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ABSTRACT:

A method for the determination of partial
radiation cross sections based on the energy\dispersion
of the capture process was undertaken, A description
of the experimental reactor facility and details of the
method has been presented. Measurements of gamma rays
following neutron capture in isotopes of silicon,
chromium and nickel revealed resonances which were
analyzed for resonance parameters. The characteristics
of the resonance decay properties for the different

isotopes were discussed.



ACKNOWLEDGEMENTS

I wish to express my appreciation to my Research
Director, Dr. T.J. Kennett, for his advice and aséistance.
His insight and direction during my research at McMaster
have resulted in a valuable educational experience. I am
also indebted to Dr. W.V. Prestwich for his interest and
aid in the pursuit of this research project. Numerous
members of the research group at the McMaster Reactor have
provided assistance and support at various times during the
course of this work.

I am grateful to Mr. John McDougall, Mr, Peter Ernst
and the other members of the Reactor staff for their help
and cooperation, and to Mrs. Dorothy Matthews for her
efficiency in preparing this manuscript.

A special word of thanks to my wife, Claudia, and
my family for their support during my work at McMaster
University.

This work has been financially supported by the
National Research Council and the Provincial Government

of Ontario.

iii



CHAPTER 1 -

CHAPTER 2 -

CHAPTER 3 -

CHAPTER 4 -

TABLE OF CONTENTS

INTRODUCT ION

Neutron Reactions

Reactor Neutrons

Neutron Radiative Capture
The Present Experiment

NEUTRON REACTIONS

The 1/E Meutron Pistribution
Neutron Cross Section
Compound Reactions
Porter-Thomas Distribution
Compound Model Anomalies
Direct Reactions

EXPERIMENTAL METHOD
Method Advantages
INSTRUMENTATION

Neutron Source

Tangential Through Tube Facility

Through Tube Design
Detéction Systen
Electronic System
Experimental Procedure

CHAPTER 5 - DATA ANALYSIS

iv

W U b N

12

12
17
20
22
24
25

29
32
36

36
37
38
42
46
47

50



CHAPTER 6 - EXPERIMENTAL RESULTS

Silicon
Chromium
Nickel

CHAPTER 7 - DISCUSSION

Silicon Isotopes

Chromium Isotopes

Nickel Isotopes

Compound Versus Direct Reaction

for 52Cr, 58,605

CHAPTER 8 - CONCLUSIONS

REFERENCES

Page
57

59
61
63

65

65
71
75
79

84

87



Numberx

1
2

3A

3B

3C

10

SUMMARY OF TABLES

Title
SAMPLE SPECIFICATIONS
BACKGROUND GAMMA PEAKS

SUMMARY OF RESONANCI CAPTURE RESULTS
OBTAINED FOR SILICON

SUMMARY OF RESONANCE CAPTURE RESULTS
OBTAINED FOR CHROMIUM

SUMMARY OF RESONANCE CAPTURE RESULTS
OBTAINED FOR NICKEL

TOTAL RADIATION WIDTHS FOR S0'52'53Cr

RESONANCE PARAMETERS FOR °OoNi

TOTAL RADIATION WIDTHS FOR 6oNi

RESONANCES IN °1ni
CORRFLATION COEFFICIENTS

ESTIMATES OF THE NUMBER OF DEGRELES OF
FREEDOM v

FolloWwing
Page
48

58
64

64

64

73
15

78
79
80

81

COMPARISON OF (n,Yy) AND (d,p) STRENGTHS 82

vi



A LIST OF FIGURES

FOLLOWING
NUMBER TITLE - PAGE
7 .
1.1 Neutron Spectrum {from a water moderate 4
nuclear reactor.
1.2 The salient features of the energy dispersive 9
method.”
A3 A reactor neutron spectrum without and with 11
/ a 198 filter.
3.1 Neutron spectra obtained after normal incidence 30

. in a 10B filter for different filter thicknesses
including the no filter case.

3.2 The relative count rate fqr the enerqy ‘ 34
dispersive technique to that of the time of
flight method.

-4.1 General layout of the nuclear reactor facilities. 36

4.2 A plane view of the herizontal through tube 38

showing shielding and collimation system.

4.3 Arrangement of the through tube sample 38
delivery and storage 'system.

4.4 The facility for sampké rotation and positioning 40
in the horizontal through tube,

4.5 A typical sample assembly. 41

4.6 A schematic diagram of the Ge(Li)-NaI(T%) 42
pair spectrometer.

vii



4.7 The energy dependence of the photoelectric, 43
Compton effect and pair production cross

sections in germanium.

4.8 An overall schematic of the detection system 46

and electronics.

5.1 The operative factors which contribute to an 51
observed gamma ray spectrum.

5.2 The normalized residual X2/f versus Fn for the 54
67 and 173 keV resonances in 2881.
5.3 A relative efficiency curve for gamma ray 54

detection in the pair production mode for the

Ge (Li)-NaI(T2) spectrometer.

5.4 A typical nitrogen thermal neutron capture 54
spectrum used to obtain the relative efficiency

curve in figure 5.3.

6.1A The thermal neutron capture spectrumobhtained for 58
silicon.

6.1B The keV neutron capture spectrum obtained for 58
silicon.

6.2A The thermal neutron capture spectrum obtained for 58
chromium.

6.2B The keV neutron capture spectrum obtained for 58
chromium.

6.3A The thermal neutron capture obtained for nickel. 58

6.3B The keV neutron capture spectrum obtained for nickel.ssg

viii



6.9 .

6.10

6.14

Q .

The background observed in the through tube 58

with no sample present,

The spectrum obtained for irradiation of 108 58

in a carhon sample assembly.

The thermal and keV neutron capture spectrum obtained

for chromium. ) 59
The thermal and keV neutron capture spectra for 59
28

Si(n,Y)zgsi in the region of the 8472 keV ground

state transition.

The thermal and keV neutron capture spectra for 59
28Si(n,y)zgsi in the region of the transition to
the 1273 kevV first excited state.

The keV capture spectrum for the transitionsto the

5/2% state at 2028 keV in 2°si. | - 60

The yield curves for the transitionsto the first 60

excited state in the 23 Si(n,Y)3OSi reaction.

The yield curves for the transitionsto the ground 61

state in the 52Cr(n,y)53Cr reaction.

E]

The keV neutron capture spectrum for the transitions

to the (7/27) state at 1539 keV in 2Scr. 62

The thermal and keV neutron capture spectra for 63
the transitionsto the ground state in the

58Ni(n.Y)59Ni reaction}

The keV neutron capture spectrum for the transitionms

to the 5/2° first excited state at 341 keV in 59yi.
63

ix

Atagr Tl AR BT st

AN e

AT 2 S

2
.

ah
T a R

e B,

T e

wy

e o »,
S e

r

e T R

SIS i th 5
N

WA e




6.17

The yield curve for the transitiors to the 1/27

59

second excited state at 471 keV in Ni for

keV neutron capture.

The keV neutron capture spectrum for the
transitions to the 3/27 third excited state at
878 keV in °°Ni

The keV neutron capture spectrum for the
transitionsto the ground state in the ’

6ONi(n,Y)GlNi reaction.

The yield curve for the keV neutron capture
corresponding to the transitions to the 3767
(1/2, 3/2) and 3771 (3/27) keV levels in ~iCr.

Histograms—-number of correlations vs. correlation
coefficient. A 100,000 coefficients were
calculated for each histogram for 6 and 13 pairs
of random numbers sampled from a Porter-Thomas

distribution. ~

..-‘/

63

63

63

71



CHAPTER 1

. INTRODUCTION

In 1911 Marsden, Geiger and Rutherford discovered
that an atom was composed of electrons orbiting about a
small positively charged nucleus in which almost all the
atomic mass was concentrated (Ru 1ll). From that time onwards
there has been an intense interest in understanding the
strong forces displayed within the nucleus and the properties
resulting fromiits complex structure.

Nucleaf properties have been difficult to observe
because of thé‘size of the nucleus; consequently, experiments
designed to investigate such properties use projectiles of
approximately nuclear dimensions to interact with the nucleus.
Experiments involving séattering, stripping, pick up and
capture have produceé data which have helped in forming theories
about nuclear forces and have provided understanding of some
properties of nuclear structure.

Most frequently particles projected at nuclei are
charged, since control of energy is readily achieved, but they
do experience Coulomb repulsion. Reaction rates are therefore
often inhibited by the requirement that the projectiles be
sufficiently energetic to overcome the‘Coulomb barrier. The

use of the uncharged neutron as a pfojectile has the



advantage that significant reaction rates can occur even

at low bombardment energies.

NEUTRON REACTIONS

A typical reaction may be represented by A(a,b)B,
where the target nucleus is represented by A, the residual
nucleus by B, the incident particle by a and the emitted
particle by b. When, for example, a neutron is captured
it results in a highly excited nucleus which then deexcites
by emission of gamma radiation or another particle such as
a neutron or proton. When the emitted particle is a neutron
elastic scattering may occur, in which instance the residual

« .

nucleus is left in the same state as the original target.

For neutron reactions one can write

MA+1+EX

M, +m 4+ T -+ (Intermediate Nucleus)’)
n n T M_4m 4T
B T b

A

n' Masy MB respectively represent the masses of

the target nucleus, the incident neutron, the residual

wvhere MA’ m

nucleus following radiative deexcitation and the residual
nucleus formed when a particle with mass my is emitted.

For elastic scattering my is equivalent to mo . If one

neglects nuclear recoil, the kinetic enerqgy of the incident

neutron and the emitted particle are given as T, and Ty

respectively, while Ex stands for the excitation energy



given off in the form of gamma radiation. For a radiative

transition, the neutron separation energy is given by

.

Q =My +tmy - My

which, from equation 1.1, leads to
E.=Q + T .

)
Radiative decay may involve the emission of a single gamma
ray of energy Ex or a cascade of gamma rays whose summed
energy 1s Ex. )

For % particular reaction induced by a flux of

incident particles a cross section can be defined as

no. of particular events per unit time per nucleus

o = 13 & R L] - ¥ 3
no. of incident particles per unit area per unit time

Quantitatively it is the effective area which a nucleus
presents to an incoming particle., FEarly measuréments
revealed that when the total neutron capture cross section
is examinéd, as a function of neutron energy, structure is
observed (Mo 36, Ra 36). In the low energy region this
takes the form of narrow peaks at definite, but non-uniformly
sp;ced energies. These maxima are called resonances and
correspond to unbound neutron states.

The widths and spacings of resonances vary greatly"
from nucleus to nucleus, However, for nuclei of medium mass
(A ~ 50) resonance widths are generally the order of electron

volts to a few keV and the spacings are several keV. 1In



v

more massive nuclei the spacings are substantially smaller
being the order of‘a few eV, In general, the number of
resonances per unit energy increases with mass number and
excitation energy.

For a given nuclide resonance widths tend to
increase with neutroa energy. At low energy the resonance
width T is usually less than the level spacing D but, with
increasing energy, widths become comparable to spacings.
At very high energies widths become greater than spacings
and so overlapping occurs. In this continuum region the
fine structure of the resonances cannot be observed., This
effect of resonance broadening can be expected since the ™

penetrability increases with energy above the barrier of

a potential.

REACTOR NEUTRONS

The present study makes use of a nuclear reactor
as a neutron source and consequently knowledge of éhe
associated neutron spectrum is necessary if the method
used is to be understood and evaluated. Neutrons produced
in the fission reaction initially have an evaporation
spectrum given analytically (Wa 52) by

E

N(E) = 0.484 e ~ sinh vY2E . 1.2

This spectrum has a most probable energy of 500 keV and an

average 'energy of 1.5 MeV,
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These neutrons undergo elastic collisions with the
moderator and are slowed down until they reach thermal
equiligrium with the moderator. A typical reactor neutron
spectrum is shown in figure 1:1 (IA 70a). For convenience
the spectrum is divided into three regions, viz. thermal,
intermediate and fast. Thermal neutrons are those in thermal
equilibrium with the moderator; intermediate or resonance
neutrons are those which are losing energy while undergoing
collisions with the moderator; fast neutrons refer to those
produced immediately from the fission process. In(figure 1l-1
these regions respectively are the large contribution at low
energy, the straight line mi@—energy region and the high
énérgy region shown by a dotted curve. 1In a typical

nuclear reactor neutrons are present which have energies from

a fraction of a meV to 14 MeV,

NEUTRON RADIATIVE CAPTURE ' i
Neutron capture gamma radiation was first detected

by Lea in 1934 (Ile 34). Little information was added in the

~

next 15 yeafs except for some maximum energy determinations,

In the early 1950's Kinsey and Bartholomew at Chalk River (Ki 53)
contributed greatly to our knowledge’of the. capture process
through the use of a mégnetic pair spectrometer. A little

later in 1955 Groshev (Gxr 56) developed a high resolution

Compton spectrometer and greatly expanded radiative capture
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studies. Also about this time a considerable amount of

study, particularly of time correlation, was conducted
with NaI(T2) scintillation spectrometers (Re 54, Se 58).
Until 1957 detailed spectra were obtained only for thermal
neutron capture and, while measurement of total radiative yield
was conducted for a wide range of neutron energies, no
information regarding decay modes of particular resonances
was obtained. Two reasons for this were that the thermal
neutron flux aJailable for irradiations from research
reactors far exceeded that provided by fast neutron sources
within the narrow energy region necessary for isolated
resonance study, and that the average capture cross section
decreases with increasing energy while competing elastic
and inelastic scattering cross sections increase.

In 1957 Landon and Rae (La 57) used a linear
accelerator to produce a pulsed neutron source with which
they studied the high energy gamma ray spectrum from neutron

199Hg. Following closely

capture in the 34 eV resonance in
upon this wérk detailed study of the spectra arising from
resonance capture was undertaken through the use of fast
choppers at nuclear reactor sites (Fo 58, Ke 58). This

work revealed a wide variation in the spectra associated
with each resonance in‘accord with the fluctﬁations observed

for single channel scattering (Ha 55, Po 56). Targets
\

for such studies were generally limited to medium or high
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atomic number in order that several resonances occurred
below ~ 2 keV. Such nuclei have correspondingly high
level density and complex spectra which are not amenable
to scintillation spectroscopy. This limitation was
obviated with the development of the Ge(Li) spectrometer
by Ewan and Tavendale (1964). Since that time very active
study of the resonance capture process has been éonductéd .
at the Brookhaven high flux reactor by thrien and coworkers
(Ch 67) who employ a fast chopper and Kane and coworkers
{IA 69)'who employ a neutron diffraction spectrometer.
The work of these investigators did not include many
nuclides of lower atomic weight because of low resonance
density. To date this mass region. has been mainly
explored through-the use of pulsed iinear accelerators
from which suitable Qeutrén spectra can be produced.

The feasibility of capture measurements with neutrons
;n the energy range 10-300 keV was first)demoﬁstrated in 1960
with NaI detectors and neutrons from pulsed Van de Graaf
aCCelefapors (Be 61). These experiments led to two programs:
one in Sweden where the s@ape of éamma ray spectra for
various neutron energies was investigated and the other at
Oak Ridge} Tenn. where gamma ray inienaigiés for capgpre of

10 to 100 kev neutrons were studied (ND 73). More recent

. measurements gave gamma ray intensities for resalved”

/
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resonances in 2s -14d shell nuclei (Lu 70). With the
adveng of Ge(Li) detectors, measurements at Lucas Heights,
Australia, have produced much more'detailed results
(A2 69). All the previous mentioned keV capture measure-
ments have used time of flight techniques to select the
neutron energy of interest. Normally, two parameter
investigations are conducted and digital windows used
foilowing the experiment to sort the regions of interest.
When a Ge(Li) detector is used, the shift in energy of
primary gamma rays with neutron energy can be observed
particularly when the resonance spacing is large. (ND 73)
The Australian data has been the most de£ai1ed to
date for elements with complex resonance capture g;oss
sections in the keV region. However, it is limited because
of the complex response of the Ge(Li) to high energy photons,
the poor resolution of the Ge(Li) detectors used (2 20 keV)

and the large spread in neutron energies as a result of

short f£light paths (v 30 keV).

THE PRESENT EXPERIMENT

As just pointed out keV neutron capture experiments
have mainly been performed using pulsed accelerators and a
time of flight arrangement. Gamma ray spectra are obtained
as a function of time of flight which is subsequently

translated into neutron energy. This technique is effective



for widely spaced resonances, in that, precise knowledge

of neutron energies defines a specific capture state.

The spectra of emitted gamma rays corresponding to this

capture state can be measured and this leads to values

of partial radiation widths, the probabilities of gamma

ray decay from the capture state to particular final

states, and of the total radiation width, the probability

of gamma decay to all final states. However, in most

cases time of flight energy resolution is greater than

resonance separations with the result that measurements

are obtained for an average over many resonances. The

present technique allows the spectral dispersion of gamma

rays to be that inherent in the capture processsand the

resolution of gamma ray peaks to be that of the detector.
The method presented here is based on the direct

observation of neutron kinetic energy as an enerqgy shift

of primary photons emitted following capture (Th 75a).

The capture process is dispersive as indicated in figure 1.2

where aspects of the technique are presented. Here an isotope

A+l

is shown to undergo the reaction AZ (n,Y) Z absorbing

neutrons of resonance energies Epq and E and yielding

R2
radiative emission to the ground state and an excited state El.

Also in figure 1+2 diagrams of the neutron capture cross

section of the isotope, with its two resonances, and a



Figure 1.2

This figure illustrates the salient features
of the energy dispersive method. At the top right,
two states at neutron energy ERl and FRZ are shown as
part of a decay scheme, Adjacent to these is shown the
neutron cross section, the transmitted neutron spectrum
and the expected reaction rate as functions of incident
neutron energy. Below these graphs is depicted the gamma
ray spectrum arising from the decay of the resonance states
to the ground and first excited state. The resonance Fro
is indicated to have a significant breadth which in turn
leads to noticeable width increase of the corresponding

\
radiative transition in the gamma ray spectrum.
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neutron flux distribution are shown as a function of
neutron energy. In addition a graph of reaction rate
versus neutron enerdgy, obtained as the product of the
cross section and neutron flux distribution, is shown.
The result of this reaction rate is the emission of a
spectrum of photons, such that, gamma ray peaks are
detectable at energies F_, + E E. + E and

Q R1" 7Q R2

(E, - El) + Epy» (EQ - El) + Epoe The photon spectra

Q

above energies EO and EQ - El mirror the reaction rate
but are governed by the probabilities of each energy state

E and ER2 decaying to the energy levels 0 and El.

R1
The use of a typical nuclear reactor spectrum of
neutrons to illuminate targets (figure 1-1) would result
in a high reaction rate from thermal neutrons and consequently
dominant peaks, at the unshifted energies, orders of magnitude
greater in intensity than those arising from neutron resonance
capture in the keV energy range. The region immediately
above such a large peak is always distorted by pulse pile up
effects resulting in interference with the resonance capture
components. Thus it is essential to reduce the contribution
from thermal neuytrons by reshaping the neutron spectrum
through the use of a filter (Bo 70, Lo 73). Several filters

capable of high neutron absorption at low energies would be

suitable but some have an absorption ‘cut off' at such a low
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energy as to transmit a substantial portion of the thermal
contribution in the reactor spectrum. A filter with a

l//ﬁ cross section and no positive energy resonances in the
region below 200 keV has suitable characteristics. A

lOB was found to be ideal for the

filter composed of
current investigation.

An example of the reshaped neutron distribution is
shown in figure 1:3 (dotted line) as well as a typical
reactor neutron spectrum (solid line). The neutron spectrum

lOB filter., If

shown in figure 1-2 is that observed within a
a large thermal contribution were present in the neutron

spectrum, large photon peaks would be observable at energies
EQ and EQ - El
in the same figure shows little thermal contribution and

in the photon spectrum. The reaction diagram

thus little or no contribution is observable in the photon
spectrum,

In the present work samples were irradiated with a
}OB shaped spectrum of reactor neutrons and capture gamma
ray spectra were acquired through use of a Ge(Li) diode
device. Spectral peaks attributable to resonance capture
gamma rays were readily discernible due to the energy

dispersion of the capture process. Spectra were then

analyzed for resonance parameters.
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CHAPTER 2

NEUTRON REACTIONS

The present experiment is designed to measure
partial radiation widths of gamma transitions in various
nuclei. By this we mean the probability of radiative
emission to a certain final state after neutron capture
into an initial state. This is done through examination
of keV neutron capture gamma ray spectra. In order to
analyze these spectra for resonance parameters, several
factors in the neutron capture process must be examined.
These include: the neutron flux distribution impingent
upon the target nuclei, capture cross section parameters,
the neutron interaction and deexcitation processes and the

properties of radiation widths.

THE l/E NEUTRON DISTRIBUTION

As previously mentioned neutrons produced in the
fission process are slowed down through collision with the
moderator until they reach thermal equilibrium. The fission
neutron distribution, which represents the primary source
of neutrons, was described previously and is éiven by
equation 1:2. The intermediate or resonance region of the
reactor neutron spéctrum is the component used in the current

1

study.
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The general form of this component can be derived
by considering the case in which high energy neutrons are
scattered by the moderator, specifically hydrogen, and
neutron absorption is negligible. The collision density
C(E) can be determined by considering the scattering of
neutrons into and out of an energy interval 4dE at.énergy E.
Neutrons arrive in dF as a result of scattering collisions
that occur at higher energies. Since a collision can drop
the energy of a neutron to a lower value, some of the
source neutrons may acquire an énergy in dE as the result
of only one collision. Neutrons that have héd one oOr
more collisions but whose energy E' is still above E may
élso fall into dE with their next collision.

Consider first the source neutrons. In the steady
state if S of these neutrons are produced per cm3/sec,
exactly this number of neutrons must be scattered per
cm3/sec at this energy. If this were not so, there would
be an accumulation of neutrons at EO. The probability
that one of these neutrons will be scattered into dE is
dE/Eo. It follows that a total of SAE/E_ source neutrons
are scattered directly into dE per cm3/sec.

Turning to the neutrons having energies between
E and E_, there are, by definition, C(E')dE' scattering

collisions per cm3/sec in the energy interval 4E' at E'.
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The probability that one of these neutrons is scattered
into dE is 4dE/E', so that C(E')dE'dE/E' neutrons are
scattered per second from dE' to dE. The number of

neutrons arriving in dE from all dE' above E is

EO
C(E') dE' 4T

B

E

Since in the steady state the number of neutrons scattered
into dE must be equal to the number scattered out, it

follows that

c(é)dE =

(o]
S dE C(E') GE' 4ar
E E .

After cancellation of dE from both sides in equation 2.1,

the following integral equation for C(E) is obtained:

Eo

c(E) = £ + Cle) B, 2.2
°© e

Equation 2.2 can be solved by differentiating both

sides of the equation with respect to E. This gives

d C(B) _ _ C(E) .
o E 2:3

where the minus sign appears because the variable E occurs
in the lower limit of the integral. The general solution

of equation 2.3 is

C(E) = ’ 2-4

o] I



b |

where K is a constant that must be determined. The
value of K can be found by placing E=Eo in equation 2-°2;
this gives

. 2+5

) o

C(Eo) =
o

Comparing equations 2-4 and 2.5, it is seen that K = §,
so that

C(E) = % . 26

If S neutrons are produced per cma/sec throughout
a medium and none are absorbed, exactly S neutrons must be
slowing down at every energy in a steady state situation.
If this were not the case, there would be an accumulation
of neutrons somewhere between E=0 and E=EO. (La 66)

\
It follows that

S = q(E)
where q(é) is the slowing down density, i.e. the number
of neutrons slowing down past energy E per cm3/sec. Then

equation 2.6 becomes
C(E) = 9-1-5:-’-3-)— . 247
The number of collisions per cm3/sec at energy E can be

expressed as

C(E) = ®(F) Iy (E) , 2.8

Ey

15
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where ® (E) is the flux density per unit energy interval
and ZS(E) is the macroscopic scattering cross section of

the moderator. From equations 2.7 and 2+8 it follows that

_ 9(E) 1 .
q;(E)—%;ﬁ) . -f . 29

If there is no absorption,q(E) equals the total-
source density dge Provided the scattering cross section
is a constant, as is the case over the energy range being

considered, then, equation 2-:9 becomes

d 1
$ (E) = == . =
’):'; E
- constant
E
K
F o 2.10

The result is the same, i.e. the flux in the intermediate
region is proportional to l/E, for moderators with mass
larger than 1.

While resonances associated with the light water
moderator give rise to some structure, it is restricted
to the highest energy or fission neutron portion of the
spectrum (IA 70b). The slowing down oOr resonance region
is devoid of structure and the neutron flux here is well
approximated by an inverse energy dependence.

For those neutrons slowed down further into the

thexrmal region, the flux energy distribution is described
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by the Maxwellian

&, (E) = E/(kT)? exp ( - E/KT) .

th
This is normalized for unit flux area with T the

moderator temperature and k the Boltzman constant.

NEUTRON CROSS SECTION

The total cross section Orp at energy E for an

isolated resonance at energy E_, can be written as

R

i

g

7 0 (resonance) + ¢ (interference) + o (potential)

=0, + oY + 0 (interference) + o (potential) .
The latter equation is composed of, in order, the resonance
scattering cross section, the resonance capture cross
section, the cross section for interference between resonance
and potential scattering, and the potential scattering cross
section. If it is assumed that the interaction of the neutron

is limited to elastic scattering and radiative capture, one

may write the Breit-Wigner formulation of the cross section

as
2 .2 1/ 52
o, = 2R + (E "R nly + ATRPGIRR(B-ER) | 4 o2
T (g (r/n?%  \Fr/  (B-E )%+ (T2 2t 2
(E=Fg)™+(I/2 R'TE/2 (B-Eg) %+ (T /2)

2.11

Here 2y xR is the neutron wavelength of resonance energy,

' is the total probability per unit time interval for the
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compound nucleus to emit a photon or a particle, and Fn
and PY are the probabilities for the emission of a
neutron and a photon respectively. A statistical factor,

which is represented by g, may be expressed as
g=1/2 @3+ /021 + 1),

where J stands for the angular momentum of the compound
nucleus and I the angular momentum of the original nucleus.
Further R is the radius of a sphere at which scattering is
possible but penetration impossible.

The probability amplitude corresponding to the
Breit Wigner formula can be derived by taking the Fourier

transform of an exponentially decaying state. This: decaying
>

state corresponds to the'long-lived' state comprised of tpe

incident neutron and the target nucleus. The lifetime of the

quasi—statiénary state, which decays by particle or gamma ray

emission, is related to the resonance width by means of the

uncertainty principle (FE=h)' A virgual state 1 eV wide

would have a mean lifetime rmlonlssec. This is long compared

to the nuclear transit time ~10” *lsec.

When more than one resonance contributes significantly
to the cross section, tw? other interference terms should be
examined. The first is the interference between resonances

in neutron scattefing. This term is small when the resonances

are widely separated (Ha 70a). The second is the interference



of resonances decaying to the same final state. The

sign of the interference terms fluctuate randomly between

resonances and, if a significant number of resonances are

included, this term may be neglected. Furthermore, this

term is small if the resonances are widely separated (Ha 70b).
When determining relative partial radiation widths,

the total cross section is a factor in the calculation.

This calculation utilizes only those energy terms close to

the resonance energy. Therefore, the ¢ (interference) term

in the total cross section may be neglected since it is

only appreciable far from the resonance energy. In addition,

the approximation can be made that T ~ Fn, since FY << Fn

for the nuclei to be studied here. Following the above

simplifications, the equation for the total cross section

reduces to

2 2
ﬂkR an
oT(E) v s 5 + 4uR° . 212
(E-Ep) “+(T_/2)

-

In the case of a nuclear deexcitation by gamma ray
emission to a given final state, a neutron of energy E is

captured and a gamma ray of energy,

EYi = FE + (EQ - Exi) R : 213

is emitted. Here, E i is the excitation energy of the
final state and E. the neutron separation energy. In this

Q
expreésion recoil energy is neglected since it is small for



-

the nuclei of concern. The intensity of the gamma ray of
enerqgy EYi is given by
oyi(E)

IYi (E) = (1 - T(E)) ¢(E) a;~TfT ' 2-14

where T(FE) represents the transmission averaged over the
sample geometry; ¢(E) is the flux impingent upon the
sample; oT(E) is defined by equation 2-12; oyi(E) may be
obtained from the second €erm in equation 2-:11 and written
as

n vi
(B-Ep)° + (r_/2)?

t’]l x‘:‘j

1/2 = x 2 g . T
_ R . 2+15
Ovi (E) = ( )

From this equation it can' be seen that spectroscopic

examination of gamma rays to a particular final state

20

gives information towards the evaluation of ryi’ the partial

radiation width. However, before one can interpret radiation

width properties a knowledge of relevant nuclear theories

is required.

COMPOUND REACTIONS

To explain the observed slow neutron cross section

Bohr (1936) introduced the compound nucleus model of nuclear

reactions. Accordifdg to this theory the incident particle
upon absorption by the nucleus interacts very strongly with
the nucleons. The interaction is so strong that the energy
of the observed neutron is immediately shared by many

nucleons. Thus, many particles participate in the compound
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e nucleus formation resulting in a large number of virtual
states. By random processes one of the nucleons may
acquire sufficient energy to escape or radiative deexcitation
may occur.
As a result of the participation of many nucleons
following neutron capture the mode of decay is independent
of the manner in which the compound nucleus is formed.

The reaction cross section can therefore be expressed as
o(a,b) = oc(a) o(b) ,

where oc(a) is indicative of the probability of forming a
compound nucleus by capture of the incident particle, a, and
o (b) the probability of decay by emission of particle b.
Often a and b are referred to as the incident and exit
channels respectively. A channel is moredp&operly defined
as the configuration which includes all the particles involved
and their respective properties such as spins, parities and
angular momenta. N

The cross section for gammé ray emission following
neutron capture is given by the Breit Wigner formula quoted

in equations 2-15. It is related to the initial and final

states thfough the partial width expressed as
AN
27 L1 2
- Tyip = & Ieflolix] P,
where P¢ is the density of final states of the system and
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0 is either an electric or a magnetic multipole operator.
According to this model when a compound state of
excitation Ex decays by photon emission, the spectrum of
primary gamma rays is predominantly distributed as
EY3P (Ex - EY) , where EY is the photon energy and p(Ex - EY)
is the level density of the residual nucleus with excitation
energy equal to Ex - EY . This theoretical spectrum has a
broad maximum around 2-3 MeV and then. 'tails off" towards

higher energies.

PORTER-THOMAS DISTRIBUTION
The present interpretation of the distribution
that governs partial widths of neutron resonances supports
the compound nucleus model. In a study on the fluctuations
of nuclear reaction widths, Porter and Thomas (1956)
analyzed the reduced neutron widths Fno(i.e. Fn°=rn//§.[E]=eV)
of intermediate and heavy nuclei using a statistical procedure
based on the method of maximum likelihood. The results
showed that the data were consistent with a chi-squared

distribution of one degree of freedom. This distribution,

1/2 e X/2 o

which is of the form x where x = rn°/<rn > , is
sometimes called the Porter-Thomas distribution.

Porter and Thomas point out that the reduced width
amplitude for neutron emission from a compound state is

proportional to an integral over a very complicated wave

N
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function and that the wave functions for the different
states may be expected to be essentially unrelated.
Moreover, it is assumed that the wave function for a given
state fluctuates in a random manner with équal probability
of having positive and negative values. Under these
assumptions the central limit theorem of statistics implies
that the integral, and hence the amplitude, may be expected
to have a Gaussian distribution with a mean value of zero.
The square of the amplitude in a Gaussian distribution
corresponds to the Porter-Thomas distribution for the

width (Bo 60). By this reasoning the distribution of
partial radiation widths corresponding to a single exit
channel should be a chi-squared distribution with one degree
of freedom. When many exit channels are available, as in
the radiative deexcitation of a compound nucleus, the
fluctuations that are present in the partial radiation width
to a single exit channel are absent. The total radiation
width TY is relatively constant corresponding to a sample
from a chi-squared distribution with a large number of degrees
of freedom. Many experiments have shown FY to be almost

constant from resonance to resonance (Hurgﬁ, La 55, Le 56).
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COMPOUND MODEL ANOMALIES
Although Bohr's theory explained a large s;gment

of reaction data, anomalies turned up which could not be
explained by the simple compound nucleus model. The
experiﬁentélly obtained distribution of El primary

gamma rays from some nuclides disagrees with theoretécal
preaictions. Although there appears to be agreement at

low gamma ray energies, there are numerous isotopes which
exhibit anomalously strong high energy transitions (Gr 58).
The shape of the gamma ray spectrum depends not on the
general distribution of levels, but on the position of the
single particle p-levels. Furthermore, only those p-levels
with a large single particlé reducg@ width are most important.
Strong evidence for single particle effects in neutron
capture is indicated by the correlation between (n,y) and
(d,p) strengths for the same set of final states, i.e. the
_correspondence between the intensity of proton groups in a
(d,p) reaction and the intensity of neutron captﬁre gamma
rays préceeding to the same final state (Gr 67).

There have been experimentally observed correlations

betweeﬁ the reduceé neutron and radiation widths in neutroﬁ
resonance reactions (Be 68, Mu 70, St 71). As described

earlier, the statistical distribution of partial radiation

widths for resonancesdecaying via the same exit channel
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is expected to have a Porter-Thomas distribution. Since
each compound nuclear state is, in the compound model,
composed of many components, a statistical model is
favoured. This reduces the probability of correlations
between neutron and partial radiation widths.

Large fluctuations have been observed in the
total radiation widths for resonances in certain isotopes

6ONi capture cross section at the

(St 71). As well, the
12-5 keV resonance is asymmetric with a significantly slow
varying cross section below the resonance. This is inter-

preted as being due to the interference between A channel

and compound nucleus amplitude (Lu 74).

DIRECT REACTIONS

A simple mechanism has been sought to shed light on
the anomalies previously indicated. Some of these are:
(i) The direct potential or hard sphere capture in the off
resonance region where an incident s-wave neutron is
scattered by the nuclear surface and makes a radiative
transition to a low lying p-state with the emission of El
radiation. (ii) The channel capture, suggested by
Lane and Lynn (1960), whére an s- or p-wave neutron is
scattered through a resonant state and makes a transition

into @ low lying orbit while radiating gamma rays.
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(iii) The semi-direct process of Brown (1964) (dooxrway
states (Fe 63)) where an incident neutron scatters in
the target_nucleus creating a 2p-lh state. In this
process a gamma ray is emitted when the particle and
hole combine. Channel capture is more probable for
nuclear states which have a large single particle com-
ponent. These nuclear reaction models are ones in which
an s-wave neutron and the target nucleus undergo an El
transition to a low lying single particle state without
forming a compound nucleus. These reactions can be formu-
lated in terms of R-matrix theory by considering the external
region of configuration space to coincide with the channel
region, (Lu 74)

The partial photon width rkyc for the A¢h resonance

can be written as

_ ch, c.n.,, 2
; rkyc B (kac t Yare ) ’ 216

where nyc is the reduced amplitude of resonance A\ for

channel c, and Yiyc is equal to rkyc‘ The value of

2 c¢h.
.YAYC

reduced neutron widths. The value of ¥y

is proportional to the initial and final state

2 c.n.

Aye is the com-

,pound nucleus contribution to the partial width. When the

channel component is large one would expect a correlation

et e momts
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between the partial radiation and neutron widths,

2ch.

Aye In

since rAYc would be approximately equal to ¥y
addition, amplitudes usually interfere constructively

below and destructively above the resonance (Lu 74).

These theories not only predict correlations between

the radiation widths and the reduced neutron widths but
also predict the‘anomalously strong high energy transitions
found for certain isotopes. The level structure of the )
nuclei with the 'anomalous' spectra has low energy levels
containing configurations in which large components of
p-orbitals are expected. This should be favourable for
channel capture,

The (d,p) reaction mechanism is primarily a direct
process and is characterized by short reaction times. The
picture associated with the (d,p) reaction is that a neutron
is transferred into a shell model orbital of the target
nucleus. Because this assumption is, in general, not
strictly true, the experimental differential cross section

is often written as

do do
= § v 217
aaexp am,m

where S is the spectroscopic factor and gg- the
TH
theoretical result (FEn 66a). The spectroscopic factor

expresses the degree to which the final state is composed

A T AT Sk RN A et s b g p AR AAAs i ol S AR

e o g A by [ 8, 5 o
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of the target state with a neutron bound in an orbit
with quantum numbers f.and j . It is a measure of the
reduced neutron width of the initial state.

In the Lane and Lynn theory the direct component
of the radiative transition may dominate if the final
state has a large p-orbit single particle component. The
dependence of the direct component on the-single particle
reduced width is identical to the dependence of the (d,p)
strength on the spectroscopic factor. Furthermore, for
s-wave neutron capturé followed by Fl1 decay the final
states that will be preferentially populated will be the
same as the final states for which 2n = 1 in the (4,p)
reaction. It is therefore expected that in such situations
a significant correlation should exist between the (n,Y)

and (4,p) strengths.



CHAPTER 3

EXPERIMENTAL METHOD

Xs indicated in chapter 1, the feasibility of
the method proposed here is based upon the nature of

the neutron spectrum which prevails in a light water

10

moderated nuclear reactor and the ability of B with

~
~

a l//ﬁ cross section to reshape this distribution into

a near optimum form. For the present discussion we will
assume a lOB filter is used which is sufficiently thick
as to exclude all thermal neutrons thereby requiring

examination of only resonance and fission spectrum

neutrons.
The dominant neutron reaction for 10B is
10B (n,a) 7Li and has a cross section in the region below
g )
200 keV given by (BN 66)
o (E) = 611//E barns , 3¢1

n,a
where the neutron energy E is in eV. The form of the

neutron flux after passage through an infinite plane of
104 containing n atoms/barn is given by

¢ (E) = ¢ (E) exp (- n o, (E)) 3.2

under the assumption of normal incidence. Using equation

2:10 developed earlier for the resonance flux, the

29
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expression for the filtered. flux becomes

*"(E) = £ exp (- n 611/VE) . 3.3 -
,This function has a maximum which occurs at a neutron

enerqgy of

1
max 7

E (n 611)2 ev

2
a
4

i

where the flux is
4K -2
;5 e .

A family of curves representing the transmitted
flux for various boron thicknesses is shown in figure 3-1.
In the present work a thickness of 1 gm/cm2 was typical.
From figure 3.1 it is seen that for such a filter the flux
maximum occurs at a neutron energy of about 1 keV., In all
cases it should be noted that the flux above the maximum
approaches the 1/E form rapidl¥ with increasing neutron
energy. Ideally one should use a thickness which removes
neutrons just below the enexrgy of interest. However,
experimental constraints in the current work limit the
thickness to 1.5 gm/cmz. The present study made use of
an annular filter geometry in which a 1.5 cm diameter

sample was surrounded by a 1 to 1.5 gm/cm2 108 sleeve.
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For such an arrangement the transmitted flux is not
identical to the parallel beam assumed in the derivation
of equation 3.3 but undergoes a minor modification because
of the chord distribution. The effective radius of the

loB sleeve is. 20% larger (Lo 74) when calculating

annular
the mean chord for a transmitted neutron. This results

in a small change in the distributions as shown in figure 3-.1.
The effect of multiple scattering in 10
increases the flux transmitted at a given energy. Thus,
the effect of geometrical considerations is to increase

the effective filter thickness and the effect of multiple
scatteriné is to decrease it (Lo 73). Despite these small
effects the flux distribution at energies above the maximum
is not greatly disturbed from the l/E resonance neutron
distribution,

The illumination of a target which possesses resonances
by a rahge of neutron energies will result in the capture of
neutrons at the resonance energies. By observing the corre-
sponding radiative transitions with a high resolution Ge (Li)
pair spectrometer, components will be seen provideﬁ the
resonance width and the counter resolutions are less than
the resonance spacing. ' Uniike most studies of this type the

present arrangement operates in a continuous mode exhibiting

a 100% duty cycle. To quantitatively evaluate the value of

4

B during neutron transmission
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this approach, comparison with more conventional methods

is useful.

ME'THOD ADVANTAGES

Let us compare the present method with the time
of flight technique under the assumption that the same
reactor is to be used. For a quantitative assessment the
flight path of the hypothetical chopper spectrometer is
adjusted in order to achiéCe an energy resolution equal
to that of the dispersive technique. For the figure of
merit a comparison of counting rates will be hade. It
is important to remember that for the dispersive method
the advantages of a pair spectro@eter are realized rather
than the simple Ge(Li) specérometer assumed for the time
of flight arrangement.

Proceeding with the assessment let us assume that
the fast chopper is located 3m fxom the core, that it has
7 slits 0:038 cm x 5 cm, a radius of 15 cm and rotates at
20,000 rpm. For this arrangement the burst width At is
0-72 usec {(FWHM) and the duty cycle is -05%.

The resolution of a time of flight spectrometer is
given by At/1, (usec/m) where L is the flight path. Converting
to energy resolution we have |

st B2
L 36.15 !

where the neutron energy E is in eV. 1In comparing this

AE=
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method with the dispersive technique the value for AE
is selected to be equal to the resolution of the Ge (Li)
spectrometer. Assuming this to be 10 keV the flight
path required to achieve this resolution is

—€ 3
L~ 2x 105 E72,

"The transmittance of the chopper is determined by the
aperture, the solid angle with respect to the core and
the duty cycle. For a flux Qo adjacent to the core the

transmitted intensity is

10

6 x 10 e neutrons/sec.

The pulsed heam diverges after passage through the slit
of the chopper and as a consequence a large' target may be
required if the total beam intensity is to be intercepted.

xlinearly related to the

~
The dimension of such a target is
flight path L. If such a target, having height h and width
w, is observed by a detector of area A at a distance c, the

detection efficiency is

/4 (c+w) 2402 - h c
ﬁk2+h2 - h CH+w

The actual counting rate will involve the detector efficiency

A
“an

per unit area, the transmission through the sample and the

transmitted intensity.
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For the dispersive system the solid angle
subtended 3m from the core is the principal factor
gS%erning the efficiency. Assuming the same flux,
detector efficiency and sample thickness, the ratio of

the counting rates for the two methods is

R,. 2 1

di p . L .
Rio £ 1-2x10°3 on /qfc+w)2+ﬁ3lh c
/qc2 + h? -h c+w

If one assumes that the detector used in the time of

flight spectrometer is 2 cm from the target, i.e. c=2,

then, the efficiency ratio obtained for AE = 5, 10, 20 keV
is shown in figure 3.2. The figure shows the present method

5 to 108

to have a 10 increase in counting rate over the
time of flight method for an energy resolution of 10 keV.
It should be noted that this increase is improved with better
detector resolution.

An interesting feature of distinction between the
methods is that involving multiple scattering. 1In the
time of flight method, the energy determined is not that
.of the neutron at the instant of capture but rather that
méasured by the flight period. This results in the well

established spectral distortion as observed by Kennett and

Bollinger i1959) when targets with a large degree of
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scattering are used. In the method used here the energy
measured is that at the instant of capture so this effect
does not occur (Th 75a).

In addition to the measurement of partial
radiation widths the dispersive method yields isotopic
identification of resonances, measurement of resonance
neutron widths, when appreciable compared to detector
resolution, and specification of primary transitions in

gamma ray cascades.
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CHAPTER 4

INSTRUMENTAT ION

NEUTRON SOURCE

The McMaster Nuclear Reactor was used as the
source of neutrons for the current work. It is a
5 megawatt swimming pool reactor which employs 2350
enriched uranium as fuel with light water as moderator
and coclant. A diagram showing the reactor facilities
is given in figure 4.1,

There are six b;am ports which extend radially
from the reactor'core, through the containment wall
surrounding the pool into the experimental area. Beam
ports used for neutron extraction are equipped with bismuth
plugs to attenuate gamma radiation coming from the core since
the radial configgxation leads to high photon backgrounds.
The neutron flux can be controlled and shaped by placing
the appropriate filters in the beam. In an experimental
irradiation position outside the containment wall, the
neutron flux is typically 106 neutrons/cmz/sec. Such
facilities are suitable for experiments requiring external

target configurations, such as y-y coincidence investigations,

(n,yv) lifetime measurements and angular comrelation studies.
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However, this arrangement does not permit in core, target
emplacements because of the intense gamma ray background
associated with the radial configuration. Since resonance
capture experiments, among others, need high sensitivity
and low background; a tangential irradiation facility was
developed (Ni 70). The facility was later adopted for
convenient sample changing (Co 72) and large sample

positioning (Lo 73).

TANGENTIAL THROUGH TUBE FACILITY

The through tube, shown in figure 4:1, is horizontal
and is placed tangentially to the core. This ensures a
high neutron flux incident upon the target and minimizes
background radiation from the core. The capture gamma rays
from the sample pass through a collimation system and are
viewed by a detector in the experimental area external to
the pool water.

The internal geometry offered by the through tube
facility increases sensitivity for a given sample size
compared to an external geometry. The ratio of internal

to external sensitivity may be simply expressed as

R = ni Qyi -,

ine Qyve

where the subscripts i and e refer to internal and

external geometry and the solid angles subtended by the



target relative to the neutron source and the detector

are §n and Y respectively. Typical values are:

Qni/4n ~ - 75 (one side of an isotropic neutron
source plus 50% reflection from water)

Qyi/4n ~ 1078 (beam 2.5 cm in diameter)

Qne/AT ~ 1078 (beam 2°5 cm in diameter)

Qye/4n ~ 3x10 2

the target)
This gives rise to a ratio of R v~ 25. In the determination
of the ratio the small differences between internal and
xternal geometry for the transmission of neutrons and

a rays through materials along beam paths have been

38

(an 8 cm2 faced Ge(Li) detector S cm from

neglected. The neutron flux at the through tube irradiation

position has been evaluated as 1013 neutrons/cmz/sec.
S

THROUGH TUBE DESIGN

Schematic diagrams of the through tube are shown
in figures 4-1, 4.2, and 4-3. The through tube is a closed
system into which samples can be shuttled from the pool
surface to the reactor core and the systems subsequently
evacuated. The tube is a semi-permanent facility which
can be surfaced and modified for the needs of different

experiments. The design consists of a 7-6 cm O.D. 65 ST
[
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aluminum pipe 2m in length. To assure correct alignment
(14§ cm from the core) lead 'donut' spacers at each end
of the tube rest on V-notched stands anchored to the
pool floor.

The tube geometry is such that direct radiation
from the core is excluded. To reduce scattered radiation
from reaching the .detector a 10 cm thick lead plate is
positioned on the core framewith sufficient area to shadow
the core face as seen by the detector (figure 4.2). 1Inside
the pool a collimator consisting of a split cylindrical
lead annulus, 15:2 cm O.D. and 22+9 cm long with a 2.5 cm
diameter central hole, sits on a V-notched support stand
at the detector end of the tube. The annulus shields the
detector from capture gamma rays arising in the aluminun
tube, The through tube has a 2.5 cm diameter, 22.9 cm
long extension which fits into the annulus; the top of the
annulus is removed to permit easy installation and to
prevent damage to this extension.

A collimation system external to the pool wall
attenuates any radiation other than from the sample. The
only material between the split annulus and the exte?nal
collimator is an aluminum window in the pool wall-which
consists of a 2-5\cm aluminum plate thinned to .6 cm in

the region where the beam is transmitted.
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The external collimator is a .83 cm diameter
aluminum tube centred in a rectangular aluminum container
which is stepped in the lateral dimension as the distance
from the pool wall increases. The container is fi;led
with polyethlene and lead shot. The collimator is 2.3 m
long. The detector is placed 1-5m from the exit of this
collimator. In the 1.5m between the collimator and the
detector, barytes concrete blocks are placed to further
attenuate radiation from the reactor pool. There is also
30 cm of wax placed in the beam to prevent fast neutrons,
reflected down the collimation system by the target, from
striking the detector. .

Inside the tube the sample is positioned towards
the back of the core to reduce the energy of photons
scattered from the target. (The sample position shown in
figure 4.2 is the entrance location to the tdgé at which
point the sample is rotated and placed near the back pf
the core. See figure 4-:4). From the sample to the beam
emergent end of the tube there are lead collimators inside
the tube positioned so that they do not appear in the line
of sight of the detector. At each side of the sample
position there are cylindrical sleeves filled with B4C3 to
shadow the sample, thereby reducing the number of impinging

thermal neutrons.

40
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In order to prevent interference by capture
gamma rays from the aluminum yindow, the split annulus
at the pool wall is clad with cadmium sheet. In addition
the end caps of the tube are coated with 6LiF to protect
them from the local flux.

As shown in figures 4°3 and 4-4, samples are
lowered into position from the surface of the pool through
the 56 cm I.D. tubing to the through tube. The system has
a l5 cm I.D. by 2 m long polyvinylchloride enlargement at
the pool surface with a 5.6 cm I.D. by -5 m 1l®ng storage
tube to one side. The through tube and the enlarged tube
at the surface are connected with 7m of tubing; the upper
4m is formed from polyvinylchloride and the lower 3m,
aluminum since polyvinylchloride is highly susceptible to
radiation damage. The aluminum tube islangled upwards and
away from the core until it reaches the pool wall where it
turns toward the entrance port at the surfhce.

Samples are lowered in cylindrical carbon containers
to the core on a cotton line; 2m of aluminum wire and
30 cm of aluminum chain are attached to the carbon containers
to guard against radiation damage to the cotton line. The
chain is necessary for flexibility since the carbon holder

at the irradiation position is turned onto its side into
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a carbon seat, as shown in figure 4.4. A horizontal
placement along the cylinder axis allows the detector

to view a larger sample than would be possible with a
vertical arrangement. At the sample position the
geometry permits the detector to view a 1 cm2 area.

Both sample and container have cylindrical symmetry
(fEigure 4-5). The container is 50 cm 0.D., 115 cm long
and has *5 cm thick walls. Samples are centrally located
within the holder and surrounded by a uniform annulus of
10

B. There is a carbon spacer inside the holder cap to

allow for varying sample sizes.

DETECTION SYSTEM

Gamma rays, following neutron capture, were
detected with &n annihilation pair spectrometer which
consists of a Ge(Li) counter centrally located in an
annulus of NaI(T&) as shown in figure 4.6. The optically
quadrisected anqulus and the associated electronic circuitry
select gamma rays which interact with the Ge(Li) detector
by pair creation.

The Ge(Li) detector used in the work was fabricated
using the techniques described by Fiedler et al. (1966) and
Robertson (1972). A germanium ingot (gallium doped) was

alloyed with lithium using an electroplating bath. The
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germahium from Hoboken, Belgium, was acquired through NPC
Electronics Co., Los Angeles. The detector is coaxial,
open at one é%d, with an active volume of 20 cm3.

The NaI(T2) crystal has an outside diameter of
230 cm, an inside diameter of 7¢6 cm, and a length of
15+2 cm, and each of the optically isolated gquadrants is
coupled to a photomultiplier. A photon interacting with
the NaX(TL) crystal causes light to be emitted whicﬂ is
detected by the photocathode. The signal of photoelectrons
produced at the photocathode is accelerated and amplified
by a chain of dynodes with the output being taken at the
anode. ‘

Detection of gamma rays by the Ge(Li) detector is
based on the interaction processes of photoelectric effect,
Compton scattering and pair production. Fach of these
interactions results in energy transfer from gamma radiation
to charge carriers, where the number of carriers liberated
is proportional to the gamma ray energy. . The energy
dependence of the cross sections. for each process is shown
‘in figure 4.7. The cross sections show that abdve 2 MeV the

photoelectric effect for gamma ray detection is much smaller

than Compton scattering and pair production. Thus for

efficiency one of the latter two processes would be preferred.

¢
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One other consideration is to select events from one
process only in order to reduce background in collected |
spectra. The properties of pair production in a Ge(Li)
detector is used to select pair production events and
discriminate against Compton scattering and photoelectric
events. .

AN

In the pair production process a gamma ray with
enexgy greater than 2 mocz, where m is the election

rest mass, in£eracts with a nucleus to form an electron
positron pair. The energy in excess of 2 moc2 is imparted
as kinetic energy to the created pair. Only a small amount
of the energy is lost to nuélear recoil, The positron,
after being slowed do&n by multiple collisions, combines
with an unbound electron to form positronium, a hydrogenj\\//
like atom composed of a positron and an electron. The
positronium decays mainly throuchannihilation into two

511 keV photons. Since the mean lifetime of positronium

is small compared to charge collection time, the |
annihilation photons can interact further and release more
charge carriers. It is quite probable that one or both of
the annihilation photons escape froﬁ the Ge (Li) deéector.
If one photon escapes the gamm& ray energy EY absorbed is

equivalent to E_ - moc2 and if both escape, EY - 2m czﬂ

W | o
AN
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The resulting peaks which appear in the spectrum are
referred to as ‘*single escape'’ and 'double escape'

respectiveiy. '
Therefore gamma rays with energies above 2 moc2

will yield a spectrum exhibiting the photopeak, escape

peaks and a continuous Compton distribution. Other

partial energy transfer processes cause spectral

diétortion, some of these are: escape of high energy

électrons or positrons through range effects, trapping

of charge carriers in a 'dead' zone of the crystal and

e;cape of bremsstrahlung radiation arising from deceleration

of. either member of the positron-electron pair.

] fhg NaI(Q}) - Ge(Li) pair ;pebtfometer selectively
i@entifiés eveﬁts in which a gamma ray‘crgates a pair in
the Ge(Li) detector and both annihilation guanta escape.

For momentum conser§ation the photons in the 'double escape'

even; 1e$ve‘the Ge(Li) detector in opposite directions.

In a pair of opposité NaI(TL) quadrénts, photons of energy
2 | 4

m,.C aré detected ‘'simultanecusly’ and thus signify notice

-

of.aodqpble escape- event in the Ge(Li) detector. For a

gémma ray epe’rgy.EY the resulting spectrum consists of a

peak with centroid at EY - 2‘mbc2 imposed on a background

which- arises from range and bremsstrahlung losses. A
] )

1
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limitation of the pair spectrometer is the inability to
detect a gamma ray with energy below the pair production

threshold.

ELECTRONIC SYSTEM

A schematic diagram of the electronic circuitry
is shown in figure 4:8. In brief, a gamma ray is detected
by the pair spectrometer; the signals are amplified; the
necessary logic conditions are established to ensure a
'correct! event; the signal from the Ge(Li) detectér is
made acceptable to a Nuclear Data 3300 multichannel pulse
height analyzer.

More specifically, photons are detected in the
NaI(TL) crystals and the output of each quadrant is fed
into an Ortec 113 preamplifier and Canberra 1418 amplifier.
The voltage signal is then fed into a sinéle channel
analyzer with a 10% pulse height window set to detect
events corresponding to 511 keV. The fast outputs of the
single channel analyzers are fed to a dual coincidence gate
in order to 'AND' opposite quadrants.

The Ge (Li) counter is connected to a Tennelec TC 130
FET preamplifier from which the resultant voltage signal
is proportional to the total charge collected in the detector.

The signal is amplified by a Tennelec TC 200 amplifier and
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fed into'an Ortec 427 delay amplifier in order to place
the signal from the Ge (Li) detector in time with the
coincidence signal from the NaI(T%) annulus. Opposite
quadrant AND conditions are combined into an OR function
at the enable input of a Canberra 1451 linear gate
through which the delayed signal from the Ge(Li) detector
is passed.

A voltage reference pulser, built from a design
reported by Strauss et al. (1968) produces signals which
were fed into the Ge(Li) preamplifier and which were.used
for stabilization. In order for the pulser events to be
accepted by the logic, the 'OR' pulse from the NaI{TR)
guadrants is 'OR ed' with a logic signal from the voltage
reference pulser. This final condition is then used in
the linear gate to select appropriate events from the Ge(Li)
channel. The output of the linear gate is fed into a 4096
channel analogue to digital converter of a Nuclear Data
3300 multichannel analyzer. Stabilization is attained with

circuits in the analyzer using the voltage reference signals.

EXPERIMENTAL PROCEDURE
Isotopes of silicon, chromium, and nickel were
studied in this experiment. Each sample was irradiated in

the through tube facility to obtain gamQa ray spectra for

N\
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both thermal and keV neutron capture. For the former

the sample alone was irradiated and for the latter, the
saméle was surrounded by a layer of lOB. The samples
were placed one at a time in the through tube irradiation
position for 100-600 megawatt hours (M.W.H.) depending

on the count rate which ranged from 2000 to 30000pair
events per minute. Spectra were accumulated for 24 hour
periods and stored on magnetic tape; when sufficient data
were accumulated for oné sample, the stored spectra were
summed in preparation for subsequent analygis. After
irradiation the samples were stored for approximately one
week so that most activation products had decayed sufficiently
to allow dismantling of the assembly.

All the samples had purities greater than 99% and

were cylindrical in shape. The Cr N was obtained from
10

Alpha Inorganics, Montreal, and the B from USAEC, Oak Ridge.
The lOB had an isotopic composition of loB - 92-4% ;
llB ~ 7-6%. Powdered samples were contained in 1 - 2 mm

walled cylindrical capsules with 12 or 1+9 cm O0.D. and

51 cm in length. Samples not surrounded by loB were

centred by means of a carbon spacer. Specifications for
the different samples and the lOB layer associated with each

are given in-table 1.
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10B combined

The large amount of capture in the
with the nature of the reaction led to sample temperatures
the order of 600°C. Heat dissipation was difficult due
to the isolation of the sample in the carbon ﬁolder and
to the insulation caused by the evacuation of the through
tube facility; this, both sintered the boron, making
dismantling of the samples difficult, and made choices
of certain samples impossible,

As shown in figure 4.2 a thin sheet of cadmium
was placed on the outside of the through tube prior to its
use in is eXperiment. However, this layer was sufficiently

113Cd(n,Y)ll4Cd reaction had

thin that ix a short time, the
proceeded at such a rate as to render the cadmium ineffective
in absorbing thermal neutrons. Thus the present experiment
Qas conducted with virtually no cadmium absorxbing thermal

neutrons and this led to the problem outlined in the

previous paragraph.
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CHAPTER 5
DATA ANALYSIS

The yield curves obtained for each group of
transitions, characterized by a given final state, can
provide information about partial and total radiation
widths. As shown previously in a schematic wa‘

(figure 1:2), each primary transition has a corresponding
emission spectrum appearing as a set of resonance multiplets.
In order to analyze the yield curves for radiation widths,
the gamma ray spectrum must be first corrected for back-
ground and detector efficiency. Secondly, a model function,
which will be used in the analysis of the yield curves, ;ust
be determined for each resonance which leads to observable
transitions to final séates.

The genexration of the model function proceeded via
the following steps.

1) A resonance shape was calculated with the use of
published values for resonance énergy and neutron width;

it was determined using the Breit Wigner formula (equation
2.15) with a constant FY. If published values were not
available, energy centroids and resonance widths were

computed from the observed data.
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2) The resonance shape was multiplied by the flux
incident upon the sample (flux distribution times boron
filter absorption) and corrected for sample transmittance.
3) The probability spectrum for each resonance was then
convolved with the Gaussian response function of the
detector, -
4) These model functions were then u%ed in least squares
analyses of the yield curves at each primary gamma ray
energy for the appropriate resonances.

To present the technique of analysis quantitatively,

28Si(n,Y)ZQSi will be examined in detail. Three

28

the case of
resonances of Si at 29, 67 and 173 keV with neutron widths,
< 1l, 2.2 and 23 kev respectively were treated together and,
assuming a common FY, the radiation cross section computed.
The result is illustrated in figure 5.1A. Next, the neutron
flux and the effect of sample transmission were included

and the result of these factors leads to the curve shown in
figure 5.1B. Finally, the effect of finite detector
gesolution, in this case 12 keY/@ 8.5 MeV, was included and
this is shown in figure 5.1C. The gamma ray spectrum in
figure 5.1C is that which would be observed if all three
resonances had the same partial radiation width for the
neutron widths specified.

-y



Figure 5.1

Thigs diagram presents the operative factors which
contribute to an observed gamma ray spectrum when 2851
is illuminated with reactor spectrum neutrons, filtered by
1.2 gm/cm2 of lOB. (A) shows ‘the 28Si(n,Y) cross section
under the assumption all resonances have the same FY.
(B) is the (n,Y) reaction rate anticipated when the flux
¢(E) and the self shielding effects for a typical sample
(2.1 cm diameter x 2.5 cm long) are included. (C) is curve

(B) with the effect of finite detector resolution (12 keV)

included .
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The diagrams in figure 5.1 illustrate the formation
of a spectrum for three resonances in 28Si. In the actual
analysis a model function for each resonance is calculated.
As described in chapter 2 contributions from interference
effects due to other resonances are neglected. Thus one
can consider the problem to reduce to that of fitting the
generated model functions to the observed resonance multi-

yi

In order to generate the model function for each

plets. Each amplitude so obtained is proportional to I'_..

resonance, the formula given in equation 2.14 was used.
Here the intensity of gamma radiation to a final state 1is
proportional to ryi and this quantity is left as a linear,
free parameter. Evaluation of equation 2-14 requires

knowledge of the sample transmittance

T(E) =S.exp (- NUT (E) r) P(xr)dr ,
r

where r must be taken over the entire sample. This integral
was determined by the use of the mean chord method and the
compilation of Case et al. (1953). For a thin sample with

mean chord t

1 - T(E)

1

1l - exp (- No,, (E) t)
J

n

NOT(E) t .

The flux impinged upon the sample is that transmitted by the



lOB filter ‘as given in equation 3:3. The Breit-Wigner

resonance shape yields a calculated probability spectrum
sC(E) when‘cérrected for sample transmittance and the
neutron flux irradiating the sample.

The model function sm(E) is the convolution of
this calculated spectrum sckE) and the detector response

r(F), where the functions are energy dependent. Thus,

w®
s (E) J' F(E') s, (E-E') dE' .

-0
This convolution of the response function represents a
large computational effort; therefore, substitution of

multiplication for convolution via the fast Fourier transform

T was developed. Then,

»
Sm = T (so(E)) ;: R = 1(r(E)) ; Sc = T(SCYE))igﬁd

S = R.S L d

The inverse transform is taken to obtain sm(E).

Due to the complexity of.generating even an individual
resonance spectrum, resonance parameters were difficult to
obtain by standard non-linear techpiques. Rather, estimates
of the parameters were made and an error surface evaluated
by varying the quantities in question and the minimum was

sought. Energy centroids for resonances were found using the

A g
- 1 .
4 \
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first moment; then ER remained fixed while Pn was varied.
Figure 5.2 shows how Xz/f, the normalized weighted residual
squared, varies with Fn for the 67 and 173 keV resonances
of 288i.. Although the minimum in these curves appears to

be ‘'sharp', the error in the resolution function associated
with the detector provides large uncertainties.

As mentioned earlier a spectrum fqr each resonance
observed in transitions to final states was gengrated. The
amplitude of each of these resonances for a particular
transition is proportional to rYi° These amplitudes were
found by fifting model functions to the data using least
squares techniques. When the value of Fn was less than 1 keV,
the value of PYi obtained by the &abékfitting routine was
insensitive to changes in I, i.e. for 10 eV < < 1 keV, the

value of FY may vary 10%. Thus, values of FYi can be obtained

i
without too large an error for an unknown Fn when fn is much

less than the-resolution width.
°

Before analysis the data were corrected for detector
efficiency and gackground was subtracted. Nitrogen, in the
form of melamine, was used as a gamma ray source for intensity
cali?ration of the pair spectrometer. Xnown intensities and

energies for nitrogen capture gamma rays (Be 71) were used to

obtain a relative efficiency curve as shown in figure 5-3.
%
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Figure 5.3 A relative efficiency curve for gamma ray
detection in the pair productive mode for the
Ge(Li) - Nal(TX) spectrometer. .
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Figure 5.4 A typical nitrogen thermal neutron capture spectrum
used to obtain the relative efficiency curve in
figure 5.3.
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In figure 5+4 is shown the nitrogen capture spectrum.

Fitting the background of a gamma ray spectrum
followed a four step process. 1) Throughout the spectrum,
each point whose nearest neighbours were within one
standard deviation was labelled as a background point.

2) A least squares polynomial fit was performed on these
labelled points to obtain an estimate of the background.

3) A better reéresentation of the background was dbtained

by choosing all the points below the estimate evaluated in
step 2) and also those points within one standard deviation
above the estimate. 4) A new least squares polynomial fit
was performed on these points to obtain a final estimate for
the background of the spectrum. This final background was
subtracted from the data in preparation for analysis.

It should be pointed out that the difference between
the photon energy of a transition to a given final state
following resonance neutron capture and that for the
correspondiné transition following thermal neutron capture
is the centre of mass kigetic energy of the neutron captured.
Thus resonance energies which were measured in the present
work are quoted in centre of mass energies. Energies may be
transformed from the laboratory system to the centre of mass

system by the followihg formula



mh
T = Tlab / (l + ;4-—)

cm
where mn is the mass of the neutron and M is the mass of
the target. The resonances in 28Si quoted here at 67 and
173 keV are measured in the centre of mass system;,theyl
correspond to resonances at 67-.-7 and 180 keV as observed
by Allen and Macklin (1973) which, when transformed to
the centre of mass system, become 65:4 and 174-4 keV,

It should also be noted that in this work the
resonance energies are determined by a measurement of the
difference in centroids bgtween the resonances in the yield
curve and the thermal peak measured with the system having
the same gain. The resonance energies so determined ‘do not,
therefore, depend on ar absolute measurement‘of the total

transition energy. -

56



57

CHAPTER 6
EXPERIMENTAL RESULTS

In this study resonance capture for silicon,
chromium and nickel isotopes was conducted. In this work
we measured relative partial radiation widths (table 3)
for transitions to final states from neutron capture in
resonant states, The normalization of partial radiation
widths was such that measurements are not only comparable
for transitions from the same resonant state Sut also for
transitions from different resonant states. While relative
measurements were obtained, attempts have been made to put
the radiation widths in absolute units (eV) by normalizing
the results to previous data. Values quoted for chromium
and nickel isotopes were normalized from published total
radiation widths (St 71); the absolute §alues given for the
silicon isotopes were obtained by normalizing the sample size
and irradiation time of the silicon isotopes to those of 52Cr.
The errors quoted in table 3 are those obtained for relative
radiation widths; for éomparisbn to absolute values, the
measurements may have much larger systematic errofs.
Resonance wvalues listed for silicon are centre of mass

energies determined in this work/ while the energies listed

<

T

L R R .
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for chromium and nickel are from data measured in the
laboratory system (BN 73, St 71, Ga 71).

Gamma ray spectra for both thermal and keV neutron
capture are shown for silicon, chromium and nickel in
figures §-1A, 6+-1B; 6-2A, 6°2B; 6°3A, 6+3B respectively.

Background lines occur in neutron capture spectra from two
processes, neutron capture (n,y) and inelastic scattering
(n,n'). Gamma ray peaks from sources other than the sample
assembly have been reduced by the collimation in the through
tube. A spectrum of this background, in figure 6.4, shows
gamma peak§ for neutron capture in aluminum and hydrogen.
The aluminum peak is from capture in the through tube
material. The hydroggn peak is from cap£ure in the pool
water, This is direct radiation from pool water outside the
tube ét its ends and/or radiation reflected down the through
tube. Background lines also arise from the carbon of the
sample assembly, the aluminum of the chain used to lower the
assemply,;nd the boroq used to surround the sample in keV
nethQg,irradiations. A spectrum obtained by irradiating a

10

sample of B in a carbon assemblj is shown in figure 6-5.

A list of the energies of the background 1lines which occur
is given in table 2. Only in the case of silicon irradiations

£

did inelastic scattering peaks appear which were due to
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The thermal neutron ¢apture spectrum obtained
for chromium.

Figure 6.2A
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The keV neutron capture spectrum obtained for

chromium,

Figure 6.,2B
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Figure 6.3A

The thermal neutron capture spectrum
obtained for nickel.
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The keV neutron capture spectrum obtained

Figure 6.35

for nickel.
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Figure 6.4 The background observed in the_ through tube
. with no sample present. Normallzed\ to 100 MWH.
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The spectrum obtained for irradiation of

Figure 6.5
0 in a carbon sample assembly. Normalized
at 100 MWH. .
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" TABLE * 2
Background Gamma Peaks® ¢
Reaction Gamgna Ray Energy (kev) Reference
<
27n2(n,v) 28as 7723.8 “(Ra 71)
126 tm, vy 13 4945.2 "
3683.9
¢, t%e 4433. (La 61)
126 (a,v) 1% 6130- "o
Vym,y) 12 3368- n
10 ' .
B(n,y)11ls 11447+ 67)
= 8916- s
7006- .
\ 6739.
. 4711. .
) 4444+ :
/o - )
/¥°B(n,n')1°B 3584. (La
* 2868
2151' N
1l 2 : s
H(n,y)“H 2223. (Ra 71)

/

A list of somp’éf the prominent gamma ray peaks which

appeared in the background during neutroh irradiation.
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t

scattering in the target itself.

The differences in the characteristics between the
thermal and keV capture SSpectra can be seen in figure 6-6.
Some of tff;principal features are: 1) The thermal capture

spectrum (curve A) has a flat background with increasing

/‘
/

energy’while the corresponding keV capture spectrum
(curve B) has a steep sloping background which decreases
with increasing energy. 2) There is an absence of any

thermal capture primary gamma rays from the sample surrounded

/
by loB in the keV neutron capture spectrum (cuxrve B). 3) The

overall lower background in the keV capture §pectrum compared

to the thermal capture spectrum, especially above the

12C(n,n')lzc gamma ray peak at 4.4 MeV,

Silicon

A\
In figure 6.7 is shown the yield curve for the

29

. 1/t =% .
transition to the 1/2 ground state of Si following

capture by 28Si, for which the thermal‘iine is at

8471.8%1 keV (Ly 67). The yield curve exhibits maxima at 67 and

173 keV. No transition from the 29 keV resonance was observed.
In figure 68 can be seen the variation in gamma ray

yield for the transition to the 3/2% first excited state in

295i at 1273 keV. This transition is observéd to have

resonances at 29 and 67 keV. Any contribution of the

2
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transition from the 173 keV .resonance cannot be ascertained
dﬁe to interference in this region from neutron inelastic
scattering (Ni 72).

The resonance spectrum for the transition to the

5/2% state at 2028 keV in 2°

Si, as shown in figure 6.9,
indicates the presence of the 67 and an 85 keV resonance.
Interference from 28Si(n,n’)zgsi transitions (Di 70) occurs
in the region near a possible transition from the 29 keV
resonance. A peak 1s observed at the correct energy.
Identification as a transition from the 29 keV state cannot
be conclusive, since it is possible that the inelastic peak
reported at 6481 keV (Di 70) may be an unresolved doublet.
No significant contribution from the 173 keV resonance was
observed.

The yield curves for the transiti&ns to the ground
state and first two excited states at 2236 and 3498 keV in’
3081, both J" = 2+ , were also determined. The‘yields for
the two excited states exhibit resonances at 16 * 1 and
35 t 1 keV. The spectrum for the first excited state {s’
shown in figure 6.10., No measurable intensity was observed

foxr the decay of the 35 keV resonance to the 30

Si ground
state.

Only one transition to the ground state in'BISi
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i

was observed and this was from a single resonance at
2.2 kev,

Resonance parameters determined from the yield
curves for the silicon isotopes are given in table 3A.
The érrors quoted for the observed neutron widths include
uncertainties in the resolution function. Partial radiation

widths are quoted in eV and given as a function of a grl

Yi
As mentioned previously the results of Si were normalized

for sample sizes and irradiation times to 52Cr results.

Chromium
Yield curves were obtained for transitions to the
first and second excited states at 749 (3/27) and 777 (1/27) keV

51 50

in Cr. No

Cr for a single resonance at 5-64 keV in
yield curve was detected for a transition to the 7/2  ground
state for which the Q-value is given as 9263.-9 kev (ND 70).
Resonaﬁce spectra wére also obtained for transitions to levels

51

in Cr at 1899, 2890, 3126, 3767, 3771 and 4040 keV.

In figure 6:11 is shown the spectrum for transitions
to the 3/2” ground state in °3Cr following capture in “2Cr.
Maxima were observed corresponding to resonances at
1.6, 22-9, 27-6, 50-2, 96-2, 121.4, 141.3, 194 ¢ 1 and

235.8 keV. Also a broad, unresolved maximum was observed

from 280 to 380 keV in the resonance spectrum of transitions

B U S
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to the ground state. Yield curves were obtained for

transitions to levels in 53Cr at 564, 1006, 1539, 1973,

2147, 2320 and 2667 kev. In figure 6-12 is shown the
yield curve for the transition to the 1539 (7/2—) level

53Cr with maxima corresponding to resonances at

in
48.3, 50:2, 96:2 and possibly 65 * 1 keV. A resonance

was detected at 194 * 1 keV in a transition té the ground
state and its width was evaluated at 15 * 2.5 keV utilizing

the method outlined in chapter 5 and shown in figure 5-2

for 28 Gi,

Yield curves were bbtained for transitions to the
ground state and to levels at 835, 2620, 2829, 3074, 3395,

54

3437, 3720, 3854, 3925, 4011 and 4872 keV in Cr for

resonance capture in 53Cr. A single gamma peak was observed
in each yield curve with an energy centroid of 5.0 keV.
This correspohds to transitions from the resonances at
4.185, 5.67, 674 and 8-18 keV (BN 73). A weighted resonance
energy and neutron width were calculated from the parameters
given for the four resonances (BN 73) and these values were
used in yield curve aﬁalysis.

No keV neutron yvield curves were obtained for

54

resonance capture ‘in Cr although some transitions were

observed in thermal capture. The partial radiation widths

50,52,53

obtained from the yield curves of Cr are shown in

table 3B.
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Nickel

In figure 6+13 is shown the yield curve for the

59

transitionsto the 3/2° ground state in °°Ni following

neutron capture by SBNi. Maxima in the yield curve
correspond to resonances at -28-5 (bound level), %5-5,

21, 32, 39, 63, 108, 137 and 193 keV. A spectrum

of transitions to the first excited state 341 (3/27) keV

is shown in figure 6.14. No transition to the first
excited state is observable in the thermal capture spectrum
for 58Ni. Maxima occur in the spectrum corresponding to
resonances at 21, 26, 32, 39, 63, 94, 117, and 137 keV.
Spectra are given in figures 6-.15 and 6-16 for traqsitions

to the second and third excited states of 59Ni respectively.
A resonance at 83 keV occurs in a transition to the

471 (1/27) kev second excited state as well as others

listed above. Resonances at 83, 147 and 231 keV as well as
others listed above occur in the transitions to the 878 (3/5—4
keV third excited state. Yield curves were also obtained

for transitions to levels in INi'wt 1303, 1737, 2421, 2900,
3036 and 3186 keV.

60Ni the transitions to

For resonance capture in
!
the 3/27 ground state are shown in figure 6-17. Maximﬁ in

the yield curve correspond to resonances at 12.4, 28.7, 43.1,

S F R wx e P e | e



e

i R

i T "
R s T e e Y Nl

[« A :,:‘l.i 5, 48 8 g .
"ot s g e e el e ek S
It v e o R g T v 4R TR S ARL P WLE SRR B o B

e i B Tl oS s L I My e PN ST ————

. ds ay3 moys
93eODTPUT SIB SIDURBUOSII [eISASS pasn ST I931TJ UOIOq dY3 UIYA pauTeizqo umdld
poaTeTe s3utod ayJ ‘uUOT3IOE3X TNgg(A‘U) TNgg 243 UT =3e3S punoxH ayiz 03 UOTITSUBIF ASY mmmmv
9.3. Jo uotrhbax aylz ut axn3ded uoxjznau TewxIsyl aY3 SmOUS SAIND PTTOS 3Y €1°9 ®°AnbTd

CASSTT L98INT NOLOHA

0526 0026 0S6Ts 0078 0506 0006 0568
1 t 1 ! I 0
. 000T/T X :
~1 000T
[} onaccnu .
AFSEALRAANRARFELE PR 1,
ts a44w. .aaaaaaan» 444444
¢ T ' .t ' ] )
A3Y €61 s . ' goge O
A LET .
s t, -
A3 80T .. 4 b4 MN”
- . , 4 ¢ . —]
. a ~1° 000¢
A4 €9 :»ﬁ * 4 U
i W4* .
*
} FETHETAL g
- : . 0007




0588

e i e

wa ol D A e S
[FRTRT LY et A8 KT B b e

IN\m

R e s TS -

ke PRI A e A R Dt s I TR - mn, .
.;n»wf.;-.\”s»:fff,_w.bw« 15 LA I D SR S VA S gV ORIV, ~ B o -5 e = e P SO

»

‘umoys ST TNgg UT A9} THE 3I® 23B3S POITOXI 3ISATI
9Yy3 O3 SUOT3TsuUeI]} oYz I03 umijzoads 2aanided uor3INaU ASY SUL PT°9 axnbta

( A3M ) AFH3INT NOLOHJ | .

it

t

44****

@QWm . 0648 . 00.8 0638
|

| — | I

*4***++ } *. t 0002
Pt

—
—
——
—
—
——
———
—_—-
—
s
——
e
e
1 e
——
-——
e
e
——

A3N LET»
AN LTT
A3X v6 »

tH *** — ooo¢

S INNOD

—1 000+




\ b B e B S 1

A ‘ A Py ER e
ig e Ayt e o b Ao
R e S e e e T S i)

»

wumoys sT axnzded uoxznau AN 103 TNgg UT ASY TLV 3®©
33835 pO3TOX® PuOddS 7/ OY3 O3 SUOTITSURIF BY3 IOF SAIND pPT2T& @2UL ST°9 ouﬁmﬂh

( AT> ) ASd3INT NOLOHJ

0538 . 0038 0558 0058
T _ | . 0002
* fy!
tyg H * x
! *:: :I* I:IZ ** * — 00&2
1 o , f
A3 goT AL EB A * f
, >
' %* { — 000§
m i
: Pt
*+ - ] 00s¢
P
I
® ro —] 000%
. 3

S LNMOJ



‘umoys ST TN,.. UT A9 8.8 I 93B3IS PIjTOXd pIATUI
N\m ay3 O3 suorjTSueIl 3Y3l mmm unxyoads san3zded aouwm\mﬂc A9 9YL 91°'9 @2ambig

(AFA) AJIINT NOLOHS

0ges 0oES 0628 0028 0878 00T8

t f

—r—
—
——tams
——
—ee
——
——
e
———ane
e
el s
—ns
——
——
—ee
——— o]
———]
——
D aa o d
——
—
—e ‘
——
——ne.
——
————
———
——e
e
[
—ns
———
S—imnn —
ot

*{::* —] 00s2

e
3 yox me g
Sy odacoad gy !
2 - < - mw :} { ~| oooe
o B

~| 00§&¢

S1NNOOD



s 7

3 - a - A ij’ ~ s, 1Ea T 110 [P
PRETRRILINC) — s s L i k20t Y AAR ¢ SRR A A L RO SRR g s X e SRS S PO G o = .| k) e e v L LT IO e vemmalll et bl o b s

’

*umoys ST UOT3OBaX TNyg(A‘U)TNgg @43 UT a3e3s
punoxb sy3z 03 sUOTITSURIZ 3Y3 I03 umxjzdoads aanjzded uoxjznadu A3y A3YL LI°9 SInbrg

(ATAT AJEINT NOLOHA

0508 0008 066/ 0064 058 0084
I _ [ 1 Tt
1
{ :_ L ! * ' 4 ooor
P, i | *
LA i |
It l .
Mc +* t :* : * !
~ ,,Iim mw * i * t — 6008
2 Lo Lot
x5 2 L -
N 2 . . ]
. = ~ 5 4
- 2 o w t
A o .
2 = 0008
m
AT G2

S1INMO3



¢ 64

} ‘
65.3, 97.7, 109.5 and 162.0 keV. Other spectra were

observed for transitions to levels in 61Ni at 283 and

2124 keV, No transitions were observable in resonance

capture to the first excited state 67 (3/27) keV as

was the case for capture in 58Ni. Only resonances

between 12 and 65 keV could have produced observable

transitions since large gamma ray peaks occurred at

7760 and 7833 keV due to resonance caﬁture to other final

states. FEven a transition from resonance capture at 12.4

keV would have éﬁ be appreciable because of the 'tail' of

the gamma peak at 7760 key. ’ ) \
Yield curves were obsexrved for transitions to the

0+ ground state and the 2+ 1172 keV first excited state

of 62Ni after neutron capture in 61Ni. Only a single gamma

peak was observed in each yield curve corresponding to

resonances at™~7.5 keV,

Yield curves were obtained for transitions to the
1/2~ ground state and to the second and third excited

states in 95Ni at 156 (3/27) and 519 (3/27) keV for neutron

capture in 62Ni.

No transitions for capture in 64Ni were observed in keVv

neutron capture although some transitions were detected in
thermal neutron capture. The partial radiation widths

deétermined from the yield ocurves obtained for nickel are

shown in table 3C.
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CHAPTER 7
DISCUSSION
SILICON ISOTOPLS
28Si
Neutron capture resonances were observed at
29 ¢+ 2, 67 ¢+ 1, 85 * 1 and 173 * 1 keV as shown in
table 3A. These are centre of mass energies and
correspond to 30, 69, 88 and 179 keV in the laboratory
system. Resonances have previously been'observed at
195 keV by Fields et al. (1951), at 55 and 188 keV by
Newson et al. (1959), a; 181 keV by Lane et al. (1962)
and at 38 and 68 keV by Lugdberg and Bergvist (1970).
A resonance at approximately 65 keV appears in data
previously presented (Fe 51, La 62). More recently Allen
and Macklin (1973) determined resonances at 15.14, 15.29,
31.74, 38.82, 55.6, 67.7, 70.84, 86.98, 180.6 kev. Of
these, the authors assign 31.74 to 2981. Howevey, total
cross section measurements by Good and Harvey (1972) on the

3055 indicate that the 15.29

29

separated isotopes 2981 and
and 38.8 keV resonances belong to Si. Moreover, they do
not report observing the 31,74 keV resonance for the targets
used. The results obtained here agree with those of

Good and Harvey and indicate that the resonances at

65
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31.74, 67.7, 86.98 and 180.6 keV belong to 28si.

The errors quoted for the observed neutron widths
include uncertainties in the resolution function. Only

2881 is observed to have a

the 173 keV resonance for
neutron width well outside the limits imposed by the
detector resolution. The 23 * 2 keV value obtained is

lower than the 60 keV quoted by Newsorﬁ et al. (1959) and
compares favourably to the 32.5 keV value quoted by

Lane et al. (1962) when their value is corrected for self
absorption effects., It is in good agreement with the

28 * 6 keV result given by Allen and Macklin (1973). 1In
figure 5.2 is shown the variation in Xz/f with neutron width
obtained when fitting the data for the 67 and 173 keV reso-
nances of 2851 associated with the ground state transition.

The 2.2 t 1 keV value obtained for the 67 keV resonance

compares favourably to the 1.5 * .3 keV width reported by

Newson et al. (1959) and that obtained by previous investigators

(Fi 51, La 62). The value determined here may indicate a small

unresolved contribution from the 54 keV resonance rather than
the true neutron width. Upper limits for contributions from
the 54 keV resonance are given in table 3A. Because of the
finite detector resolution the neutron widths of the 292

and 85 keV resonances are given only the limit < 1 kevV,

28

Capture of an s-wave neutron by Si leads to
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states in 2981 with spin and parity Jg = l/2+. These

might be expected to decay predominantly via M1l radiation
to any final state of spin 1/2% and 3/2%. The resonance
capture spectrum for transitions to the 5/2% state at
2028 keV shows maxima at 67 and 85 keV (figure 6.9).
Deexcitation via El radiation is more probable than E2
(En 66b); thus, both the 67 and 85 keV resonances were
considered to be p-wave with JZ = 3/27. rThe presence of
large p-wave resonances is plausible, since the silicon
nuclei lie near the maximum in the peak of the p-wave
strength function. A p-wave assignment for the 67 keV f{
resonance agrees with the results of Kenny et;al. (1974).
The deduction of the capture spin of the 29 keV
resonance is more difficult. As previously pointed out,
there is interference in the detection of keV capture
transitions to the /2% state at 2028 kev due to the
presence of 28
If a transition from the 29 keV resonance gs present, as
indicated, then, it is the result of p-wave capture with
JZ = 3/2" + A resonance was observed at 31 * 2 keV in a
3570 + 2 keV transition to the /27 state at 4935 keV.
Additional information could not be extracted because of

1

the proximity of the 0B(n.n')loB gamma peak at 3584 keV,

67

Si(n,n')zssi reaction gamma rays (figure 6.9).
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The well established interference between resonance
and potential scattering for the 173 keV resonance establishes
£=0 and JZ = 1/2+ for this state (L§ 62). It 1is interestigg
to note that the partial width for decay of this state by '
M1 radiation to the 1/2% ground state is approximately five
times stronger than for corresponding El1 decay of the
67 keV resonance.

Data presented by Kenney etoal. (1974) would
indicate a resonance at 38 keV with a strong transition to
the first excited state and a moderate transition to the
ground state. From the data obtained here (figures 6.7, 6.8,
6.9) no transitions were observed at these energies.
Interestingly enough Kenney et.al. report no information on
the presence of a resonance at 29 (31.7) keV. The relative
strength of the transitions for the 67 keV resonance are in
agreement with the data of Lundberg and Berqvist (1970) and
Kenney at al. (1974) with one exception, i.e. the transition
to the ground state. The value observed here (table 3A) is
about 60% of that reported by either of the abové. The
reason for the discrepancy is not clear. There is agreement
with Kenney et al. that there is no measurable transition
to the 3067 keV (5/2+) state for the 67 keV resonance;

whereas, Lundberg and Bergvist report a moderately strong

A

trangition.
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The intensity distribution present in thermal
neutron capture (Ly 67), where transitions to the 6382
(1/27) and 4935 (3/27) keV levels dominate, is not
observed in keV neutron capture. Transitions to the
6382 keV level are not seen and to the 4935 keV level are barely
observable. By measuring the intensities of the secondary
gamma rays, i.e. transitions from the 6382 and 4935 keV
levels to the ground state, one obtains the sum of the
intensities of the resonance captyre states decaying to the
above levels. The intensities of the secondary gamma rays

were corrected for detector efficiency and branching ratios,

and converted to re ive radiation widths., A list of summed .

partial radiation is given in table 3A. It shows that
transitionf to the 4935 and 6382 keV levels are relatively
weak compared to the same transitions for thermal neutron
capture. The difference between thermal and keV neutron
capture intensities would suggest that thermal neutron
capture is predominantly due to a negative resonance or

hard sphere capture.

29g4

Resonances were observed to occur at 16 * 1 and

35 * 1 keV and correspond to'previously measured values

of 15.3 and 38.8 keV (AR 73, Go 73). The yield curves for

t
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,

the transition to the ground state (0+) and the first
two excited states at 2236 (2+) and 3498 (24) keV in

308i were determined. The yield curve for the first

"excited state is shown in figure 6.10.

298i results in

Capture of an s-wave neutron in
states with Jg = 0% or 1t. Since the 16 keV resonance
decays to both the J" = 2% excited states and the J" = 0%
ground state it is probable that this state is characterised
by J, = 1, since both spin states would Be accessible by
either El1 or M1l radiation. The decay of the 35 keV resonance
to the 2236 (2+) keV level is at least 3 tiﬁ?s stronger
than any other transition observed in 3081, \Fhéﬁ might
indicate that the deexcitation is E1l radiatio;{ If this
were so, the resonance would be p-wave with Jg =1 or 2-.
The data presented by Kenney et al. (1974) are in agreement
with the intensity pattern observed here. Their value for
the resonance energy, 26 * 5 keV, does not agree with the
35 t+ 1 keV determined in the present work (figure 6.10) nor

with recent total cross section results (Go 73).

30Si

Only the yield curve for the ground state transition

30

was observed with keV neutron capture in Si. The resonance

energy, 2.24 keV (Go 73), was used to fit the single peak
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observed. Any possible contribution from the resonance |
at 4.98 keV was obscured because of the finite gamma ray
detector resolution.

CHROMIUM ISOTOPES

50c,

Capture of an s-wave neutron by 50Cr leads to

states in °lCr with spin and parity JZ = 1/2%. These are
expected to decay to final states of spin 1/27 or 3/27 by
Fl radiation on the basis of the systematics in this mass

51Cr reported here

region. Transitions to levels in
(table 3B) are, then, most probably due to s-wave capture
in the resonance at 5.64 keV (St 71). Any detection of
possible capture in the p-wave resonance at 5.49 keV (St 71)
is masked by the resolution of the gamma ray detector. The
distribution of partial radiation widths reported here
(table 3B) agrees with the distribution previously reported
by Allen et al. (ND 73) and show good correlation to the
distribution of intensities from thermal capture as shéwn in
the same table.

As shown in figure 7.1 a gamma peak with a large width
is observed in the yield curve for the transitions to the

3767 (1/2,3/2) and/or 3771 (3/27) keV levels of “iCr at

5542 keV. Analysis with pdrameters previousiy reported (st 71)

'
'
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50

for resonances in Cr failed to achieve a satisfactory fit.

It seems possible that a few resonances of energy near 50 keV
from transitions to both levels of 3767 and 3771 keV could
contribute to the maximum observed in the yield curve.

52Cr

The yield curve for the transitions to the 3/2-

>3 >2cr is

ground state in Cr after neutron capture in
shown in figure 6.11. The curve reveals resonances of
energies previously reported.(St 71) and in addition indicate
a peak at 194 keV with a width of 15 * 2.5 keV., Two narrow
resonances have been previously reported at 197 and 199 keV

(BN 66); more recent tabulations (St 71, BM 73) list no

resonances ' near 194 keV. Although no clear maxima are observed

in the region\Letween the 27.6 and 50.2 keV resonances, the
continuum above background suggests possiﬁle contributions
from resonances at 33.9, 34.3, and 48,3 keV (BN 73).
Similarly in the region between 96.2 and 123.2 keV possible
contributions are present due to resonances at 106, 112, 113,
and 118 keV (BN 73). Due to the large width the resonance at
194 keV is most likely s-wave capture.

The resonance spectrum for transitions to the 1539
(’/27) 1evel in >3

corresponding to resonances at 48.3, 50.2 and 96.2 keV.

T

Cr, as shown in figure 6.12, exhibits maxima
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A maximum was also observed at 65 * 1 keV; no resonance
has been previously reported at this energy (BN 73).
The 1539 keV level has been reported to have Qn = 3 and
a possible spin of 7/2° (ND 70). Since the resonances
at 50.2 and 96.2 keV are s-wave (BN 73) it would seem
that gamma deexcitation to this level is either E3 (7/27)
or M2 (5/27), or that p- or d-wave resonances are present
near the 50.2 and 96.2 keV s-wave resonances. While the
48.3 keV resonance has been reported and is p-wave (BN 73),
no resonances have been reported near the 96.2 keV resonance
(BN 73).

The distribution of intensities in keV neutron
cgptﬁre agree with data reported by Allen et al. (ND 73)
with the exception of the transition to the 1006 keV level.
Contributions from other isotopes in the Allen et al. data
would account for the discrepancy. The only correlation
between thermal and keV neutron intensities is that the
ground state transitionscontributes.more than half of the
total observed intensity.

In table 4 there is a compariéon of the total
radiation widths measured ih this experiment for certain
resonances and those by Steiglitz et al. (1971). The total

radiation widths quoted for this experiment were obtained -



TABLE 4

Total Radiation Width for 50'52'53Cr

Isotope Resonance ry(eV) Present Data
(keV) Steiglitz et al. (1971) A B
>2cr 50.2 1.16 ¢ 0.2 0-84 % 0-28 1.28+0-43
96-2 4.80 ¢ 0.8 551 * 0-68 8:40¢0.98
141.3 2:.07 ¢ 0.3 1.67 *+ 059 2.55+0.89

50

Cr 564 3.10 ¢ 0.25 1.45 £ 0.06 2:22+0.10
53 a

Cr 5+03 13-09 + 1.05 6+43 t 0-14 9.80%0.22
A . 52

Normalized for Cr resonances only.
B \‘\1.

Norm \}zed for all the resonances listed.
a

The sum of the total radiation widths for 4-:18, S:67,_6-78, 8-18 keV
resonances from the data of Steiglitz et al. (1971).

2
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by taking the sum of the partial radiation widths
determined for transitions from a particular resonance
to different final states, as given in table 3B. There
is fairly good agreement when comparing values of the

52Cr alone, The reason for

50,53

total radiation widths for
the larger discrepancies when Cr resonances are
considered is not known. A possible answer is that
significantly different fractions of the total intensity

are measured for different resonances.

>3cr

53

Capture of an s-wave neutron by Cr leads to states

in 54

Cr with spin and parity 1~ or 2~ . These would then
predominantly éecay to final states of spin 0+, 1+, 2+, 3+

by dipole radiation. The four s-wave resonances at 4.18(17),
5.67(2-), 6.74(17) and 8.18(2~) keV probablx contributed to
the maximum in the yield curves for transitions to the levels

in 54

Cr (table 3B) which occurred at 5 keV. The distribution
of partial radiation widths determined here agrees with that

reported by Allen et al. (ND 73) with the exception of the

ground state transition. It was determined here to be half
3

as strong as the transition to the first excited state

(table 3B) rather than one-sixth as strong as feported by

Allen et al. (ND 73). The errors reported for the partial



radiation widths determined here may be larger than

quoted in table 3B since the value of the neutron flux

used in calculations was averaged over the range of 4 to

8 keV while the flux varies by a factor of two in this
region. That is, if one of the maxima observed was larg&ly
due to a contribution by the resonance at 4.18 or 8.18 keV
rather than by all four resonances its partial width would
be significantly different than that gquoted.

NICKEL TSOTOPES P

>8yi

58

Capture of an s-wave neutron by Ni leads to

states in 59

Ni with spin and parity Jz = 1727, These would
then predominantly decay to final states 1/2” and 3/2° by

El radiation. Yield curves for transitigys to the ground

. state and the first, second and third ex;f%ed states are
shown in figures 6.13, 6.14, 6.15, 6.16. From these and the
listing of partial radiation widths determined (table 3C) it
can be seen that a large number of closely spaced resonances
occur in the reéﬁon 0-40 keV. A list of resonances for 58Ni
is given in table 5. While only resonances at -28.5, 15,

21, 26, 32 and 39 keV were analyzed, several other resonances

may have been present and have\contributed to the intensity

but were not observable due to resolution effects. Thus

4 S o ot A b gl il 8



" TABLE 5

Resonance Parameters for SBNi a
Eo(keV) qrn (eV) J |3
-28.5 1/2 0
6.9 (1)
13.3 (1)
13.7 (1)
15.5 1200 1/2 0 .
19.0 (1)
20.0 (1)
21.2 (1)
26.1 EB
26.7
32-4 (3/2) (1), ’
342 (1)
36.1 (1)
39.6 (1)
47.8 (3/2) (1)
52.0 (3/2) (1)
54.7 (1)
58.6 (1) {;
60-1 (1)
61-8 (1)
63.0 3600 1/2 0
66.4 (1)
68.8 (1)
69-8 (1)
78.0 (1)
8l.1 (1)
83.1 110 0
898 : (1)
92+3 (1) .
94.5 ' (Y1)
97.0 (1)
101.1 (1)
105.3 . (1)
107-7 1400 1/2 0
110-7 (1)
117-5 (1)
120.3 1/2 0
125.0 700 1/2 0
137-0 1760 1/2 0
140.5 3460 l/2 0
147.5 175 >0
159.5 0

6000 C1/2

(cont'd)
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Eo(keV) grn (eV) J L
169-0 750 1/2 0
183-5 250 >0
193.0 3500 1/2 0
207-0 6800 1l/2 0
215.0 260 >0
231.0 6000 1/2 0
243.0 250 1/2 0
247.5 360 >0

& a partial list of resonance parameters for
BNL-325 Neutron Cross Sections (BN 73).

58

Ni from
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partial radiation widths, given in table 3C, may have
larger errors than quoted if other resonances have
contributed to the yield curves.

The yield curve for the transition to the 341(5/27)
keV first excited state (figure 6.14) exhibits maxima
corresponding to resonances previously determined to be
p~-wave as shown in table 5. However, one resonance at
137 keV appears which has been assigned as s-wave (Ga 71).
An s-wave capture state decaying to a 5/2° state would
require M2 radiation. Other explanations are possible:
the assignment of the 137 keV résonance could be incorrect
or another near by p-wave resonance could be present and
thereby account for the capture. 'The maximum at ~ 63 keV
cannot definitely be assigned to the 63.2 keV s-wave
resonance due to several p-wave resonances in the 60-66 keV
region {table 5) which may be responsible for the capture.
It is also possible that in transitions to other levels,
where the resonance at 63 keV is most likely due to s-wave
capture followed by El radiation, close lying p-wave
resonances may contribute.

The spin of the 1737 keV level in >°

Ni has been
previously reported as < °5/2 (ND 68). Partial radiatién

widths were measured for transitions from the -28.5, 63.2

v

76
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and 137 keV resonances (table 3C). These are s-wave
resonances , thus, the spin of the 1737 keV level would
be limited to 3/2 or 1/2 to allow for dipole radiation.

The limited data previously reported (AL 69, ND 73)
on the distribution of relative intensities agrees with the

partial radiation widths determined here for both >8

60

Ni and
Ni. Comparison of the results presented in table 3C
shows a poor correlation between thermal and keV neutron
fdbture gamma ray intensity distributiogs. A possible
s/explanation for this is that the -28.5 keV resonance
contributes most of the cross section at thermal energies
and that the positive resonances are ineffectual. This
view is supported by Garg et al. (1971) who found that the
negative resonance accounts for 90% of the cross section
at thermal energies.

' No comparison of total radiation widths measured here
to previous data was attempted since much of the intensity
in what appears to be{s—wave resonances may have been
contributed by close lying p-wave resonances. Normaliiation
of radiation widths to absolute values was performed by

60

comparing Ni values and correcting for isotopic abundance.

61,62

This was also done for Ni values as well.

A et b n] A N B
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The yield curve for transitions to the ground

61 6ONi is presented

state in Ni after neutron capture in
in figure 6.17. Besides the resonances noted others may
be present. In the region above the 108 keV resonance
there may be contributions from p-wave resonances at 121,
124, 130 and 140 keV (BN 73). A maximum occurs at 183 keV.
There is a large s-wave resonance reported at 187 keV,
however, this energy value is too far removed from that
of 183 keV for a satisfactory fit to be achieved. No
other resonance is reported in this energy region (BN 73).
A comparison of the total radiation widths
measured here and the data, preéénted by Steiglitz et al.
(1971) is given in table 6. It shows excellent agreement.
As mentioned previously the uncertagnty in the total
rgdiation widths as measured hexre might be higher than
quoted due to the error caused by unobservable transitions.
Comparison of the thermal and keV capture irntensities
(table 3C) shows a good correlation in contrast to the

58Ni(n,y)sgNi distributions.

61ys

Only one maximum was observed in the yield curves

/
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TABLE 6

60

Total Radiation Widths for Ni

~

I (eV)
Resonance L
(keV) Steiglitz et al. (1971) Present Data
12.5 3.30 * 0.3 3-11 * 0.05
28+6 1.10 *+ 0°-1 1.02 ¢ 0-15
43.0 1.73 ¢+ 0-18 1.60 ¢ 0-32
65.4 2.43 * 0+26 2.82 ¢ 0-58
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corresponding to the transitions to the ground and first

62 .

-excited states for 61Ni(n ) “Ni. In table 7 are

keV,y
listed three s-wave resonances which occur near the

enexgy corresponding to the maxima in the yield curves.

Since the J value for the 7.15 keV resonance is 1, it is

most probable tﬁat this resonance contributes to the

ground state transition since the gamma raéiation would

- be E1, while gamma radiation from the J=2 resoﬁances at

7.55 and 8.73 keV would be quadrupole. The transition pé

the 1172 (2+) first excited state may be due to contributions

from any or all of the three resonances.

62Ni

Only a single maximum was observed for transitions

62

from the Ni(n,Y)63Ni reaction corresponding to the s-wave

resonance at 4.%4 keV. No transitions were observed to the

63

S/2°7 first excited state in Ni at 87 keV.

Compound versus Direct Reaction for 52Cr, 58'60Ni

Resonance capture spectra measurements on 169Tm

163Dy at Brookhaven (Be 68, Mu 70) have revealed

and
correlations between the total radiation and reduced neuton
widths for these isotopes and these have been interpreted

in terms of intermediate structure. Similarly resonances

!
t



TABLE 7

. 6l...a
Resonances 1in lNl

Eo(keV) N 29 Fn(eV) J
7.15 50 1
7.55 225 2
8.73 7.5 2
2 a partial list of resonances in 6:LNi (BN 73),

P,

Do ST b e

Favm s S e A mendf el
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of Ni and Cr have also shown such correlations (St 71).
Correlation coefficients of p (PY,Fno) were calculated

52 58,60

for Cr, Ni s-wave resonances, These calculations

were performed using the formﬁii

pxX,y) = ;§§¥444§L——
g s U

X y

F(xg=X) (y;-¥)

/(x50 2E ry -9

and the values obtained are given in table 8. Significant

correlation occurred for total and partial radiation widths

of 5;_!Cr and 6ONi but not for 58Ni.

In the correlations, the total radiation widths
were obtained by summing the PYi's listed in table 3 for

the resonances used. These resonances were: 50, 96, 121,

140, 190, 230 keV for 52Cr: 15, 63, 108, 125, 137, 159,

169, 193 for -%wi; 12, 28, 43, 65, 86, 98, 108 kev for ®ONi.

The correlation between partial radiation widths and reduced
neutron widths was calculated for transitions to levels
where all or most of the rYis were measured for the above

resonances. These were the ground state transitions for

52 2 58

/
Cr and Ni and the ground state and second excited

state for °ONi. !
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In order to calculate confidence levels, pairs
of random numbers were sampled from a Porter-Thomas
distribution i.e a x2 distribution with one degree of
freedom, and a correlation coefficient calculated for a
variety of sample sizes. Many correlations were computed
(105) and histograms made. Then, 90% confidence levels

for the coefficients found for 52Cr, 58,60

Ni which are
given in table 8. In figure 7.2 is shown two such histo-
grams for 6 and 13 pairs of random numbers used in the
determination of confidence levels.

Partial radiation widths for transitions to the
same final state should follow a Porter-Thomas distribution
for a compound nuclear reaction, that is, have one degree
of freedom. The partial radiation widths used were for the

same resonances as listed previously for correlation co-

efficients. The estimation of v was made using the formula

n-3 2 2
<v> n < 02 > n

as described by Lycklama et al. (1969), where n is the

number of elements in the distribution to be tested and 02

is the variance. Bias in <v> is the order of 3% (Ly 69)

and the error in the estimate is given by (Ly 69)

AV = <\’> . /;21: &
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TABLE 9

Estimates of the Number of Degrees of Freedom v
f

Isotope Final State No. of Partial Widths v Av i
52 :
Cr ground 6 1-96 113 :
>8ys ground 8 1.58  +79
4th 8 .46 «23
8ground & 4th 16 1-30 .41
60
Ni ground 7 - 3.08 1.65
2nd . 7 229 1-22
a =~ 3
ground & 2nd 14 4-21 1.59
8 sets of partial radiation widths were hormalized to a

mean of 1-00 before combination for an estimate of v .
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The estimate in v and errors are listed in table 5.

Estimates in v gave values of 1,30 * 0.41
60Ni. These would suggest
58

58yi and 4.21 * 1.59 for

58

for

a value close to unity for Ni suggesting that Ni

Y)SgNi is a compound reaction and the value of v >1
60

Ny ov,

60

for Ni would indicate that the Ni(nkev,y)GlNi reaction

is not a compound but a direct mechanism. A value of v,

52

1.96 + 1.13 was determined for Cr but interpretation

is difficult because of the small sample size.

Groshev and Demedev (1967) compared (nth,Y) and

(d,p) strengths for %=1 transitions in 53Cr, 59'61Ni. The

results showed a good correlation existed and suggested

that neutron capture proceeded through a direct mechanism

as did the (d,p) reaction for these isotopes. A comparison
of (nkeV'Y) and (d,p) strengths was carried out here and the
results are shown in table 10. Both thermal and keV neutron
.intensities are shoﬁn normalized to the (d,p) strengths for

comparison. Correlation coefficients are given for the

52 60

(n,y) and (4d,p) strengths. For Cr and Ni isotopes both

thermal and keV neutron capture intensities reveal a correlation
58 '

i

to (d,p) strengths; however, for Ni a correlation exists

for thermal capture but not for keV neutfon capture.

The results of the correlation, p(l ,Fg), testing

Y
for possible resonance channel capture, the estimate of v
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TABLE 10

Comparison of (n,y) and (d,p) Strengths

Isotope Final State IY/I‘.Y3 (d,p)
(keV) Thermal®  KeV Neutron? (23+1)s€
320y 0 2.0 3.7 | 2.3
564 .5 <5 .79
2320 1.4 . 1.1
2667 .6 - .12
Correlation Coefficient d .68 .68

(90t confidence level - .73)

3843 0 2.3 1.1 2.75
471 1.2 .3 1.25
878 .3 1.4 .32
1303 .1 2 .54
2421 .3 .03 .03
2900 .3 .1 .02
3036 - -4 .05
3186 .6 1,2 .05
Correlation Coefficient .82 .26
(90% confidence level - ,55)
60y : 0 1.5 1.8 1.58
283 1.0 1.1 1.22
1101 .1 - 14
2124 .7 .3 _ .34
éorrelation Coefficient .10 .74
(908 confidence level - ,73)
' 3

2 Intensity formed by taking values in table 3, dividing by EY and

normalizing to (d,p) strengths.
Intensity formed by taking tife sym of s-wave partial widths to the
3 and normalizing to (d,p) strengths.

b

/same final state, dividing by EY
€ (ND 68, ND 70) |
d Correlations of (n,y) intensities to (d,p) strengths.

s/
)

\_;

- s S S oot A0 0
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and the (n,y) (d,p) correlations suggest that the

5 60

2Cr(n,Y)53Cr and Ni(n,Y)GlNi reaction in the keV

region predominantly act through a direct mechanism

while 58Ni(n,Y)59Ni is predominantly a compound reaétion

in this region. The anomalous high energy gamma emissions
(Gr 58) and the (n,Y) (d,p) cérrelations (Gr 67) for 52Cr
and 60Ni thermal neutron capture have been interpreted

as indicating a direct reactién mechanism. Thus, thermal
and keV neutron capture results convey a consistent picture.

S8...
Ni reveals anomalous

However, thermal neutron capture by
high energy gamma spectra (Gr 58) and (n,y) (d,p) correlation
(Gr 67) also indicating a direct mechanism, but in kev

neutron capture the results of the p(Tl ,Fg) correlation,

Y
the esyimate of v and the (n,y)(d,p) correlation indicate a
compound reaction. A possible explanation for this dichotomy.
.is that thermal neutron capture results are dominated by the
resonance at -28.5 keV and the (n,Y) (d,p) correlation
obtained from these results is due to this single resonance;
whereas, the results of keV neutron capture take into account

many resonances and these resonances together show no

correlation.
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CHAPTER 8

CONCLUSIONS

The results oBtained
the dispersive method can be
of ryi in the keV resonance

widths can be estimated from

resonance when there is good

in this work have shown that
used to obtain measurements
region., Total radiation

the sum of ryi for a given

sensitivity for measuring a

large fraction of the gamma deexcitation intensity.

Besides radiation widths the method results in isotopic

identification of resonances, measurement of neutron widths

when appreciable compared to detector resolution, identi-

fication of primary transitions in gamma ray cascades and

possible spin identification

excited levels.

of both resonant states and

The study of resonant capture in silicon has

resulted in identification of the spin and parity of the

85 keV resonance to be J" = 3/2". In addition, it has been

84

possible to make isotopic assignment of the 32 keV resonance

2

to 881, and the 38 keV resonance to

properties of the 16 keV resonance in

most likely has a spin of 1.

2951. The decay

2951 suggest that it



Results of resonant capture in chromium have
revealed two new resonances at 65 * 1 keV and 194 * 1 keV

in 52Cr with the latter being due to s-wave capture and

having' a width of 15 * 2.5 keV. T

The possibility high multipole radiation after i
probable s-wave neutron captuée has been observed for
transitions to levels of high spin, 1539 (7/27) xev in

53 SgNi.

Cr and 341 (°/27) kev in
Froﬁ keV neutron capture results, studies were

made of the distribution of radiation widths, and corre-

lations of (n,y) and (d,p) strengths, as well as, p (FY, T o)

n
for 52Cr, 58'60Ni isotopes. These have led to the inter-

52 60

, 53 . 6 .
pretation that the Cr (nkev,Y) Cr and Ni (nkeV’Y) lNl

processes proceed through a direct mechanism and that
58Ni(nkev,v)59Ni reacts through a compound mechanism,

There are several limitations in the method employed
in this work which could be improved. The greatest of these
is the resolution of the gamma ray detector. Detectors are
available with fesolution of v 5 kev @ 8 MeV; this, in 1lieu
of the 12 keV reallzed in this work would resu%ﬁ in an
" improvement in sensitivity and resonance identification.

The reduction of background in the gamma ray spectra due

to boron and carbon would also lead to greater sensitivity.

This can be accomplished through an improved geometry, viz,

g
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no boron or carbon be in the view of the gamma ray detector.
Also proper shielding of the sample assembly from thermal

10B(n,a)7Li

neutrons with the use of cadmium would reduce the
reactions so that ambient temperatures at the sample would

be lowered. This would allow a wider selection of isotopes

to be studied. Implementation of pulse shape discrimination
and rejection of events for which breméstrahlung is detected

by the pair spectrometer annulus (Ro 75) would improve

signal to noise by a factor of ~ 3 to 10.

The dispersive method has been shown to have greater
efficiency in the keV resonance region for examination of
resonance structure tﬁan conventional time of flight techniques.
However, a dispersive system is not suited for detection of
resonance structure when resonance spacing is less than
detector resolution. While the study of iéotopes with high
level density is not possible with the dispersive method,
sufficient resonances in these isotopes usually occur in the
low energy region where ‘a time of flight system has good
efficiency. Thus, in this respect the methods are

complémentary.
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