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The 'high, energy gamma rays from the radiative capture“

55 59

of Blo filtered neutrons in Mn and Co were measured

and analyzed in terms of the statistical and direct capture

‘model of nuclear reactions. A high resolution NaI(Tl)-

Ge{Li) pair spectrometer was used to detect the gamma
ot ‘ -

rays. }:orrelations betwegn, (1} .Y) and (4,p) intens_ities

were determifed for tﬁéég'nuélei. The distributions of

. the reduced intensities were also studied and compared

with the predictions-of the statistical model. FPinally an

e

tttemp;;:gg\?adé‘to determine a\?ifgg; capture~component in

'tﬁe_ch__ground state. partial cross-sectioh It was found

thatfﬁhe.ground state data could be explainéd wifh the

- 14 ’

" resonance_amplitudes alone. The following amplitudes were . .
. = k . k . . . H

_ deduced: r132 = 40.109 ¢ ;001 eV TE322 = +0.293 % .011 evi; .
% ' , L - ' , '
r10700 = 4 0,232 :___:ozq eV ’; r]_”zo -,001 ¥+, Q10 evV-.,




¥ TABLE OF CONTENTS

Page
| Chapter I - Introduction -
1. General ﬁéckground*_ . 1
2. Research Motivaﬁion i ' 6. .
Chépter II - Relevant Nuciear Theories e |
' 1. Introduction A.- 12 ]
2. Bohr Compouﬁd Nucléus Reaction Theory 12
‘3. Lane and Lynn Theory“ﬁfxlb,*;;; . 17
4, iCorréiatibn of (n,y) and (d,p) Strengths 21

10

Chapter III - B Filter Resonance Capture Method

oy

1. Introduction - 25

10

2. Basis of the B~  Filter Resonance Tec&nique 26

a. Neutron Spectrum ' ' 26

10

b. Effect of B as a Neutron Filter 27

P i. Simplified Picture of the Filter 27
- ii., Actual Captured Neutron Spectrum 29
iii. Effect of Multiple Scattering 32

"Chapter IV - Instrumentation . _ : -

; 1. . NeQFron Sourte ' - fg5.
_ni o Z:Q‘Tangential Thrdugh—Tube Irradiation Facility 38

z% A. General Considerations | _ 38 .
" ' -B. Through-Tube Design #1 42

‘} C. Through-Tube Design #2 | 45

g D. Through-Tube Design §3 - 47

i

U
’




3. Detecting System

A. Introduction : 51
‘:ﬂ B. Gé(Li) Detector o : a . 53 #ﬂ .
\\.C.' NaIle)-Ge(Lif Pair Spectrom;ter 56
| D, Electronic System - S S8 -
\ ‘#; Experimental Procedure : : b 67 :
\ Chapter V - Data Analysis . _1, o - 70 ‘

1. Determlnatlon‘of Gammna Ré& Energy

A. ‘Method'l - Gaussian Fit S - -
B. Method 2’ . _ : 2
C. Method 3 R T2

2. Determination of Gamma Ray Intensity - ] 73

- 3. .Determinétibn of Centrpid.Shift 76
Chapter VI - Experimental Data L -

. 1. Experimental Conditions - . 83

2. Experimental Results . e

Chapter - VII - Discussion of Results

1., Background Information . - 104
2. Flux Model Calculation and Heasured-gctivity 111

3. Statistical and Nuclear Structure Effects. 11

4. Resocnance P;rtial Widths and Direct Amplitude 120 - g

PSRN b bty e S A Semn s s e b e

Appendix 1 « Bl Transitions in Direct Capture and (d,p)138

Strengths
Appendis 2 - Correction for Hultiple Scattering Using 143;
- Response
- rdv




< - : ‘ . ,’i’age' ‘ '.-i

Appendlx 3 - Dependence of Error in Centroid Calculatlon- 145
on Resolution and Background Spectrums

s

Appendlx 4 - Effective Degree of Freedom : . 147

References . ) e ’ 152

.

-

AN AN, A PT




Summary of Tables

T
- . - L]

Title -/4; ~ -~ Page
Summary of Definztlons of Parameters. Used - 3 1
in Geometrical Calcﬂlatlons ‘ .
Practional COntribution - Co. y - 33
Fractional Contrxbut;on -ﬁnn. ’ 34
Fractional Contributlon of Co Resonances : 36 ‘
;ncludlng Scattering
-Cobalt Sample - Experiéental Conditions- 84
Manganese - Experimental Cond:tlons | . - 85.
High Energy Gamma Rays from Co (n,T)Co 60. 87
Obggrved Ingﬁnsities of Transitions in the 8y .

(n,y)Co c s6 N
Observed High: ‘Energy Gamma Rays in Hn (n,Y)Mn 92
Measured Intensities of Gamma Rays in 94
Mn55(n,y)Mn56
Peak Centroid Shifts in Cobalt Gamma Rays 98 i
Peak Centrois Shift in MangahesgLines ' 99
Hitrogén Calibration Lines ; ) . 100
Activity of Co Samples . © . 103
Final-State Spin issignments in o0 ‘ 106
Spin and Parity - Low-lying Levels in Mn5% . 108
. Hexsured Activity of Cobalt Samples 12

Bffectiva Degree of rreedom for 0060 - . 116
Statistical Properties Dedabed from the T l21

Comparison of the Deduced Resonance Parameters 131
with the Time~of-Plight Data

. Sensitivity of Best Pit Parameters to 133

.. to Gecmetrical Considerations ' )
Variation of Cobalt Ground Stata Line Widths 135
with Pilter Thickness :

Comparison of the Direct Anplitudn with the 136
Contribution of nigh Energy Resonances at__

Imrnorqy




PIGURE CAPTIONS R
POLLOWING -

4.11a \.Schematic of the Single Channel Analyzer Used - 60
for Each Annular Quadrant -

4.11b Overall Schematic of the Electronic Logic 60 -

NUMBER : ~TITLE . '~ __PAGE
34. . Neutron Spectrum from a Water-Moderated - 26
: Nuclear Reactor - ‘
3.2 Neutran Spectrum OCbtained. after "\Tormal / 2@'*-' ) ,'
_ Incidence in a 510 Filter '
3.3 Schematic Diagram of a Typical Sample Assemb 29
3.4 Neutron Spectrum Obtained with Actual Sample =~ 35 .
Geonetrv and Includlnq Hultiple Scattering co ,
Effects
4.1 General Layout of the Nuclear Reactor Pacilities 37
4.2 General Arrangement for Through~Tube Design #2 45 ;
4.3 Details of Through-Tube Design #2 45
4.4 _ Typical Sample Assembly for Through-Tube 47
Design #3 ‘. .
_ - 4.5 Positioning of Sample Assembly on Through-Tube ‘48 ’
: ) #3 \ .
Co 4.6 Pinal Through-Tube Design #3 ' 51
. 4.7 Comparison of Aluminum Background Obtained - 51
i S with TT $#1 and TT #3 )
ta .8  Schematic of the Ge(Li)-NaI Pair Spectrometer 53
. .9 Energv Dependence  of the Photoelectric Compton 55 )
.1 Effect and Pair Production Cross-Sectlon in
B Germanium . - - ' SR
= 4.10  Overall Schematic of the Detection. System . 58 =~
.gé Circuitry .
% 4.12 Time Resolution Curve Between Two Opposite 62
% Quadrants
Q.IQEQ' Typical Spectrum of the Single Channel Analyzer 62
Window Obtained with Na22 Source
.4.14. Block Diagram of the Reference Pulser = - 64
. 5.1 60 Ground State Line Showing the Curve 71
X 'Obtained with Gaussian Pit (Solid Line) '
£5.2 - Pitting a Doublet (line llc) vith Gaussian 71
& Curve

-




POLLOWING

ri'm - PAGE

. ' o Iz

Relatlve Efficiency Curve B . 77
Average Shift of Nitrogen Lines Obta;ned by . .78
Hethod of Cross-Correlation . -

Change in Gain and %ero as a Function.of Time 79
Dependence of Gain and Zero Change w1th Count. 80
Rate :

C060 Spectra Cbtained with leferent Fi}ter 86
Thicknesses' =

Hn56 Spectxa Obtalned with Different Fllter ' 86
Thicknesses : E
Nitrogen Calzbration.Spectrum - 97

" Relative Efff€iency curve - - 97 )
Integral Probability Dis buticn of the Reduced 119
Intensities of the Cobalt/ Lines . .

Integral Probability Dist\ibution of the - - 120
Reduced Intensities of the mMn>% Lines

Relative Intensity Variation of the Cobalt 123 -

Doublet Lines #3, 4 with leter Thickness ’

Intensity and Centroid Shift - co®° Ground 134
State Line . )

Comparison of the ratio R = q-“ﬂ/@t Using the 134
Best Fit Parameters with the “Results of = '

wasson(w.a 68) and Aucham@edgh(hu 68)

(4]

viig




\ N » . . . %
- - ' r - : . - '
. » ) . . - ..- . -

" ACKNOWLEDGEMENTS

‘ \

I would like to express my sincere thankS'to my Research

ectop; Dr. W. V. Prestwich whose guidance, ansplratlon

I-- invaluable assistance made  the completion of this work Vs

oubly easier. ‘The'stimulating and insiructive aiscussions

ith him have been a great factof in the ﬁnderstanding -

of difficultiproblems and the egFﬁtual generation of tech-

niques used in thelr soluti;n. A ” ’

I would also like to thank the members of my Supervisory

"Committee,~gr. T. J. Kennett and Dr. K. Pritze for their

help and ggid&nce-du:ing the course of this research;

¥ appreciate 'very much the assistande of Mr. Andrew

Robertson.. I am iﬂdepted to him for hi#$ help during ihe

-experiment and duringlthe data'analysis. I aiso want
—— .

to acknowledge the assistence of Mr. L. nowe, Dr. H. Zamora

s’

and Mr. N. Ramanathan. : e

! l
_ I vould like to express my gra’/;ude +o the Reactor
ttaff, in\particular to Mr, ﬁ} E;;;ﬁnll gnd Mx. Prank®
HoxXvath of the Health\?hysics group. -
A I am grateful to my brother, Mario who prepared the
ﬁ;'.--llent diagrams in this thesis. ' o
' ;‘ The aifficult and‘laborious task of typing té; m;nu- .
pt was accepted by Mrs. W. V. Pr-mich. ‘my appreciation
?h.r efforts not only in pursuing this hard,yo:k, but -

po in prnparing the "Saturday noon special® dnring which b

-

; .
P )




mportant matters were discussed'can oniy-exceed my capagity
o; wotdsg . _ - . ,Q h
_Lést, but notlleést, I would like ﬁo'thapk‘my wife
Elsie for her moral support dﬁriﬁg the course of this
study. I also appreciate her hélp in the pfépa#ﬁtion -

of this manuscript.

-

ar




....-
M
K

SRR

.":3: A ; . Lo

- | S

5 . CEAPTER I . : _ .
o * INTRODUCTION

-

1. General Background = L - S

T . . S

~ The study of the radiative capture of neutrons has
always been an~imnortant ﬁart'of nuclear ohysics. ' The reéulte
of theé investigation of ‘neutron capture gamma rays have o )

'c0ntributed to. 6%: knowledge of,varlous observable propertles

~

of the nucleus resultrng in some understandlng of the com-=. \
‘”plexity of the nuclear structure. "It .has: also led to some

;impogtant concepts rp/nuclear reactlon mechanlsms, a subgect e

which needs to be understood in order to be able to make

-
iy P e T

an intelligent rnterpretation ‘of theﬁfhysical observables. .
§ .
The use of the neutron as a projectile to probe :

\,'

the nucleus has thc advantage that signrficant"interaction
'3- -

rates occur even at a very low bombard1n¥ energy .This is

g o3 i

) due to the absence of a-Coulomb barrier which hinders a .
charged particle 4in cnterxng the internal region of a - e
nucleus. o N k LE

A nuclear reaction is ically rupresented by *

o PR, ’\’-‘-’f”ﬁ"‘*"ﬁf“" {‘::'E\{< e

’ A [ 'S . N . .
o et L i el AN st SR ks
[ ]

.'v n(c 8)B. A is the target nucleus, a is the incident particle,
B is the residual nucleus and B is the particle which is. - -~
u-itted after- the interaction with the incident projcctile. -
In the case of neutron capture, Qa is represented by a neutron. -
&3 !hus a neutron is captured resulting in a highly cxcited )

- . ,. -
. . - r ’ :
" Y
n . . . i




iﬁﬁermediate nucleus. This highiy excited nucleus then
deexcites either by emitting a gamma ray or by emitting
“another particle such as a neutron or a proton. More expli-
} citly, this c§n_be.written as - )

M + E
M + &n + T -o[Intermechate \Iucleus]" A+l x

+
HB + m TB |
where HA, Hn' A1 MB, Hs'represent_the masses of the target

nucleus, the neutron, the residual nucleus formed if de-

excitation occurs by gamma ray emission, the residual nucleus

formed if a particle with mass M, is emitted. The kinetic
energy of the incident neutron and the emitted particle
are Th and TB respectively, while Ex is the excitation

energy -that will be given off in the form of gamma radiation

L

and nuclear recoil.

In the case of a radlatlve trans-tlon, the neutron
separation energy is equal to S = MA + M- A+I' From

the previaus equations Ex = S, + T,. In thermal capture |
T, = 0.025 eV while S, ranges from 2.227 MeV for the deutefonz
"to 11.45 McV for boron-ll with most values around 8~Mav.
_rherefore in, thermal capture the excitation energy is |

‘approximately equal to the neutron.separation energy.

ot .?af;’m" %ﬂmfmﬁ - bt

The deexcitation process may involve the emission

i

of a single’ gma ray or it may result in several gamma

rays comprising a particular cascade to the ground state.

BERRL IR T )

Por a single ‘gamma ray txansition to the ground state §

T

— s

¢<
i
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wvhere EY is the gamqglray ehergy. The, second term is the

Y

¥

vy

£
Y

s

- nuclear recoil energy necessary in order to conserve momen— . o

tum during the emission process and ¢ is.the speed or'light:

-~ t;C‘ ]
& For @ particular reaction induced by a flux of .in-
z. .-

3{: ) . H .

¢ cident particles the cross-~section is defined as

:;:_ " . Q

% _ _

1 -

,%‘ o = NO. of particular events per unit time ‘per nucleus

3 no. of incoming particles passing through unit area
- " normal to the beam dlrectzon per unit time.

e

It is. related to the probability with which -a given reaction
will occur. . ' '
—T
It has been observed that the total neutron capture
cross~section exhibits fluctuations. In the.lcw energy

-region these fluctuations take the form of - narrow peaks

i L

-‘.'a.\vmimﬁw‘.: sk iirkalating SRS

at particular energies which are not uniformly spaced.
!hese araggalled resonanceglfnb 36, Ra 35) _
The widths and spacings of these peaks vary from
Rass nunSer to mass numper. In medium weight nuclei the
r;sonance wigggf;are of the order of electron volts to-a
few keV and the spacings are of the order of 5~10 keV.
‘I heavier auclei these spacings are substantially reduced
) and are of the order of eV. Generally speakinq the number
};f of rescnances per unit energy increases with mass number
" and excitation and in the rescnance region the width T 1.

less than th. lavel spncinq D. - . ,_'




For a éiven'ouciigs the resonance width tends to

increase with neutron;ene}gy. . Eventually these widths be-
come comparable wzth the spacing. At very_high,energies the
widths become greater than the spazing so that ,ovérlapping
occurs. In this‘oontinuum region she fine structure of the

resonances is dissolved. The total cross-—séction exhibits K

SV s

: broad maxima whose position depends smoothly on mass number. -
Por isolated resonances the total cross—-section -
for jhe interaction of s-wave neutrons (i.e., with angular

nomenftm relative to the target nucleus = 0) with non-

O e SaA e e g

tissionable nuclei 'is adequately fitted to the form.

| O = 4IR2 + Zo .
. ) T. 1+;2_ 1+x

- .
- -

I' = full width at half maximum of resonance .

R R
v, T

et

I

PT- partial radiative width

¥

= partial neutron width
R = effaective radius of the target nucle¥ for neutrons -

I Qe

X = de Broqiie wavelength of the neutron at the
resonance energy

-B_ = resonance enerqgy

: I‘

'ao - hrf 2 2
I‘ ' )

. X= 2(3-!: /T . )

f 2J+1 .

v ¢ = FEYIIT © tpin statistical fact:or
‘I = spin of target nucleus |

J =.gpin of the resonance : :




| ¥ S

4

Thr ‘first term is the potential scattering cross--,

-

Bection. The second term is the. resonance scattering ‘

iterm whlch includes the 1nterference betweén the resonance
and potentlal _Scattering and the third term is the resonance
rcapture cross-secton. This equation is known as the Breit-

'

Wigner formula. )

The probability amplitude cor:espond;ng to the
_'Breit;Wigner formula can be derived by taking the Fourier-
transform of an exponentlally decaying state. Therefore
a physxcal 1nterpretatlon of the resonance behav;our at a = -
' glven neutron energy may be associateo with tne formation
of a2 long-lived state of the compound system comprised of
the incideﬁt neutron and the.target. The llfetlme.of thls
qua51—statlonary state which decays by particle or gamma
ray emission is related to the resonance width by means of
the uncertalnty principle rr=h. Hence a virtual state 1 eV
wide would have a mean life t= 10™1° secs. This is very
long compared to the nuclear transit tlme of 10 -2l secs.

‘Where more than one resonance contrlbutes significantly
o the total cross-section two other terms have\to be included.

The first term is\due'to the interference between resonances

"in neutron scattering.’ This is given by the expressicn

. r P ik l +X.X
L2 - "ni i™5
o _(int) = 6. . [ o
n nij oi o3 T Y '(1+xi!)(1+sz;

!
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The sum is over all pairs of thgiéégé spin and’® .. is the
--ase-factor'bétween the prcbabilit? amplitudes of the _
.ith and jth resonance. Because the ela§tic scattering
entrance and exit”ir;:hannels are the same there are no random
-fluctuations in sigﬁ of the }nterferehce terms. The second

interference 'is obtained in the radiative capture cross-

section and is of the form(ve 58, Ca 62)

5 ey %
o {Eoinoj] 14X; X, Mo r 9
oi"o] E (1+x§) (1+x§) g Ty

where*rYki is the partial radiative width of the transition
_frdm the ith resonance to the;kth final state of the compound .
| nucléus. Since the entranée and the exit channels are
‘distinct in the radiative caéturé process fhe sign of the
interferencé terms between resonances will. fluctuate rap@omly.
. Therefore if enough rescnances are included this term may

be negliéible. However if only a few rgsonénces contributé;
this term may be Qignificant, causing anoma}ously-weak or |
strong transitions depending on ;;ether the interférgnce.is

destructive or constructive. .

r

+

T 2. ﬁesearéh Motivation

As .a result of the availability of a high neutron flux
from nuclear reactors, extensive studies have been made -
on the thermal neution capture spectra of several elements,

From these experimental data ‘three different kinds of

hY

.
.o

ear T
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formatioaghave been deduced namely, (1) the energies, shins

a parities of the initigl statee, (2} the energies, spiﬁs

'and parities of the low-lying levels and (3) the mechanism

f of the radiative capture process.

The main interest in this research is to obtain more

" insighit into the nuclear reaction mechanism in the radiative
\captnre of slow neutrons. Presently there are two extremes

of nuclear reaction models - the compound pacleus model and

the dxrect reactlon model. In the fo;mer_a neutron is captured
and forms a highiy excifed compouhd state. There is a@
intermediate sharing of the available egergy by all the -
nucledns and/then by.purely Statistfcal‘brocesses a neutron
may acqu—:.re sufficient energy to be emitted. A competing

mode of- decay is the gamma radlatlon process. The total
T T

probability of decay of the capture State ls—— = 2 4 —I

g f .Ah
where T is the total width, I is the neutron width and' T is -7

the gamma rdy width. N | : -
In the dzrect 3ﬁpture model sxmilar deexcitation

modes compete folIowing neutron capture, however no inter-

mediate compound nucleus-is-formed. The available energy

is not shared by all the necleons so that the probability

of decay is not a statistical process but may depend on the

‘nuclear structure. Theoretically the two mechanisma can

he~discinguished from each oeher by the characteristic ,
reaction times. _In‘the compound- nucleus theory the reaction .,
time is of the order of 10 "4 secs compared to 10722 secs
in the direct capto;e model. .
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i used to support these observations are as follows.

‘Thomas distribution. Again good agreement with experimental

"The experimental observations indicate that both
compound nucleus and direct reactions occur in thef\adiative
capture process at low energies.' The available data that is

For the compound nucleus the two most convincing

observations are: (l) according to this model “when a compound

- state of excitation Ex decays by photon emission the spectrum

of primary El ganmn rays is distributed as Qi p(Ex-EY) wnere‘

‘ET is the ‘photon energy and p(Ex-EY):is_the level_density

of the residual nucleus with excitation energy equal to
i!x-EY. This theoretical spectrum has a broad maximum around
2-3 MeV and then falls off at higher.energies. Most data
agree with this prediction and in” fact there seems to be”
complete agreenen£ at the low energy. (2) a _consequence

of this model is that the partial neutron and the partial

gamma ray widths should be distributed according to a Porter-

»

data has been observed for most nuclides.(F° 56] - -

The suggestion for a direct component has ‘been based

on observed discrepancies in some cases with the predictions

of the compound nucleus theory. For some targets the photon

disgributions show an increase in intensity at high energies

in contradiction to'(l); These st}ong transitions at high
energies are often:referred to as 'anonalous bumps .‘ The
trangition strengths for these gamna- rays appear to be correlated
vith the structure of the final state. Purthermore the occur-
rence of the “"anomalous bumps® seems to depend on mass |

1
| —




mbe . Such dependences cannot be favored in the statistical :

odel but could be due to the non-statistical effects of . ;
(Gr 58, Ba 53) T

he nuc}ear structure.
;evergl theories have been put'forward to explain
these observations.J Presently the most rigorous one which
s based on the formalism of the eratrix:tpeory is the
ane and I theory. Accordingly the direct canponenf:
‘arises froE::he cantribution to the diﬁblé integral from the
- "channel region®. Physically this.éontribuﬁion comes from
the transition of an incident s-wave neutron to a p-wave
neutron orbital re;ulting in an El transition without formiag
a compound nucleus.(La ?0)
| ., The experimental data used to compa:é with the Lane and
Lymn theory have been obtained mainly from thermal neutron
capture, ﬁnfortgn;tely\ghese data do not represent a good
averagé of the partial widths for two reasons, first
the broad Portér-Thomas fluctuation which governs the partial
- widths and'seconély interference between contributing.

- yesonances of the same spin. _

- . -
M e A L A e M. e AR LR B8 8 4 s e e

A'd;ffeknnt approach, using a B0 filter to shape
. the “incident neutron flux from a nuclear reactor is employed
to investigate the extent of nuclear structure effects on

" radiative capture of slow neutrons. The elements being studied

. D Yy . » co aL - W v . ¢ - St P R . ’ - . . - - v "
b L Ll ey d 07 S A CSatok Wi 2 g dag, il iby yors oy IR A . ; ) T R L N Coca Wl e . fug el Ebcei g
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are cobalt and manganese. They are selected hecanse'ghcy
lie in the region where the g-wave neutron strength is maximum
‘and the 15. lying levals ars expected to contt;n a large component
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of p-wave configuration. It is expected that in this region

the nuclear structure effect should be most significant;’ The

F Lane and Lynn theory predicts a direct capture.cross-section
‘of~the\9rder of 12 mb at 1 eV.
Several studies in cobalt have been done previously.

- Prom the thermal‘neutron capture spectrum Prestwich et al(Pr66 )
deduced that the average reduced 1ntens;ty of gamma ray transi-
'eions, /E > leading to final states whlch exhibit an-

1, =1 stripping pattern is five tlmes more lntense than /

™
for those transitions leadlng to final states for which an

-

ln = 3 strlpplng pattern is observed a dependence expected
from single particle effects. In another experiment, however
involving individual rescnance capture, Prestwich and Cote' (PT57 )
were uneble to obtain any significant cqrrelation with the

(d,p) strengths. The explaneiion is that the correlation

between the radiative and the (d,p) strength is destroyed

when the initial spin states do not contribute equally.

The filter technique employed here tends to equalize the

-contributions of these initial states and therefore theoreti-
cally a significant correletion_is expecred.
| Evidence was presented by Wasson et al‘wasg_) and
Auchanpahgh(An 68) en the direct ca:td:e component of the ground
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state partial capture cross-section. YThe former quoted a
direct capture cross-secton of 9 mb while the latter

5.5 mb, other relatively strong transitions were also investi-
gated but no direct capture conponent could be detected.
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In manganese Prestwich and Cote (Pr %7) chserved

positive correlation between the (n,Y) strength and the
(4,p) strength even for the individual resonance capture

results. Wwhen these  spectra were averaéed a4 large corre-_
(Co68)

R
., -

analyzed

data by taking into account the j-j coupling

_ , 7 ‘ N
in the direct capture model of Bockelman(Bo 59). According —

'-iation coefficient, 85% was obtained. Comfort

the Mnss(n;-inmss

to this treatment the ratioc of (n,Y) to (d,p) reduced widths
is proportional to 2j,+1 where J, is the total angular
momentum of the neutron. This prediction was observed to

be consistent with the measured values however it cannot be -
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tested conclusively because of lack of knowledge of spins

of many of ehe final states. Anchampaugh fu 68 also tried - | .
to extract a direct capture cross-section in'9 strong lines

of Mn using the direct-resonence interference methed Fowever

he ‘was not able to determine -a nonzero value. g
In this experiment the primary high enerqgy gamma

rays of Co and Mn are analyzed as a function of filter thlck—

B} g

‘ness. Correlation between (n,y) and (g@,p) intensities are
made, The distribution of the reduced intensities are compared
with the expectation based on the statistical theory.

The next chapter is a discussion nf the relevant
nuclear theories. This is followed by a detailed analysis

‘of the 0

filter techniyjue which is also compared with
other methods. - rhe instrunentation and experimental pro-
cedures ‘is described and is followed by the method of data
analysis. Pinally the experimental result, the cbservations

and conclusions are presented and are interpreted alpthe
light of the present nucloar theories.




CHAPTER II

’ o
RELEVANT NUCLEAR THEORIES

-
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Introduction

—

RSB

The purpose of.this chapter is to review the nuclear

L

Tl

heories which are rélevant to the aim of this research.
Since detailed formulation of these tﬁeories are av&ilabla
from the 1iterature,(La’6°' Ly 68, Co 68)._ the treatment

given is brief and simplified. . . -
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2. Bohr Compound Nucleus Reaction Theory

-

" -

The earliest theory of nuclear reactzons was formulated
by Bethe(Be -35) -who” aszumed that .the inc;dent projectile

| moved in an attractive real potential aris;ng from its
interaction with the nucleus. The posit;ve energy levels

' correspond to the untoupdx or virtusl leveis while the’
boun; levels inside the well constitute the negative energy

resonances. For example, if cne assumes a 6ingle square

b

well poténtial then the s-wave resonances occur when KR = (n + 1/72)1

where xz

= 2u{(E + \'4 )[l v V is tha potential depth, E is the :
kinctic energy of the incident particla. v is tho reduced

mass and R is the nucléar radius.

A constqunnco-bt the single particle model ofinuclnaz
reactions is that the level spacings are in.the MeV range,

in écntxadiction to the small spacings deduced !xoi.cxﬁcri—
_mental data. ' - ' . |
L 12 '

-
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_ To explain the observed slow neutron cross-sectlon
: hr(B° 36) introduced the compound nucleus model of nuclear
feactions. According to this theory the incident particle

upon absorntion by the nucleus interacts very-strongly with 2
the nucleons. The interaction is so,strong that the energy

of the\absorbeq neutron is immediately shared by all the

,'nucleons; Thus many particles participate in the compound

nucleus formation resulting in.a large number of virtual

s;etes. Energy exchanges begween all the nu¢leons follow

the neutron absorption and then by purely statistical pro-

cesses at a much late;/time compared to the nuclear transit

-

time, one of the nucleons may acquire sufficient energy

]

‘Kto:be emitted. If the energy acquired by ore particle is

.

not sufficient for charged particle emission then the virtual

state will decay by neutron emission or radiative deexcitation.

-

Because of the instantaneous pafticipa}ionzoﬁ many
’
nucleons following neutron capture the modé of decay is
independent of the compound nucleus formation. The reaction

cross-section can therefore be expressed as B . -

ola,b) = a_(a)o (b)

where‘ocia) fepresenﬁs the probability of forming a compound
nucleus .by capturing. the incident pgrticle a, and o(b) is-
the probability of decay by the emission of particle b.

More generally the letters a and b refer to incident channel

!
%
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i
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and exit channel respectively. A channel can be defined
as the system configuxation which includes all the particles
involved with their respective prOperties such as spins,
parities and angular nonnnta. ‘ .

- -
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The cross-section for gamma ray emission following

neutron capture is given by the Breit-Wigner fo?mula quoted -

previonsly. It is relafed to the initial and final states |

through the partial width which is more explicit;y expressed

'asryif = 3H|<f[0]i>[2pf where p, is the density of final

states of the system, and 0 may be either an electric or magnetio” -

¥ multipole bperator. For E1 transitions which are bf prime_

interest in this investigétion, 3latt and lleisxopf, assuming

"y
- -

a simple independgnt/particle model , give the following

expression (B1 52) - - . .
2/3B 3
Y

_ - e -

~T(El) = 0.2A D{E)/bo

where A is the mass number

EY is the gamma ray energy

D(E) is the level spacing at energy level E 7
. D

o: is the level spacing obtained from the

independent particle modei.

The concept of the compound nuclgus is'very clésely
associated with the statistical theory of nuclear reactions.
In ﬁhis‘model'the details of.;hé individ&ﬁl ﬁuclear states

are ignored. It is assumed that because of the complexity -»"
of the wave functions which describe the compound states,

a simplified though incomplete description of the nuclear
states can be obtained by means of statistical methods.

e s s SR

.- The statistical model starts by assuming that the

'
PR AR LR

nucleus can be represented by a collection of fermions which

are in a potontial well. This potential well is due to the
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average interaction between all the.ndrleons;ﬁ‘A sequeﬁcé
of single particle levels can be found-in this well and
when the'1owestilevels'aréJOCbupigd by the fermions the
nucleus is in its ground state. At aﬂ excitation energy

E above the ground state the den51ty of levels regardless

of spirn-is glven as (H“ 67)

: 2 4172
. - v ) T gE -!4 -
p(E ) = gé—-z i ]1/2 gl/4 . e A 8 : where -

-x_. g gp 12 (_gEx)S/4 _ " '

A NEL LR} LT PR LR P LY S S LR LS R SRS o L

=N gp refer to the” average density of the neutron and - .o
proton levels respectively and g)= g, * gé. For a particular -
spin J, the déhsitﬁ;of statérfis
: - 2ast/? 3341202
E p{J, E ) = "%73——573- (234’1) X;
iy : : x & '

5
&

where a is a constant and o is the spin c¢ut off factor ~

which is a4 function of mass number and the ercitation energy.

vaaagia

Therefore lf we cambine the expre551ons for the level

density and tha-gamma ray partial width for E1 trangxtlons l
we get the photon dlstribution EY3 p(E -E ) which predxcts a
spectrum wzth a oroad.maximum around 2-3 MeV and falling

- off at higher energies. ‘

'éerhaps the/most signifirant evidence wh%gh.gupﬁorts | :
the cosmpound nucleus modél éf nuclear_réactions_is the ?resent'

interpretation of the distribution that governs the partial

widths of neutron resonances. 1In an'extehsive_sﬁudy of the-

% Po 56 .
fluctuation of nuclear reaction widths, Porter and-Thomas(_ ) -

4
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malyzed the reduced neutron widths (i.e. rnffg) of inter- .
.;oiate?and_heavydnuclei using a ;stical procedure based
the method of maximum likelifood. The results show that
he data is consistent with a chi-square distribution with’
one degree of freedom, a distribution of the form x ~1/2g7x/2
where x = r°/<r >, sometlmes called the Porter-Thomas dis-
tribution. . This observatlon implies that the reduced width
amplltudes for neutron em;sssaon from the compound nucleus
£6llow a noxrmal curve with mean equal to 0. . C -
In terms of wavefunctlon;, the reduced_wldth amplxtude :.‘
POl/z a<¥ /¥?> where ¢ is the wave function representing
the state of.thelcompound nuciesc and ﬁhis_the wave fnnction .

describing the system comprised of the ‘incident neutron and

the target nucleus. According to the compound nucleus

R H

PR PO SRR OP PR CTLP: S PORVYTLRIINENT L), TN T FTEReq SO AL 8, 00 . 11, R YT

theory ? is very complex as a- result of the strong nuclear
interaction _and’ E;cmgggaous states that make it up are
essentially unrelated. 1f cne regards thls matrix element

" to be ccmposed of contrxbutions from many F*cells”.of the

' configuration space uith eacn contrxuuting cell independently -

\assumang random sign and'magnltuda, then by the central

-

linit thebrem of statistics the probabillty distribution of-the
pun over cells is. expected to be Zaussian with zero mean.
This leads to the distribntaon of widths (i.e. the square
of tha}‘probability amplitudes) as observed by Porter and

[
b
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Bmever t.hem are a few observations uhich cannot
be eXPIM.ned in terms of the compound nucleus reaction theory

of Bohr.: 'rhe dist:ibution of El primary ga.ma rays of some
nuclides shou some discrepancy with the theoret.ical result.
Although there appears to be agreément at low gam .
-‘ray energies, there a}F numerous elements which exhibit
*anomalously® strong high energy transitions. This observa-
tion occurs in reactions involving tb.ermnl and high energy

(Gr 58a,Ba 53; Lu 65 Be 62) .

' neutrons. The, occurrence of

these strong transitions at higher energies is often called
"an "anomalous bunrp » ‘

| It has been observed that the occurrence of ~this
'anomalous bump* geems to be a. function of mass numtie"r
being proninent in the regions 40<A<70 and 170<A<208.
Ifqone i_.n'oestigntes the level structure of these.nuclei one
finds that the low energy levels contain configurations

‘where large components of the p-wave orbitals are expected.

" - Thus ‘these enhanced high cnerqy El transitions seem to be .
" oorr:elated with the p-wave content of the low-lying level:
’oontiguxations. _ Purthermors some indication of selection
.rgl.i'.aen’to apply (S0 ss, Ki 54)
- )

(I.l 60, I.y 68)
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3,.. Lane a.nd Lynn Theory:

mmeandr.ynnﬂnoryofudiativo captmintho
resonance region attempts to explain the above experimental ’
observations. The "anomalous bumps" and the transitions
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hich suggest dependence on the nuclear structure arise

due té some kind of direct capture mechanism in the radiatiée_
apture process at low energies. This direct mechaﬁism;is
éxpectéd tb be significant iﬁ’transigions‘to final states
with large single particle.character. In the fn,Y)} process
the neutron undergoes a transition to a low-lying single
~pa.rtic1'e p-orbital, emitting an electric dipole radiation
without forming & compound nucleus. ' | .

| Tﬁis,theory'is derived using-the R-matrix formalism.
. The basic idea is to express the cross-sectioﬂ for this
particular reaction in terms of the wave function¢ which
describe. the initial and the final configu?ggions.

.Assumipg a total of A nucleons'involved in the .
nuclear reaction then the configuration spacé has +3A dimeﬁ-

sions. This is divided into an- interior region .and a

- channel region. In the ;gteriorAregipn all the nucleons are

in close proximity and are bounded by a channel or interaction

radius, L. A channel region represents a possible mode

of formation (entrance channel) or decay (exit channel)

and is physically represented by at least a paif of nuélear

systems separated by a di;tqpcg greater than r_. A channel

description contains all the information ?ecessary to define
a particular qonfiguration'of thé interacting particles

| such as spins, parities, angular momenta, types of particlgs

and state of -excitation.




The cross-section for the radiative capture of a

i neutron by a target A is given by

9

i 2w+l - -

. : 1 - 2 o e
o * — Lol -
BavE Z vfc : -
. x* 5 (21,41 (2141 . - |

81

where J is the total angular momentum obtained after coupling
the intrinsic spins i and 1 of the neutron and<the target
respectively with the relative angular momentum 1. The
-colllsion function Uch relates the t;ansxtion from the

* initial wave function to the final wave funct;Pn and‘is

more éxplicitly given by

ooy
g =(2)7 K272 ;mflu.um>_
vhere k is the photon wave number, pf is the final wave
.tunctionr is the entranCﬂ channcl wave function, 1)
is -the dipole operator and k is tho neutron wave number.

By considering the proper exit channel wave function
and thﬁ-contribution of the ent:ancﬁ channel in the interior
and exterior regions of the configuration space Lynn and
Lane showed that the collision -function can be written as

" a sum of thtqe‘pnxts'ﬁanaly: '

O34 (total) = v;tcminct ) + tﬂ, (ch-res) + g;‘c(mt-ren

' The first term U;tc(dirtct) describes the process by which
an incident swwave neutron makes a transition from an_s-statn

w7
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5 a p-state accompanied by the emission of an El gamma ray

{ thout forming a compound nucleus. It also contains the
jffect of‘potential scattering. The terms UJ (ch res)

ntl UJ c(int res) are both resonance terms whose effects

hre ind;st;ngu;shable. However where a large cHannel con-
,-ution is present a correlation between the part;al w1dth
1 £ and the reduced neutron amplitude e1 will be observed.
lgince the direct amplitude has a non-resonant behaviour 1ts

--trihutlon may be observed by the dependence of the transi-

‘the xesults of the above formalism can expla;n the experi-.
nental observation of the 'anomnlous bump” or the transitions

' vhich suggest final state dependence. o -

- Purther consideration of the matrix elements for
,‘a dipole operator yields the following conclusionstausa)
a. U‘Jf !direct} is negative and purely imaginaxy
b. As long as ky <<k£1c, UJ (ch rel) is negatit§

- .and purely imaginary
or negative. {

can 'be rewritten more conveniently in the following form

~
ln - . - . 0
L 1{::" T 172 -fi/z ‘
: r (ch) + (int)
e E,-E _ilal Arf = Ayt
-3 _

2

tion strengths to certain flnal states,’ Qualitatzvely then,

These onservations imply that the col;icion function

RY

c. Ui (int-res) is inaginary and may be either positive
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this expression is substituted in the expression for the

al cross—-section the ;esult is

r 1/2r 1/2 2
. 2 27 + 1 I~ An Avf
Snye = A’ —— | D, *+
' 2(2I+1) £ -E-il

where the channel and interior resonance émplitudgs are

B conbined to r%ﬂé ~ and where s-wave neutron capture by a

l target nucleus of spin I is also assumed. .

4 . Correlation of {(n,y) and (d,p) Strengths

H

The reaction Afd,p)B is another process by which a

' neutron is captured by the target nucleus. Thus the residual
nucle; in.tﬁg (n,vY) and {(d,p) reaction are identical.

However the (d,p) reaction mechanism is strictly a direct

process and is characterized by short reaction times and a

| forward'peaked-d;stribution of the reactioé products.
"~ The picture associated with deutéggn stripping is
that a neutron is transferred into a shell-model orbitai

of the target nucleus. Ignoring spin factors the transition

probability is given by(Co %8)

. ez L () | | +)
T Jja:p EE A “anfl Vap I,’da ’Ji‘;  Pts

' where J = Jacobian of the- transformation from the neutron '

and proton coordinates ?h. ;b to R, ?F‘. r
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‘= final state wave function .

*anf . ' _ TN
¥, ‘ |

,m.’ deuteron wave function

)

¢Jini = initial state wave function of target nucleus

Vhp = neutron-proton interaction in deuteron

#é-)- ?éf) = deutron scattering wave functions

. R / .
The final state wave function is now expanded into the

initial wave functions yielding a thecoretical expression

‘for the differentia;{gzsfsﬁsection. Because the  assumption

of the neutron going into a shell-model state is not strictly

true in general the exberinental differential cross-section

dg %} where S is the spectro-

can be written as(d )
Wipxp
(En 66)

f\

scopic factor and {da) is the theoretlcal result

- of special interest is the SPECtIOSCOplc factor S.

It expresses the degree to whzch the final state is composed

of the target state *J M with a neutron bound 1n an orbit
i"i

with qu;ntum‘numbers 1,1. It is a measure of the reduced

neutron width of the initial state.

-~

Iﬁ the Lane and Lynn, theory the direct componeht

- of radiative transiyfon may dcminate if the final state

has a large p—orhit 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. Purthemore for s-wave neut;on
capture followed by El decay the final states that will be
preferentially populated will be the same as the final states
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or which 1, = 1 in the (d,p) reaction. It is therefore
pected - that in these situations a significant correlaéion

am be expected between the (n,y) and the (q,p) strengths.

A Simplified'tréatment in termé of the initial ané :
-inal states can be given as follows. C°E§i§fr an s-wavé |
meutron incident on a target with spin Jt\ The initial
'.vave function can be written as ]S Je> - If the fin#l staté
wave. function is IJf> then the matrix element for the emission’
‘of an El gamma ray is <Jflzllsqt>. In the case where no
compound nucleus is formed |J,>is undisturbed, hence -
&Jflnals J> = <J£|2.3t> . Since the matrix\elément‘is
large where there is ‘an #pprcciable overlap betwéen.the
jnitial and final states then its value is dependent on

the amount of-p—state in éhe final state configuration.‘
This dependence is the same as in the (d4,p) reaction and
therefore correlation between (n-y) and (d4,p) strengths is .
expected when the proper final states are populated.

A more accurate result- is provided by Clemen (Pr 67)

pr € radiative transition to a final state of spin Je

3
-'.'-:"Z _ e
: - , 2
, | a1, 11,
’ - Jf J Jr Jf J

JzFJL:;/2

where J = spin of the capture state

81/2 83/2 = strippinq amplitodes for the pl/:
' components of the final staeo

P32

following neutron capture in a target of spin J;, the strength

L N
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A_ = relative contribution from each intermediate

-~

spin state.

his- expression reduces to the (d,p)‘stfength (2th+ 1)x

_-372 + Si/zl if AJi -12 = RJi-l/i' Therefore unless -
e intermediate spin céntribetions'are equal the measurea ad
Q-rrelation coefficientwbetween the (n,Yy) aBd (d,p) strength

ay not be-significant even though a direct component in oo
,-e‘radiative cross-section may be dominant. p
‘A detailed derivation of this formula is shown in

Appendix 1.
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CHAPTER 1II

B10 FILTER RESONANCE CAPTURE METEQD

« Introduction

As mentioned previously most of the available radiative

| apture data were obtained from thermal (n, ¥} reactions.
-;ecause éf the arbitrary point of oapture relative to the
pgonance strocture, interpretation of the thermal caoture
data is usually difficult. Besides the Porter-Thomas fluc-
tuation, there is the effect of level-level interference

which would yield anomalously weak or strong intensities.

An alternativeimethod used is the individual re- —\ .
sonanoe capture technlque. En this arrangement the gamma

'xray spectra are studled as a functlon of incident neutron

c g
¢ ¢ ot ALY AT LIS 8
e ey .

XUAE

' energles usually in the resonance region. The neutron

by

energles are measured by time—of-flight techniques and are

T PSR
)
t

simnltaneously recorded with the correspondlng emitted gamma

e

- \ -

raya. Thus preolse knowledge of the neutron energies clearly

[Ty
L
'557.5"1”

P
54

defines a specific capture state and therefore makes the
interpretatlon\of the resulting spectrum more straight-

\
-forward. There is no level-level effect and fluctuation

: of the intensitiee is ma;nly due to the random varxatxon of
i partial widths. In principle a good approximation to the
average partial width can be obtained by including several ' .
resonances. This method however has the disadvantage of low
neutron intensity beeause of the limitation on the duty ‘ ’
cycle of- the pnlseduaeutroqs and'enforced external_geonetryl

resulting in spectra of poor technical quality.
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10 Filter Resonance Technigue

« Basis of the B

-

10 filter resonance technigue .

The feasibility of the B

based on two factors namelyfkl) the basic shape of the

neutron spectrum from a moderated nuclear reactor and

10 - Pt

(2) the 1/ E dependence of the B (n,y) reaction cross-

L gsection. . : y
O | ' N,

a, Heutron Spectrum

* In the fission process energetic neutrons are
produced whose spectrum is adequately fitted to the equation

E

-. S(E) = 4e’ Sinhi2§' and whose average energy is 2 MeV.

' These neutrbns undergo elastic collisions withhthe moderator
Sfoms and are slowed down until they are in thermal equili-
'brlum with the moderator atoms. The resultlng neutron spectrum

(I2 70) ,n3 extends from a fraction of

is shown in Fig. 3.1
an eV to MeV. Mainly for. conventsfce the neutron spectrum C
is divided into three regions nqhely fast, intermediate  and, _’-;/
thermal. The fast neutrons refer to those produced in the

fission process (shdwn as dotted lines in Fig. 3.1) before
undergoing any interaction with the moderator atoms

In the internediate region the energy dependence .

of the neutron fluxiﬁ(ET can be established as follows.

“If N is the atomic density of the moderator and Oy the scattering‘
cross?section then the number of collisions per sec per cm3

at B is C(E} = No' ¢(E). Then if <43> is the dverage enerqy -
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joss per collision, ‘the number of neutrons slowing down past
fnergy E per second per unit volume is g(BE) = C(E) :€ x . For

utrons with energies above thermal the fractional change ‘_
<AP

jin energy is constant” {(IAEA~70) i.e. € -_— Hence
= cEC(E) = Embs,d(l-':) . Assuming negligible absorption
n the Moderator thén the source density must equai Q(E) .

frherefore -

. .- q = g(B) = €cEN % (E)
IR C 8
— % . constant
ENC E E
N )
In the t.hermal region the energy of the neutron isg

0(3) -

‘ dependent on thg eoergy distribution of the moderator atoms
[ which is determined by the temperature. The flux enerqgy
-~ distribution. is described by the equation L -

—

¢$(E) = -k-i-!-'e‘-gfkr L “

where E is the neutron energy, T is the moderator temperature
.ﬁ‘a k“is the Boltzmnn constant. N 'l‘he most probable velocity
| uv - (-—k-?-)]’ and this is usually taken to be 2200 m/sec
which corresponds to an energy of 025 ev. - )

As far as intensity is concerned, the thermal region
is doninant. The 1/E neutron flux starts in the neighborhood

A I

of 1 eV and extends towards the fast regicn.

b.’ Bffect of Bm as a m rilter

N
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' _ | e
ge 50 ﬁlp‘t.ll ).Li.?. The dependcnce of the cross-section op.the'_-‘
meutron energy is ‘given by o (£} - %;l-bams where E is in —
V. | h . B | . | v .
Since‘the thermal neutrons are removed by a cadmlum

filter, the main neutron spectrum incident on the B10 filter
is assumed- to follow the 1/E dependence ofcthe intermediate -

[ region. Por simplicity, consider a B10 fllter of th;ckness

normallyg Then.the flux passing through the filter is
¢ye) = sE)1e ™ E) < L REUAE L K ~2VE s the effect
of_the_rilter.ic tc reshape the 1/E spcctrum. It cuts off
 the low energy reutropélané although it‘does not have much'
effect on the high energy neutrons, the-L/E dependence.causes
this regxon to fall off in intensity. &hih can be seen in |
| Pig. 3.2 which shows the effect of different filter thick:nesses
actually used in the cobalt experiments.

The dependence of the posftion of the maximum of

. the filtered neutron spectrun on the £}1ter thickness is

of the filtered neutron spectrun varies as the square of
the £ilter thickness. This inplies that to include as many
_rasonancei as possible one must use a thick filter. -The
main linitation is that tha neutron 1ntensity ‘falls off ’
with £ilter thickness and hence ome must choose the filter
size to obtain rcasonable_nnntron flux. T : )

i

Y

n atoms/barn upon which a neutron flux ¢(E) = k/E. is incident

givenbyB - 1/4 2%, :tcanusobeshownmttnewm S
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In . these experments the Blo filter is used to vary
e shape of the neutron spectrum permitting one to change
contribution of the different resonances of the sample

der investigation. The result-ing gamma -ray spectrum is

erefore a weighted contribution mainly from all the re-
'gonances wh}ch £all under the broad energy band of filtered

‘peutrons. . ‘ ) .o

ji. Actual Captured Neutron Spectrum

o ‘ The calculat:.on of the filtered neutron spectrum
¢' (E) derived very simply above tc; illustrate the filtering
proéess is complicated by gecmetrical complications in the
- sample configuration. ‘All the qobalt a,ﬁ:d manganese samples
are cylindrically shaped and are surrounded uniformlg”ﬁith

'310

Refe.rring to a schematic representation of a" sample
assembly shown in Pig. 3.3, consider a point of”entry at
z<h, l;epanding on 6 and ¢ possible paths would be (a)
through the filter and then through the upper end face of‘.'
the sample (b) through the filter and then thxiough two
sides of the sample and (c) through the filter and then
through the lower end face of th\anple. Sj.nilar poszibilitie:
occur for Z>h. . . \ '
The path length.. travelled b'_nﬁv._a neutron through
the filter and through the sample is a function of 6 &
and X. Thus ‘tho neutron ‘aptn:d spectrum for mutm of




-  pigure 3.3
g

., Schematic Diagram of a Typical Sample Assembly
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‘li(eﬂ) is the path 1ength traversed by the neutrons

' in the filter | -
1.(0‘8) is the path lmgth travemd by the neutrons

' | 'in the sample

NB) is the neutron flux at energy B’
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contribution of the ith resonance is givan hy . J:.} T_
| ] cn(x) ’fi““ | I

fi- 1(3)_ | '. . - L '..

: G T ~

The results obtained for the expected contributing resanances
are given in Table 3.2 fox cobalt and Table 3.3 for nanganese.

j13. Effect of Hnltipla Scattering

It is\important bﬁ coﬁsider the effects of
multiple scattering within the B 810 filter and the samples.
_!‘ortbenlo
canpared to the !n,ui raaction. !uxthernora bocause of
its low nmass nnnber. nuutxons can bo easily ncattered to-
lower energies and be roadily abcorhed Hence its effect

on the shape of the. neutron spoetrun 1ncidant on the saqplo

the scattnring cross—section is negligible

-

may be ignored. " R : d R
Yor the sample- the tf.ftct of mltiple lcnttaring '

can ho seen as follaus. ntptrun of 1uit1:1 enaxgy E

will have a lou-: cn.rgy B ﬁnn to oollinion with the sample
nuclel in the following manper: B - m[ﬂﬂ)ﬂl-c)m ]

'Ma-(‘ﬁx) mdthtbmgﬂltdimtimottho o

scattared nuntron !h. I"tig‘ ln-rqy lous p‘t ‘oollision .
toramntrmotmlmhthmtohw ‘5(1“0’3.".;/\';"-
mmm mmumwm '
tob.qnneax-ruumhm Ith-ttmm
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- collision ard y = 1lx r/ln(irrga. If the initsal incident =~ - <

spectrum is‘éin(zo). g;fectiva spectrum is L
$(E) = J' R(Bo,z) é;,, (B )E. ‘ . T
E

. Whereas the effect of the-geometrical considerations -
- is to increase the effective filter thickness; the effect
of mltiple scattering is to decrease it. 'fhe final result

'for cobalt which includes both geometry and scattering is \
shown in Fig. 3.4. 'rhe pcrcurtl.go contribution for the
cobalt resonances including the effects of geometry and
scattering is shown in Table 3.4. "\
PN v
4 T~ -
A = o - 7 ’
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Pigure 3.4 o \
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Neutron Spectrum Obtained with Actual Sample Geometry and

Including Multiple Scattering égfects
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r . : :
" 'Percentage . Contributions - Scattering and . T
Ingluded | ‘
Rescnance Nominal Pilter Thickness (Inch)
Energy O  .1/8 3/16 -1/4 . 3/8.. /2. 5/8
-268 17.0  4.81 3.76 3.56 3.50 3.44 3.24
5015 . 1.77 3.69 6.52 9,18 13.0. 18.1 23.8
8050 0,031 ~ .37 .78 1.20 1.84 2.78 3.99
13280  0.020 .27 .60 .93 - 1,46 2.26 3.33
L L o
15640  0.02 .23 - .50 . .79 1.24 15.93 ~2.85
_ 39, b
21950 . o- 03 . 16 .'33 .52 ’ ™ 81 10 26 1- 86 i -
- - oot ~ ‘ o . - ' )
.132° 80.7 . 88.5 83.5 77.8 69.1 56.8 42.1
4322 0.32 1.20° 2.29° 3.35 4.84 6.9 . 9.27-
10300  0.05 - .57 .1.23 1.91 2.95 - 4.53 6.58
16920  0.025 .24 .53 .82 1.29 2.01 2.98

u.
PWPIORESOR B AT




CHAPTER IV

INSTRUMENTATION

1. NEUTRON SOURCE

The source of neutrons used in these experiménts is the

-McMaster University Reactor. It is a 2 MW swimming pool reactor

using uranium enriched with 0235

as fuel, and light water as
coolant and moderator. A general layout of the reactor fac-"

ilities is s@dwn ingprig. 4.1. . '

—

As shown there are six radial beam ports each of which
extends from the core through the wall surrqup&zngﬂthe pool
into the experimental area. These beam ports are eguipped
with bismuth plugs to attenuate the gammx radiation from the
_core without greatly affecting the outgoing negtron flux. -
When no experiment is being done the neutron beam nay be shut
off by placing neutron absorbers in front of it. In the floor
area where a sanple may be positionad the thermal flux is of
the order of 10° n/cm®/sec.

There is also a vertical beam tube for experiments which
require flexibility in samplp position. This tube occupies
a position normally occupied by a fuel cell and extends to the
bridge area. A samplé may be located in the core for higher
neutron flux and the gamsa rays from the sample are collimated
towards a detector located on the bridge. If it is required
that the sample be located on the bridge, as in coincidence

n.
B >
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experiments, then a neutron scatterer may be placed in the .
i core to increase the nentron flux incident on the target.
Although this facility is,very adaptable to many. requirements
" there is the problem of unusually high_cackground radiation
in the bridge area. “Purthermore the amount of equipment that.
can be installed is very limited because of the small space
available. . : ' .

For resonance capture experimcnts the primary consider-
ations that-determine the desigd of the experimental facility
to be used are: . K : -
1. Requirement of high-sensitivity. ' '

2. Minimum background radiation to yield an adequate

signal to noise ratio.
- 3. Sufficient room in the sample position to accommodate
10

1argé sample holders which will contain a B filter

. - and the sample. o

) . Since none of the existing facilities aatisiéed these
reqnirements it wag decided to build a horizontal irradiation
system vith tangential gecmetry. Three basic systams were
constructed before a suitable arrangcnent was achieved.

2. TANGENTIAL THROUGH-TUBE ZRRADIATION FACILITY

A. General Considerations

\

_ From the brief description of the reactor facilities
given above, one can ses that there are two basic alternative
geometrical arrangements of neutron source, target ang detsctor
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which can be used for (n,y) work. In an experiment using
an external beam port, nedtrcns are extracted from the core
and are allowed to interact with a sample under investi-
gation suitably positicned in front of the beam.
The gamma rays, emitted isotropically followingAthe
absorpticn of a neutron, are cbserved with a countgr
located near the target. Thus éositioping of the sample,
the detector, and necessary background shielding is )
fairly éasy and convenignt. Furthermorevthe sample shape
and size may be varied ﬁithout much difficulty.
In an internal target facility such as the tangential

through-tube, the target under investigatibn is located in
- the high flux region of the reactor. The capture gamma rayé
pass throdgh a collimation system and are-viewed by a
detector located at a distance from the target., Hence the
size and shape of-the sampié is much more limited. Coincidence
experiments are not possible. Purthermore, because of the
high radiation field of the order of 1013 n/cm?/sec for the
thermal neutron flux, the targets are iuch more r#dioactive
and hence .may introduce handling problems.‘

;;r thé”resonance capture experiments the problems

encountered in ‘the internal target arrangement are ;ithr
not significant or can be remedied. At the same time it
offers the advantage of greater sensitivity which is-very
important. ‘ \ _ _ : |

- Por a given sample size, assuming the same detector ef-
ficicnéy, consideration of all factors affecting the counting

P
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rate yields thexfollouing ratio of the intexnal to extexnal

geonetrical sensitivity ' e .

Toi %ot Tys 3

Tne Qe TT# QYe

B =

the subscript i and e vefer to the internal a;d éxternai

factors respectively. The so0lid angle subtended by the

 target relative‘;o éhe‘neutron sour;e is 9 while QT refers
‘to the solid angle subtended hy.the t;réet relative to

the detector. T is the transmission of the neutron ori gamma

ray beam through materials that may be along the hean.;agh.

If one examines the terms individually, one ‘finds
that the main difference arises from the solid angles.

Typical values are as folldw::

-~

9n:l = 0.75 (isot:opic nautron source on one side
4x - . _ . with 50% reflection from water)

84«27  (for1° bou) -
4x : - "

4
.EI!" Ix 10'z 5-;fur an 8 ca? Gc(hi) dntoctar
T’ . - locatia S om !:un tbo ta:gtt)
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This increase in sensitivity is very importent since in the

PAY PH)

P

' resonance capture experiments, the use of Blo‘filters already i

f—

result in neutron losses. _
It is also expected that background radiation will be N
“less in the internal, target geometry. The main contribution
will be from photons and nentrons from the reactor core which
are scattered towards the detector by the tafget or surrounding
materials. The Compton acattered photons can be made small i’
by.proper collimation ,and positioning of the target whereas
the neutrons can be attenuated by a combination o£// thermali—
zing materzal and neutron absorbers such as borax inserted
between the collimation system &nd the detector. In the ex-
ternal geocmetry photons streaming from the reactor core may
be scattered towards the detector. Neutrons from the‘beam'may
also be scattered by the target to surronnding materials or-
touards the detector resulting in snbaequent gamma radiation
upon absorption of thesﬁ\nautrons Hininization of photons
scattered by the target to the detector canpot be achjeved
Vvithout attenuatiag the ganma rays enitted by tha target. Por
"~ the scattered neutrons one may inaert non-radiating naatron
abaqrb-ers' to lessen their contribution. Since the detector
. will have to be moved farther from the target, the solid angle |
- will be smaller which consequently racultq in a loss in ef-
 ficiency. Thus the internal mtxya:nngmtmmu
itself as the obvion: clioice for the reaonance captnra : 3
experiments. . - ' - - -

o T — pin e
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:B. Through-Tube Design #1

The-jnitial through-tube design (% 70r consisted.
of 7.6 cm OD 65 ST aluminum pipe in length. Stainless

Pt s

et Ak a1y
a

s Wt

steel wires attached to cylindrica b "donuts™ which are .

secursd on the ends of the tube are used for manipulating

it in the proper position near the core. (See Pig. 4.1).

-y

FRUSEPNR

The portable tube sits on V-notches and alignmgnt with the
igternal and external collimation system is attained through

the Pb "donuts" sitting on the V. The sample assembly, >

A ——

cansisting of the target”and bo{gon filter is located inside

the tube by means of aluminum strips and is s—trétegically
positioned ta cbtain the maxisum neutron flux with the .

minimum scattering of&aﬁiatidn from the reactor core.

. -.-U., '_“.7/":_."-." ‘

' To protect the boron filter from thermal neutrons,
a cadmium slider, consistifg of Cd metal (.45 gm/cm?) wrapped
around a movable 2 foot thih-walled aluminum pipe riding

———— e
RN

on the through-tube, ‘is sécu;;d symeetrically about the

smple position. 'Shielding of the BI® fiiter from thermal
neutrons is done for two reasons - to kaep the background
radiation from theml meutron capture in Bm to a minjmm

*__,,w_..,........
R .

and to keep the production of heat mult:l,ng frép the (n,a)
reaction small. Heating problems which may cause sample
melting are not anticipated because there is good contact
betveentheta.rgatuuﬂﬂyandthcwmsofthcth:ough-tube '
which are being constantly cooled by the pool water.

The gecmetrical position of the tangential tube
is such. that direct gamma radiation from the core is negligible. A

- . . - . . ) .
. . - - . . - L . .
. - . S A . o . -
. . - . e [ N Sm e g B - . L
. . R T e e —mim ot e Sem s e e m i rmamrm = eim w0 i e e vime e ol -




Y

lead shield 10 cm thick and with an area more than sufficient

43

to co{er the reactor core face is located between the core and
the detector. Inside the pool, an intermal collimator, cons--
isting of a cylindrical lead annulus 15.2 cm OD, 22.9 cm long
‘with a 2.5 cm central hole sits adj#éent to one end of the tube
on the V-support close to thg detector. To remove the water
£i11ing up the central hole which cqﬁtributes background rad-
jation from the reacéion Ihl(n,v)lﬂz and from Compton sca;te;ing
of gamma radiation from the core, am empty closed-end aluminum
tube is inserted. The end caps are constructed so they can
contain LiGFfPOuder whiéh is used to-abso?b neutrons scattered
towards the detector. Ountside of the pool, adjacent'tg the
wall on the detector side are massive ‘blocks of concrete and
baryte shiéld;ng which is arranged to prevent streaming of
_radiation. - ' _ i ,
The external collimation system : siéts of a 1 cm alum-
i:ﬁm tube encased in a rectangular al um container with varying
cross-sections and’ filled with polyethylene and lead ahots.
The stepping of different sections of the container is to pre~
vent a direct radiation path. The collinator il 20.3" long -
and the detactor is 1ocated 1s5. 2" uvay from th. nearest end.
The wall which scparatcl the internal and the external colli-
mators is thinned down to minimize its contribution in back-
ground radiation. |

Bven though these initial tubes hawi great portability,
sample changing is not very convenient. One needs a different
tube for a different sample. The tube which contains a sample
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just i;radiated cannot be used because it is usually too radio-
active for handling and a cooling peripd‘which depends ﬁainly _
on the decay rate of the target is required. The éa&mium slider
is usually radioactive too, however, it can be élid toc one end
oﬂfzﬁg§ tube which is underwater during this operation and is
therefore shielded. Thus a minimum of three tubes is required
for continuous operation assuming that a week is sufficient
for radioaqtive decay t}me. Nonetheless unnecessary radiation
dosage is received during a sample change as the tube has to
be partly brought up to the pool surface for dismantling to |
get to the old sample. | o~
A major defect in this design'ié the tige loss during -
these tube changes. Th; reactor has to ﬁe shutdown so that
the core can be moved from the neighborhood of the tube while
the change is being made. This is very time ggnSuminq.. The
operation requires at least four péople and 2 minimum of one

hour. Purthermore there is always the possibility of misali-

.gning the system during the process since one of the V-not es

%
is designed to be movable and adjustablen.mhe:e is then no quar-

antee that the sample is located in the same position 80 that
it may be’pecessary to make 1nt¢nsity and energy balibration
for-every run. In this system, calibration is done by intro-
ducing nltrogen qas into the tube by means of a 0.63 cm 0D
stainless steel tnbe welded to the far end cap of the through
tube and extending to the surface of the pool. During an ex-

periment the system is usually evacuated through the same tubing
by a mechanical pump.
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C., gpiough-?nbe Design iz

Prom the previous experience it was found that enough -
statisticswers cbtained after éata’accmnulation of at most a
week for a typicai sample. With through-tnbé design #1, this R
meant'freqﬁént sample changes and frequent reactor shutdowns. ‘

*c improve the.flexibility of the system it was decided

to modify the basic design of the through-tube to facilitate

}

B

sample changing withoat gshutting down-the reactor or moving
the through-tnbe The result is a semi—portable through-tube
in the sense that it is not as easily manipulated and is es-

pecially designed for resonance capture -experinments. A schematic

e ks
(£
SEhgs ’...'7’7‘5'.!!, A
f ‘ ST R ?
1n st s & 1 e o ah bW T

diagrim of this new arrangement is shown in Figs. 6.z and 4.3.

.

This through-tube has the same physical dimensions as
. $1. The main difference is the system of aluminum and plastic

e

tubing fqrming an S-shape configuration which is'Qeidquat a right

.angle to the tube near the core where the sample assembly is

v

to be positioned. - The lower_part-of thig tubiné'assembiy is | L
-maﬁe up of 2.54 cm ID aluminum tubing and makes an angle of :? o
60° from the vertical to clear the ion chambers by the core..-
To prevent radiation streaming, a second section of curved i
aluminum tubing which rests against the wall of the pool con- | ‘"%
nects the first section to the plaltic tuhing uhich extends
to a sample insortion position near the surface of the pool.
A sample is lowered to the saqplogposition near the core by

meansg of aluninun wires. The whole system can h. svacuated
by means o! a 0,63cm ttainlcss steel tubing vnldnd to the sample
{nsertion cap or prolsurized with nit:ogqn gas if desired.
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The S-shaped tubing assembly is made-ﬁp of two parts‘be-
cause, in the neighborhood of the core, ghe plastic material
{pVC~polyvinyl chlqride) may not withstand the high raﬁiation
field . WNear the surface of the pool it is adequate to use thé
kbla;iic which has thé advantage of fiexibilicv ana'lignthess -
a great convenience auring instaliation or removél.

‘ inside the through-tube. the sample is positioned verti-

caily by means of a tapered seat which ensures tanat tane samnle
. 4

. axis passes through the aetector view. This tapéred.supPOft

made or aluminum is located so 1t cannot be seen by the counter.-

The cylinarical g&mple and filter holder is made of carbon.
The maximum OD for the éample holder is 2,29 cm.

. To protect the B10
drical annulus of natural B,C filter is placed strategically
near the sample position. In addition the natural filter is
‘surrounded by cadmium metal which is wrapped around the outside
of the.tﬁfough—tube. ‘

Although this new system solved the Q}evious problems
it is not fully satisfactory. The main difficulty is the poor
10 .

quality of the spectrum obtained with thick B~  filters. The

‘main reason is that as more Blo surrounds the sample, not only
is the sample size decreased, but also the relative amount of

B10 seen by the detector is increased. This results in

higher background, in an already lower signal, yiélding an
\EhsatisfactOry spectrum.

ey b
S — |

\
- e

filter from thermal neutrons, a cylin-

. ey —




D. Through-Tube Design #3

The main probiém now is how to increases the signal to
noise ratio. Fifst..th;s can be done by modifying the through-
tube to allow for a large sample holder“wﬁich will éontain a
Blo-filter and the sample. The sample should be large enough
so that aireasonéble signal to noise ratio is éttainab}e even
for the thickest filtef. Séﬁondlyt_backéround radiation from
the reactor core and the surfﬁundings should be minimized.

An obvioug solution to the first-part is a bigger overall
system. . However, a larger tangential\zﬂrough—tube cannot be
used unless one is willing to alter the alignment of-thercolli-
mation and the detector ;ystem.‘\The operating position of
the reactor core cannot be moved and the central axis of a:
bigger ;ube cannot be made to coinéide‘with fhe present tubes.
Hence one is limited to the same size through-tube in order
to be aﬁle to use the existing external collimation system.

HoweQei,.one can increase the size of the S-shape tubing
to.alloﬁ a large saméle’assembly and by p£0per positioning of
tﬁe sample,Ja #iggpr effective size target can be viewed by

-the detector. For theseééxperiments the maximum'sample holder

size is estimated to be 5 cm OD and 11.4 cm in length.- This
corresponds to a maximum sample size of 1.27 cm diameter and

3.81 cm long surrounded by the maximum B0

filter thickness
planned which is 1.59% cm all axoﬁnd‘dhd a carbon holder with
.16 cm wall thickness. A typical sample asseably is shown

in Pig. 4.4. This requires that the sample insertion tubing
N _ .
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. should have an inside dlameter a little over 5 cm. Since
'connectlon to the existing through-tube #ize can be done easily
this solution was adopted.

"The seating of thq_samplé holder in the throngh—tuber
;equired:special considé;ation. The easiest way of placing
the sample is to lower it through the S-wave'shaped tubing
and let it sit vertically as in $#2. Since the detector view

\is only 1.25 cm, the effective target size, i.e. the target

viewed by the detector, cannot be greater than this. Even with

larger-digmeter sample insertion tubing, the increase in
sample size is not sufficiént to give a satisfactory signal
to noisehyatio hence a better schemg is required.

A desirable alternmative is one where the sample can be
pbsitiéned horizontally so that although the radial view size
is limited, the axial extent of the sample can be longer. In
this way the effective sample size can be made bigger by mﬁking
longer|targets. The only restriction'then, as far aé.target
length is concerned, is the self-attenuation of the gamma Irays
coming from the opposite end of the target. For cobalt and
manganese the half-length is of the order of 4 cms. -

| To achieve this, a spécial arrangement in the sample
position is made. The positioning of the sample is shown in
Pig. 4.5. The sanpia‘is lowered vertically by means of a 4*
aluminum chain immediately attached to the top of the carb&n
sample holder assembly and extended to the top by connected
sections of aluminum vﬁges. A rectangular enclosure welded

on the aluminum through-tube allows the sample holder freedom
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_to swing from the vertical to the horizontal position.
Two aluminum rods located halfway fram the bottom of the
frough-tube are welded ‘to the boron shield at an angle so that
they hit the ‘bottom ‘of the sample holder aij.;s being 1owared.
This creates imbalance on the holder forcing it to tilt and
thga,fall‘horizontaliy'to a graphite positioner located concen-
trically at the bottom of the th;ouqh-t?be. The graphite posi-
“tioner ensures that the target cross-section ig aligned with
the collimation system. Since the carbon sample holders must
be of the sape size to ensure this alignment, samples with

thin 510

filters require sample holders with thicker walls.
. Cadmium sheet, 0.45 gq/cm .is thickness, is used to clad
the horizontal tube over the extent of the reactor core, as

well as the rectangular enclosure togegher‘jith a portion

' of the sample insertion tube. This ensures a minimum of thermal

nentrons hitting the 310 filter surrounding the sample.

In addition to the cadmium wrapping, a boron :hield consisting
of patural boron contained in two sections of aluminum .annuli

which are connected togethex by aluminum rods is used to -
protect the 810 f£ilter faces inside the sample holder from

‘epithermal neutrons. As a s.condgxy purpose it holds and posi-’

‘tions the graphite positioner and the additiomal -collimation
inside the tube. I |

- From -xpe:i-nc. vith the first dnaigns there are
three main sources of b-ckground radiation namely (1) scattering
of core radhtioa’by the u-p:u bolder: ah-bly. m Compton

«
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scattering of the core radiation by the aluminum pate;ial'(i.q; ’
through-tube end caps, swimming pool wall, ends of blank tube
inside the internal collimator central hole) seen b the counter
and (3) radiation from neutron capture in the alumin mater-
ials'as in (2} . Not much can be done about (1) since the sample
position has already been optimized. However (2) and (3) can
be mirimized by slight modificatiens. e ‘\

The solution to (2) and (3) is accomplished by (a) de-
. creasing the amount pf_aluminum material in the detector view,
(b) shielding the remaining aluminum material from the core |
gamma rays and (c) reduction of thermal flux in this vicinity .
Ly using neutron absorbers.

To reduce the aluminum materials, the through-tube is
_ extended up to the pool wall by a 2. 5{ cm ID aluminum tube welded
at its end cap. The 2.54 cm ID tubing is capped with an .08
cm thick aluminum disc. Inside and at the end of this tube

6

a disc of Li F is inserted to remove scattered neutrons. This

disc of LisF ig made self-supporting by mixing Li F powder with

v

epoxy glue.}
To facilitate the installation of this new tube by the

B bae-

core, a new internhl collimator consisting of two halves was

T R Y I

also built. The lower half sits on the V-potch. After the

shasbi
il

through~tube is in place, the uppei half is placed on top of

the lower half. ' The 2.5 cm extension sits snugly in the cen-
tral hole formed by the two halves. Each half of the new in-
ternal collimator is wrapped with cadmium metal to protect |
"the pool wall and the 2.54 ca tube and cap from thermal neutrons.’ (i

t
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The Compton background is reduced by means of a cylindri-
7 cal lead annulus insidé the through-tube. It consists cf three
sections and is retained in place‘by the boron shield. The
inside dlameter of this lead shield is varied to accompllsh .
a very efﬁective shielding and to ensure at the same time that
the walls are not in the detector line of sight.
v,This final desigﬁ shown in Fig. 4.6 yields a very satis-
factofy result. The improvements afforded by these modifica-
| tiéns cén be seen by comparing the intensity of the aluminqm
line at 7725 keV observed in the prééious systems with that

- ’ $
in the new- system. This is shown in Fig. 4.7.

3. DETECTING SYSTEM

A.. Introduction

-
'In these experiments, all tﬁe information of inte:ést is
necessarily contained in tﬁe energy and intensity of the gamma"
. rays. It is thﬁ;efore very important that these parameters

are obtained with good accuracy.

An ideal detection system would be one where the input )
8igna1 is exactly identical to the output si;nal. Thus & gamma
" ray spectrum Hould be characterized by peaks with small widths
(!energy level vidths) whose heights’ are ‘equal to the relative
intensities and whose positions are lineaxly related to the
energies. Such a system is said to have a delta response‘ -~
function. (i y ’

-In practice every detection system exhibits a character-

istic non-delta response function. Since the final output is
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the convolution of the input and the reéﬁonse function, it . =
never reproduces the input signal. The result of th;s dié-

tortion is to complicate the gamma ray spectrum and to cause

masking of the low intensity gamma ray lines if not to intro-

duce error; in the measured enérgies and intensities,

Closely ‘Telated to the response- function is the resolv1ng
power of the system. For precision spectrometry a de;ector
with a high resolving power is desirable, This corresponds
to a detectzon system whose response function nearly approxi-
mates a delta functlon.

Por thgse experlments, a gamma ray of energy Ei is.re-_

. . -
presented approximately by a Gaussian peak superimposed on
e

a linear backgrouqd.TAThéinet area of the Gaussian peak
corresponds to thg relative intensity wﬁlle its éentroid is

. related to its energy. If the variance about the centroid is
o, then the full width at half maximum (FWEM) is 2.35o.

- The va;éanqe'cz is Eharacteristic of the detector Being_used.

’To_see'how the detector resolution (through 9) affects

the parameters of interest, consider the error in the mea-
sured centrozd of the peak A detailed derivation is shown

c

/in Appendec3. The final result is

'o ‘ 36 B o 1/2
¢ = —2] 1 +~ﬁ-—-—-

C {x ' A

- . -

vhere On is the error in.the centroid, A the: total count in the

2
“peak, B, the constant.hackground under ‘the peak and c”, the
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.variance”of the centroid characteristic of the detectcr used.
To minimize the error in the centroid one needs a detector .
with a very good resclution, very small background contributon
_and large number of counts under the peak. ‘ |
' In choosing the detecting system used, consideration is
given to the restricted interest in the primary hingenergy
gamma rays. The detection s which tends to maximize the
signal to background ratio is the Ge(LL)-NaI(Tl) pair spectro-.
meter system. )

The Ge(Lii—Nai(Tl) annulus pair spectrometer consists
of a Ge(Li) detcctor located centrally inside an annulus:of
NaI(Tl} cryctal. This annulus is divided optically into four
guadrants. With the associated electronic logic circuitry, :
this system preferentiqiqf slects 'gamma rays which interact ?’
with the Ge(Ll) detector by pair creation. A schematic diagram

isg shown in Fig. 4.8.

B. Ge(Li) Detector - _ N

Detection of gamma rays by the Ge(Li) detector is based
on the interaction processes of photoelectric effect, Ccmpton
scatterlng and pair production. Each of these interactions
results in the transfer of energy frcn the gamma radiation to
chargecarriers. Thus the number of.charge carriers liberated .
is proporticonal to the gamma ray energy deposited in the.diodé. \
In the photoelqctric effect the gamma ray'ia absorbed
by a bound electron resulting in its cjection_vith‘a,kinetic‘

A LRI EL R S
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_energy equal to the photon energy minus the " bhinding eneigy; =
of that particular electron. A negligible amount pf energy -

js also shared by the recoiling atom. The free electron collides .

with other charge carriers which M2y also undergo further

.
{
H
5
&
3
;
i

interactions.

In the Compton interaction the incident photon collides
with a free eleetron and is scattered with lower energy.
The rest of the energy,is ‘acquj.re‘q by the receiling electron.
The scattered photon may xnteract\fnrther with other electrons.
If all the photon energy is dePOf}ted in the detector by multl—
ple interactions then the total number of charge carrzegs is

-

again proportional to the original photon energy. However

if the photon scattered after the nth time manages to escape

then only partial energy transfer is attained. ¢ ' _ .
In pair production, a gamma ray with‘energy greater than
2M C{ uhere!! is the electron rest mass, inteéacts with the
. nuc%eus resultlng in its disappearance and the formation of
‘an electron—pos;tron pair. The energy in excess of the electron-
positron masses, znocz is imparted toikhese-pprticles as kin-
etic enefgies. A small recoil energy is also ebso:bed by the

‘macleus. . By means of multxple collisxons with the atoms of

the material, the positron is sloued down and forms a positronlum
atom with an unbound electron. Subsequently the positronium

_atom annjhilates into two photons each with enerng 2.
~-10

TP

N At S
b rem g ey g g el apeti P

Because the mean life of the positroniun (10 sec) is small

coeggted to the charge collection tines, the annihilation pho-A

tons conlg interact further and 1ibprate-nore charge carriers.

: ;
! .
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The probability of each of these modes of ipteraction ]
depends on fhe gamma ray energy and on the detector eaterial.
Por germanium the enerqgy dependance of the different cross-
sections is shown in Fig. 4.9.

In the pair production process it is probable depending
on the counter eize and shape.that one or both of the anﬁil
hllatlon photons may escape and not interact any further.

If one photon-escapes then the energy absorqu is equivalent
to BY-HOC2 where EY is the photon energy. 1If both photons
escape, then the enerég abeorbeq in EY - inoc2_ The resulting
peaks are called "single-—escape®™ and “"double-escape® éeeks
respectively. A -

Therefore given a source of gamma rays wlth energles

greater than 2H cz‘ the spectrum will exhibit the escape peaks,
a photopeak and,a continuous spectrum due to Compton scattering.
These peaks are approximately equally spaced in energy and are -
weighted according to their respective probebilities. - |
"Additional distortion of the spectrum occurs due to ’
other effects which result in partial energy transfer in the
‘detedtor. The main cenzes would be the escape efhhigh enerqgy -
electrons or positrons, the trapping of charge carriers inrdead' a
zones in the counter and’the escega of 'brem;trahlumg' ;adia-_
tion whidh is produced in the deceleration of the charge b
carriers. ‘These processes contribute ;dditional continuous
background under Fhe-peai; - | S g
_ The detector used is gallium-doped germanium with
lithium drifted at the appropriate suifacea.. :t-is-&'cylin- :

drical ¢losed-end coaxial detector with en'ectivq volume of

L




Figure 4.9 o .

Enerqgy Dependence of the Photoelectric, Compton Effect and

Pair Production Cross-Sectipn in Germanium.
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“
25 cc. Tﬁe p-region is ghllium-doped_germanium,<%he n-region s
isia Li rich alloy and the intrinsic region is formed by exactly
compensating the éallium—doPQd regioh with lithium. ‘At 1800
volts reversed bias, the %eakage‘current is 1 nanocampere.

The shape of this detector is ideally suited fér.enhan-
cing the escape of both annihilation photons. Therefore the
seécond escape peak will dominate o@er the photopeak of the single

1

escape peak.

C. NaIfTl) - Ge(Li) Pair Spectromefér'

From the previous discussion the response function of
the Ge(Li) detector is complicated by the probability of dif-
ferent modes of interaction for a given gamma ray. If the

source emits gamma rays of d;fferent energles, the resultlng

&

spectrum will be a superpositron of the response function fo
. each of them. The resulting spectyum will be so complex that
one may not be able to unfold it without large uncertainties
in the gamm= ray energies and infbnsities. In some cases, es-
pecially in the low eneréy portion, the resulting background ‘
_may be so high as to mask the existence of low intensity lines.
It is also possible that a line ﬁay just qverlag with one of
the escape peaks ér may even :be under it. In such a case the
measured parameteré will be-very unr;liable;. ) | |
' The photopeak and the escape'peaks are actually‘redundant : f
in that they contain the same information. If one can discri-
minate between the differgnt interaction processes and select

only one, then a simplerA%ésponse function which will yield

all the information of intexest.will be gbtaiped.,

-

~
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The NaI(Tl) - Ge(Li) pair ,spectrometer ig such a device.
1t consists of an annulus of NaI(T1l) crystal which is optically
split into four quadrants. The outside diameter is 15.2 cm
while the,ipside diameter is 7.6 cm. ToO eash sectidn of
NaI(Tl) crystal is a photomultiplier whose high vbltage can
be varied. When a photon interacts with. the NaI(Ti)‘crystal,
lighé is emitted which is detected by an 6ptically coupled/
phoéocathode. A chain of dynodés'accelerates the photoelect-
rons which multiply °as they collide and liberéte.more electrons
from the succeeding dynodes. The f£inal output is takeﬂ from
the anode connection. -

The operatlon of the NaI(Tl) - Ge(Ll) pair spect:ometer
-can be understood by conszderlng a gamma ray which creates a
gair in the Ge(Liy counter. Upon slowing down of the positron,
,it'formé a positronium atom. Subsequently it annihilates and
two photdns each of enérgy'ﬁocz are created. By cbnserv?tion -
-of momentum these photons will be directed in opposite direc-
tions. Assuming iiat they both escape, two photﬁna of energy
Moczwill be simult#nequsly detected by a pair of opposing NaI(Tl)
quadranis. The amount,of energy deposited in the Ge(ii)'countér
will correspond to the double escape peak. The simultaneous
,detection of two 511 kev photons in opposite quadrants and a
 corresponding gamma ray in the Ge(Li) detector can therefore
be used to select the double escape peaks. For a gamma ray of-
energy'EY,‘the resulting spectrum will consist of a peak |
whose centroid will be ‘at gY - ZHOCZ superimposed on a

-
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backgound which extends to zero energy. The beckground‘iST
due to multiple partial energy transfer in the detector.

It is quite obvious that the response of thls spectro-
meter is cleaner and easier to 1nterpret. However, it has
the limitation that it cannot detectlphotons whose energies
~are lower than the pair oroduction threshold. 1In this case.
the 1ogic_cirnitry is modified to operate in the nnti—coinci-.

iy

dence mode to enhance those events resultlng in full-energy

- ———

transfers in the Ge (L1) counter.

D. -Electronic Systemnm

A simprifled schematic of the electronic system is_al;Q
shown in Fig. 4.10. Punctionally the system mny be subdivided\
into linear and logic signal branohes.."The linear bfgnch"per-';
forms the function of deteotlng. amplifyinb, and;filtering tne _
pulse from the Ge(Li) counter and trgnsfotming it into a $ignal

“f'tcceptable to-the multichannel pulse height analyzer, “The R - -;_

logic circuit inspects the pulses from the Ge(Li) counter and

the NaI(Tl) adnulus and ensures that proper conaitions are .
satisfied by events accepted for amplitude Analysis. | ,
The integration of the charge carriers liberated by the’
incident photon in.the Ge (Li) eounter.rasults in an‘output
voltage pulse. When the detector output is connected to a
cha.rge sensitive preamplifier, the resultant signal v, 1: S
Kgfoportxonal to the nnmber of total charges collected, independ-

ent of the detector bias voltage. == . L
P P | .
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A charge sens;tive preamplifier conSists of an operaticnal

amplifier with 2 ‘capacitive feedback. Provided that GoCe>>Cy - f€

where Go is the open loop gain, £ the feedback capacztance,» g 3 .
C, the detector capacxtance (dependent on bias voltage) plus
stray capac1tance,~the preamp output voltage Vo = Q/Cﬁ where

-4

- Q is the total, charge collected. .
The_preamplifier output is coupled to the amplif;er for,
amplification and waveshaping. The pulses to the amplifier
1nput are long and since the signal to noise ratio decreases
with pulse duration it is necessary to differentiate them to
an optimum pulse width. This xields a monopolar pulse. Double
differentiation yields a bipolar outéut.j Either shape is -
acceptable to the analyzer, however the overall resolution may

be better for one or the other depending on the rate Of the in-

. coming signals;- Since detailed discussion of waveshaping tech-
niques and- amplifier performance can be found in many
' texts, (Fa 65, Ma sg)it will not be oursued fulaher in ‘this

. Por these experiments an overall energy resolution of
12 keV at 10.8 Mev is obtained by operating in the bipolar -
mode., A Tennelec TC135 FET charge zentitive preamplifier and -’
a Tennelec TC200 amplifier are used. The amplified output is
coupled to an ORIBC 427 delay lnplitier £or timing adjustment
between the linear and the logic lignell The -axinnn
input ‘!'-Othemlynr i-lOwluoomspeminqtothmim
gamma ray energy. I -

‘There are five input signals to th. quic circuit - o

trmuchofthefourquadrmtsmdm!rmthemm

._\_7 .




' "differentiated” vi.th an RC mx and then branched out to

. . 60 .
~ !
i -

of the Tc200 for szgnals thgkthe GE(Ll) counter. . The enode'

pulse from each gquadrant is ‘ed,to a single channel analyzer

~._‘___

with a fixed WLHdOW settlng centered at 511 kev. The,loglc

d

pulses from two oppos;te‘quadrents are allgned in time atd @
coupled-to an "AND" gate. Then the AND oufputs &f each.éai:;/ -
of—oppoeite.éuadrants are fed to ao.iOR' gate. 'Finally, the
Ge(Ll) detector signal, derlved from the second stage of the
TC200 amplzfler and fed into a low-level discriminator, is' '
coupled. wzth the final NaI (T1) detector logxc‘pulses into an -
“AND" gate.' Thzs triple coincldence pulse (Ge(Li) detector
w'szgnel coincxdent with Sll keV pulses from two opposite Na}(Tl)
quadrants) is then used to gate the linear signals that’ wle -'e
be analyzed. - T : k . ‘ ~

. The 1ogic circuit which has all the above functions is”

made up of integrated circuits and uses comparators, J-K flip-

flops and nand gates. _A_coqparator is a high gain differential' \\
aoplifier which changes the state of its output from 0 to 4

.Nl\-'u'nlq-lsob-),‘-'&n’c,.-'f I T
Bt i L.

volts or vice versa when the input signal crossee a rekerence
voltage. The reference voltage 4is usually made variable and

can be any dctyoltege source. The width of the comparator.
output -depends on Ehe\vidth of the input pulse and is equal
to the points where the reference voltage equals the 1nput -
:voltage.

A schematic diagram for the single channel enalyzer £o:
each quadrant is shosm 1n rigs 4.11. The anode pulse. 1:

three uA710 ccnperate:s.' The tiling conperttort (nppcr most)

Cw-
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has its reference voltage just above noise: It‘acts as a

" time marker for any photon detected hg'the Nal crystal. The
lower energy level caomparator (m;ddIe) discriminates aga;pet )
photons w1th energles 1e;s than 511 keV and the upper energy,
‘level comparator dlscrlminates agalnst photons wlth energles
greater than 511 keV. quether these two comparators defined

a fin}te width of photon energy and are usually adjugted

to give AE from 50-100 keV. Since the differentiatedAanode
signal has a rise time of about 25 ns, the'time.marker ie

out of time with the energv levei comparetors. A time delay ’

. of 600 ns is 1nserted in the path of the timing comparator
output by means of an RC network and a J-K Fllp-flop (Mc2073). o
The same type of flzp-flops are also used to vary the width }

of the loglc pulses; When the ocutput of these three comparatore
are in time a 50 ns pulse results indlcating that a photon |

of energy (M Cz*-AB) is detected. ) ' -

The AND and OR logic functions are obtained by properly’

interconnectlng 7400 TTL nand gates. Thus when two opposite
quadrepts sxmultaneouely detect.Sll keV photodé the:system'
of nand gates which are daing u:l "AND® function will give
a single logic signal. Unless it is a four-fold coincidence‘
the signal from each pair of quadrants will not be in time.
The 'OR' circuit ensures that each pai:;event be procassed
further. '

The 'detectliou of two 511 keV gamea rays in opposite
quadrants is'not\necesaarily the result of the pair prodnction
and double escxpepuoccss at the Gt(hi) conntar ?air



62
production in-materials external to the détector, particularly
the chamber walls, results in 51gnals sat:.sfy:.ng logic funct:.on

Eequirements Wlthout demand for a trlple coincidence with -

the Ge(Li) detector the linear gate will be opened ?nne«:‘aé;a_fiIV.

The t.une resolut;on curve between two 1ite ‘
quadrants is shown m,F:. 4.12. a typlcal sino:zge\mel

analyzer window obtainednby using a ;iazz source iocated in’
the central axis of the annulus is- shown in Fig. 4.13. _

Dur:mg an experimental run there is always the . : i
poss:l.blllty of changes in the performance of the elctronic |
c:.rcultry due to fluctnat;ons‘ in ambient tempe:ature and
humidity which affect the characteristic of the camponent’
parts. The result of these changes may be chmcter:.zed <.
byvariationinthegainandadriftinthezeroenergy
.r.:_hannel. These effect;s will be observed as shifts in peak

- centroids, resolution broadening or a ccnbination of both.
Since true peak centroid shift due to captnre in the kev
region s also being peasured, it is essential that the
sysbembe as stableaspossiblenotonlydnringagivenrun
but throughout all the. runs (i.e. different sample filter
thicknesses). | . , _
/'; 'l'l;e"l’proble- of zero and gain changes can be dealt -
' vit.hinbvowayi's. m-mmmmmummu
dataforshortpo.riodzottiutnd:ocoxditinmnctie
tape. metiuotdaummmumw
to avoid noticeable shift. Incrdcrtommintcml stability

"
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not only in. any given spectrnm but alseo between several
spectra, it is requlred to have at 1ea.st two common - reference
peaks which w::.ll serve to monitor the Zero and gain of any

partn.cnlar spectrum The spectra can then be. aligned w:.th

reference to the ccnmon peaks by use of a computer.

This method has the advantage that if the analyzer

_ malfunctions for whatever reason, only a small portlon af the

accumulated data is lost. However_, it has the disadvantage of

requiring more magnetic tapes than is ‘actually necessary and

. t.he need for an e:_:ternal computer to do the necessary checking

and correction of data.
The other method would be to e.mploy an automatic
detection and correction of both gain and zero drifts during

‘the run. This is done by using aspecialized camputnr wh:.ch

senses the posxtions of reference peaks and makes instantaneous

correct.xon when changes. a.re observed The device that does )
this is called a stabilizer and is incorporated wi-th the

pulse height analyzer.

'rherefereneepnlses one at the low energyend: ofthe
spectrum to indicate :ero drifts, anotfer at high energy to
indicate gain cha.nge. can be obtained either fron a radioactive

i

- source which yields rehtively streng pem of the proper
"enerqy or, f.ren an ultra stable pnlm Since the available

calibrati.on sourm y:lold nnly low energy gmn ms oalpa.red'

'_totheregionotinterut (uptollltﬂ an ultra: stablo
-reference pulser dulgn.d by Strms ot u‘“ “' mbnut

mduodthrmghentthuemu. ) ~
Mpmwmusyuw Ahloet
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diagram is shown in Pig. 4.14. An oscillator flip-floo -
combination genérates two square waves which are 180, out

of phase. These are passed through waveshaping c;rcults
which in turn give out pulses similar to the detector output -

and which are ccmpatible with the requirements of the charge

sensitive amplifier. To attenuate the sxgnal from each branch
for omplicuae variation, so;arate 7 bit R-2R ladder atten-.
erators are used. The signals are then mlxed to gleld two
‘pulses of different amplltudes. _ _

The stabillty of the output pulses is determined by
the .reference voltage supglies, the attengaoorg arid the
transitor switches whicﬁ are especialiy chosed to meet the

required Qtability requirements. Furthermore, in order that

the fesponSe of the ADC will be the same £or the pulser and '

i
:
T
A
ot
%
T

the detectox pulses, the proper rise times and fall'times

are carefully matched. The performance testst 68)

. showed a
; gain and'tero-drift of +-20 pﬁh/ﬁay when a stabfliier is

locked on the pulser peaks.’

_ The pulser frequency is variable to suit the counting.
- rate. Tag pulses generated 1n coincidcnce with the reference
pulses are also qvailable for qating or coincidence puxposea.-
~ The polarxgy-of the pulses can also be changed to suit the
. outpnt pulse of any givon Ge(Li) d-tocfor. t L
mmcmtuemuwmamtmotm"
Prealplifioi. It 1: then mixed with the linaar detector
ﬁmlmdwmthmm Sinath-nfnmoe_
Pnllucannotaounuthcwcdrmit. thottqpulmm

"m-uummmudmitmummtmmu°
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The stabilizer is locked on the pulqpf/g;::s‘by.mgaps
of switches which sgiect the address or channel number of the.

-

[

peak centroid. -ﬁf;indow which specifiés the channel width for
correction’ and £ie drift rate compensation are also set. .

.The stabilizer operates by calculating the median of the 1
window width specified. Depending on the Eount rate and the .

drift rate'ccmpeﬁsation setting, the stabilizer-compares the

centroid setting with the calculated median and makes gain-

and zero corrections in order that the medxﬂn and the centrdid

-

setting- stays the same during the run. For pulser peaks much
stronger than the background or for a flat background the
centroid of the pulser ‘and the median of the window wili be .l- i
identical. However if the background is .;symmegxic and is | ?
comparable to the pulser intensity, then the stabilizer will '
ensure that the median will correspond to the address as _
‘specified by the switches. In this case the median {s not [
identical to the pulser centroid. Although the gain and zero
will'not be changed throughout the experimental run, the gamma
Tay peaks may be shifted relative to other runs where the median
of the window width are not tha samé. A discussion’of.the
pe:fornance of the stabilizer in thase experiments will be dis~-
cnssed in the section on dnta annlytis

The RD3300 nnltichannnl pulse h-ight analyttr is a
mmummmmw'mm
according to their alplitndqg -The whole system may be
lnbdividod 1nbo th:..»llin functional g!bnpn pull. h-ight

R




measurement, data acquisition, and data output. Pulse
height'measurement is accomplished by one or'hnreranalog to
digitalﬁconverters of the Wilkinson type. The input pulse 'is ,
integrated until the maximum peak height is sensed at which

time a linsar discharge is initiated. During -the 1inear. | ¢
discharge the'pulsesrfro; a clocr with a fixed frequency of |
l6 ﬁegacycles is oounted until the voltaqe across the .
integrating device reaches the zerop reference voltage oi a
comparator. The number of clock pnlses is proportional to the
oulse heioht and correspond to a particular address!or channel
number. The din?;a ,acquis'it_:ion 3eqti6§ consists of a maon;tic -
core‘memorf-and'several registers.  Its function is to sort
.the digital _infomi:ion from the ADC and storeit in the pro-
oer ohannel number. Pinally tho data output section enables

the transfer of the memory content to a-magnetic tape. a type-
;riter, or a plotter. -
- Por a 12-bit oonveraion gain, tho _pulse heights are sortod
into 4096 ohannel ndgbers. The numher of events that can be
accumnlated ina particular address is 219 oomsponding to

'a word length of 18 bits.

) Hhenthedauisuritmonaugncticup..achspoctnm_
can be identified vith tagiords and can be ceparat.d by end
of file marks. !hcuqvordnnddaumvrittmoptheupe
as follows: muq-ordisvritmﬁrstumnbitvotds
The data record is written nl:t and thil is tbllou.d by tuo
.additionnl 18 bitvo:dsvzitmwuudymruity '
Rodundmy Check. hch -oty m h rwordod with a

dmityot!“bitspuiwh




The data which is now on tape s ready for amalysis -
which is done by using a CDC 6400 computer to calculate the
different parameters such as pegk_centrpids and relative

intensities.

E. Experimental Procedure

The'finai syétem;as deséribed above evolved aftef several
experimental runs. The-problems ;ssogiated with §§ckg;ound
radiation, electronic performance{.sample si;e ;nd geometry
have ail been considered in the present desién. The data
presented are’obtaihed from runs made nsing the optimum deﬁign:
The cobalt: samples were of two k;pds. For thin Bio
filters a smaller amount of cobalt is used to. ensure that the
count rate of 311 samples was about the same. For these runs
cobalt powder with 99.99% purity was used. The powder is
contained in thin-walled (1/32%) capsules 1/2' ID and 1-1/2*
"long. The amount o! cobalt in the capsule can be varied by
mixing it with graphite powder if necessaxy The sama
sample volume was used to maintain yhe sane geonetry uhich is’
equivalent to maintaining the same detector efficiency For
" thick filters high density cobalt wis used to increase

7

the amount of sample for the saun sample volnnn FPor these *

runs solid pieces of cylindrical cobalt rods 1/2' outside dia—
meter and 1° long'unrc usod th.tt rods are prupa:ud by nnlt-
ing 99.99% purity cobalt pellets.’ Longer rods can be used,
however solf-shi-lding lttoetl b‘cul. liqniticlnt lo-that

F . - )

”
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has the following isotopic composition: B

W?FEF-‘F{;V;T‘. Ly

thete-is little gaiﬁ by déing so. For the cobalt samrples
nominal B'7 thicknesses are 0%, 1/8%, 3/16%, 1/4%, 3/8%, 1/2"
and 5/8". h |

Manganese samples of 99.99% purity were prepared by con-
taining the powder in thin-walled carbon capsules 1/2" ID by
1-1/2" long. Because of :the physical properties of manganese
it is difficult to prepare samples in solid cylinaricgl

10

form. Nominal B™" filter thicknesses used are 0", 1/8",

- 3/16%, 1/4%, 5/16", 7/16", and l/é'.

"510

The nominal B~ thicknesses are.not very accurate because

the actual amount of Blo used depends on how well it is d

packed during the sample preparation. "o get the actual

amount of Blo filtér in a given samplé, it is necessary to

‘weigh each component of the sample assembly.

rhe Bi° powder‘ia-obtained from USAEC, Oak Ridge. It
P43y 8, suan,
) Although elect:onic stabilization is employed through
the whole experiment, the gain and zero of the spectrum is
monitored frequently. The accumulated data was written on °
magnetic. tape every 12 hours and rough visual comparison with
the prévious data was tade. rutthernora'to ensure that correc-
tion for gain and zero a:uthmbeudeuthzyoccnr, '

intensity and energy calibration was wade he!orc and after

| every nanple run.

‘Energy and 1nt.nsity calibration vlt done ﬁf using a ~
:a-ple consisting of.-la-inn ‘powder 'caasng). !hq chlibratlcn

peakz are the eaptnr. gll-l ray lines of nitrogcn the ah.olutg_

|

1nt¢nsiti¢l and annrqi.s ot*uhich are well knoun and - S _ZQ!I.h
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determined with sufficient precision. The mélamine powder ‘isc_.- - '1
contained in an thin-walled carbon capsule and carbon . - ;‘
contalner identical to that for Co and M.n ) =
For the cobalt and manganese samples, the time for data - 1

accumulation varies from 1-4 days. The calibra_tl_on run is . .
typically 36 hours. The total rum_'x.mgt:.me excluding the . _
feasibility stt_zdiés which extended for a few months, is -
Vabout 6 weeks. . | S . ',:\;:'_7: ) ' "
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- CHAPTER V

DATA ANALYSIS

- This section describes how the parameters gamma

ray enerqgy, intensity and energy shift are obtained from
the raw data. The parameters are later gsed in the dis-
cussion of results to interpret the experimental cbservationms
with regard to the theoretical predictions. '
To determine the gamma ray energies the centroids
of the gamma ray peaks in the sanple spectrum are found.
The parameters in the equation which relate the gamma ray
energy and the gamma ray peak centroid are ohtalned ffom - i.
the nitrogen calibration data.
The extraction of the absolute. gama ray intensities
- involves four steps. Pirstly. the net peak g&ea is determined.
 Secondly, a relative efficiency is obtained using the known
: intensitiés of the calibration gamma rays. '!hixdly the l
relat§yg—ihtensiti¢s are calcui#ted from the effiéiency N
‘curve . . Lastlvthese relative intensities are converted to
absolute intensities by propex nonanution p:oeadms
!heneumtofamtmidshﬂtduntohighmrgy
resonance capture iz more difficnlt. This is becanu being
a small effect, ummtb.eunyusungnummmzu
caused by instability in thl detection l&ttln. The ditti-
culties and ptoblll. lneaunt-r.dnuith th.<d.t-zn¢natinn
of this panuu: are M ‘




!‘or illustcative pkrposes the analysis of the cobalt
spectrum cbtained wit.h 5/8" boron-10 filte.r will be cnnsidemd

in detail.

1. Determinatlon of Gama Ray’ Ene.rgg

The first step j.n this analysis is tha detemination
of the gamma ray peak ca;ztroids. / Three different methods
~were tried to chec¢k the dependance Qf the results on the
method used. L - R Tos |

A. HNethod: 1 - Gausgian P:i;t

Here a non-linear least squares fit of the data
toaCaussiancurvgsuperinposedon.alinearbackg:oundis. o

made. Thus : | - - )
. . "’\
L - ...__‘.- ‘?7
-. - ‘.{“ N 2 - -
R, P T L
YD =at bxi + cjc dj s}
j "-‘:“

where y(xi)isthenmber ot oountsinchann.lxi, j.
thepeakcentroidqt‘!;hoj:t—hp.lk de.j_mpa:néterl
mamwmwmmtmdm,a.bmm
relatedtotbobaekgmdeontﬂbutim. mcmi.ndicaus

‘ alnltiplet uhichnqmtb.nllmolud. A_mc 6400
mumwmmmm W
mduamrflttmmmmhndawlﬁums
nammymmanp sams.z.,mw

I T RS Ml 405 M Fres 28 g R T ey ,
! ._f:3-“-{_%’.’#})0.“";}5’9?‘1{’\‘.'1F.r. L S A T e T T e A s
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‘whe parameters obtained with the Gaussian £it are
accuréte. ?o. the centroid calculat;ons the errors are

usua_lv 'in the range .01-.05 channel ‘or reascnable syrmmetric

and strong peaks. The statistical errors are of the same

[ 2]
-

order of magnitude. .
3. Method 2
In this method.no‘assﬁmption of a line shape
is mﬁée. The defihition of a centroid is employed di?eptly.
Hence L - |
- j’x,[*z’T (X)-¥g (0] ax | )

x> =
) (o) - vp(xf ax

~

° where YT(X) is the toﬁal count in channel X ané XB(X) is
the background contriﬁution in the same channel. It is

assumed that the background component vaties linearly across

the peak. As long as a peak is not sitting on top of a

Compton edge or on an unobserved weak.contamingnt line the s

above approximation'shpuld be adequate.

FYRP W

C. _ nethod 3

- ”\_(

: This method uses a Ierc area fold-in function
to extract the signal from the background contrihntion‘go 3.

Very briefly a co:ralation spectrun iz cbtained by folding
approzinate the line’ shapo

Ndegaiid

in a prope:'fgncticn vhich By _
It is shown that for a slowly vaxying background couponent the _

cor:elation tpect:un coutains only tbe signal content.

o e A :




Thus if ¢c(X) is the correlation spectrum, r(x) 13 tho corre—
lator, S(X) is the a al signal of interest, and B(XI |

is the background then

c(x) - Zrewo s+ th)]

. L ,r(x)s(x)
since ZP(X)B(X) =0

* The results of using the abovo methods in detarmination -

of the centroids show that Hethod 2 and 3 differ from Method
1l by +°.05 and + .09 channel rospoctively for reasonably
isolated peaks of ccmparable statistical accuracy. Thus

the peak centroid calculation is not vory sensitivo to the
method used. For energy detormination.any of the above
methods is actually sufficient sinco tho nncertainty in

the calibration onorgies is larger than. this.

Knowing the centroids of the nitrogun lines and-osing
the results of Marion™® 68) ng paramaters vhich relate |
the energy and channel nmub.r'art Setarmined by making a
least squares ﬁtozth-uutomzmxi-emc,_ﬁ'
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approach taken is to use the true line shape in the -calcu-
lation of the net peak area. Consider the ith peak. If
NTij is the total count in channel number j and HBij' the
background contribution, then the net area A; is-

As -Z-(NTij - Np;j) 'ZNTij - M; N>
J .3 -
where the summation is over the peak width M channels.
apd N> is the average background peak ccmponent. Since N

Bij
is not known for all the channel number j,. N> .is

approximated by taking the average count over a reasonable
number of channels My located just outside the peak width.

The statistical error in the net area is approximated ﬁy

"n - z-"umj . <qB>

-Z Nm**-—-Z (ﬂm

(inside ' '- (qntaide
peak) . peak)

The relativ:Jgfficiency curve shown in Pig. 5.3

is obtained by nsing the data from all the nitrogen cali-‘

is the intensity of the i*P nitrogen gamsa ray, the relative

'etficiency atenergysist.n- (;1-). Amof the form
“*Bx*cgufimwma-npomummmmun
efficiency as a function of cnt:qy.

_‘q\bration runs and the nitrogen :l.nf:cumid:i.u““l “). If I _. "
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-uhich in the limit is a ccnstant.
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Since the variation of the intensity of a gamma

. ray with respect to the filter thickness is of interest it

is necessary to reduce the relative intensities to absolunte ,
values. This is done by normaliz:.ng the relat:.ve mtensztxe/
(Wa 68, Co 68) o/ The absolute

mtens:.tles are calculated frcnn the net peak areas by the
following relationship - '

A,
% - -kl L
J ITi(photons/lgoo n) k(E—) "

where N, is the total relative intensities of -all the gamma
r.ays whose energies axe greater than an exrbitrary va-lue‘

such that most of the primary gamma rays are included, and
k is t%:e' sum of the 'absolutg in_te_nsitie:i of all gamma rays

abcve the same energy threshold. Since the absolute intensity

is related to the relative intensity I by a constant

then Ti - kI The value of the constant can be evaluated

ri*
by suming up the intansities as that k = ¥ 5 S
. 1'1 ri
The assumption that k is a constant for all ée H,nes
in each of the measured spectra is justified by the fact
that it is proportional to tibe total gamma ray width Ty a
Since T, is a sum of widths which follows mainly the Porter-

Thomas distribution it obeys a very narrow distrﬂ:ntian




1. Determination of Centroid Shift:

[

It was mentioned -previcusly that when a neutron of kinetic

energy T, is captured the\’resn_lf.i.hg excitation energy is
N Ey = Syt Tp - Thus for a given gamma ray, the transition B
energy will increase as the boron filter allows higher ene:gy"

L band of neutrons to be captured in the sample due to higher |

epergy resonances. Therefore a measure BE the partial .
pture cross-section can be cbtained by closely exzmining

the centroid shift in.”the gamma ray peak. For the cob-alt

o and mangahese ‘samples the dominant resonances are sppaxa.ted '
" : by at most a few keV. The maximum shifts expected relative
?4 . to the 'no.Blo filter spectrum are therefore of thq';:rder

: : _of this magnitude. - |

' ~ he main problen encountered vi.ththodetemination

of a gamma ray peak shift is that electronic in:tabilities

resulting 1n gain and u:o-eurgy cBnnal changu produce

similar effects. It is therefore nqeunry that the gain-

and:eromu:tabhu-po:dhhmdthatitthiscnnot

bereuonah],yachicudon-mthcabhtomiborm | ;

etfecutothattmmhmh.m !hi.sittbo S
ninnam!ozummwutu-otwhmuam




-Throqghoht the runs the étabiiizing system showed
no indicatiqn of any unsatisfaciory performance. However
it was necessary to check for any changes since small
variations may not pe'easily.observed.” This was done by
carefully investigating the nitrogen spectra.

The ﬁitrbgen spectfa were obtained using tﬁiee ;denti;al
samples. Although the reactor power may have changed from
run to run the signal to noise)éatio should remain the -
same. PFurthermore thé statistical accuracy for a given |
nitrogen peak should be approximatel} the same for all
the nitrogen sé;;;;; since this was maintained by adjusting
the time of data ‘collection. It is thérgforg expected
that the spectra will be very identical in all aspects.

Any changes in the pe&iﬂpositions'can only be caused by
instabilities in the detectidn and dath handling system.

The most ditect and easiest way to.detect the average

- shift of the nit;ogen-peaki_vould be by calculating the
cross—correlatioﬁ function of the first and the later _
calibration runs and comparing it with the auto-correlation
function of the initial_calihiation rwn. . . -~

»r
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let Hl (X) and Nj (X) represent the counts in channel
number X for the first and the j calibration runs Then
the auto-correlation and the cross-correlat:.on functzons

are given respectively by
Rll(e) - jni(x-)nl(x"’ddx

Rij(c) = Iﬂl(X)Hj(X+c)dx

N

where the limits of integ;ration included most of the nitrogen

lines. Let €, be the position of the maximmm of itu(:)”

~ RN
and cij that of R j(‘r:). '.fhe.n the average shift of the

line:.int.hej sPectrmnrelativetothe fu-stissij 'cn_-

Hac¢ therebeennodmngeinthelinepositionsthenﬁij\-o
for all j.  The value of Gij‘plotted as a function of time

is shown in Pig. 5.4 and varies from -0.20 to + 0.26

channel. C e s

Before&nyoorrections'canbedone it is necessary
todeteminevhethe:ithagainorazemchangeo:a
combination of both and what caused it. I1f ‘the cause of
chnngeisxandmthenthebutvalwotth.qainand:em
mldhavetobeabtaimed!rhthemgenlmulcnhted

'frmthnnitrogencalihntionsbefo:emdattcruchm.
"If they changed because of rate etfects'thm these must

be corrected accordingly. T
mmamammmmm
mozmut:mmmm“tomumhu
follows. mthqahwbocwmtaga-mof
mr_gy'n uuu.m.aummcmmt

S th
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Figure 5.4 .

Average Shift of Nitrogen Lines Obtained by Method of
Cross-Correlation
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: _ .
of energy zero in Co. Then ET = G{C-Co). Since E+ is

fixed, pE_ = 0 = AG(C-Co) + G(aC- CO). This yields
Y | N
- AC = - ﬁgc + (Ag Co + aACo).

r

Therefore if the difference in the peak positions relative

- to the first nitrogen run AC,.is plotted aginstfthe initial
peak éositiops C, then AG can be calculated £§ém the slopé S
and 4Co from the intercept. The élobés and intercepts
were cbtained by linear least squares method. The result
is shown in -Fig. S.5. _ o

T@ere are at least three possibleVCAuégs of thes;

gain and zero changes. One would.be'dne to:va;iations in
the ambient temperature and humidity which might haye affected
the electronic angd detection system. . Another possibility
would be due to instability of the reference pulser. Lastly

" it could be due to dependence of the system performance on

changes in absolute rates of the incident radiation trou

*is very“stable. As for the variation in ;ibient'conditions
this could not be easily controlled.'houevnr\it\i: cxpectad

" that the average values of the gtia and Zaro from. the cali-

. bration runs. uould b..vary'clool to their valn.a duzing

_ the. sa.ple run. Therefors the cnly tyst-lttic causs of error
uhich can be corroct.d is the :at. cffect‘
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1+ was never expected that the rate dependence

world be verv significant. Furthermore since the sample
sizes for the calibration runs are about the same, small .
rate changes would only be due to reactar power which could
have varied from 1.5 to 2.0 MW to suit the reqnirchencs of
oiher experiments. A plot of the calculated AG {gain change)
and A7 (zero change) against average rate is shown in Pig.
5.6. . Sooe sort of rate dependence is cbsezved for bothlof '
hem. | | : .
) Another factcr that is suspected is the line shape
dependence of the stabilizer. Since it“censes the median
of the pulser peaks rathex than the ccntroid, addicional“”‘“
background under them could cause asymmetrlesh M™erefore a
difference in asymmetxy f£rom one spectrum to another will
cause the stabilizer to shift the gain and the zero values.
This ‘effect however could not be very significant as far
as the calibration runs are concerned because the melamine
spectra should be very idantical

_ Hopetheless a more controlled experiment was done
to verzfy the effects of rate variations and also the effect
of varying amount of background under the referenca pulses.
ms simulate rate changes a strong cp56 source was placed
at different distances from the Ge(Li) counter. e gain
was increased 50 that the maximum energy at 3.5 MoV was stored
around the maximom channel aumber. Hence small change in
gain or zero would be more easily observed. The stabili:er "
malsoutnp\ intbeacmlupar‘.nntusinqthcsm
mrcaot:ofemc-m n-ccmtnhmnriedin

a

oA AL RN IR A 0

e —————
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such a way that the analyzer dead time . ranged from 0 to 60%
compared to about a change of 5% in the actual runs. The
result showed that there was no 31gn1f1cant change in cen-
trecid positions of the peaks provlng that the rate egfects
could not account for the observed shift in the-nitrogen
spectra. The'observedicorrelation cannot therefore be very

meaningful. , ‘ )

o _ The dependence of the stabilizer on the w:.ndow w:.dth
about which correction was made and on the shape of the pulser
:E? peaks was than 1nvestigated This was done by 1ntroduc1ng
varying rates of background under the refe;/ ence peaks.

Each run was then repeated ac that the _background under tﬁe

Lk
RALSR I
St T

ﬁ§{ * pulser peaks were gated out. This means that ptabilizatioh
7.?,_, is purely on -the d#aistorted pulser peaks. When the centroids
ﬁ@? of the linés were determined and compared, no significant

Ay
T

‘r
!

]

s
¢

evidence of peak shifts were cbserved. * _
The results of these controlled experiments p::oved

}
3,

“Eﬁ” that there is no straightforward way of correcting for the ’
- ,:' — . ) .
RE g seemingly observed gain and zero fluctuatioms.

Fortunately there are some built in reference lines
cméntoallthespoctrauhichcgn.beued‘uintemal
calibrations. mmmmumm’cmmtuumn-
unmte:ialseenbythnd-uctor. :lnﬂncubcnsnpleholdnr
andinthenlomte:. uthonghtheumnotmhlims |

} mgimmaucmh:aﬁmwmmm
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range in the spectra, they are sufficient to give an indication
of the consistency of the average cbtained from the cali-
bfatioq:runs. The £inal resulté-are obtained using the

data from the nitrogen calibration runs as weli as these
internaikrefereﬁces-1ine§.;'Néve;th§less secause of the
inaﬁilitx,td_asce?tain the proper‘corrécticns to"be made

and ause of the above approximations, the Arrors assigned

the centroid shifts are increaSedey a factor of 2.

o L
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mgmﬁ DATA
,; o | This section Summarizes the experimental conditions
| _ under which the data were cbtained and the results of the
““ data analysis carried out as described previously.
A D - -
1. Experimental Conditions .
’ ' ' , Thé cobalt and manganese powder sampleé were purchased
" from Alfa inorganics Lta, ﬁeverly + Massachusetts. The cobalt
Mer purity is 99.8% and has the following contaminants in
parts per milljon (ppm): Ni = 750, S = 150, C = 150, ‘
others less than 10. For the manganese the purity is 99.9%
with the followmg contaminants in prm: Fe = 500, S = 25%0 P
2 0 w5000 N = 1703 € = 200, Si =10, P =10. The solid cobalt
5 samples were prepared by melting cobalt pellm in a cyli.ndri—
;; ‘cal alumina container 1/2" inside dimneter, dn : cutting
f{_ it into 2.54 cm lengt‘.hs. A summary of the S
= conditions for cobalt and nnqanese is shown .i.n Tables , S
6.1 and 6.2.

For the nitrogen calib:ation runs three identical
mlesmreprepax.dm mmma contains
: mmlyuuogumahgm Mmuuoonuim
uaqmnmmwm' nuaaau-u:ndx-l.n'
lunq- The lnnqthofdttamhtionm.tchanhnuon '
run was adjusted to maintain Mly idont:lul mtutiu.
:mmmmuum !lummtnt-u ' N
13000 epm. Lol elmEE e g il U i

Pt n




ol

v |

,,..‘.\‘.n i
BEPIRY

[RSI W

84

1
TABLE 6.1 - . | e
Cobalt Sample - Experimental ,_Con‘ditions
. T -
Nominal® Normal Sample Sample Average| Length of
Pilter Thick| Filter Thick wt. gms|{ Form Pair. { Data ace.
. ) gr/em< | Rate | Hx
0 0 4 Powder] 8000 12
I T .
) 1/8* 0.35 18 Powder| 9000 . 6
1 . 3/16" 0.58 10 Powder] -6000 | 23
1/4* 0.4 17 Powder| 6300 12
3/8" 0.93 25 so1id | ss00 16
L L
1/2" 1.16 26 solid | 4600 47
5/8" . 1.43 25 Solid | 650G 4“4

_ “Difference between the naminal and the actual filter thickness i3
_is due to difference each sample was packed,
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. TABLE 6.2 k
Manganese - Experimental Conditions )

Nom. Filter - Sample Averagé Length of
Filter Thickngss] wt. Sample Pair Data
Thickness | {gm/cm” } | (gms }| Form Rate (cpm) | Acc (ERS)

0 N ¢ | Powder 6700 7

1/8 " 0.33 15 Powder 6000 21

3/16 - 0.62 13 Powder 8000 15
: ‘e -

1/4 0.74 17 Pfdwder 4600 18

5/16 - "0.91 21 /Pwder 5000 22

7/16 1.16 22 (| Powder 7000 36
172 1.29 | 13 \| Powder 6000 .44

) - )
‘o
N

. hias . b Mk LI ROE
- - ey
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2. Experimental Results

The dlfferent spectra’ using different fllter thlcknesses
are shown in Pigs. 61to$4foroobaltandrzgs. 65
to 6.8 for manganese. The main characteristics of these
speétra are ' _ _
1. The variation of the-line intens;itjr for the
dszerentgama ray rom run to run

2. The increase of the tinuum background relative

to the line intensities with increasing filter - !
thickness and. UL B ) _ I

10 c-and.m1 1
‘lines with thicker filtér.” = o | :

3. The groviﬁg prominence of the B

Furthermore, although it is not very obvious, some of the « B
lines exhibit definite cent:oi.d shifts and :!.ncreases in

PWEM. Another obvious obsemtion is the :lncreasinq zkewness
of the line shapes which is not present in the nitrogen lines.

Thisimpliesthattheuymet:yianotdnetothempcnse_
fnncta.on of the systelbutmpossihly‘duetothecmt:i-
‘butions from high energy rescnances. .
Sincainterestism/thaprilaryhighmmndia—
tive &mium.thelmmgyporumofuchotm
gamma ray :pect.nu.igmmd mdiﬁemtmcmm
ot idenﬁfiedhquﬁngthmmmmthmhim

“ Mmmm;:ummumm

-
section the o-mwmmmmnwum

are miudin‘hhl. 6.3.4£or mxtmm&s.s fm'

Bt e ”
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Figures 6.1 - 6.4
épectra Obt&ined with Different Filter Thicknesses

o g o PR AT o g8 P
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un56 Spectra Obtained with Different Filter Thicknesses
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TABLE 6.3

High Energy Gamma ﬁazs Eyom 5-900‘ {n,Y) '60001

o

Line
NO.

Energy
(kevV)

T

. Bxcitation

Energy of Final State

..................

A U e W

~

g8

10
11€

12
i3
14

16
17

18

20

sS4
. ees
' f'mq.S‘;,,'__

7491.8
7433.6
121&.95
72039
2055.9
6985.4
-6948.9
" 6876.9
6705.7
- 6486.1
6283.7
| 6274.6

58.2".

- 2%6.8 .
© 287.9
435.9
506.3
542.8
© 614.9
786.1
1005.6
1208.0
1217.2
1342.3
1381.0
 1451.3
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TABLE 6.3 f{oon't)s -
X Line ‘- 3 " Energy : Excitation
ey No. _ . (kevV) . Energy of Pinal State
i - -
i 21 1 sess.s 1851.8
j 22 : 5615.0 . 1876.7
i 23 ‘ 5603.7 | 18881, ©°
24 | . 5511.2° .| - 1s80.6
25° - I 5370.9 " 212008
' 5359.4 - LT 2132.3
26 - 5270.8 ) . 2221.0
27 . 5214.9 - v . 2276.9
28 o - s182.1° - . 2309.6
29 - suas.e. | © 2341.8

30 |  's128.5 | 2363.3
1 '_ soe9.s | . 2422.3
32 - RN B sdm.‘s.f - ' . 2450.9
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" TABLE 6.5

56

Observed High Energy  Gamma Rays'in Hnss(nLy)Mn

Gamma Ray.

Line Final State
‘ Excitation Energy -
No. __(kg?)_ - ‘qu;gigs (kev)
1 0 7270.5
2 26.7 7243.8
3 110.6 7159.9
4 212.6 7057.9
5 341.2 6929.3
Sa 451.9 6818.6
6 486;? -'6?83.8
7 716.5 6554.0
8 840.9 6429.6
9 1165.7 6104}3
10 1239:7 6030.8 ,
11 1293.2 5977.3-
12 © 1349.6 $920.9
13 1509.3 5761.2
14 1743.1 5527.4
15 1835.3 5435.2
16 1865.8 5404.7
17 .2016.1 '5254.4
18 2071.9 5198, 6
19 2089.0 5181.5

P P I




Line S 0 Final State _ Gamma Ray
: - Excitation Energy ‘ ' - Bnergies (kev) ]
Ro. - . _(keV) Rt

20 | 1. assar : CosIl4 -
21 I | 2202.6 1 -seens

22 } : 2235.3 :._ ~5035.2

23 o) Lassir . | soues

24 P . '2300.5° .- | . 4970.0

25 - 23214 L) 4sesl

26 | a2 ). casons
27 -] 2395.4 -~} - 4875.1
26 . Co2e304 T ' 7 4s40.1 ‘
I 2a0.8 QT- . ag»s | |
2 | 25454 |- wmsa o
30 b asees  4689.6 T

L Y

n . 2626.7 1, -4643.-"_ L

PUIRN S e sva oweenran o ena s Cee =
e A S
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manganese. The errors in intensities are based on statistical
uncertainties only. The errors in energies are calculated
from the erroz:s in locating the peak centroids as well as
in the erxrors quoted in the values of the nitrogen calibration
lines as tabulated by !'la.r:it.:m“‘!a 53) '
The results of the centroid peak shift calculations

are summarized in Table 6.7 and Table 6.8 fér cobalt ‘and
manganese respeétively. Because of thé difficnlty of obtaining
these values as described in the section c;n data analysis,
only relatively strong lines yield significant results.
This .'mplies that lines omitted from these tables did not show
a measurable shift in centroid or that the measured shift
is smaller than the erro;f associated with it, Fer ttie shifted
lines, thé gamma ray energy measured at any particular filter
thickness can be obtained by adding the peak centroid shift
to the correspdhding tabulated gamma ray energy dstermined
from thermal neutron capture. . .

' A typical nitrogen calibration spectrum is shown |
in Pig. '6.5. Compared to th_e cobalt and manganese spectra - .
the lines are more .ymt:ic}u in shapé. The overall re-
solution is best observed from the pair of doublcts at about
5.3 and 5.6 keV. '.L'hc pesks in uch doubltl: m separated \

by. 29 kev. . .
"mmmmtqum:mmwcmm
usedmin‘hbhss mmau-fﬁd-ncycurnshm

in Pigq. GIOizdcriv-dbyﬁttinqacurno!thnfom

ot




Figure 6.9

Nitrogen Calibration Spectrum
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' SABLE 6.9 .

- niﬁrpgen Caliyration Lincs?‘ﬁ ' ._ : .

Energy -  Intensity
(keV) o N (per 100 captures)

10829.2 ¢ 0.4 S B i o 13.3 2 2.0 ; %
9150 : 0.8 - . L7to0.2 -
8310.3 ¢ 0.7 | o - . 44t '-§
7298.7 £ 0.4 y ) - .10.0\ 0.5 1
6322.1 t 0.4 - = '  18.87t 0.9 ) = ,;
5562.0 ¢ 0.3 N ‘  10.3 £ 0.5 %'7 R
5533.0 ¢ 0.3 ‘ ‘o - 18.8 + 0.9 ;§7j
5297.4 ¢ 0.3 . : 214t i
5268.5 & 0.2 S .30.6 £ 1.5 g
4508.8 ¢ 0.3 ’ | 16.6.¢ 0.8 i

R * 00 S
.
. ) . A
: R -—
i -G; - ; )
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2
e (m) = AYBE+CE

-

to all the nitrogen data. -Theibest’git'

curve yieldsthe following parameters for 4 < E < 8 keV:

A - 4.77, B = 0.47 x 10>, and C = -0.31 x 10"/, §i§§1ar1y

+he gamma ray energies were obtained after fittgg; the nitrogen

peak centroids of the spectra obtained before and after

2

each sample run to the equation E; = a + bCi + cC; whére

{Fi’} are the known nitrogen gamma ray energies andgicii .

+he corresponding peak centroids obtained from the Gaussian fit.

The main background lines cobserved are from (n,Y)

reactions in Blo, C12 and A127

-~

which make up the component
parts of the sample gssembly and the through tube. A ﬁack-
ground run using the complete filter assembly with the

sample replaced with an empty carbon capsule of the same

dimensions ‘as the solid cobalt samplée is shown in Pig. 6.9.

R LT R Y TP TR VPRV PRI ST T

‘The lines are identified as_folloﬁs:~ C.- carbon, B ~ boron-10, E B
Al - aluminum and O - oxygen. At lower energies the capture f 5;
line in deuteron at 2223 keV and the inelastic line of carbon I
at 4445 keV are also prominent. - - ;'ﬁ;-g

ThL activity of each pf the cobalt sampleé was “j
initially measured with an ion chamber. Subsequently.more iﬁiﬁf,

accurate measurements were made uSing a Ge(Li) detector

épnnected to a multichannel pulse height anaiyzer. To f?%.'
reduce the dead time to a maximm of 5%, the samples were .
shielded with lead and were positioned relative to th; copqter"

in identical manner. The total count under the cobalt peaks
vhich is proportional to the activity of each sample vas
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corrected for room background. The results are tabulated

in Table 6.10. ‘ : e L
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TABLE 6. 10 - -
'Lctivit'y of Co Samples “
Nominal n;rmal ~ o -
omina . ; ) s ) -
Filter Thick Pilter 'rhick Mwh Relative. Sum of - Ion
(inches) . (gm/cm®) - Eff- - co Peak - Chamber
 0(2 gnd 0 .22.5 995.34 31107  17.5
0(4 gms) 0 . 6.0 462.88 14199 5.7
1/8 0,35 15.7 117.89 12244 5.6
3/16. 0.58 45.9  485.42 16395 7.1
1/4 0.76  25.7 121.95 9335 4.4 -
3/8 0.93 48:0 133.65 9035 5.3 s 18
. R N + ’ &
1/2 1,16 72.2 1127.69 8994 . 5.6 Pt
5/8 1.43 80.38 85.688 8157 5.6 . } i
. . , - . - ~, :f’ ’ B
- ERs |
’ E-
3
F
’ _
P
. e
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" CHAPTER VIIX

DISCUSSION OF RESULTS

L
-

*  Background Information | ‘ ' -

The ccbalt-60 nucleus has 27 protons and 33Ineutfg;s.
According to- the shell model the proton configuratidh

chould be uff7/2)_l, a proton hole in the 28-particle

~losed shell. This is confirmed for co>’

by the measurements
(B1. 65) B

of Blair and Armst%?ng
The analysis of the nickel isotopes by Cohen et - .

altco 62, Lo 64)_showed that the single particle neutron

’

levels in the region A = 60 are arranged in order of

NPT TILEY

increasing energy as 2p3/2, lfs/:.and'2plfz Hehce it is

expected that the ground state and the low-lying levels

60 -1

"of Co = can be descrlbed by coupling a proton hole t(f7/2)

P

with a neutron hole v(pa/z) resulting in levels with
S9

vl

x

¥ = 2% ' 3t . s*, The ground state of Co™" has spin.

. CRY #

and parity-I' - 2/2°, Capture of s-wave neutrons leads

. ‘.:.‘m““a‘-‘ M!UH‘ .\-:-l\. .

to intermediate states with J = 3" and 4 which de-excite
by E1 transitions to final states vith ‘the same spins and

parities as the 1(f7/2) IV(PS/QJ nultiplet. . . . _ : ?3;
Thegroundstatehasbewasdgnede - 5% by ’ N
Dobrowolski'et al(®® 96) ana the first excited state
3% = 2*ish 66, Ro 71)_‘ pm, the results of
- Robertson (*® 71} pageq on his analysis of magnetic moment

L]
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measurements and\data from the. f7 /2 proton pick-up reaction, E
61(a, me)co®?, indicate that both these states contain \
mainly a py /2 neatron amplitude. _.
Bxtensive reséa.r_ch an the co®? nucleus has been per-

formed using (n,y) and 4,p) stﬁdies. . The most recent E

PR
)

gamma ray spectra using Ge (Li) detectors have established

et energy level S,":l:“m,_,(Sh 66, Pr 56, Se 71, Ro 71)_ spin

measurements on the low—lying levels have been carried put. . 7 ]ﬂ
g

(aae 69, St 72, Ro 72) _. 4 rescnance’ captm.e expermts -

have also been- donem“ 66: Pr €7, Wa 68, A‘n 68) e

latest spin ass:.gments on 1evels up to -an excitat;on - , , j
energyof23lHeVareshownin1‘ahle7l | ;

The levels of . Hnss have also been stndzed by several .

'-ldi.\:.“'] [ !‘

authors: 'me h}gb energy gam rays follmring neutron ‘
capture ha.ve been analyzed us:i.ng a magnetic pair spect.ro-
'meter (B2 53) “Compton spectroneter(cr 58) and more recently'
high resolution Ge(Li) detectors ™ 70, AS 71, Ra 67, Hu 661
The fluctuation of ‘the gamma ray partial widths was first
notedintheremancemtrmaptnreexperimtof
Xennett et a1(Xe 58’ in wa>, cc-prehmive studies of
1356 levels have also been carried out from (4,p) reac- . . i
tion" - (- Da 61, Co 68) and from (d.c) reactionm 72) L E

R

. “"Tuul ﬂ'.L.u\;ﬁ- ariTines

. m wul neutron captm cross-secticn of m°> has - : :f
been Wﬂg&t&d aﬁ anulyzed i.n tcm of the R—ntr.’lx L }ﬂr :
theory &% 55_’._- oou' ot .f‘” 4) uaing t.hé‘k-lltrix B

7
¢ -

Sy
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. o
\ - ABLE 7.1 .
" Pinal State Spin Assignments in Coso ,
vipe - J" i B & J*
No. (Ta73)  (Me9)  [As€7)  (m72)
1 5* st st o '
2 2t 2t 2t -.\
3 Tl A 4
i gt 3t ¢ 3
5 5 3*, s*, wh st - :
; A 3t 3, 4 i
7 2 3t o, e 3t a !
8 3t 3t -3 b
9 I 3t 4 1 :
10 5t o R T i
15 A _.. SR e ‘I
18 T3, W 3
20 3, 4 3, 4 ‘¢ 7 ;
21 g - W 4 ;
283 e 3
~ - =
N
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]

(P1.63)

analysis of f‘irfc, Lynn and Moxon were able to fit

the experimental total neutron cross-éection,from 0.01

oV to 15 kev. .

unS? has 25 protons and 36 neutrons. The simple shell
model places the protons in the lf7./2 level and.the '
neutrons in the 2p3/2 level(Pr 62). The ground ;tate spinr: = ?*-
and parity is ¥ = 5/27 ._ Capture of s-wave neutrons | L
results in intermediate states with J" = 27 and 37.

The spins and parities of the lowest three states

were established hy the atomic magnetic're#opance mea-
al(Ch 61)

SR R T B b T P ST A

N AU L P L B

surements of Childéiet . The most recent spin

assignments for the low-1lying levels up to an excitation

rée P A w4 TR b e

energy of 1.24 MeV are summarized in Table 7.2. v E

Both nucle;-have 5gen investigatéd for a direct capture | f
~component in‘thg neutron gad{ativersapture procﬁss_- i .g
Search for direct capture in thisfmsa region is pursued , i
because the s-wave neutron strengfth functicn is maximum ’ ; | -1.-. ?1

and because the Lane and Lynn theory preditts a large
component in the rsgion of the p-orbitals. 1In this region

Vet Pt

the 2p oxbitals are being filled.

The first attenpt to neuure the direct capture con-
tribution in Co® was carried out by Wasscn et a1{™® ©€)
by looking for an asymmetry in the ratio R(E)) = a'n'.r"!(t )/

%y (B, ) ‘%ﬁ:mn’ is the parti.al cross-section; o, (E)) 13
the total cross-uctionz En is the neutron energy captn:ed)

;.‘: ﬂ‘ -
;
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- TABIE 7.2
"Spin and Parity - Low-Lying levels in un5€ !
Excitation Energy f{keV) " Spin and Parity J
xe’?2) ey (e’ ... qasTh . (xelH
0 0 3¥ M 3t
25 " 26 2" 2t ,!
107 110 1" N 1t
212 ot 4t i
214 215 + 2ot 2} |
334 . 336 b, 3t 4t 5T atst s* :
341 2, 3t 3* | oy g
449 454 M A o ry 3t ) ©
485 486 +, 3t @, 3, ©F | :
707 77 -’ - , 3t }
747 < G, ot ¢
840 : f*;~‘
1165 1t L
1245 23
......................... " E“
[
'T \\\\\ -
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due ;p’dlrect-resonance'interference. The result was
not conc1u51ve ‘'since level-level or directdresonance -
interference could explain the data.

The latest, measurements on the direct capture cross-
60 '

section for the Co = ground state were performed by Wasson

f)

e AAA
-

t'alcna €8) and Auchampa\:tiglfx(m‘u 68). Both used time-of- ‘
filight techniques and Ge(Li) detectors to study" the. variatian
of intensity as a function of neutron energy.

Wasson et al(wa 68) studied forty lines and concluded

TR VL A TR ARA

that only the ground state required a direct capture com-
ponent to fit the experimental data.They deduced a value -

BRRTAL - §

-~

9.2 ¢ 3.0 mb, Auchampaugh (Au 68) investigated nine transi-

}
S t
tions and .also concluded that onIy the ground state has ’
a nonzero value for potential direct capture. He found s
. 7ﬁ:

Udir" 5.5 % 1.5 mb. :

Both claimed that the direct component could be - o }
simulated by a J¥ = 4~ bound state resonance at -1000 eV,
However since the other lines did not‘require the existence -
of this bound state‘to £it the interference patterns _
this possibility ﬁa& ruled out. That'only the ground state
contains a dirag£ component implies that it is the only*
level vith,sufficient stxangth_(i.e.'lgrge-enongh matrix ’ P
elenent} to be -g;surcable. »; - o - Y,

" In'manganese the search for ai:e’/e:%aptm effects
was started hy “wasson et ai" 64) irst showed thag

‘A

'b“’-.._(. -
.
'

LT R T T AT R

A .
C
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the (n,y) and (d,p) transition energies were closely matched.

As in cobalt the first attempt-to measure a direct capture
camponent in the ground state»was made by looking for
asymmetry in the partial radiative cross-section due to
direct-resonance interference(“a 65?. "The result was not
conclusive since both £ypes of inﬁe;ference,_1eve1-leve1
and direct—resonance{ could explain the'observed asymmetry.
An upper limit of 160 mb on the direct capture cross-section-
at 1 eV was deduced. - ; ~ .- |

A second attempt to measure Gdzrect using time-of-
fllght techmlques and a high resdlution Ge (Li) counter
was made recently by Auchampaugh(hu 68). He analyzed .
a total of 11 lines and found ﬁo conclusive evidence for
a direct component in aﬁy of them. The level-levél‘inter-V
ference was sufficient to explain the variation of R(Fy).
Where an upper limit on °diz§ét was' deduced, the theorﬁtical
prediction was 20-30 times larger.

Thus except for the cobalt ground state, no direct
capture component in the lov—lying levels of CDGO and Mnss
could be found contrary to the prediction of the direct

capture model.

-
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Flux Model Calculations and Measured Activity

In the following discussions the experimental data
are interpreted in terms of theoretical results base&
»n the flux model calculations discussed in Chapter“III
(n~yon Piiter Technique).

To check the adequacy of the assumptions which were

made and the expected accuracy of the results, a comparison

is made between the measured and calculated activities
of the cobalt samples.
The sample activity is given by the expression

= k!.Cn(E)dE where Cn(E) is the total neutron capture
E . .

A RLs e b AR bl A IS S TRy P LA

which is dependent on the boron filter thickness, sample
size and geometry. (See Chapter III for Quantitative
Définition.) Thé results are shown in Table 7.3. The
-agreeﬁent between the calculated and the measured values ? f

is excellent thus proving the validity of the flux model

used. e ' ‘ ;;'L;
N A :

XY

3. Statistical and Ndclear Structure EBffects
——

(En 60) _, . a

e Foanh T e A b .-
u}

In cobalt the (&,p) results of Enge
" good correspondence with th;-loﬁ-lying levels populated
in the (n,Y) reaction except for a few above 1.5 MeV
which are not seen in the radiative capture ‘In manganese, |
Hughes. et at (B 66) gpsarved that of 96 levels seen in o ,

thermal neutron capture 46 lines are common with the (d,p)

~
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" Activity of the Cobalt Samples

12T 0 L s P RALE S

. g

= PR

S

3 =

$o %

) g

, F

[ P [ T .{ ........... ‘_-’: ::?.
Nominal Measured Calculated : :
Filter Thickness Activity (arb »uni.t‘s). o h,cta.vity a.rb units) k -
(lnCh) ........................ : CE r_.
1/8 23.2. < _26.5 B

: O -

1/4 L 20.8 9.6
3/8 5.6 - | 4.5
1/2 . 3.7 | 3.8
5/8 - ' 3.0 . 3.1 ;

........................
..............

.
N
1
i
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rnrnlfS(Da 61). The fact that both reactions favor de-
~vritation to identical levels is suggestive of scome

" ilarity between them. )
A ‘gross measure of this Siﬁilarity is quantitatively

‘ndicated by the correlation coefficient given by the

raAion
. 2. (%% (g -¥)
[Tx-02 F ;02"

vhere x and y are the {n,y) and (d,p) strengths respectively.

This guantity was determined for thermal and resonance

(Pr 66, Pr 67)

captures in cobalt but yielded insignifi-

cant values. For manganese a significant correlation
coefficient of 84% was calculated by RHughes et a1 (Hu 66)

using thermal neutron capture results. Resonance capture

{Pr 67)

studies also showed correlation coefficients greatexr

than 70% for edch of the thermal, 1098 eV and 2355 eV captures.'

It was observed that the high correlation was due to the -

strong transition to the level at 207 keV which is belieyed

to contain the largest fraction of Qingle particle p-states.
comfort (° 68) also locked at thése correlations

using his measured_(d,p) strengths and—found-p = 44% for

the thermal spectrum. Contrary to the previous results(Pr 67)

he observed no significant correlation with the resonance

capture data. This contradiction stems from the aifference

!

TS RIS, L0 v
\ o
T -

et et R STERE,

R e s T I
. . * - .
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(Co 68)

in the (d,p) strengths calculated by Comfort d

Nalvon et al(Da 61). Comfort uéed the DWBA method in
nic analysis whereas Dalton used the plane wave approXimation
‘" is now believed to be inaccuraté.

From the viewpoint of the direct capture model it
i~ possible to find no correlation between thermal or resonance
~apture data with the (d,p) intensities if the proper *
~onditions are not met. According to the results shown
in Appendix 4, correlation between (n,y) and (d,p) intensities

can only be significant when the ratio of the fractional

~entribution of the intermediate states is r = lefsz .

- (23, +1)/(23, + 1). For cobalt and manganese the proper
values of r are 0.78 and 0771 respectively.

The present work'attempﬁg to attain this'ratio by
shaping the neutron flux. It is expected that as the
filter thickness was changed to approach.the proper value
of r, the correlation coefficient would become more and

more significént. ‘ e

Using Enge s (d&,p) data for cobalt‘gn-so) corrélation

coefflcxants were calculated for each fllter The observed
correlation was not only in§1gnificant but alsohshoued
hardly any’ch;ngé from one run to another. '

" ' It is possible that because the angular distributions
and (d,p) intensities were ca%culatgd using the plane
wave approximqt;cn,'the quoted falues.mﬁy be inaccurate.
raylor(ra 7?) Te-analyzed Bnge's,datanpﬁing the distorted-
vave-Boron- approximaticn and when his results were used to




b ) <
.

'-1cu1ate'p,'the conclusion was still negative. QA

More recently the Cosg(d,p)Co60 xperlment wvas )
: . . : (Ta YE) -
vepeated with superlor resolution e Using_prellmlnary

results up to 1 MeV, a similar conclusion was arrived

2

-t

For mnngaﬁese. the correlation coeffic;ent was cal—
~ulated for each filter thickness for 24 lines up to an
axcitation energy of 2.390 MeV using the (d4,p) results
of Comfort(® 68, mhe results are shown in Table 7.4.
at 0 filter thé correlation coefficient is close to the
value using thermal neutron capture data. No maximum value-
ofe is found. '

The ratio of the average reduced intensities <IT/B >
for transitions to levels populated by angular momentum
transfer 1, = 1 to 1 = 3 has been measured to be ag (PF 66

for cobalt. This.was taken téﬁﬁe a manifestation of the . ' J

direct capture process in (n,Y) reacticns. The results ]
of the present measurements showed. this ratio to be about
5 for the thin filter. It drqpped to 2:9 tor the thickest
£ilter. " - '
Since no conclusive gross evidence was found for the
direct capture model it was decided to consiﬂt: the data
in the context of the statistical model. If the radiative
capture were strictly a compound nucleus mechanism, then
there should be no preference of decay to any excited
neutron or proton contiguration. gpnsoqucnca of this |

pre
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TABLE 7.4
T A

Effective Degree of Freedom for Co60

r\m" va ) 3 > v v N . v
8] ina Filterxr eff ef f - eff

*hiokness (Inch) ' Wilets case - (1) Case (2)

0 1.30 £ .10 ©1.05 . 1.33
1/8 1.06 t .10 6.88 1.11
3/16 1.09 £ .06°  1.03 ©1.28
1/4 1.12 £ .10 1.24 - 1.51
3/8 1.06 ¢ .12 1.66 1.95
1/2 1.59 ¢ .14 2.59 o 2.82
15/8 o ' i?;#:; ;50 430 ' s
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fe11ewing capture from one particilar resonance should - -
b

-

g = L
1 117 iy
m~iel is that the distribution of the reduced intensities. . ~
H
7

. . . s .
¢-11~« the Porter-Thomas distribution- for the primary

L tayg‘

Bowever since several resonances contribute to each

T ] G

transition, the¢ distribution will be thatof a weighted_

.

~v-rage of four Porter-Thomas distributions corresponding

v
A i AL Wl U, M

+to E1 decay to fhe different. final state spins.” A quanti-
tative comparison with the experimental data can be made

by considering an effective degree of freedom which is

2 | : : | :

Aefined by 2 . C—’——-2-1:.1'1'1e.t'e ¢ is the standard deviation, - ™
c <X> . SRR

X> is the mean and Ve the effective degree.of freedom.

Por the experimental data a biased estimate. is given by .

. '»—h%‘u—:‘m.—uwr-!‘.-rra-1(03\-?-"' CLRIL et S PRl
" . .
. .

wilets formula (XY 69) .
- o2 1;<x2>_<x>2 . 2. .
p = vi v ;
N .
K exp |
v - .2<X>2 : wheré X= IY/E3 B
exp <;2>-<x>2 oL -

A theoretical calculatiop'of the effective degree of

-

e e L TSI N P I P ST

Vo LW il PR v 42 R =

freedom assuming the statistical model is shqwn in Appendix
4. The resulting relationship is given by

~

hY

e et
n T




U 2 ol 2 2 . ‘
Vih = 2[‘:2‘('{;'2' +1) f3g ‘-4- w3(;;+ 1)g” + ’

”

T

2 2 2 e 2 . .
wolg— * Lg% +wg G-+ E g - 1} _
! B > 4 . -
vr w; is the weighting due to the.level density of the. - P
possible final states - ‘ N ~ _' JE ‘ ;

vy is the degree of freedmn of the distribution of
the reduced i_ntensn‘:;es‘of tran_sita.on: to th_e '1t'h RIS
final state ‘ B | . R :’1
gisequalto(wf +v3+w;+w;f):1 g

Comparison of the theoretical and e.xperimental effective

dpgree of freedom is shown in Table 7.4 :Eor cobalt. Two

e w D R rRed Bk TS

cases are considered. l. The level density of the’ final
states is assumed to follaw the statistical model so that

oy
sl

p(J)a e J(Jﬂ')/zoz 2. The. level .density is assmned '
weighted as follows. ""2 - 'vs‘-- 0.1 and Wy =W, -'0.'4'. i D '
This weighting is based ?,.:.be “known 1evel spins. ISR

The results show a %air aga:eenent for the t.hin ﬁlter I 8 L
data {i.e. Vv <2). Bowever there :Ls a big discrepanty '

~

for the thick filter -data. : LT r
There are two pou:lble e:planation- for this deviatienx o S

1. the vei.ght:l.ng /\}m to wfercncu in dansi!:icl ’

" of levels of different spins is wrong, - . S

2. ammtistialaﬂectisbcﬁfq/cbmd SRR
‘ehe sensitivity of the results to the weighting used .
mhmwmmmmmim The

e bt cma . s 2 e

-
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-

-

spln dependance of the level density is obta;ned by désing
a spin cut-off factor of 3 5, a value suggested by Gllbert
et al(G:L 63) for mass numbers in the reglon A = 60. ThlS

\ .
results ln w2 .0. 293 Wy = 0 294 w4 = 0, 243 and'ws = Q,170.
»

Looking at the actual data however there are. at most two

3

levels of splns 2 and 5. - From the data w = ,06.

2‘?5 ok -
Therefore it is very unlikely that the weighélﬂg hsing the
Spln dependance of the level densities is representative h
of the actual~situatlon. This is ;eflected in the.slzghtly

better~agreement between v

d véh (case’2) at lease .
for the thin Filters. ' |
A more qu;lltetlve comparison tween tpe &18§ribution
of the'redeced inte;sities wit§ t -distributjion with one
two, and.threée degrees Gf freedom is shown in Pig. 7.1.
The experimental data show i?ie¥p<3'd"'-
For manganese the effeetive degree of freedqm is given

e

by ] s
I » Ven - 2 wlt_-'+ l)fzg 4+ vz(—— + 1)g + - E
.' . . . . 2 2 -1 g..v:;:

/| . (— + l)g + v‘ (—;i‘ 1‘)139 1] ;.‘

. . 2?

T {1:_,:

where the dlfferent paraneters are.detined .as 1n the case !/
of cebalt. Assuning the same spin . cnt-oft !actor of 3.5

- -

.“h
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then w) = 0.209, w, = 0.279, w; = 0.280 and w, = 0.232.
The theoretical "tllz was calculated assuming the above

1.2 rlladrine

dependence of level density on spin and’also wniform =
weighpiné, theile‘_attelr pfgbafély being one represéxita - T
of the data. The results are alsp éi'éen in 'J.'abl‘e 7.5. The
ﬁniform weighting agrees better-with the values deduced
from the experime.ntal data. |

The integral probability of ‘the reduced intensities
i.e. (P(X)dx where X = (I/B )/<I/E > plotted against X,

l
]

S 5 PO 2V LA L] (I LA LA R G P w17
.o o .
) .

is shown in Pig. 7.2. These pictuz:es are consistent with
the wcalculated from the data. N -
| In the context of the statistical model it is interes- . i
ting to consider the rai:i'o of .the average intensity of 7
the levels with spins 2 and'5 to the average intensity B
of levelswith:iandtlforcobalt. Inthelinitofeqnal ‘
contribution for tho intemdiate states to the. four .‘ . ' ;; !
possible final stats iDins. this ratic would be 0.5.. Using  , . | 1,
the intanaitiu of the assigned (spin) levels for the 5/8 . ¥,
inch ﬁlter :atio is 0.6. Por manganese. thc con‘uponding
ntio(i.a.'11‘/123)1:0.4£orth.thmluptm )
ovsmmmmchmmmdo.s fo:tuhanchzuuz
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statistical Properties Deduced from the Mn>o- Lines
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50 pilter 'V off “ 4 eff - V.‘ﬁ cor;elation‘ - {
Thickness  Wilets  Thedry (a). Theory (o Coef -
o 2.22%.32  1.73 - 2.28 .0 44l :
1/8, 2.40 £ .30 . . 1.42 1.93 . 3.6 §
3/le  2.58 t .32 - 172 2.27 - 30.7
176 2.72 £ .39 N 1.87 2.44 TR |
5/16  2.94 & .40- _ 2.10. . 268 - 37.1 i

7716 2.75 .38 2.47  3.03 . 40.2

.55 2.67 [ 3.20 43.2 ]

.......................

H W

/2 3.09

Notesx o -

1. (a) at:tistical spin dopcaﬁmco is W
2. (b) uniform w.i;htinc is nnd.




at energies -5134, 4935, and 4709 keV whlch were observed

fr—

PRI eL. -

by Mefiema(ne 70) but are not seen in this work.

A thermal neutron capture spectrum alsd(;btaineé
using the through—tube faczlltg}dlffered sllghtly wzth ) o
the o-filter data (cadmium filter dSed but no B ). In - E ;?
particular the ground state 1ntgnsxty-h§s increased fiqu
3.9% to 5.6% with-thg cadmium filter surrounding the '

sample, . Since it has Jf - 3+, any of the resonances '

can deexcite to thls final state. The ‘lower xntens;ty ' <
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. of the ground state at thermal capture campared to thé . . “
o-filter data may be due to destruct;ve level-level intex-

. o . ) 7
ference. . : : ' .

Although the grouﬁd state intensities of the d{fferent

—

filter thlcknesses are cansiderably different fron the -
thermal intensity, the variation observed from ocne filter .
thickness to another is not as dramatic. The naxinnn valoe
of 9.5% is observed,uhen the filter thickness is 3/16
inch This decreased to 8.1% for the 1/2 inch filtcr
Relative to the o-tiltex datn. a ccnt:oid shift of 1.27
keV is measured for the 1/8 1nc#ﬁ£il 12~ As in the intensity
- variation the centroid shifts for the different filter
thicknessc: are not too dit!urant.y ,
’ Am.maummmmww
. ~ spectrum hntvhijhil‘obmndﬂth mm intensity -
with filter mm m nm 6818.6 keV. Its
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intensity is 0.15% for the O-filter data. For the 1/8 :

inch filrer its iﬁtensity is 1.7¢ an&;for the thickest‘
filter 2\?8% A centroid §hift of 2.0 keV is also measured
and is almost constant frcm one fllter thlckness to another.
The centr01d shlfts of several strong lines were
determined. Most of thexm show a shift'of about one keV.
There is no apprec1able change in the observed value from
one filter thickness to another.‘ On the other hand lines
9 and 23 show negligible shlfts. . ‘
For cobalt the. present data on the high energy gamma

ray lines are in good agreement with the recent measure-

(Sh\GG Wa 68) T

nen « The gne{?ies:and intensi;ies for the
‘Q-filter data compares favorably with the thermal capture,
results. The similarity of these two results may be due to
the dcminance of:thé 132 ev‘resonance. In'nangangse no '
such dominant resonance exists 80 that the observed
differencé bebmmu:the thernal and O-Iilter_xesults is not

L] . . -

surprising. \
The complex lines nos. 3 and 4 althongh not uollrresolved
clearly show a changa in relativu intensities with filger
_thickness. This is shown in !iq. 7.3. !hd'other complex
lines 11< and 25° are difﬂcu.lt to resolvé and the toul
iebens{ies are qnoted. g ,
Several strong lines of (:::)‘o were dso-ou:ltmd
for centroid shifts. “Although most of th-.shou shifts
of the order of a fcq_ti?,*tio of these 1130. (e.g. 15, 18)
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) . '4 * . 3 ‘ Lt
show very small’shifts indicating the strong influence N

of a low energy resonanFe ‘on exam;gi;;on of their intenpsity

patterns, it is found that they follow the 132 ev contri-
DS
bution. These observat;ons prove that the observed shifts

" are not artlfic;al and also support the reasonableness

of the calculated fractional contributions of the d;fferent B Y

rescnances., : : ' _ - L/

s

One line that shows a yery dramntic change in inten-
gsities and centroxd shlfts with filter thickness is the

first excited state. This line is hardly observed in thermal R

capture. PFor th \\\\1/8 inch filter it has an intensity of
.08%, Por the 5/8 inch filter its intensity increases -

-

to 2.3%. The observed centroid shifts start from 3.51

P . - o
keV to 6.85 keV for the/l/B‘i;ch and 5/8 inch filter res-
pectively. Both paraneters are nnnotonically increasing

-}

vith filter thickness

-2 The bebavior of the first excited state cnn-;\tge easily
explained qualitatively. . Since it Jf = 2*, only\\ .
captnre states of J = 3. ctn ccntrihnto by E1 dec:cit;tion&

-_/!he first captuxe stata of this spin 13 a bouna state at
; =268 ev. This is tcllcued by a pocitive cnﬂrgr t“°°‘n°‘

at 5015 ev. ) L ’ /

,Zhe trlcticnnl cuntribution of the bound stats uhen

thers is no !iltt: 13 13¢Sl. This drops to. 5!

o P o N TSRS - 1

Satatige e .

Ak i £, D ey

PRV LT T IO W ST FRL T




to 3.4% for the°1/8 inch fiIter. Fér the 3}16 inch filter, .
the latter is higher’by 2 factor of 1 6, and for the 5/8 5,-‘., 'f
inch filter, a factor of 8. In fact the total contributions 7
of all positive J . = 3 resonances is 13° times larger then
that of the negetice energy resonance.

It is plain that th! cons;derable change in intensities '51
and centreid shifts can only be due to the \igh contri- . A
bution of the J = 3 positive\“ESonances. A contributzon

from high energy. resgnances is ~2lso ev1dent from the o B ' e

Centroid shifts and skewness of the line shapes cf other

VETRITIIVIL RPPUL I8

lines with thick. filters. L e .
‘. < hd =

' The energy level -at- 543 keV (line #7) is interesting

since there seems to be~a discrepancy as to. its spin.-

O e L

Mellema et al(i&ﬁ&) considered a spin of Tg = 2 but this -
- assignment’ was: later raled out(St 72} on the basis of the - - 4

resonance capture results at 132 ev(Pr 67) nhicp assigned.
a nonzero intensity for this transition. The, more recént

experiment of Wasson at’ aJ.ma 587 hovever show that thi:

line is undetectable. thiz is poaaiblc 4£ the traplition
from the 132 oV state (J -4)4xnotmmdo:uvuk | _
because of the Porter-Thomas tlnctnatiﬂn‘vhich £avori o .

_small width, Benoditi!notwrrconcluliv! that tm-' -

?\

1eve1cmon1yhm’.31n3ort. R A

mehmityofthislimissmtofmumm - .
in the fractional contribution of the J»= 3 roacnanccl '
The centroid ‘shift uunrcdforﬁnm:lnchtiltcril
2 32 k.V'Ihich 1adicltcl l 31§ni£1clut clptnrc trcl;hiqh-

Tl ST e o a o ) IO

AT T e
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energy remances. ror the 5/8 j.m:h f.tlter the ahift
is’ 5.10 keV. The ahifta are muex couparedto the ﬁ:st
excited state but greater tha.n the ground state. 'mese .

——

ohsexvations are canststent w:l.th nemon capture by 3 _
rescnances mking transitions -0 a 2 final statc. Bovav_er' |
thepossibilityofd' - intemdimmm i
be 'ruled out since similar obsemtionsmy rcsult it the
partialwidthofthehigbermma -4 monancunre
nmc.h bigger than that of the 132 ev rescnance.
'!hegnoundstatehua’f_ = st, theref.o:eonlyinter-
mdiate statasot spi.n‘ canpc?nlnte 1tbyndocay

The nearest rasonanm are tbc 132 eV, the 4322 eV, 10600 ¢

t:

_ ev and 16909 eV. '.l'hc 132 ev S.s t.hc st:onge:t manca.

At ﬁlter thic]:neu o£ 1/8 inch .its tnct:l.onal contribution
-is calcnlatodtohcm. !!:hd.c:euﬂtolnﬁtbasn

inch filter. muitmmrautbothcxmm.f
This implies mtthhmdtyudthmmftuhi.ch
mmiﬁnmmmmMMOftMWtw
_viubtninlya.uninldbrthhmmmtm .
mmmu.‘ ummmuwm

-
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bf considéring the 1/8 and 5/8 inch filter 1ine intensities.
.?or the 5/8 inch‘filtef the fraé;ional.contribution of
the 132 evw;esdnance, the high energy J = 4  rescnances,
and the J =3~ iesonances are 41%, 20% and 39% respectively.
The total intensiﬁy of ‘the ;ines consiered is 64.2%. '
Therefore the contribution of the Bigher J =4 reSonancé;
to the total is i':.s%." The intensity contribution of the.
132 eV resonance (based on the 1/8 inch filt;r_d;ta) to
the groﬁnd saate.is‘Z.S%. Thus its contri£ution for the
- 5/8 mch ‘filter is 1.2%. The remaining 1.7% intensity
of the ground state for the’ 5/8 inch filter must be, from
the high resgéanqes. Hence'(Iij/;:otal)high 138, which
is the weigﬁtég contribution of these rgsonanées.
hThis rough eétimaté'gives.a value which seems to be
“in discrepancy with the chopper data vhich asaigned a
very small amplitude- for the 4322 eV rescnance ™ 68)
Wasson et al dnduced Tijktl keV) = -"b92 e@h while
Auchampaugh calculated Ty (4 ke¥) = +.037 eV, Because
of this disagreement it vas decided to analyze the ground
state data using the nathod of nm-u.noar lmt squares
£it to £ind the bastsaluu of- the resonance partial. widths
and possibln direct czptn:e a:plitnd. FE \
mevaaknusinthd:mnlththathishm
rescfiances were ignored in their interpretation of the
intensities. wmmo&mmw

-

r
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_ofinfomtionforl

WORTERF5 5
- Lol e, A .
a7 ..

N 128

=~

Rl

ghen the partial cross-section at low Veneréy""(e‘v regian)

can be written as ;.";' . _
o Z nrﬂ o ]
j i BB } : 1

. r.j)“ Z(r“ rm)”]
B-E -ir.!_ . -E, 4.

Y . . .
p . N
where El} 132 eV, and E >>B, . x 4 2 since B is much

bigger £han ej.thernor I‘ '.'.'he second temisaconstant i

and could easily sinmlate “the direct eouponent. These

authors did not consider resonances above 4322 eV.. 'fhn

"partial widths for the first two J = 4~ resonances obtained

by them not only disagr.od in magnitude but also in sign.

The present cxperimnt: oﬂm an j.ndapendcnt a.etcr-
ly the gromd

stat.e seens to show this effect, cu:oznl att-ntion was

focused on it. mwunomminmtigatnthl

_otherlinulinmthhmﬂthmtdisumibhy

prud.ous Wts. ,,\‘f
The mmmmmmugnuimtm
given ﬁlmw t!n un-

intensity ﬁmmmuawwmn 5
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radiative widths and direct capture amplitude. These are

calculated from the two equations:

ay

1 | :

r g—c @ - |

RSN e D

) 3

| . . 2

L e e

j c j(E)dE | Scno'(n)dz L

3

where'c (E) is the capture from all contributang resonances

resultlng in decay to the jth state (i.e. ground state).

C (E) is the total number of’cantures from all resonances o

as deflned prev;ously and Coo refers to the O—Eilter data, |

The parameters of interest are contained in nj

through the partial cross-section oTj(E). ‘More exnlicitly

T T .

- - I'y: (E)
nj(g) - cn(m LD R

T (B)

| ' r° l‘r ]
- 11 s
. _ :i(m ¥ 19‘ Nh Z -z—ir,’
wvhere t.he subscript 1 ro!eu to evaluation of that paramster

N ;|

fmba A dr # by

. at 1 eV.
least squares -nthod A cﬂlpﬂt‘='°°d‘ based on & direct
- Wm"’unudmmummm

bythanan-unnr

chi-aqnarc. SN s
' nthinithi aknhumthnnmm
deduced by the :untinum&tr variation onlr- _

It vad also ansused on ‘the buhd-'th- chopper asta

. -~
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that resonances above 4322 eV could be ignored. Thgt
assuming a negativé sign for the 4322 eV, the best fit

parameters were as follows: = 1,52 x 10‘fﬁevk,

Ay
y i§(132) = .077 eVF, =Pig(4322 eV) = ~0.249 evZ. When

a positive amplitude was tried for the 4322 eV a negli-

‘gible direct capture amplitude ( 10° evk) was found while

.and-'5/8 1nch filter data. These results show that the

the 4322 eV amplitude increased to +0.31 evk. The 132

eV amplitude was .079 evk. This ‘preliminary result gave .
partial widths which are of the right order of magnitude
compared to the initial estimates based on the 1/8 inch

H

4322 eV rescnance is not so small as suggested by the
time—of-flight data and also indicate that the direct
amplltude could be explained with resonance interference.

- Pollowing these prelininary results it was decided
to consider resonances up to 21° keV and to dednce the

' resonance uidths using both intensity and centroid shift

information. The additional conatraint due to the ucasured
line ahifts should yield more accurate results.

the best fit parameters are shown in Table 7.6 to-
getmxwitnmpumtmmbyuumna“‘ €8) ’

and Auchanpaughm 68),  2wo sets of pu:mms were found

which could reproduce the expsrimantal dats. In case
- (a) mxs.smmm-pumumn. In

case (b} the 10.7”7@11&6- is a-gatiu. Indthtr
mmmwmumumaﬁuw |




s ° .

131

spesh slejeusxwd oﬂ.!uo.o,.u ‘

’ oy} uy u.uouko spnIouy jou op’ -..3:«3&.8: co»osd 1 A .usou uy oou-no |
~STp W9 auoouuo mﬁ...ouﬁuo. T} Ta puu Ax3ewoes epniouy suoTIeYROTEO 50- - SRR r
A.uunv oyl ' ponpoadex uvd YOTYUM ﬁc&uuccﬁa-oo o.na«-uo.u oy exv {(q) oad ?- 30.._,_ o

-

L]
&

 zove ¥ T00%-  0z0° ¥ TET'+ 107 7 ceres 100" ¥ 60T+ O
8TO0°* ¥ 82T + .0 . 2T0° ¥ ETE°+ V00" ¥ 60Y°'+ - O
S v 0 €HO°F LEo+ So.«uﬁ.v §'T ¥ 6°6° .
0 0 S 112 260"+ @n 3 «.._ .3 a:u. w- 8!.!
——eet . .. ... O00L0T . -ZEZE¥ ... . TEL ... ... w._..._.:.‘.

...... (A®) ®9TBIOUZT SOURUOEY




> 132

A
0y

RN L

BN ¢

-

to fit the data with a direct capture compo?ent resulted

in a negligible amplitude.

The sensitivity of these calculations to geometry

-

considerations has been cpnsidefed. Three possible cases

\

A TPy NI R W2 AT A A & M A B o S S L o
. .
. . . .

}H

were studied. In each\ case the signs of the 10700 eV

and 16920, eV resonance ampiitudes. were alt'errrated. These
cases are (1? the flux was assumed tp be normally incident
oh the filter and sample, (2) . the actual geometry of

cach sample and filter was considered; (3) . the affects

of multiple scattering was included. The resglts are
tabuleted in Table 7.7. : _ ' - 4

Although the best fit parameters are not too‘different . {:
" the best chi-square was.obta.ined from assumption (1). ~~

The reduced cki-squard for this case is 1.1 and is meinly

- due to the centroid shifts. For tha other cases the reduced

chi-square is 1.3. These slightly higher values may. be

due to ‘some systematic erxors which could not be accounted-

for. For exampile, the measured shift for line #15 is in

£act‘sli§£t1y negative indicating possible underestimatica
- / .

——

of the quoted vnluos.

So for different cases (a) and (b) have ‘
.onthabuiaofth--umdintmitiundshim ' |
It is pousibl. to diftc:-ntittn batween the two by analytinq ’ il

‘been considered
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+o caiét’a*e +he auto correlation functica c(7) i//;(t)y[t+21dt ’

‘or eécb f:lte. rhickness. This function is symgetric and - -

the measurement of its width is muchsirpler The width _

calculated on this basis and the calculated width uéing the

best £it nakaneters deduced ‘o. the two cases are shcun

in mahle 7.8. Case (a) predicts widths wh;ch are much

larger than the measuz red values That the case b)) para~ .
ters predict widths which a&-e in fair agreement with the N

measured values lends further suppo:t to their validity.

Tsing these *esonance amplitudes the calculated shifts N

and intensities are showa in rig. 7.4 together with the
measured data for comparison. _
mese results, although independent of the chopper
data should be able to simulate the ratio R = GATfian
derived from the +ime-of-flight data. Whed tRe above
parameters were used to calculate R, a good agreemené was

' found. This is shown in Fig. 4.5. Purthermore at the | o
low energy- where the sum of thz high energy resonances

_'io expected to be cnnstant 5*
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vVariation of the Cobalt Ground State Line Widths with o

.

g ' " Pilter thickness | e

.
o
.

e e et i e na et -

Pilter . . ......Incxease in Width Relative to O-Filter

Thickness neasured case (a) T Case  (b)
{keV) ~ '(keV) o ¢ (keV} - @

s . 1.8 2,08 .- 1.60

6 11z s @306 2.32 .

1/4 2.83 3R 2.82.

3/8 2.83 - - 0 4.40 T3.30 -

1/2 e s.o0 © . %68
Y e eles | - s - [ 738

R T T T L B

......................




e o= o
B L
AR FOES S

. . ST ar

Fiv

-

=

’.A.
!
N .

P

(--.‘:‘I
3 - i

. - .. -‘ . . V
vVasson et 212 68) 1602 .22x20° o -
Auchampaugh (A% 687 3,24 2°.2¢ xwd T -

- - - - A ' , > :-4 .
Present Work - Multiple . . = . = 1.00 % 0.15x 10
 Scattering and Gecmetry ... - ‘ . o .
- Included -(a) T :

Y L2 -
.. : p o -
A . E ] . lp:*;. R Y ‘
. D AP :. .
w- . ° ; - - ‘-' - - ! .
. . : ] .
P

r—

. o T
? B P gt -
h (0f r Vet W DS AT M,



model do” not exist - and {2] -ﬁo.diréct capture cross-éection—'

——

o
S

or a bound state resonance with 3" = 4 is necessary to

explain the cobalt ground state data. The failure of the

other 1nvestlgators to fit thelr data at 1ow energy with

no direct component is due to neglect of the contribution «

6f the higher.:esonances.
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El Transit.{ons'r'fin Direct Capture
gnd (a,p) skrengths
~ ., o T
i. Fundamental Recouplmg 'rransformntion .
COnsxder a state {j'> formed by coupling \j'> and
lig>e  If 13> {s inert then a transition through s (x) g
to a new coupled state |3> formed by ooupling \3,> ana .
|3,> can be written as (?a 59)
. R ) . ‘ i - .
43,3118 ™ ||ji32y>-<-)_ifiz+i *“qllls“" 133> x -
(t23+2) (23 700 Lb SR S S
‘ o) |

vhere {} is tite Wigner 63 syﬂ:ol vhich Das the symeetsy .

Propetty j EL l {jl jl x >
| 31 31 3

& -"..’ S SRR A ".‘»_ } T

coupledtothtm |1>
_w_mumndh




The state Ilf:l'jf_a Jg> is ag:h.xgle. particle state |1, jf>
coupled to give jf +J, = Jge .ﬂfiting the expansion co-
efficient as 8l.jg, then for a transition Bl the reduced
matrix elemenfﬁ is |
<12 | |1=Bs 01380 Jg T gnn"mi 3, 3>
Lgodeg

(—)('5:*"’ +J, +n(23’+1)(2:f+1) X

:\
Z‘? .1,;,\ t% ’&1,;1;1 lx"n:i

3. Single Particle Rednced uatrix Blanents

rhestatesllsj>m£omdb¥3' I*'-?‘?’-’__ :
i.nert spin the 1,u-gast glegtric.mnt is - : L
a s:,llzllli-w-t-’f i 7 +m=1 X
L A% MY . o T
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5. Finai Expressioﬁ' t - ) d
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6. “Reduction for El Radiation with 1, = 0 N

J

| * : . . +1 _+8 7
<£)[E1]] 1> = y €I (341 2 () F £ agimje> x
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e
1, o© 1} Jg 34 1 ’ .
- - ji jf‘ - Jr ‘Jf J. Y

<. lie1ilo> = El 35'6 -3, = 1/2
lmlo> = limlles & 53

r
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Using the relationship

ji j2 j3 ji+j2+i3 : -l; \'
= (=) (2j2+1) (2j3+1)] then
6 3. 3.1 |

J3 32 v
N . ‘ — Jr+3j2 .
<£]|EL]|i> = 1%5(2Jf+1)(25r+1) (=) | lEL|[s> X
. ’ 3 .
' 2;. P N Ea ’
 ans (= -
s 15¢ £ ]
. I Te T _ .
<f|[Elll:.> = z/3mf+n (23 +1)<pllzll|s> X
(3/2 172 1 (% % 1
LT :.‘ al, 3/2 -{E cl; )‘ 3

where a4 = T lls J Iy I¢ is the overlap between an

1 =1, j =1 + s neutron .coupled to the target} and the fina.l“

4
r

state

7. Reduced Transition Probability

o tem! r x 3 ‘
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8. Partial Radiat:.ve Cross-Section
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Correction for Multiple Collision using Response i .

AT

© o, \

- I . : . .
Consider an.iﬁltial spectrun.abstno-x). The result

M

of scatterlng is then given by ' . -

q - ‘ . . .

R(E_,E) = Zr"n §(E_-E) -Z A §(E_-E) S ¢ ¥ :

n'O : . . N

where ¥ is the probability of scattering and B is the .

resulting energy following the nt';h scatbering. Thus

uhexe C= AE/B and AE is the enoxgy loss

E. = Bo (l—C)

. -
- i

after thé collision. N .
SN \

l

relationships
In A =in ab 4 dn? ﬂ”' o @

- . .

1n By = InE, +:mn(1rc)
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.” Dependence of Eri'or in Centroid o
calculation on msolntian ana Background spectrm ' )
" Let M(X) = total counts: in channel x | S _ " {
P(X) = actual peak height in channel X~ ‘ ;b

- B{X) = background conttihution :ln channel p 4
HX) = B(X) + B(X) - LT e

5> = xwxy-Bixffex S - - (1) .:

f[ij(x)-n(xnax " S
P S ~
2 o . oz O ‘z‘a T SR
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g = + = *'Q’ 1..‘ -
At FEATRE T A




h3

2
But Gn

2

c

physically the Gaussian peak 1

%

.2 2
- °P+-°B‘

2 f"z p o X /20‘2 ax + zszB(X)dx

s

rrxzfzdz

2
since o5 P(X) = P e

o o + ® because its

a fevw 6-

0

=
<X>- ,L!

However, the b‘d‘m‘“‘d
over the width of the peak °“1Y' agnce

2 . P o 5T o% + 2J[x; th)dx

2 c#?' ' 2\ a{

x’ B(X)ax -

——'——T“'——

’

mitscanbetakentrm

cantrihution should approach 0 after

contribntion should be

3
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conside: neutron captures in some init:l.a.l states T

{|i>} which result in radiative t::anSitions to a ﬁ.nal
state 13>. 'rhen according to the compound nncleus theory, |
the distribution of' the reduced i.ntenSities_{! ‘would -
follow & Porter-manas ﬂuctuntion, vhere Iij is the
intensity ofagamaray emi.ssion fronani.nitial state _ N
|i>tothefinal state |j>.; In the case of resonance 3 )
_ capture experiments vhere the ;I.nit:lal utates may be vell- - |
~defined by considering pl.rticular nantron ynergies a plot

of the {I:Lj vould show a chi-:quare dist.ﬂbution with SR
'oxﬁdegreeoffruden. rp:th-s tiltcre:porimntsdonc .
in this reuarch. tho sm& of thll t.rapllt:lon to any
given £inal ‘ntzitc*\_iopld' ho thn sum © ccongﬁ.butio'n’ f.rcl | | |
several initial states.. mu!o:o _ ﬁ'wbﬂt’;" of _? RS

intensities to diff.nnt ﬁ.nllmtu m.m be a m—.qum - o
distribution v:l.th m .ﬁ.ctiv. d.g:ooro! t:uaclgxuur




-y _ T . P __r- -

_ Cp (B2 —a T L
I..j = ,B : q!.‘ - ) : g S T o
j o, (&) — B oz e B &

B . ap(®) - - where g 4(E) is the S 5
contributing resonances. S
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capture cross-section from
Ignoring_{nterference terms ©
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For s-wave capture, the initial states have two spin

J.

states namely I % k where I is the target spin. For clarity

conszder the cobalt case. The target,spln is I¥ = /2.

Hence the possxble capture states fo:;s—wave neutrons are
I o 3 , 4 . For d;pole transit;Of?*the flnal states can."

have ‘spins of 2 K 3 R P P st, -Therefore in general, the

overall 1ntensmty is a cbmposite of four possible d;strz-

butxons corresponaing to tranSitzons to the four possible

final states. S . ' T A

Let Pi(x) represent. any cne. of the possihle di&tri-"
tions. Then because of the spin dependenca of the level
deDSity the overall intenaity distzibution Py (x) nust be

) a.veighted error of -all the pOSSibie distributions Hence

._ '_*_ - o Py (x) ’:4- vaftn ) ‘
' where - meg"‘l)/zo o
. . ‘. . w l’. ) ] o N ) _n. )
- Z:m -qu /2%

and 0 is the sﬁln cut—ot! part-nt.r It.has huan shmlulc1 ‘5,

that fo:wnncldswhumbdtmdw:. 0-3.5.-
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necanse of,the di.pola selection rn].e tﬁc mrage -

transitions to the different spin states \d.ll

-intensity Of

-vaxy':.et£3bethemra11mctiona1conmbndonot SRR 3

3" apturestamandf‘thntoft capturestates Then Co
nayusumethatthe average i.ntensityof transitions . >

andt.hat.tos ‘states £,. rnrthmsincebothcaptum .

mtescanpopnlatoﬁmlmmwithspmz andt, \_
thmthemrageinmsityoftrmitiomtomuam ) .

willbepropo:tionultofs
wmmmﬁu:

'toz stateswulbeapproxinatelypmporﬂml to£3 - O |

ououinq :alationsh.ipa |
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If we now make the assxmpt.l.on “that each ind:.ndual distri-

butn,on P (X) 1s a chi-square da.stribut:.on wis v deqrees

2

of freedom then 02/< x> = 2/v. Pnrthermore s:.nce

<x2> -<x>2 we deduce that Qt2> - (va +1) <x£> | ¢

The expression ford -_2[- can therefore be rew:ritten as | Mk

c% = Z wkafvf+1) Q:f>2 - <x,‘l,>2
b o .

o= [wz(Z/vz-l-l) fggz + w; (é/v3+1),gz f"w‘(z/up\ngz
+w5(2/v +1)f4g - ]qr>
inall o '
Finally __<x_;;2 = {2(2/\3 -l-l)fzg + wg (2[\) +1)g

o+ v‘(ZIV + 1)9 + v (2/v + l)f‘gz - :I -

—In analogy with the c.h:l.-square distribution we may define

an erfective degree of !reedc- expressed in terms of the

Birex.‘all wvariance and mngéintensity. Then

eff = zE,Z(z/vzﬂ.)fzqz +* v3(2ﬁ3 + 1)9

2 -1
4w 2y P 1s g2/ + m’q -1]

bmmm:mludthmwﬂ
aummzomhm“}uued. :hui:apruudu
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Au 68
Ba 53

Be" 35

Be 62
Bl 52

Bl 65

"Bn 66

Bo 36

_Bo 59

Ca 62

ch 61

Co 62
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Co 64

Co 68

Co 64a

Co 68a

Da 61
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