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somegdberal results applicable to comp~icated, ~.,
spectra are -derived. These involve the mathematical simpli-
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f~ati~n of a system response, as well as an investigation

of some statistical properties of data; Tbe-technique is

applicable to all s~tra with distributed features. This
. , ,

work involves a study of the gamma radiation spectra following

therma1 neutron capture in 15 nuclides in the mass range 28~A~204.

invoking a statistical' model of the nucleus allows a determi

nation of nuclear temperatQ.re .and level spacing from the '
J

spectra. On th~ basis of the model and the spectral multi- .
C'

plicity we assign absolute intensities to spectroscopic

data.' The results are found to.agree witn previously repo~ted

values based upon other data and methods.
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INTRODUCTION

the goal of scientific i~v~stig~tion is to extract

(rom exper~ntal results, i~ is appropriate 'that,
this work deal with both a method of ' extraction and the'infor-, ' r
mation itself. The result of any meaBuremen~ can be regarded as

a random variable sampled'from the applicable~istribution,and

therefore any quantitative information that is Bought is a value
"

of'a parametero~ a distribution. It is shown that new and
l

reJ-eva information can be extracted from observed 'spectral

through the application of deSCriptive statisti~al

methods. '

The present study'conc6Yns itself with gamma radiation

spectra. The ~rm spectrum,which has come to denote many
~ ~" ' ~
dlrterent phenomena, ~s here used to describe the experimental re-

, - , f "
·sults. In this1Pase the spectrum represents a definite relation-,

ship between the intensity df gamma radiation and 'the energy of the

gamma radiation. A simple way of pres~nting $uch results i~ by \

means of ~ graph.

~ The observed spectra result from' the ~orption of 'neutrons
I

of low kinetic energy by assemblages of nuclei. Each interaction

releases a large amount of internal energy, which is ,usually

emitted by the produced nucleUB as gamma radiation. Characteristic
I

1

)
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of the radiation sources under study is their discrete nature., -,
This is a consequence of the fact that the

particular kind of nucleus can assume. only

internal energy df a

certain disc~e~e values;
- ;

and the radiations represent transitions between such allowable

energy l~v~ls. Therefore a large numper of distinct gamma rays,

distributed in energy in a discontinuous ~n~, are expected tb

be present.

An examination of a spectrum of the radiation emitted by Q
a nuclide 'of low mass shows this to be true. Such data contain

•distinct maxima in some energy regions. These peaks have been

> found to be the manifestation of nearly monoenergetic gamma rays.

In the case of the Ge(Li} pair spectrometer used'in this study,

the shape of the peaks'can be approximated to Gaussian distribu-

tions. When a peak ~s known ~Q represent a monoenergetic g~a

,-ray, the inverse ,of its width in appropriate units is, termed thQ
,-

resolving power of-the experimental system. The total spectral
'--J

'distributio~ resulting from a monoenergetic gamma ray is known as)
. ~

as the system response. We shall consider a spectrum to consi.t

of the linear su~rposition of many such,response func~ons,

arising from an equal number of gamma rays of appropriate 'energy •
'I-

and intensity. .

The,development of ~e Ge(L\} spectrometer has yielded

an order of magnitude improvement in resolving 'power over pre~

viously applicable techniques il}.' This"all~aterprecision

and accuracy in ,the energy determinations of known~amma radiations,

,
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as well as the observktion of lower ~nten~ity' gamm~ rays previously

maskedhy other peaks nearby •• in complicated spectra the ratio.,. ~

of the average spacing between peaks and thefr average width be-
0,

) comes small, and a point is ~eached at which discrete features .can

( no longer be recognized. The spectrum contains apparently random'

fluctuations from which no information has as yet been extracted.

A system with a'higher ,resolving power WOUld, 'of course, enable

the observation of discrete peaks in such an energy region of the'-.....--.
spectrum.

Technical difficu~es associated with increasing the sys

tem resolving' power led us to investigate other possible methods

of extracting information from spectra. From a statistical view

point we treat a spectrum as an ensemble of peaks, randomly distri-

'A mathematical relationship' is

Assumptions ,con-

and parameters

in energy and int~nsity.

between the observed spectral fluctuations
"\

describing the distributions of these variables.

buted. \

found

cerning the forms of the distributi1Jns are ~ade and justified.
\

'-Estimate~ of,~mma ray intensity and spacing are obtained directly, ,

from spectral data. . I .' ~

-, The precision of th~ info~tion:~btainable' is directly

related to the resolvin' power of the 8YBt~m and the total~number.

of events contained in the observed spectrum. Data were collected

us1!n", the best' available high resolution detector ass;'ciated with

a sophisticated electronic system. Therefore tabulations of,
the observed gamma radiations ar~ also presented. Discrete gamma

•
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ray energies were obtained graphically because of difficuities

associated wLth computational approaches (Z)."",
Information obtained via the analysis of the observed

spectral fluctuations can be related to the nuclear temperature,

a parameter in a statistical description of the nucleus. Deter-

minations of nuclear energy level density can also be made. The

present application of the statistical method'of extracting infor-

mation from spectra is, to 'date, unique.

The measurement of nuclear parameters is a contribution

of this work. It should be emphasized, however, that the appli-

cability of the statistical technique is not limited to the

analysis of gamma radiation spectra. Many other kinds o~ data

may be treated •. Seismic signals, or the output of a device which

measures density in a droplet containing .blood cells, are exampfes

·totally unrelated to the present stUdy. A criterion of the ex

perimental results is that theybe,'-or may be treated as, distri-
.l

buted variables. The form of the distributions is then used to.
~btain estimates of some parameters describing the data. It is .,

>.•

e~pect~d that the technique will be applied to obtain new infor-"

mation from experimental results and to reduce the tedium of some

data reduction methods.

(

"

,
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CHAPTER 2

GENERAL CONSIDERATIONS

In this chapter we first define the natu~ bf the

com~lex spec~a to which the analysis has been.applied. some

areas of nuclear physics involVed, and some general obser

vations that were made, are indicated. ,·.This ds fOl.l~wed

by the discussion of some theoretical ramifications. We

. conclude with a short survey of related work.
i . "

NATURE OF THE COMPLEX SPECTRA UNDER STUDY ~

A nuclear reaction ~s said to occur-when a projec-

.'

-1

where T and P are .nucleonsor groups of'nucleons •. Each

;tn h~ve a kinetic and inte~al ex~itation ~nergy. The·i and

£ c n be nucleons, groups of nucleons, or electrqmagnetic,

radiation. A nuclear-reaction involves all f9rces 'known ~o
,<

e)ist in natu;e(4). Knowledge of the strong interaction can

be increased by applying theories concerning ~ra~it~tional,

,weak, and electromagnetic interaction to the study of

tile, i, is incide~on a target, T, and

and f, are formed(3):~iS is written

T + i ... f + P

or

T(i,f)P
, .

nuclear reactions.

the products, P

\,

\

..

4
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We have chosen to study complex gamma radiation

spectra of odd-odd nuclides following the capture of a ther-

mal neutron by a nucleus:
\\J!

N ,N+l
Az{n,Y)AZ •

This reaction can be considered to take place in two steps(5);

the absorption of'the neutron, and the em1ssionof gamma ra-
"

di'ation.

The McMaster University nuclear reactor is of the'
235 ','

type, and uses enriched U as fuel. Thermal neutrons:.. .

are neutrons in thermal

ordinary.temperatur~s.

'-. '

eq~librium with the moderator at
" '

"This impli~s a Maxwellian energy

distrib~tion with a 'mean energy of 1/40 eV; At a nominal,
,.

operating power of :2 megawatts, .the thermal neutron flux '

in the region of the reactor core is about 1013 n/cm2,~ec•
. ;~....

Higher energy (resonant and fission) neutrons
, -"', 12 2'

However this flux is lower - ~ 10 A/em sec.

'are a:fso present'.
~-

This, co~-';" '-'.~_ '.... ...~

•

"I· ".:.~ .

bined with the fact that the probabilLty of neutron induced.. ,

reactions, other than '(n,y) is ...ll~' iafhe reason that the

(n,y) interaction predominates.

,When a neutron is absorbed by a nucleus the excita-
"

tion energy of 'the system i, equal to the binding ,energy of

the ne~ron plus its kinetic energy.. This binding e~rgy,

or ne~tron separation energy, is re~erred to as the~O value

of the (n~y) ,reaction, and is usually of the order of 6-8

):

\\...:
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MeV. In the case of thermal capture the kinetic energy of

the neutron can therefore be neglected. The system de-
.'

excites via the emission of one or more gamma radiation quanta.

Many dec~y modes are possible. Their relative pro~a?ility

is describea by Fermi's golden rule of time dependent pertu~-

bation ....theory I

Here i and f represent the initial and final states

of the system, known to be discrete. The ~l Pf represents

the d~nsit1 of' final states available to the system. An,
electromagnetic'operator, 0, provides the representation for

.'

the interaction between the initial and final states •
•

The function r(i,f) is a partial width. Through

the Heisenberg uncertainty principle, it is proportional to

the t~ansition probability and therefore the intensity of

the transition. The radiation spectrum represents the

intensities and energies of all the transitions for

all possible decay modes. Its complexity increases with the

number of available states of the system, which happens in

·the following instances:

1. As A, the nucleon number, increAses

2. Away from the well known

model of the nucleus(6)

'magic numbers' of'the shell
.'

3. For .odd-neutron oQd-proton systems, where two unpaired

nucleons exist •.
l



7

,
An observed spectrum reflects not only the true

spectrum but also certain properties of ~he data acquisi

tion system, We limit our discussion to the observation of

gamma radiation spectra,

A~true' speotrum consists of a distribution of n
. "'

gamma rays of energy Ji in m channels of mean energy Ej ,

may be represented by a column vector T:

It

{ n

rt l where t j '" 1: A. cS(Ej-Yi)dEjiel ~

t 2 channel ).Ej
T '" (2.2)

,
Ai is the intensity of Yi

r funct'ion (7) •t and cS is the Dirac deltam

Similarly the observed spectrum may be represented
. ,

by a column vector, S',' These vectors are related by the res-

ponse, now represented by a square mxm matrix R, such th~

,1

-,

_ S. - :RT , . (2,3)

If the inverse of R exists, the true spectrum can

be found, (8) viz,

-1
T - R.S,

Limitations of this method include the difficulty of

determining and inverting R~ .and statistical fluctuations that are

magnified to large errors(2). In Chapter 5 we indicate how

these difficulties can be circumvented, '"\

The observation of a~amma ray of energy E' depends
































































































































































































































































































































































































