave neutron capturing state of Sm150 .
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is negligible. The spin of the ground state of Sm149 is

7/254 and the parity is odd. The spin and the parity of
the capture states can be 3~ or 4 for s-wave neutron
absorption. The spin and parity of the 0.0967 eV resonance
has long been thought to be 4~ 62'64. Alpha decay from
this state can lead to the first excited state (2+) of

146

Nd through & = 3 and £ = 5 wave alpha emission. This

state is therefore most presumably responsible for the

major part of the (n,a) reaction cross section to the first
146

excited state of Nd . The transition to the ot state of

146 from the same resonance is, however, parity forbidden.

Nd
The presence of the transition to the o* ground state
requires that there must be a 3~ bound state contributing to
the neutron capture cross section. The 0.87 eV resonance
has also been shown to be a 4~ leve164. The probability

for p-wave neutron interaction at thermal neutron energies
is extremely low and can be ruled out as an expiénation for
the appearance of this transition: The only plausible
explanation is the presence of a 3~ bound state close to

the neutron separation energy. Macfarlane and Almodovar2
and independently Cheifétz et al3 postulated a contribution
from a 3~ bound resonance. Since Pattenden61 and Hohne65
had previously reported the existence of an additional '1/v'
component in the low energy tail of the 0.0967 eV resonance,

Macfarlane et al suggested that the ot transition might

be associated with this component.
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Shortiy afterwards, Ceulemans et al6 reported that
0.0967 eV and the 0.87 eV resonances both have spin parity
(") 37 and not 4~ as originally considered by others.
Dakowski et al9 in recent studies of the (n,a) reaétion

on Sml49, on the other hand, gave support to the inter-

pretation of Macfarlane et a12. They compared their
experimental cross sections with values calculated from

the statistical model. They base their calculations on

the possible combinations of spins (37,4 ), (37,37) and

(4~ ,37) for the bound and the 0.0967 eV resonances
respectively. The values obtained using spin combinations
(37,47) gave the best agreement with their experimental
values. Their measured effective cross sections, however,
are a factor of about 2 higher than those reéorted by others.
This may be due to some confusion about the definition of
the term "effective cross section". A comparison of these
results is given in Table 5.1 of Chapter V. The only other

2 but

value which is too high is that of Macfarlane et al
this has since been found to be in error. Neutron trans-
mission measurements conducted in the course of the present
investigation showed that there is a 3~ bound state and that
the 0.0967 eV resonance is definitely 4 . Shortly after we

66

reported our findings Ceulemans et al7 published their work

on the (n,a) reaction which essentially refuted their earlier

results and substantiated ours.
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(c) Sml47(n,oc)Nd144 Reaction

Three prominent peaks at energies of 9.87 MeVv, 9.19,

MeV and 8.73 MeV were observed in the alpha particle spec-

trum obtained with the Sm147 target. A typical spectrum

obtained in the cross section measurcements is shown in

Fig. 4.6. Pecaks A and B belong to Sm147 and the peak C

is_ the result of Sm149

peak due to Sm149 could not be resolved from peak B. The

present as an impurity. The 9.17 MeV

peak D corresponds to the 2.74 MeV triton peak from the
LiG(n,a)T3 reaction. Thicker targets (40 ug/cm2—160 ug/cmz)
were irradiated at neutron fluxes of 108n/cm2/sec for
durations of over 4000 minutes. This gave counting statis-
tics better than 2%. Because of high tailing and relapively
poor resolution the method used for the determination of
cross sections in previous cases could not be directly
applied to the analysis of these results. The method
consisted of determining the total (n,a) cross section

after subtracting the background and the contribution

from smi%’, The smi4? contribution was calculated from the

Sm149 content of the target and its total effective
(n,a) reaction cross section. The remaining count rate in
the energy region above 8 MeV was attributed to the

Sml47(n,a)Ndl44

reaction. This count rate was then compared
with that from the standard triton peak to determine the

effective cross section. The integration of these spectra



Fig. 4.6. Alpha particle spectrum from the mixed LiG-Sm147

target. Target thickness 120 pg/cmz; Time for Sml47

minutes; Time for L16= 5 minutes.
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was terminated at an energy at which the counting rate was
less than three percent of the peak height. The results df
five independent measurements are summarized in Table 4.4.
A final value of 0.894 + 0.037 mb was obtained for the
total cross section. Fig. 4.7 shows some evidence for

fine structure in the low energy tail of the spectrum. In
order to investigate the fine structure and to determine
the relative contribution from each peak to the total (n,a)
reaction cross section, an electrodeposited Sm147 target

(7 80 ug/cmz) was irradiated for about 4000 minutes. The
spectrum obtained in this case is shown in Fig. 4.7. It
contains an additional peak D at 8.23 MeV. Peaks A, B; and
C are the same as shown in 4.6. The relative intensities
and cross sections as weli as the energies of all the

three peaks resulting from the Sml47(n,a)Nd144

reaction
are given in Table 4.5. The energies of peak A and B

were evaluated from three independent measurements. The
energy of D was obtained from the spectrum shown in Fig.
4.7. The energies of groups A and B correspond to Q-values
of 10.143 + 0.015 MeV and 9;452 t 0.008 MeV respectively.
The atomic mass difference calculations give a value of
10.143 + 0.020 MeV52 for the reaction Sm147(n,a)Ndl44.

This is in excellent agreement with that corresponding to

the highest energy alpha group. This means that the highest

energy alpha group corresponds to the transition to the
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Table 4.4 Results of Cross Section Measurements of

Sm147(n,a)Nd144 Reaction
Target Thickness Li6/Sm147 LiG/Sm147 Effective

( /cmz) (Atom Ratio) (Count Ratio) Cross Section

Ha (A) (c) (mb)
37 40 5.055x10" 2 55.390x10 > 0.86240.043
37 40 5.055%10 2 54.007x10° 0.883+0.046
36 80 2.527x10"2 26.571x10° 0.899+0.034
25 160 1.264%102 12.938x10° 0.923%0.017
21 120 1.685%x10 2 17.609x10° 0.904+0.013

Best Value for Effective
Cross Section , 0.894+0.037

(mb)




Fig. 4.7. Alpha particle spectrum from electrodeposited

Sm147 sample groups. T = 4000 minutes; Thickness ~ 80

uq/cm2 .
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Table 4.5 Relative Intensities and Energies of VarioQus

Alpha Groups in Sml47(n,a)Nd'l44
Reaction
Alpha Energy Relative Intensity | Effective Cross
(MeV) ' - of Alpha Group Section (mb)
9.868 + 0,015 20.6% 0.184 + 0.012
9.196 + 0,008 70.4% 0.629 £ 0.040

8.23 +0.02 9.0% 0.081 +0.067
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ground state. Duckworth and coworkers68 have reported

a value of 10.109 + 0.007 MeV for the saﬁe reaction from
their most recent mass spectrometric studies. This value
is .significantly lower than our value.

144

The even-even daughter nuéleus, Nd , has a 2t

first excited state lying 696 keV above the ground state69'70.
The measured Q-value for the lower energy group is consistent
with the assignment of the alpha transition to this state.

A decay scheme summarizing these results is shown in Fig. 4.8.
Because of the large amount of tailing from higher energy
alpha group, the alpha transition to the 4% state was

not observed. The Q-value of the alpha group D(see Fig. 4.7)
corresponds to an excitation energy of 1.68 MeV. No level

is known at that energy which means that it can be populated
by the (n,0) reaction but not by beta decay tranéitions.
Further work with improved résolution and better counting

statistics is required before any definite conclusion can

be made concerning this . group.

143 149 147

As in the case of Nd and Sm , the Sm nucleus

also has a spin of 7/2 and an odd parity in its ground
state54. The s-wave neutron interaction would therefore
lead to a spin-parity J" = 4~ or 3 for the capture state |
in Sml,48 compound nucleus. The ground state alpha transi-
tion is parity forbidden from the 4~ states. The ground
state transition is, however, observed and the situation is

149

again very similar to that observed for Sm . Despite the




Fig. 4.8. Proposed partial alpha decay scheme of

the s-wave neutron capturing state of Sml48.
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high Q-value for this transition only 219% of the total
alpha decay leads to this étate. Cheifetz et al3 cxplainéd
this by postulating that the contributing resonénces at

3.4 eV and 18.3 eV56 have spins of 4 and 3~ respectively.
They did not consider the necessity of invoking the
existence of a contributing bound resonance. At about the
same time, however, Carpenter7l from his study of capture
gamma rays reported.values of 3  and 4 respectively for
the spins of these resonances. These values have been

67

confirmed, more recently, by Poortmans et al from neutron

resonant scattering studies of Sml47. The low intensity of
the ground state alpha transition must then be due to
some other effect.

Tﬁe contribution of each resonancev(3.4 eV and
18.3 eV) to the 2200 m/sec neutron absorption cross section
can be calculated using the Breit Wigner formula and is
found to be of the order of 5 barns. The total 2200 m/sec
neuﬁron absorption cross section is, however, 75 % 11 barns72.
The contribution of higher resonances is even smaller and
can be disregarded. Tﬁis means that a large contribution
must arise from a negative resonance existing close to
the'neutron separation energy. The exc;tation function

147 has not been studied in

for neutron absorption in Sm
Zetail and one can not entirely rule out the possibility

matributing low energy positive resonance. The spin
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of this resonance in any case must be 4 to account for
the high relative intensity of the 2t alpha transition.
Neutron transmission measurements similar to those con-
ducted forestablishing the existence of contributing

resonances in Ndl43(n,a)Ce140 and Sm149(n,a)Nd146

should
be able to resolve this problem. Because of the low (n,a)
reaction cross section, these measurements were not possible

with the existing experimental set-up.

1

(d) Gd 55(n,on)Sm152

Reaction

The first positive evidénce for the existence of
this reaction was obtained in a set of preliminary experi-
ments using the lucite irradiation assembly. Thick targets
(0.3 - 70.5 mg/cmz) were irradiated for several days at
neutron fluxes of the order of 108n/cm2/sec. A poorly
resolved alpha gfoup was consistently observed at about 8 MeV
in the alpha particlevspectra obtained in these measure-
ments. Final measurements were, however, made by using
the electrostatic particle guide. In these measurements

143_, 4155

d targets with different

two electrodeposited mixed Nd

143 155

Nd /Gd atom ratios were used. The target thickness

in each case was about 80 ﬂq/cmz.‘ The spectrum obtained in
a 400 hour irradiation is shown in Fig. 4.9. It contains
three peaks A, C and D. The peak A corresponds to the

143 140

9.443 MeV alpha group from the Nd (n,a)Ce reaction.

The peak served as a standard both for energy and cross



143 155

Fig. 4.9. Alpha particle spectrum from Nd ~-Gd

reaction. T = 400 hours, Thickness ~ 80 pg/cmz.,
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section determinations. The peaks C and D are alpha groups

1 152 . .
reaction. For cross section

155 and Ndl43

from the G4 55(n,a)Sm
measurements it was assumed that the Gd
isotopes are deposited with the same relative uniformity,
and that the atom ratio remained unaffected during target
preparation. The cross section for the group C was
determined by comparing its integrated count rate with
that of a standard peak, A. The cross section for group D
was obtained from the relative intensities of peaks C and D.
The results of the cross section meqsuréments for peak C
obtained in two determinations are given in Table 4.6. The
average value for the cross section of this peak is 67 % 7
microbarns. The final results for the effective cross
sections and energies are given in Table 4.7. The positions
B and E marked with the dotted arrow (Fig. 4.9) correspond
to known levels of Smlsz. An upper limit for the cross
section corresponding to position B has also been included
in the same table.

_ The groups C and D have Q-values of 8.209 % 0.006
MeV and 7.963 + 0.009 MeV respectively. The Q-value for
this reaction obtained from the atomic mass difference data
is 8;355 + 0.022 MeV52., This value is higher than the
measured Q-value for the highest energy alpha group by

0.146 t 0.023 MeV. The energy level diagram for Sm152 is

73

well known ~. The first excited state (2+) lies 122 keVv
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Table 4.6 Results of Cross Section Measurements of Highest

Intensity Peak (C) in Gdlss(n,a)Sm152 Reaction
. Effec-
. . tive
Target Thickness Irradia- Nd/Gd Nd/Gd Cross—
( /cmz) tion (Atom (Count section
vg "~ (hrs) ratio) ratio)
| (ub)
G-1 80 400 16.826x10"°>  5.044 6045
G-2 80 189 7.478x1073  1.806 748

Average value of cross section 677

Table 4.7 Results of Energy and Cross Section Measure-
1 152

ments for Various Alpha Groups in Gd 55(n,a)Sm Study
Alpha Group Relative Particle Energy Effective (n,a)
Intensity (MeV) Cross Section
(%) (ub)
c - 75.5 7.998%10.006 677
D 16.6 7.759%0.009 15+2
B 7.7 . 8.12 <7

—
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above the ground state and the second exqited statc (4+)
is at 366 kev. If 122 keV is added to the measured Q-value
for the highest energy alpha group a value of 8.331 * 0.006
MeV is obtained. This value is in a very good agreement
with the calculated Q-value for this reaction. This suggests
that the highest energy alpha group, in fact, corresponds to
the alpha transition to the first excited state. This is
also consistent with the fact that the méasured Q-value
difference between the 2° and 4% states (246 t 11 kev)
is in agreement with the excitation-energy difference (244
keV) between these two levels. The values of 8.331 % 0.006
MeV, is, therefore, associated with the alpha transition
leading directly to the ground state of Smlsz. The alpha
particle energy expected'for this transition is indicated by
position B in Fig. 4.9; Below the alpha group D in this
figure the spectrum is too complex to obtain any information
on other transitions. The position E corresponds to the
alpha transition leading to the 6" state, A proposed decay
scheme is given in Fig. 4.10.

The spin for the neutron capturing state in the

156, resulting from an s-wave inter-

155

compound nucleus, Gd

action is 1~ or 2~ . (The Gd ground state has a spin and

parity of 3/254.) There exist three known resonances in

the low neutron energy region at 0.0268 eV, 2.01 eV and

79 75

2.57 eV and have spins 2°, 1~ and 2~ respectively’~.



Fig. 4.10. Proposed partial alpha decay scheme of the

s-wave neutron capturing state of Gdlss.
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~The 0.0268 eV resonance is the largest contributor to the
2200 m/sec neutron absorption cross section. This as well
as the 2~ resonance at 2.57 eV can undergo alpha decay

152 Litnh

leading to the 2%t state in the daughter .nucleus, Sm
alpha particles carrying £ = 1 and £ = 3 waves. The fact
that no ground state transition was observed rules out any
significant contribution from the 2.0l eV resonance or from
any of the higher energy J" = 1" resonaﬁces. The results
obtained in the present investigation are therefore con-
sistent with the reported spin assignment of the 0.0268
ev (3" = 27) in cal?>. Alpha particle emission from this
capture state can also take place via £ = 3 and & = 5 waves
to the second excited state 4+, in Smlszn.

A careful examination of the alpha particle spectrum
at position B (Fig. 4.9) gives a slight indication of a
ground state alpha transition. The counting statistics
are too poor to make a positive identification. An upper
limit of < 7 ub has been set for the magnitude of this
transition.

(e) Eulsl(n;a)Pml48 Reaction

The results for this reaction were based essential-
ly on a single experiment involving the use of the electro-

static particle guide and an enriched electrodeposited

143-Eu151 target. The target thickness in this

2

.mixed Nd

case corresponded to 150 ug/cm® deposited on a target area
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of T 44 cm2. The irradiation was conducted at a neutron flux

of about 10lo n/cmz/sec. The spectrum obtained after an

irradiation of 170 hours is shown in Fig. 4.11. The peak

143 140

A is 9.443 MeV alpha group from Nd (n,a)Ce reaction

while peak B corresponds to an alpha group from the

EulSl(n,a)Pml48 reaction. The cross section correspcnding

to .the peak intensity has been estimated:to be 25 ub.
The energy of this group is 7.610 * 0.020 MeV and it
corresponds to a Q-value of 7.815 % 0.015 MeV. The Q-value

for the EulSI(n,a)Pm148

52

reaction calculated from the mass
table is 7.897 + 0.031 MeV. This is considerably higher
than the measured value and suggests that the observed

alpha group corresponds to the first excited state. If the

73

excitation energy of the first excited state (75 keV) '~ of

the daughter nucleus, Pml48, is added to the measured Q-
value, a value of 7.890 £ 0.020 is obtained. This is in
good agreement with the calculated Q-value. The appearance
of the ground state transition is not abparent from the
study of the alpha particle spectrum. The corresponding
alpha group would be expected to fall at position C in the
spectrum. The energy correﬁponding to this position is
7.680 * 0.020 MeV. Because of a high background no infor-
mation could be obtained in the lower energy region. From
“* A7 € the gpectrum at position C an upper limit of
~»= === Izr the ground state alpha transition.

==me is shown in Fig. 4.12.



: : . 143 151
Fig. 4.11. Alpha particle spectrum from mixed Nd -Eu

target. Nd4d/Eu atom ratio = 3.922 x 10-3; Nd/Eu count ratio

= 2.667; Time =~ 170 hours and target thickness = 155 pg/cmz.
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Fig. 4.12. Proposed partial alpha decay scheme of the

s-wave neutron capturing state of Eulsz.
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The spin of Eulsl in its ground state is 5/254 and

its parity is even. The s-wave neutron capture will give

rise to capturing states with spins of 2t and 3+. The level

structure of the daughter nucleus, Pml48, is not well known.

Its ground state spin and parity have recently been found
76
to be'1 . The spin and parity of the first excited state
81
is either 1” or 2° . The main contributions to the 2200

151

m/sec neutron absorption cross section of Eu arise from

resonances at neutron energies 0.32 eV, 0.46 eV, 1.06 eV
and 3.37 eV77'78. In addition, a large contribution also
results from a bound resonance79 existing close to the
neutron binding energy. The contribution from the 3.37

eV resonance is expected to be very small in the region of

thermal energies. The spins and parities of the negative

75
and the first three positive resonances are 3t . The

high relative intensity of the alpha transition to the
first excited state is more consistent with a spin of 2~
rather than 1°, Alpha decay to this state would be more
enhanced from angular momentum considerations. Alpha
decay from the 31 capture state to the 2~ state in the
daughter nucleus is possible with £ = 1,3 and 5 alpha
waves while only £ = 3 would be possible if the spin

N

of this state was 1 .



CHAPTER V

COMPARISON OF EXPERIMENT AND THEORY

(a) Cross Sections and Reduced Widths

The main objective in this section is to make a
comparative study betwegn the measured and the calculated
values of (n,a) cross sections and the alpha emission reduced
widths, as well as to compare the measured Qa and the cross
section values with those obtained by other workers.

The experimental results on Qq aﬁd cross section
values obtained by other workers have been compared with the
present results in Table 5.1. Only those values ffom other

works are included for which data have been obtained in

155 151

.the present work. Except for Gd and Eu , the experi-

‘mental values for Q, and cross sections agree with the
older work and are generally more precise. The most recent

high resolution work by Oakey (ref e) has confirmed the

results of our fine structure study in Sml49. The (n,a)

155

reaction in Gd .has been observed for the first time and

151 148 reaction?.

there is only one previous value for Eu (n,a)Pm
Our results db not agree with theirs and further work is
needed to resolve this discrepancy. The last column of
 Tab1e 5.1 includes the Q-values for the d;fferent(n,a) reactions

obtained from the mass difference datasz. In the same column

95



Table 5.1 Experimental Results on

(n,a) Cross Sections

Target Sg;te Qa(MeV) aeff Ref . Qa(MéV)
o Daughter (n,a) work (mb) from
Mass Data
: 9.71 % 0.06 16 + 4 b
Nal43 ot 9.7 23 +5 c 9.732 + 0.022
9.713% 0.005 21.28+ 0.18 £ (9.714 £ 0.010)
sm™4? 9.38 t 0.04 22 & 10 a
9.45 + 0.07 5 £ 1.5 b
ot 9.6 7 3 c 9.460 + 0.020
9.40 8.5 + 1.5 d (9.426 * 0.005)
9.429t 0.004 5.29% 0.005 e ‘
19.429+ 0.004 5.23% 0.17 £
8.96 + 0.04 211 & 22 a
- 37 10 b
2t 9.1 48 t 10 c
- 46 t 10 a
8.974+ 0.004 38.70¢ 0.45 £
a* 8.385+ 0.006 0.67¢ 0.04 e
8.384+ 0.010 0.61% 0.05 f o
37 8.238+ 0.006 0.81% 0.005 e
0.66 + 0.006 £

8.219+ 0.010

e




‘Table.5.1 Expérimental Results on (n,q) Cross Sections (cont'd)

~

Target Sg;te Qa(MeV) ceff .Ref. Qa
(n,a) work (mb) from
Daughter : : Mass Data
. gml47 10.09 + 0.006 0.16 £ 0.05 b
+
0 10.1 - : c 10.143 + 0.020
10.143+ 0.015 0.184% 0.012 £ (10.109 + 0.007)
+
2 9.40 0.53 + 0.15 b
9.452 ¢+ 0.008 0.629+ 0.04 £
6" 8.46 + 0.02 0.081% 0.067 £
(?) ’
calss ot 8.331 + 0.006 <0.007 ' £ 8.355 + 0.022
2t 8.209 + 0.006 0.067+ 0.007 £
a* 7.963 £ 0.009  0.015% 0.002 £
151 - : ‘
Eu 1 7.890 + 0.020 <0.005 £ 7.897 + 0.031
2" 7.815 + 0.015 0.025+ 0.003 £
7.9 0.009+ 0.002 ct

a. R.D. Macfarlane and I. Almodovar; Phys. Rev. 127 , 1665 (1962).
b. E. Cheifetz et al; Phys. Letters 1, 289 (1962).

€. V. N. Andreev et al; Jaderna Fizika 1,252 (1965).

d. M. Dakowski et al; Nucl. Phys. A97, 187 (1967).

e. N. S. Oakey, Ph.D. Thesis, McMaster University (1967).

f. Present work

t  This is the total for all transitions in the neighbourhood.
Note: Work on Nd and Sm isotopes was completed before the results of ref. c,d, and
e became available.

L6
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the parenthesized values are those obtained most recently

by Duckworth and his colleagues68 from mass spectrometric -

143 149

measurements. While our Q-values for Nd and Sm show

excellent agreement with those of Duckworth and coworkers

the smtd7 result is significantly different from their
value. . However, the results of Sm147, EulSl and Gd155
52

are in good agreement with the mass table data™ .

The calculations for the (n,a) réaction Cross
sections are based on the statistical model approach. The
results of these calculations have been compared with the
measured values under the individuai isotope headings.

The basis for calculations of the effective (n,a)
reaction cross section (3) has been discussed earler in
part (b) of Chapter I. The equation (1.1l) which was used
in these calculations was extended to include the various
f2-values associated with the emitted oa-particles. The
method used here is essentially the one adopted by Macfarlane
and Almodovarz. The effective (n,0) cross section,

Sg(n,a), for the alpha decay from the capture state J to the daugh-
ter state Ilwas calculated from the following expression

J
) r, (I,e)

r@ o7 (n, 1) (.1)

~J
oI(n,a)

raJ(Ifl) and Py(J) are the partial widths for alpha and
gamma emission respectively and 3J(n,y) is the effective n,y

reaction cross section. For the present calculations we
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assumed that the neutrons in the thermal column follow a
true Maxwellian distribution (T = 300°K). Under this
condition the value for SJ(n,y) was obtained by taking a
product of the 2200 m/sec neutron absorption cross section
(OOJ) and the temperature dependent parameter; g, (see
Chapter II). The value for FaJ(I,z) was obtained from
equation (5.2)

Py is the barrier penetrability factor for an &-wave
o particle of energy E and D is the average level spacing
for levels with the same spin and parity near the capturing
state. The penetrability factor has been defined earlier
in Chapter I (equation (1,1).Its values for different f-waves
were calculated by using the method of Rasmussenzg. Once
the PaJ(I,z) values for the various alpha transitions were
obtained the evaluation of the Sg(n,a)was straightforward.
However, in cases where more than one resonance contributed
to the total 2200 m/sec neutron absorption cross section it
was necessary to treat the contribution from each state
separately. 1In cases where these contributions were not
available in the literature, the Breit Wigner single level formu-
la was used to determine these contributions. The resonances
which do not contribute significantly were neglected.

In order to determine the values for the various

alpha reduced widths, 62 requation (1.4) was useéd in a simplified

exp
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form as given below.

5 2nr Sg(n,a)
8o = Y X == (5.3)
P X P o (n,y)
9 J'a

The symbols appearing in this equation have the same
significance as defined previously. In cases where both
types of spin states (resulting from the s-wave neutron

caéture) contribute, equation (5.3) must be modified. The

nuclides Sm149 and Sm147 provide examples of such cases.

In these cases the transitions to the excited states in

146 144 result

150 and Nd148

the corresponding daughter ‘nuclei N& and Nd
both from the 4  and the 3 capture states of Sm
compound nuclei respectively. The reduced width in these
cases was obtained from the following expression

62 = 216 (mya) | ) p 8 mm) § oy N (5.4)
exp I r,(30) . r, (47) Lo

In these calculations it was assumed that FY3-) = FY(4—) = T,

(1) Neodymium-143. The theory for the calculation cof

(n,a) reaction cross section in its simplified form, as
described above, can not be applied for this isotope.

Its total 2200 m/sec neutron cross section is 410 barns
of which 75 barns is due to neutron scattering. The
scattefing cross section is obviously too large to be
ignored relative to the (n,y) cross section. The approxi-

mation that the partial gamma width FY(J) is very nearly

MILLS MEMORIAL LIBRARY
MCcMASTER UNIVERSITY .,
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equal to the total width, I', is no longer valid. We have

therefore used the relationship

J
. ) Fa (1,2)
o‘;(n,a) = {OJ(D,D) + oJ(n,Y)]

(5.5)

> 0~

y (J) +I‘n(J)

The values for the partial widths, PY(J), Pn(J) and UOJ

were taken from reference (55). The value for the g factor
redquired to convert the UOJ value. to the effective cross
section was taken from reference (61). Its value at 300°K
is 0.981. The 00 has its main contributipn from the bound

statess. The first positive resonance is at 56 eV49

and

its contribution is negligibly small. The results of these
calculations have been summarized in Tables 5.2 and 5.4.
Table 5.2 presents the ca;culated values for Py and FaJ(I,k).

In order to calculate TaJ(I,l) a value of 33 eV80

was used for
D. Since the spin-parity of the contributing state is 3f,
only g=3 wave alpha particles are possible fqr the ground
state (O+) alpha transition. Table 5.3 compares the
calculated effective (n,d) cross section values with the
corresponding measured values. The agreement between them

is satisfactory.

(a)  Samarium-149, The 2200 m/sec neutron absorption cross

section (Oo = 39900 barns)61 for this isotope has its major

61,65 and

contributions from two resonances, one negative
the other positive (0.0967 eV)Gl. The largest contribution
results from the positive energy resonance (J’Tr =4). A
relatively smaller contribution with a '1/v' behaviour

comes from the negative resonance (J" = 3‘)61'65- Accqrdiﬂg
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Table 5.2 Alpha Penetrability and Partial Width for

Ndl43(n,a)Ce140 Reaction
Qa(MeV) Alpha1 Pe?etfability rg(x,z) rg(x,z)
Particle P T
L-wave . (eV) Fy J
6 6 15.10 x 1077

9.713 3 2.79 x 10~ 14.65 x 10

Table 5.3 Effective Cross Sections and Reduced Widths for

Na143 (n, o) cel40

Reaction
ey s 8 (n,a) 2
Transition (total) I )
(barns) ' Expt
Calc. Exp. (eV)
3= » ot 402 60.7 21.28 + 0.18 11.5
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to Pattenden its valuc is 4800 barnsGl. From llohne 's work,
however, its value is only 2200 barns 65. Since the

ground state alpha transition results only from the 3~ bound
statec the smaller contribution is quite important for the
present calculations. Both thesce values for the capture
cross section from this state have been used for the evalua-
tion of the (n,a) reaction cross sectiong and the alpha
emission reduced widths. Since Hohne's value for the total
absorption cross section does not differ very significantly
from the value given by Pattenden, only Pattenden's value
{39900 barns)61 for the total cross section was used for
these calculations. The'alpha transitions leading to the
'2+, 4% and 3~ states of the daughter nucleus can originate
from both the 3~ and 4 states. The various possible

- f-values and the corresponding calculated alpha particle
penetrability, Pos for all of the four observed alpha
transitions are given in Table 5.4 From these values of
Pl,PaJ(I;z) were calculated from equation(5,2) using a value
for D = 6.6 eV38. These values as well as the values for
the ratios between these and the partial gamma widths PY(J)
have also been included in Table 5.4 It was assumed that
r.(3n = I'Y(4') =T (7. Its value (0.058 eV)

was taken from reference (51),These.numbers were those used

to evaluate the effective (n,a) reaction cross sections

" and the alpha emission reduced widths., In order to calculate
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Table 5.4 Penetrabilities and Partial Widths for o-Transitions

46

in Sm149(n,a)Ndl Reaction
Qa(MeV) a-particle Penetrability Pg(I,z) .Fa(I,Q)
L-wave .‘Pz) (eV) J(J)
-7 -6
9