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ABSTRACT

Iithium drifted germanium detectors have extensively

113

been used for speciroscopic studies of . Sn as well as some

o

rock samples that contain tracesg of natural radioactive elements
Th, U, and X,

The gréﬁn& state to grbund state transition‘enérgy
1;3Sn

113,

of In, due to electron capture decay of , was deder—’

mined by measuring the inner bremsstrahlung end-point energy.

This was carried oubt by inner bremsstrahlung X-ray coincidence

experiment, using two Ge(Li) detectors. The relative intensity

of the 255 keV gamma ray relative to the 393 keV gamma ray,.

\ -2 . .
was found %o be (2,9+40.3)x107", The inner bremsstrahlung end-

- point energy waé determined to'be 604 keV, giviﬁg a ground

state to‘ground state transition energy of 10264150 keV.

Solid state detectors were used for the first time
to investigate the concentration of "trace elements” (Thorium,
Uranium, and Potassium) in surface crystalline Canadian rocks.,

This spectroscopic method provides a non-destructive means of

idetermining. the concentrations, and gives much better

accuracy than similar work done using NaI crystals. The

' concentration of the trace elements was inferred by comparision

with standard sources prepared in the Earth Science Department

of this Uaiversity, by mixing known amounts of Th, U, and X,

- The mean concentrations of these trace elements are presented,




CHAPTER I
Ge(Li) DETECTORS

I.1l INTRODUCTION

Spectroscopic- 1nvest1gatlon§ of the nucleus began
as early ag 1911 and up to today the phys1c1st° devoted them—
selves to the laborious task‘of gathering data, and the field
of nuclear spectroscopy grew.iaﬁidlj. Duriﬁg the "forties" a
_tremendous effort'waslput into the &éveiopmént of better |

instruments and techniques in order that data of highér guality

might be obtained.

Lithivm drifted o

- used éxtensively in‘the experiments describéd ir this work,

When using germanwum deiecfors for gamma~ray spectroscopy,
one is voncerned prlmarlly Wlth three parameters- energy .

resolution, time resolution, and counting rate per channel,

These are not éompleteiy ihdependent parameters; and it is

not poséible to optimize all three, Generally, the5energy 
resolution is worse With'higher counting rates., On the other

hand, time: resolution is limited by the spread in time required

. for sufficient charge collection, The total charge released

will depend on the totsl energy expended in ionization., Hence

if will depend on both the gamma-ray energy and the modean




gamma-ray interaction, (See page 8).
The following sections are deﬁoted to a brief

discussion of Ge(lLi) detectors.,

I.2 Ge(Li) SPECTROMETERS
The lithium drift process was first introduced .
by Pell(l) in order to produce large sensitive volume silicon

,detectors and was first applied to germanium by Freck and

”Wakefleld(a)

A lithium drifted germanium detector is a solid
state ionization devige,.technically termed a p-i-n strﬁcture.
(See Fig.I—l); The process consists of evaporating a layer of

 11th1um onto a p-doped germanlum crystal and then d1ffus1ng : |
it into.the crystal to produce an nt 1ayer from 100 to 200 B
deep. An electric fleld_ls then applied across the p-n

. ‘ junction such that it is reverse biased. The Li* ions, which
are donors and. mlgrate easily 1n germanlum, are drlfted under

the 1nf1uence of thls field so that they almost perfectly

compensate the acceptors in the p-type material., Thus "intrinsic"

layers are pro&uced by compensation and depths of up to 16 mm
have been obtained.

"At room temperature the leakage current due %o thermal

agitation of carriers across the band gap (0.67 eV in germanium)

prohibits the use of these dfifted crystals as spectrometers.

Also, at room temperature, the mobility of Li* ions is extremely




Figure I-l1

Tithium Drifted p-i-n Junction Structure
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high and unless crystals are cooled, a loss of composition is
observed, For these reasons, and the fact that liquid nitrogen

is readily obtainable, the detectors are operated at liquid

nitrogen temperatures (77°K).Where leakage currents of 10-10

andvlo'll amperes are not uncommon,

Absorption or scattering of gamma-rays within the
intrinsic region producés high speed electrons which lose

-their energy by creating free charge carriers (electron—holé

pairs). These carriers are collected by applying a voltage
gradient of the order of 50-100 volt/mm across the intringiq
region and integrating and applying the resul?ant current. : %»
The obser&ed charge'spectrhm congists of a continuum and one _ ~§
S or moré_narrow peaks from which one can infer the energy spectrum
of the incident éamma—ray flux, The area under the peak is a |

function of the detector size, the shape, and the position of

|
I
i
i
i

the source with respect to the detector, and the incident photon
energy. The mode of the interaction between a gamma ray and

the atom within the detector are three:

1) PROTOELECTRIC INTERACTION: The gamma ray interacts with a
Kfelectron ejecting it from the K shell with energy EX'— EK ’
where E . is the binding energy of the K-electron, This electron

subsequently loses energy by the production of free charge

carriers, The X-rays produced by the rearrangement of the

orbital electrons filling the X shéll vacancy are also absorbed




by the detector, giving a total puise’corresponding to the
full energy ET" The cross-section for the photoelectric
process is proportional to 25 and increases rapidly with
decreasing photon energy. |

2) COMPTON INTERACTION; In this process, the phdton is
scattered.by an.electron with a partial eneréy loss dependenf
on the angle of scéttering. Thé electron kinetic'energy
1ies bétween zeroiahd an upper energy limit which depends

on the photon energ&.' Thé scattering gives fise to a continuous
:électron-energy distributi@n between these limits, Cross~
section for this process is proportional o the 7 of the
scattering.materiai. .

3) PAIR PRODUCTION:.In the viciﬁity of a nucleus, a gamma-raj
energy greatef thah 1022 iev may pfo&uce an electron—éositron
pair. The electron léses energy by creation 6f more electron
hole pairs. The posit:on also prodﬁces electron hole pairs
until it comes to rest, after ﬁhich it énnihilates with an-
§therlelectron producing two 511'kev'gammé-rays; If both
.quanta escape & "double escape" peak is obéerved with enexrgy
(%r,1022) keV while if one escapes a '"single escape' peak
with energy (%r-511) keV is observed,  Figure I-2 shows the

cross-sections of the three processes as a function of energy.

I.3 TYPES OF Ge(Li) DETECTORS

Ge(Li) detectors are of two basic configurations:




Figure I-2
Photoelectric Effect, Compton Scattering
and

Pair Production Cross-Sectionsg in Ge
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- PLANAR for finest energy and timing resolution, and true
COAXIAL for increased efficiency with excellent timing
properties, The detectors are supplied in any of two cryo-

stat configurations: DIP-STICK type and GRAVITY FEED type;.

( See Pig. I-3 ). For the dip~stick type cryostat, cooling is
achieved by having a cold finger immersed in liquid nitrogen

stored in a large-~volume dewar, The vacuum chamber surroun-

ding this cold finger is either straight or with a'9QO bend.

In the chicken-feeder type‘cryostat, the. detector is mounted
oh the end of a hollow cold finger which is kept filled by
gravity with 1iquid nitrogeﬁ frqm a reservoir above the
vacuum chamber,

‘As a ‘resilt of the general limitation +o the
depletion dépth,'planar detectdrs'are'generally available ﬁp
to avmaximum value 6f about 15100. Cylindricél detectors can
be 'made to abéutaSO éo,~and the closed-ended coaxial detéotors

raré available in volumés up £o 40 to SO_bc. 4

The basic limifation of the energy resolution

of a Ge(Li) detector is the statistical fluctuation in the
'_ number of ion pairs created for a given enefgy B, This limit
involves the Fano factor, Consider a gamma-ray whose energy

B is comﬁletely absorbed‘within the'intrinsia region of a

Ge(Li) detector,




Figure I-3

Detector Cryostat
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Part of this energy goes into
heating the lattice crystai-structure. The Fance factor is
‘defined as the ratio of the variance to the.yield, as aefined
_below, |

The yield is thé number of electron-hole pairs
produced for a given amount of energy deposition E, while
the variance (CT } is the mean square variation in the -
yleld. If the average number of electron volts that re-
sults in the production of any 1on falr 1n germanlum is

given by € , then the yleld is

Y = E/E
and the Fano_factor is
7 - 91/- (1,1)
e

To obtain a value for the resolution in keV,(Eq.I.q.is
solved for the root mean square varianceé CT,:and the Fe-
sult convefted to eleotron volts when O is multiplied by

- € ., This glves :
' W/ e
€ O‘ =€ 1/€EF

=‘The full width at half maximum is oﬁtalned by multlpljlng
the result by 2,35, (See Appendlx T), hence if € ;s
:.‘2.9x10-3JkeV/ion pair, then [XE,_thevF.W.H.M. expressed in |
kev_for'rédiation ofvenergy E‘(kev), becomes |

= 2. 35 VO 0029T = O, 1286|/EF for germanlum

at-77 K.
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Table I-1 shows the various energy re-
solutions of the solid state detectors available in this
1aboratory; |

The following_is a very brief review of
some of the characteristics of planar and coéxial type
Ge(Li) detectors. |

PLANAR'DETECTORS: Planar detectors afe right circélar cylin-
ders with the‘lithiuh diffused along the long axis in a plane
parallel to the'éircular faces, which serves as the entrance
window, ;The lithium drified (sensifivg)‘region'is adjacent to
this face and extends over the full area of the detector.
These‘detectors‘6riginally>have dep1etion4depthé'of tyéically
2‘or 3'mm,irésu1ting in low photopeak efficiehcy and large Comp-
ton distributi§n, Sinée the Compton distribution serves noAuse_
ful pufpoée in éamma—ray.SQéétroscopic‘measurements, it is desir-
,éble to reduoe-it as mgch as possiﬁlé relative to the photopeak
height, 'This can be done by increasing the size of deplet‘ion
region and hence the active-volume,

vThe_ lanar defectors'have an n* layer whose
thickness éan be éhything from about 100 2 upwards. Thisg dead

layer presents serious attenuaticon problems when dealing




Table

Ge(Li)

I-1

Detectors
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with low-energy gamma rays. In order to remove this dead
layer, the lithium can be drifted right through the p-type
material and a surface barrier or diffused §+ layer can be
formed at the back surface,

Thege detector configurétions provides superior re-
solution and the fast, uniform pulse‘riée time necessary
for fast tlmlng experiments,

COAXIAL DETECTORS: True coaxial detectors are right circular
cylinders with the lithium doping over the entire cyllndrlcal
‘sﬁrfaée; contacts are provided at both ends, The drifted
region exfends from the dylindrical surface toward the center
of the deﬁice. Both this sensitive region énd the undrifted
- "p" type core of the devicé are symmetric with the surfaée a-
long the entire iength of the detector, This truly céaxiél
geqmetry_retains the uniform fields and fést; unifofm pulse
risg_fimes_of thé planar devices while providing a largef

-

sensitive voluﬁe and therefore greater efficiency.

I.4 GAMMA-RA? PEAK SHAPE

The shape of the photoelectric peak in a Ge(ILi)
detector is roﬁghly Gaussian with a low energy exponential
taii(B) due to incomplete charge éollection within the dei
tector, Charge collection efficiency can be improved ﬁy

increasing the detector bias., Another factor which affects

16

the peak shape is the counting rate, In general, high counting
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‘rate gives rise to poorer resolution, For more accuraté
work, it is desirable to make least square fits to the peak
shapes by nmunerical means, A wide‘variety of methcds and
functions for peak shapes are available(4)’(5)’(6)’(7).
In the present work, the accurate determination of inten-
sity is not orucial, and an alternate (andAsimpler) method
is_described in the following paragraphs. It must be men- |
tioned that the method described below is réproducible to
within 3 4. Afterall, it is not the method that is of im-
'pcrtacce; it is thc using of a consistcni cethod that is of
imporfanceAin the preéent work, | |

- In order to calculate the intenzity of a gamma-ray,
we must,dctermine the arecbunder the photopeak, In a typical
gamma-ray séectrcm a variety of intensities éppearf ranging
from very weak (a few hundred counts above background) to ex-

104

tremely strong (= .counts above background) For a peak
31tt1ng on a large Compton distribution, the accepted back-~
ground level }s a smooth line joining the Compton distribution
on the low energy side of the photopeak ﬁith that on the high
energy side, Tor the other peaks we select 10 points in front
of, and 10 points behind the photopeak., The product of theif
average and the number of channels under the photopeak is sub-

. tracted as the background for the peak. For peaks that are

closer together less: points are chosen accordingly., Through-




18 -

- out the course of this work,'weihad not encountered doublets ,
or complex peak . structures.
I.5 EFFICIENCY CALIBRATICN AND ENBRGY MEASUREMENTS

‘Before quantitative data on the relative intensities

of gamma rays can be obtained from a'gamma-may.spectrum, the
" detection efficiency of the detector must be known(8).
' ~ General noise contributions from the detectbr,

which arises from a number of sources such as surface 1eakage

currents and generatlon-recomblnatlon noise result 1n 1ncreased

electronic noise in the system, and this increase is essentially
independenﬁ of the énérgy of fhe‘éamma or X—rays to be detected;
The éff;ciency may be detérmined in a very simplei
oratery. Standard peint cources of kmown streﬁgﬁhh,
are'putvin front of the détector’af fixed éeometry;vvln-this
labofatory, the distances employed are usually 1,2,6,12Jand 25 cm, -
The numbef of counts of a photopéak of .a giﬁen energy & is COM~ :
pared to thé‘acfuél‘number of photonq °mitted for the saﬁe photo~

. peak, and their ratlo is defined to be the efflclenCJ € (B) at

the energy E of the peak, at the partlcular geometry. The eff,-
ficiencies at different_energies at the same geometry are then
plotted ag a function of energy. A typical efficiency curve

s0 obtalned is shown 1n Flgure I-4.

Tt was found that the efflclancy carves of Ce(Li) detectors




Figure I-4

Absolute Efficiency Curve
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have approximately the{scme shape, The gources used for
calibratioﬁ is a set of I.,A.E.A, standard scurces,whose
activities are known; Table I-2 listed the relevant data
for this set of sources,

Once this efficiency curve is constructed, ef-
ficiéncies at other energies can eésily be interpolated.
From such a curve, it is an easy matter £0‘obtain the ab-
solute intensities of thc gamma-rays of the isofoée of in-
terest,nby puttiné it iﬁyfroht of the caliErated detector
'aﬁ the same (or alﬁost the same) geometry, Suppose fcf a
?articular photopeak at energy E keV, we obt@incd N counts
under the peak. Then the absclnie 1nten31ty T(E) would be
| "I(B)—V/E(E) | - o
'.thereeg(E) is the efflclency at B keV as obtalned from the
efficiency Curvc.‘ All the detectors used throughout thls
f_wcrk'héd been ébsolutely calibrated in terms of efficiency
.‘thls way._,‘ | | |
” - - " Perhaps it is approplatc here to menflon a few f
,:ﬁords about energy callbratlon.‘ The energy'conver51oh -

- factor (thcf is; fhebnumber of keV per channel) depeﬁds-.."'
_cn a numbervof factors,-such as amplifier gain,.coﬁnting
- ‘rate, number of cnannels used, etc., so that ﬁt is 1mp03~ '

‘folble to cbtaln a callhraﬁlon curve for the oetector e?-.

,flclency. As a matter of fact,. thc ‘conversion factor changeq‘

from Tun to run, and sometlmes, 1t is nehesvary to make an




Table I-2

I.A.B., A, Standard Sources
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Half-Life

|Photon Energy

Nuclide|Activity, %'Error‘ %per dis- Total
(keV) } integration Brror
241 - |
- Am 10,35 +0.6 432.9+0.8 y. |59.543+0.015 | 35.9+0.6 1.67 %
Co  |11.13 0.9 |271.6+0.5 d.{121,97+0.03 |85.0+1.7 2 4
136.3340.03 |11.4+1.3 11,4 % l
203 |
Hg |21.02 1.0 |46.57+0.03 d472.873+0.001 | 9.7+0.5 5.15 %
82.5+0.2 2,840,2 7.14 %
. 1279.19140.008] 81.55+0.15 [0.187 % |
22 | . _
¥a  |9.98 0.9 |2.602+0.0057.4511.006+0.002| 179.740.8  |0.445 %
1274.55+0.04 | 99.9540.02 |0.02 %

cs |11.04 1.3 |30.6+0.4 y. [32.1+0.1 57+0.2 3.5 %

R 661.635+0.07 |85.140.4 ~ [0.47 % |
Ot fat.o9 0.7 |312.6+0.3 . [834.81:0.03 |100.00 0%
.69co- j11.13 0.6  |5.26440.005y41173.23+0.04 | 99.74+0.05 [0.05 %

© 1332.49+0.05 |99.85+0.03 [0.03 %
88 S R
Y  |10.75 0.9 |107,4+0.8 4. [898,04+0.04 -}91.440.7  |0.77 %
 |1836.1340.04 | 99.440.1  [o0.200 % |
: 2734.1iip.08v d.06éip.o4 6.45 % |
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energy»calibration.for each run,

It is known that when a photon enters a detector,
it loses energy by creafing electron-hole pairs at the rate
of 2.9 eV pef electron-holelpéir for germaﬁiﬁm. .This rate
of charge carrier'pair formation is found to be nearly in-
dependent of the incident pﬁotbn energy over a wide range
of energies. Hence, one can assume the detectoi respoﬁse
to:be:apprbximately linear, under optimuﬁ conditions, 4The
practical way to carry out energy calibration is t0 introduce
standard sources of gamma-rays whose energies accgrately-‘
known, and count wifh the sourée of intereét. frovided_that
the gamma-rays do not overlap with those‘f:om the standard
sources, their energies can be inferred by linear infer—
éolation. - For aéCurate work, oné has to také into aécount,
the non-}inearity of the analyser and sometimes a polyno-
mﬁal’ fit is deéirable. But for the piesent work, only
the lineai relatiéh was used as éccurate energy determination
éf the gamma-rays were not.reéuired.' The method uéed to
locate the centers of the peaks is a well aocépted one: after
subtfacting background, the mid-point at F.W.H.M, was taken

as the centgr of the peak.
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Inner Bremsstrahlung Studies of Sn




CHAPTER II
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INNER BREMSSTRAHLUNG STUDIES OF Sn

IT.1 INTRODUCTION

113 113Sn

The study of In following the decay of
has always been an interesting one, considering the wide
range of values reported for the transition energies by
different authors using different methods. Some.éf these

values differ from others by as much of a factor of three,

It is in the light of hoping to resolve this discrepancy

24

that this work was originally. initiated by late Dr.X.I.Roulston

in 1964. His first attempt using Nal and 20cc germanium de-—

tectorvproved_ﬁnsucéesfui(l). The source he used had a large

percentagé'gf 1253b as a contaminant., The aﬂtimohy X X-rays
and iin X—rayé are very close together, and the resolution
of the Nal crystal was npt good enough to resolve them, Thé.
impurities cqmpletély masked fhe inﬁer bremsstrahlung

- spectrum, rgndering the experiment incénclusive, This work
wés abandoned and resumed again in 1969, whén'high'résolution
;X-ra& détector and Ge(ILi) detectérs of high efficiency be;

came available,

Figure II-1 shows a presently acéepted decay scheme

113 113 113

of Sn. Sn decays to In by electron capture with a

half-life of 115 days. The electron capture branching ratio

(2)




Figure TI-=1

Decay Scheme of

113

Sn
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$o the first and second excited states are 98.2 and 1.9 to
100 respectively, The object of this work is to determine
the transition energy by measuring the inﬁer bremsstrablung
end-point energy, Once the end-point energy is khown, the
ground state to ground state transition energy can:be ob-
tained by adding to it 393 keV and the K-ghell bihding
energy (28 keV). | | |

A ﬁrief discussion of the‘theory iﬁvolved ié pre—.

sented in the next section,

V'II.2 THEORY O? INTERNAL BREMSSTRAHLUNG DUE TO
ELECTRON CAPTUEE.PROCESS:

Tn anrelectfon capfure proééés, the‘parenf‘nucleus
'ZM daptures oné-bf i%s oanorbifal electrOn,Avery oféén ffdm
the Kmshell, @nd emits a néutrino. The_final daughter;nucleus_
has éharge Z=1, apd masgs z_iM,-after thg emiséion of ény gamma o
jfay:acoompanying the tranéitiqn. The p?ocess QanAbe repré-
gented by the eﬁergy equations. | |

J

Z’M- + m, = z-lf + 1V + TV + TM,"',T»)/"' EK »

-whére.
bﬁg is the electron réét mgég, '
;TD” TM'gre'the kinet;c‘eﬁérgies of ﬁhe-heutrino'v
and the daughter ﬁucleus,'

T, ié the energy of the gamma—ray(s)‘émittedg

Ek is the electron K-shell binding energy.-

;
i
|
i
I
I
v
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In general, Lpd$>mM, and nence‘r can be :gnored Alth?ugh TY‘

II.

'1s e3511y observable in expﬁrlmenu, Tbloan not be directly
'-measured.' For this reason,  the transitibn energy has to be
jdetermlned 1nilrect1v by other methods. |
"The best chance of electron capiture by the nucleus
éfises from uhe atomlc electronsnspendlng 1ong tlmes in theA
.‘peighbourhépd of the nﬁéleus, usﬁaliy eiaqtrons'from K4shell.
" ‘The capfure prbcess usualiy leavés'the daughter nucleus in
:the excited state, and mono;energetic gammamrays are émitted(S).
Also, the capture of an orbital electron produces a vacancy,
" and an electron from the other shells may fall to>fill up
:this VaCancy,-thereby prodﬁcing X-rays., Auger electrons may
: a1s§ be nroauced. A further'inhomogeneéus'nonuméﬁoenergetic
vgamma radiatiorn is also produced This is the inner bremsé—»v
trahlung caused by the changing of dlpole moment of the atom
when the electronic charge is suddenly changed in the capture
process. " Por this reason, it is very 1ogical tO‘study inner
~'bremsstrah1ung in coincidence with the K X-rays,
-Detail calculation on inner bfemsstrahlung speotrum
‘had been done by Chéng and Falkoft'4), and Malasky(®). 1n
ground state to ground state electfon capture‘process, the
upper energy_limit W (endnpoint energy) is given.by the sum
ofithe transition energy AE and the energy of the cabtured

electron,
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Mathematically,

= zM - z-iM - EK

= Q - EK
This implies that
| Q=W +E o (II-1)..
Here, | |
Z§E is the transition energy in nuclear mass units,
and is eqﬁal to the difference of masses between .
the isobaric muclei, |
Q is»the ground state to ground staté transition
energy of the electron capture process, and is |
usually called the Q value of the reaction, .
In the present case, 98% of the electron capture decéy goes
to the first excited state at 393 keV, which céscades to the
ground state 5y gamma emission,
Hence, equation(II-1l) becomes
Q=W + B+ 393 (keV).
- Hence, by measuring Wo, the inner bremsstrahlung end-point
energy (or simply énd-point energy), we can determine the
‘ ground gtate to ground state transition energy Q for the

electron capture process from 113Sn t0 113In. In our case,

(}
EK has a value of 28 kevV, ’

In accordance with the calculatiéns done by Schiff(6)
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and Jauch(7), the energy distribution of the bremsstrahlung
spectrum from electron capture process for allowed transitions

is given by:

N(k)dk = _q?_L_&. o(k) —5 (W~ k)%ax (II-2).
1Tmo c Yo _
where
N(k) is the number of inner bremsstrahlung photons
with energy in the interval between k and ksdk,
Wo is tﬁe upéer limit of'photon_enérgy (end-point
energy) |
c(k) is a slow varying function invk, except at very
low energies, and | |
.k | -is the energy of the phbton.
In 113Sn study, the region of interest isvgreéter fhan 500 keV,

and for the present purpose, c(k) may be considered to be
constant C. Hence, equation (II-2) may be rewritten as:

N(k)ak = K. 5 (0 - x)2ax | (11-3).
. W '

o
where

K? Clc(kb

'7Tm§q4
"In this experiment, N(k) and k are known quantities, as they
are directly obtainable from experimental measureﬁents.
From equation(II-3) a plot of [N(k)/k:]1/2 versus k, gives
a straight line with negative slope equal to -K/Wo, the inter-

cept being K. = Hence,the negative ratio of the intercept




{
|
1
|
!
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and the slope should give us Wo (inner bremsstrahlung end-
point energy) directly. A detail discussion on the analysis

of the experimental data will be given in a later section,

Such a plot resembles Kurie plot in beta work, and shall be

referred to subsequently as 'Kurie type plott, to distinguish

"it from the genuine Kurie plot.

IT,3 EXPERIMENTAL APPARATUS AND PROCEDURE

113

The decay of Sn had been systematically studied,

using Ge(li) detectors. For low energy work, an Ortec:X-ray

-spectrometer, opérating at ~1000 volts was used, This de-

tector has 'chicken feed' type cryostat, and a 0.25 mm Be
window. For higher energy work, (100 to 700 keV), an Ortec

35cc Ge(Li) detector was used instead. This crystal has a

» resolution of 2,7 keV at 1.33 MeV, and operates at a bias

‘of +1800 volts, with a dip-stick type cryostat (See Fig, I-3).

The characteristics of these detectors had been discussed in

the previous chapter, and will not be repeated here,

Throﬁghout the experiment, a Nuclear Data 2200 analyser
with a 4096 channel memory was used., This instrument can be
used either as a single 4096 channel analyser, or as 2 or 3 in;

dependent analysers of smaller conversion gain, For the

- singles gamma studies, one ADC with 2048 channels memory was

found to be quite adequate. TFor coincidence work, a separate




time spectrum was desired. Two ADC's with 1024 éhannels
each were used instead.
The source in the form éf a chloride in 4N EC1
was obtained from the New England Nuclear Corporation,
The sample was'99% radiochemically pure, having a volume
of 6.2 ml, and a concentration of 4,95 mc/ml. If was‘pre-
pared via the reaction:
112Sn (n,)/)

* The sample was greatly enriched, and the strength was ébout

113Sn

1 mC,

Tt was found that the source contained 127Sb as a
contaminant, Natural 112Sn containsg small traces of other
isotopes., Neutron irradiafion produces tréces of active
1255, which decays to 27b with a half-life of 9.4 days.
1255b hasva half-life of 2.7 years, as compared to the 115

days~half-life of 113

Sn. The gamma-rays from this contaminant
sit in the region where the inner bremsstrahlung photons are
eipeéted. Fér this reasons, it is imperative to have all
"traces of-lzssb removed for therpresent‘work.

Figure II-2 shows a portion of singles gamma,

113

spectrum of Sn, The first two strong lines came from

113Sn. Lines at 427, 462, 598, and 604 keV can be attributed
to 1258b. A'separate background run was made, confirming

that the lines with energies 511, 565, 583, 610, 630, and

3l
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Fihure II=2

Singles gamma spectrum withv impurities
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Pigure II-~2-A

Singles CGamma Spectrum
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727 keV to be baokground oontfibutions, from other sources
in the vioinity of the detector in the same room, Sub-
sequent Tums were made which confirmed the presence of -

‘these backgrouna contrlbutlons.,

In this work the quantative Dresenoe of 125Sb

was obtained by comparing the intensities of the 427 keV:

llne from 125Sb to the 255 keV 1ine from 113Sn. Before

: purlflcatlon the ratlo of the 1ntens1t1es of these two

:vlines is 1.072 x 10~ -1 to 1, The antimony wag removed.

chemically, and a similar spectrum was run, when the ratio
was found to be 5.6 £ 1074 401, As a result‘of the

- purlflcatlon thus the antlmony concentratlon was effecta

i
H
T
[
i

' 1vely removed. Flgure TI—2—A shows a s1nvles gamma eveetrum_
of the parlfled source.
The 1ntens1ty of the 255 keV line relative to the’
393 keV linevWas determined‘to be‘(2 9+ O.3)x10 2,"For
,the sake of comparlson, fhe relatlve 1ntens1t1es reported
o113 ' (2}, (8)—%“37
on ~7°Sn in the llterature, are 11 ted in Table(II— ). ’

_FigurevII—B_shOWSIa portlon of the,X—ray region. . . .

The‘resolution of the X-ray spectrometer is 1imited,‘soA
z';that the dlerrent X—ray components are not resolved. Tor
‘-exemple,_the K and X 11nes are not resolved and ars in-

| Rz Ay
- dicated as a single %u.group;- Indium K X-rays have energiesvi“

;24 002 24 2097 keV and a relatwve 1nten51ty of (anorovxmately)

1: 2 resoectlvelv( )Hence, an energy of 24 14 &eV, whloh ‘is ﬁhe
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Table II-l1

The Tntensity of 255 keV (Gamma-Ray

Relative to 393 keV Gamma-Ray




E®) .k eV

E (¥) keV

N(¥)/N(Y)
X 10t

AUTHOR

255

393

2:8+ 0l

GREENWOOD and BRANNEN

257

393

3-0+03

GIRGIS and LIESHOUT

255

393

2.7+0-2

BURSON

255

391

2:9+0'3

BOSCH and SIMON

255

393

2.8+0-3

ROULSTON

255

393

29+03

PRESENT WORK
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mean value, weighted in terms of intensities, was assigﬁed

to the K(I grogp. The Kp group is slightly more complicated;
the strongest component occurs at about 27.3 keV (%éI.Ke>MIIli-
27.2759 keV) Note the presence of two peaks at 14.1 and

17 3 keV. These are germanium X-ray escape peaks(éz) They
are formed when the low energy photons (here the indium X—ray'
,photons) enter ‘the germanium crystal, excltlng the germanium
X-~rays whlch subsequently escape from the crystal These

kind§ of escape peaks is common for low energy 1ncldent photons,
since they interact with the germanium atoms near the front:
éurfaée, and cannot penetrate too deeply into the crystal,

The X—rayé 50 pfoduced can easily escape, giving rise to es-
dape peaks. ., Oh the other hand, for photons of higher energies,
' tﬁe interaofions occurvdeep insidelthe crystal, Any X—rais
prOduced'will ﬁe.totally absorbed, and one would obsérve-thé
fullienergy peaks, aﬁd no escape peaks will be apparent. At
this stage, it is appropriate to point out that germanium Kb(
X-rays'have enérgies very close to 10 keV, while K  group is |
around 11 keV.' The 14.1 keV line is the X-ray escape of the
indium %1;Xfray»group. Notice the presence of a smalllﬁeak
just at the low energy side of the escape peak, this ig also

an escape peak due to the escaping of the germanium %B X~rays.

Similar structure occurs for the indium K, X-rays at 27.3 keV.
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Figure II-3

Indium X~Rays.
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I1.4 X—RAY'BREMSSTRAHLUNG COINCIDENCE EXPERIMENT
In the following paragraphs, the determination of
the inner bremssirahlung end-point energy corresponding to

113

the galectron captufe decay of Sn into the first excited

113In was discussed. As had been mentioned in the

state of
iast chaéter, 6ne expects the indium K X—rays.to be in true
coincidéncé with the iﬁner bremsstrahlﬁng photons. Hence,
a soihcidenée method- between inner bremsstrahlung and in-
.dium X~-rays was used to study the inner bremsstrahlung pho-
tons. The theoretical sspects had already been dealt with,
 and shall not be repeated here,

113

A variety of Sn sources had been uséd for this
work, but fhsy were all rejécted due to the presehce of im-
‘pufities or ﬁnsuitable strength including a cyclotron pro-t
duced one. A commercially prepared one was finally obtained,
purified, and was found to be very succesful. This source
had a strength of approximstely-% mC, and was dropped onto
sssheeﬁ of plastic of thickness 3 mg/cm2, and about'2'cm in
diameter. It was evaporated to dryness and then covered with
a second sheet‘of the same material, The plastic films servai.
following three purposes:
(1) ‘they act as Backing material for radioactive source;
(ii)  they cover the source so that there is greater ?adi—
ation safety,
(iii) they stop, to a certain extend, some of the conversion

- electrons,
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The souroe,éandwiched in plastic, was then put in
a Compton shield, Figure ITI-4 shows a Sectional_view of

such an arrangement., It consisted of, essentially, two lead

plates of . thickness 5 mm, with a hole of 1 cm diameter drill-

ed in the centre so that the gamma-rays could reach the de-
iedtors. Such an arrgngement did help tb cut dowm co@pton
v,béck-scattering.By the deﬁectors(lz). Hoﬁever, lead X-rays
might be excited, leading to spurious peaks.  To éut down
these X-rays, the arrangemént waslgdvered with copper plates
of thicknéss 3/mm, with holes drilled at appropiéte places.'
Copper is very effective in absorbing Pb:X—rays (84 kev),',
and ié 9aéily obtainable, Also, aﬁy:cbpper X-rays.thét‘mighf
be producéd would not be of consequende,fsincé ité-éﬁeiéy is
00 low (6 to 6.8 keV) to be of any significahqe. -
© 1Tn the present coincidence work, an Ortec X-ray
_specfrbmeter was employed to géfe:ohrthe‘indium X-rays, and
an Ortec.35 cc Ge(Li) detector was used to look for imner
bremsstrahluhg photons in coincidence, beyqnd the 393 kev
gamma-ray. The relative positionsQOf'the«detectors and the
source is shown in Figure II-5., In order to prevent any

conversion electrons from entering the thin Be window of

the X-ray detector, the polyethelene cover was left on through-

out the experiment. This 3 cm thick polyethelene may atten-

uate the X-rays a bit, but it did stop all the electirons

-ejected.




Figure II-4

Compton Shield.
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Figure II-5

Detector Arrangement in Coincidence Experiment
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The X-ray detector window was about 1 cm away'from the source,
while the 35 cc detector window was about 2 cm away. Through-
out the experiment, K X-ray photons were used for gating,

o

since as‘the Kotgroup is stronger, thereby giving us a better
coiﬁcidence counting rafe.

The coincidence circuit used was a Qonveﬁtiénal
fast-slow type. A block diagram of the electrdﬁics:used is
| shown invFiguré I1-6, The leadihg edge of the pre-amp pulseé
were used foi fast'timing..'Thevpre-amp outputs‘of the twovae—
‘téctdrs were individually.split into two pafts. One part |
went into a time pick off'unit (CONUCLEAR C 129A); The time
pick off‘outbut,‘in the form of a sQuare wave, was fed into
a CONUCLEAR C 111 time analyser with the fime.wihdow wide
open. The other pait of thé.pre-amp output of the'Xfréy de-
téctor was amplified, using a TENWEZLEC TC 200 amplifier, and
an epefgy‘wiﬁdow wés'sgt on the indium KO‘X—ray group, via a
CONUCLEAR C ilé single channel analyser. This eneréy require—v
"ment was theﬁ imposed.on the time spectrum from the TAC oﬁt—
put, by uéing the SCA pulses to open the linear gate. A co-
incidence 'time sbéétrum wifh energy requireﬁent is shown in
Pigure II-7. The range of the entire spectrum represented a
time interval ofvlrseo between the start and stoﬁ pulses. .
Tﬁe fime peak is narrow, with a resolution of 36 nsec. at
FWHM. A time window was then set on this coincidence time

peak, by means of a SCA which is built in the TAC itself,




Figare II-6

Fast-Slow Coincidence System Employing

Two Ge(li) Detectors.,
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Figure II-T

Coinoideneé Pime Peak.
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The pulses from the time and eﬁergj wiﬁdows were then run in
coincidence into a second linear'gate; The other pre-amp
output from the 35 cc detector was amplified (using a Nuclear
ENTERPRISE NE 5230 linear amplifier) and delayed by a'dO—
NUCLEAR C 119 delay amplifier, and these ﬁuises'can pass
through this last linear gate if and only if they are iﬁ
coincidence with those from the time and energy win@ows. 
N Such a circuit was found to be quite adequaté for the presentb
- work, | | |

_ The collecfion of the,céincidence specirﬁm took a
few days. The lonéest Tun attempted (and the best.ohe)vtook
five days. A% Withvm0st coincidence work, a randoms spéctrum
is not only désired, but ﬁecessary."After.thé chnéidence |
spectrum was Qollectéd, the energy'window was shifted up- i
. waids to'géte oh‘fhe‘region Just aﬁove fhe %ﬁ X~ray group,
with the same window width, as indicated ‘in Pigure II-8.
This wéy; a randoms'sbectrum wasvobtained, It ﬁas found
 that the ran&om counts in the region of interest was very
close to a straight line, and for the subsequeﬁt analysis,
a straight line badkground wag assumed,

‘ A porﬁion qf the coincidence spectrum is shown in
Figure II-8-A. Note that the relative intensities of the
'255>and 393 keV lines is reversed. This is easily under- -

standable, If we look at the decay scheme in Figure II-1,




Figure II-8

Energy Windows for Coincidence

and Random Runs.
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Figure II-8-A

Coincidence Spectrum,
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we see that the 255 keV line is fed by the second excited

“state at 648 keV, which has a half-life shorter than the

time resolution of the system, This gamma-ray therefore,

.is in true coincidence with the indium X-rays, as we had

expected. On the other hand, the 393 keV line is fed by

the first excited state which long-lived, having a measur-

able half-life:of 1.7 hours(13). Tts relatively intense

presence in the coincidence spectrum due to chance coin-

| cidence may: be -explained by the fact that over 99% of the

éieéfrén capture process decays to this level, From these
intensities as well a§.that from the singles spectfum the’
true to random Tatio was determined to be 30/1.

Tt is of intefesf to notice the strange structure
on the high ;ﬁergy-sidenof the gamma-rays. These bumps ﬁere

quite puzzling,land their exact origin is not known. One

' very possible explanétion was due to the accidental summing

between the gamma—rays and indium X-rays. Since the re-

"solution and statistics were not as good as.desired, as

well as the complexity of the X-ray group, the sum peaks
were not resolved,'but rather avpeared as '"bumps'" in the

spectrum. This explanation was deduced from energy con-

" ciderations. However, these bumps did not really affect

the analyéis on the inner bremsstrahlung region,
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II.5 DATA ANALYSIS
At the conclusion of the run, the analyser oufput

was first punched in paper tape, and then in cards for com—

"puter analysis, The region of 1nterest (fi.e. the inner bremss-

trahlung region)was selected and the analys1s was carried out by
the computer automatically., In the follow1ng gsection the func-

tion of the computer programme will be descrlbed A flow chart

is shown in Appehdix'II.‘

First, the caiibration data was read info computergz
This include both energy and efficiency calibration data,
For this.purpose, the 255 and 393 keV lines were chosen, and
their corresponding channel numbers, taken from a s1ng1esA
run at the same geometry shortly after 001ncidence and ran-
dom’runs. From the energy and channel,difference, the energy‘
conversion factor‘in keV pexr chennel uas determined, This
was eccomplished by simple division,rsince channel number

was a linear function of energy.i By a similar tokeh, the

'efficiency at energy k can easily extrapolated, gince from

" the efficiency curve, in the region 200 to 1000 keV, 1oge(eff)

was approximately linear with respect to loge(k), where eff
wes supposed to mean the efficiency of the detector at energy
x(keV) at the particular geometry. The zeroth channel, cor-
responding to the channel number at 0 keV, was also calculated,

and. all susequent channel§ were corrected for this zero-cutoff
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cqrrespondiﬁgly. Next, raw data from the coincidence spectrum
was read in, together with the background, which was assumed
linéar, and the start and stop channel number, which defined
_the region to be analysed (that is the inner bremsstrahlung
region). The channel numbers were corrected for the zero
off—set'(or zérd—cutoff), and converted into energy k by
multiﬁlying by the energy conversion‘factor;” The raw data
was striped of f the background, and corrected for the efficiency.
The new variable z(k) = QEEQ'Wgs - calculated for all points.
Héré, N(k) waé the treated data corrected for efficiency and
background., A 1eést séuare fit to a stfaight line was made, in
accordance-with the equation:

z(k) = Ak .+ B
where A and B represented the slope and intercept of the straight
liﬁe; k-is the energy in keV. A theory of the least sduare fit
is giveﬁ iniAppehdix III, The rest of the programme was trivial,
involving the calculation of the root mean.squaré deviation, the
fitted values of z(k), the end-point energy (EPE = -B/A), the
ground state to ground state transition Q = EPE + 393 + 28 (keV).
The output is best sumﬁarized in Figure II-9, where a Kurie type
plot was éhowﬁ. In this Figure, the small &irclgs represent the

experimental déta. Here, z(k) =‘V-§- rather than N were plotted

versus energy k. N is the channel content corrected for efficiency,

and k is the energy of the inner bremsstrahlung photons. Note that
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Figure II-9

Sn Inner Bremsstrahlung Kurie Type Plot.
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the statistics were not as éood as desirea, On the average
something like 80 counts per channel was obtained from thé
: analysef out-put, The counting rate could have been iﬁproved ‘
by moving the detectors cloéer togéther, but this would‘de;
creasé thevtrue.to random ratio. For the present ruﬁ, the
true to random ratio was 30:1, ﬁhigh was considered satis-
fac%ory, For the coincidéﬁce System, the energy'feSOIﬁtioﬁ
was 4vkev’at 255‘kev,‘as compared to 1.1 keV at the same
energy in fhe caée‘of‘singles runs,

The fitted straight line had a negative slope and
vpositive intercept, as had»been expécted. _Theirjreépective

1, and O.l86x102¢ giving vs an end~

values were 40.269i10—

" point energonf_604 + 150 keV. This is fhe reaction energy
© due tO'electroﬁ capture procesé to the fifsthexcited state |
op 113 |

In, trom this information,.the ground state to ground
state tfansition‘énefgy'was determined to be 1026 + 156 keV,
:The error involved‘in 4his experiment was esfimated
" to be 25%.. The main contribution of uncertainty comes frém |
‘the relatively poor étatistics as well és from the fitting
procedure, Note that, from the Kurie type plot, the experi;
mental points did not extend‘to the cut‘off channel, which
was ei%:apolated by extending the fittéd straight line until
it cut the X axis oprrespoﬂding to ¥ = 0, PFor this reason,

the uncertainty involved in the determination of the end-
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point energy‘was high; ‘The fitting rontine calculated the
root mean square deviation and this quantity was used as a
test fbr goodness of fit as well as estimation nf error,
From the fitting procedure, the error was estimated'to be
18.3% : this included the error due to fitting as well as
statlstlcal error, Another major source of uncertainty
comes from efflclency callbratlon, which was usually about
7 to 10 4. Thus, the overgll error was determined to be
25%. This may be considered as an upper limit of expeni~
: mental error, The question of error couid be a #ery com-
plicated one, but it is felt that the root mean square de—

viation was a very reasonable estimate for this upper limit.

II. 6 DISCUSSION AND CONCLUSION

In 1965, Roulston( ) estimated that the reaction
Q value;to be approximately 1 lMeV, The present result seems
to support this. Fnrther, results reported by Caméron(14),

, Wapstra(IS), and Phillips and Hopkins(16) are in gobd agreemenf

with the present value, For the sake of comyariédn', the re<

sults reported, as well as methods used, are listed in Table II-2,

The close agreement between our result and Wapstra's calculation
may be purely coincidental, but it does reflect the fact that
the true Q value to be somevhere in this neighbourhood, Sen(17)

and co-workers had determined this Q value by'electfon-xeray

coincidence method in 1965, and their result was again in
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Table II=2

113

Reaction Energy of Electron Capture of Sn




REACTION ENERGY

METHOD

AUTHOR : Q (keV)u
TO 393keV LEVEL o

-iP‘hUHpS.“éc?nd Hopkins 900 ' ’ |300i_3OO A'INNE.R BREMSSTRAHLUNG 1960
B ™ 291 | 702 | Oeevrocmmime s
| #'Sen (7) 280 - 70 ! ffg% ELECTRON—X RAY COINCIDENCE 1965
quduchi (19 470 K.L X-RAY INTENSITI?S 1964
Bosch (Y 750 " INNER BREMSSTRAHLUNG 1967
Myers (20) ! 4 I 3 : "» UNPUBLISHED 1965
Cameron (14) 1140 UNPUBLISHED 1957.
Wo_pstr a (15) 1023 THEORETICAL | |9.65
‘ Roulstoh“gnd Ungrin 1000 .THEORET[CAL ESTIMATION vl965
Present work 604 1026150 INNER _B’REMSSTYRAHVLIUNbG iero
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agreement with the present work, within limits of experimentél
accuracy.

It is of interest to note the value reported by
Bhatki(18). Of particular interest is.that repofted by
Manduchil19) in 1964. His Q value obtained was 470 keV,
and the method used was from K L X-ray intensities con-
siderations.. Onelvery possible explanation for this is
contamination problem. I+ was found thaéz?or this kind of

methéd,-a trace of 1 9sn as a contaminant was enough to off

set the Q vaiue, by a factor of 2 oxr 3,
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Geochemical Analysis

of

Naturally Radioactive Canadian Rocks




CHAPTER III

GECCHEMICAL ANALYSTIS OF NATURALLY RADTIOACTIVE CANADIAN ROCKS

~ITI.1 INTRODUCTION
In this parf, we are interested in determining-
the concentratlons of trace elements (U“anlum, Thorlum and
Potassium) in rocks, Such an 1nformat10n is of 1mportance
to the Barth Science-Department. It is known that,‘the
distribution or re-distribution of those trace -elements in
- rocks is, generally, governed by the nature of thé _
original source as well as the parﬁitioning factors involved
in the magnetic and ret&merphxc ocﬁssés; Incfeased solu-
blllty of - the U6' ion accounts for the markedly alsturbed
Th/U ratlos in those rocks which were formed underoxldlzlng
conditions, Gth'erwz.se,_U4+ and Thorlum tend to be geox-
'chemlcally 31m11ar in the sense that the relative proportion
varies by a factor no greater than 3 to 4'. _

The purnoses for undertaklng +hls sfudj ares

(l)b To increase the understandlng of the factorb whlch govern

 the dlotrlbutlon of these trace elemen+s, by correlatlng

. with otherlnvestlgators' observatlons.
(2) To aid to & 1esse; extent o oea;ch for econow1ca11y

‘feas1ble amount of Uranlum and Thorlum.

(3)' As a guide to "heat flow" studles, 1t nrovxdes an ﬂstlmaue"




of mean surface radioactivity which accounts for part of the
surface heat fldw. | |

The present method provides an accurate means of
measuring the concentrations of U, Th, and K. This provides

an alternate method to isotope dilution mass spectroscopy.

III.2 GENERAL GEOLOGY OF THE ROCK SAMPLES

These sémples have been taken from a region,bfithe
Precambian shield. They representgranific rocks of varidusv
composifion and agé. There is.a general predomihance of v
granodiorite and quértz'monzonite. The intrusive episodes_

'represented by these units span a range of time from ahout
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2.7 t0 2.5 x 109 years. As yet, radiometric age determination

" have not auequatelv reso¢ved Lna1v1dual 1ntruslve enlsodes
lﬁithin that time range. Relative ages have been detevﬁlned
(not unambiguously:in many_cases) on the bases of struotural
1nferenoe (boundary rplatlonshlps, etc Y. |

~K§ U, and Th TN ROCKS-»»'

' K —m———contained in Dotass1um feldsna” (KAl 81308) and - 1nv--"

' mlca,.blotlte,vand muscpvlte otne:w1se as a trace
éohstituent:of ofher eléments.
Th,U—~-cohtéined in‘ac§ess6ryAminerals aﬁd»situatedAélphgb
grainAboﬁndafieé;' | | "
 Ziic§n; sphene; and»apatite:afé the most like1y:'
: éarrieré of ﬁraniuhm,MQﬁaéife ‘and‘allaﬁite aie;

mainly thorium carriers.. =~




‘Tﬁus the abundance and relative proportions of U,
and Th.is largely controlled by the distribution of these
accessory minerals, Potassium generally constitutes 2 to
5% by weight of graﬁitic rocks, |

The rock éamgles are designated by Fi. A list of
the samples is shown in the following, together with their
location: N
FM-1(3), FM-}l(l):.Samples‘of the latest batholithic intrusions”

3 ; ’ E | o R in %his'aréa, The Zaé du Bonnet quarté manéonite
around Lac du Bonnet (FM-31);'ahd its

_counterpart (FM-1) to the south of Hwy#l,

FM-lOO(3) A melanocratic porphyritic‘granite~related

| ’ to theLac du Bénnet'quartz méﬁzbnite,pfesumably
as’a bof&er phase, | -

| FM-68(3) ¥ . A pegmatite which is interpreted as the late

stage product of this latest batholith, .

FM—22(2). A gneissic granodiorite showing distinc£ COm—_
| ' positional banding. Some due %o néar—coﬁégr- "
dant ihjéction of pink gfanite veins, .This
unit, part of the English River gnéissic Belf,

may have been remobilized during the latesf'
intrusive episode. |

A hornblende~dicrite from the Granite  Lake

ru-24(2)

stock, south of the English River gneissic

Jk‘belt‘on Huy#l. .
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FM—27(2) ¢+ A one foot wide aplite dyke which cuts the Granite-
Lake diorite,
FM—14(2) ¢+ An aplite dyke which cuts the Indian Reserve grano-

diorite.

III.3 NATURAL RADIOACTIVITY AND RADIOACTIVE SERIES
| Measurements of the rate of decay of a radioactive

substancé are purely statistical averages based on measurements
nmade with large numbérs ;f atoms. An atom has no memory of past
events, Nor does its life expectancy decrease with age, as it
doesvwith human beings., Quantum mechanics can predict the
probability of decéy of radidactiVe atoms, but it cannot téll
us if the decay in a given atom is a result of favorable'coﬁ—

ditions that oceur only at intervals in a way which we cannot

.. Toresee,

When thé nucleus of an atom emits an alpha or beta
-ray, sometimes accompanied by a gamma-ray, the process is called
"radioactive decay", and the product nucleus is often found also
to be radioactive. |

As a result of physical and chemical researchvon the
naturally occuring radioactive elements, it was proved that
- each radioactive nuclide is a member of one éf three long chains,
or radioactive series. In each series, the parent nuclide decays
into a daughter nuclide which decays in turn, and so on, until

finally a stable end product is reached, (See Table TII-l).




Table ITT-1

Uranium Series.
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| ELEMENT Half-Life |Emitted Roy]

Uranium U - 14:5x10 -yr|

Thorium | 24 days

. ~ Protoactinium} , ~ -t 14 min

Uranium | __ 13x10° yr

"Thorium -~ Ih 83,000 yr

Radium 1,600 yr

Emanation m=" | 3-7days

Polonium | | 3-05min

Lead | 268 min

Polonium 1079 sec

Lead- | 22 - yr

‘Bismuth _ | 5 days

Polonium | 140 days

! Lead Stabie
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Table III-2

Thorium Series,




| ELEMENT Half- Life

Thorium | 1-39x10'Cy

.Radium”‘ " | 3 67Ty

Aéﬁinium RAC | 6;:»|3h'

Thorium 1910 y

Radium a 3-64 d

- f Radon | 51:5s

Polonium 0O |o0-6s

Lead ,Pb?" 10-6h

Astatine | | 3x107%

B'ismufh 1 a | 605 m.

Polonium | '; 3-Ox"IO"7s

Thallium | | 310m

£ 2

H : ) ' 5

‘ ’ a B

| Lead Stable

. : . ! o
RN PN T e e e e T T T e AT LS T L o S Y e T T R P e TR 1 R S RN TR N R TIN siR R T e NI AT il e R TR Y,
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Thesé séries are named the Uranium, ACtinium; and Thérium series rTes-—
pectively, after elements at, or near, the head of the series. In the
Uranium series, the mass number of each member can be expressed in the
form (4n+2), where n is an integer, and the Uranium series is some-
times called the '4n+2' gseries. In the Actinium and Thorium series,
the mass‘numbers aré given by the expressions '4n+3' and '4n' res-
pectively. The series '4n}l' is missing in nature, It is‘considered
probable that this series existed in the bygone ages in the earth;but 
has sincé almost decayed completely. ,Thié series has been produced
artificiéllj; but it does not concefﬁ ué in the.presenf work,

The members of Uranium_and Thqrium séries are ligted in Table ITI-1

.and Table III-2 respectiveiy.:~

IIT.4 EX?ERIMENTAL PROCEDURE

It is ﬁell known thaﬁ'the contenté ovaranium, Thorium and .
:Potassium in a thick réok layer méy be determined by garnma-ray
SPectrbscoﬁy. ‘Detéctors may be uSed to deﬁeot gammé—rays emiféed‘by
'members belong 1ng to the radloactlve ser es;\and:fhese gamma Tays
can be used %o 1dent1fv the elements as well as to dete“mlne their
.concentrations. Table TIIV3 1ndloﬂtes the gamna~rayc we are interested
.1n, as well as their orlgln from which the partlcular element \to e
’more exact,'the particular isqtope) can be identified. Thrcughout the
couﬁse of this work, it is impliciﬁiy assumed thaf>thé‘?édioac{ive
‘nuélidéé in each séries are iﬁ fédioactivé equilibrium with sach

other,




Table III-3

Gamma Rays and Their Origin.
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| ENERGY ~ ORIGIN | SERIES |
E (keV) PARENT—»DAUGHTER|

. | 208 BT _ _ 208 [
510 T PO Th

; 8l . 82 .

727 gipe B~ L pge | gy

| 860 | T2 B S pp® | v

910 | __AZ B__ — Th** | Th

967 Ac B T2 | Th

. " _
1460 K* — BT . ar

1764 | it B —> Po

Th -

i 2614 | T|2°°"8_ Pb



In order to\bé étatistically meaningful, we choose
the lines that are reasonably intense. For the determination
of Thorium conéentfation, we used the 584, and 2614 keV lines.
For the case of Uranium, we used 610, and 1764 keV lines. In
the case of Potassium, we have no alternafive but to use the
11460 keV line, as this is the only gamma-ray emitted, In

51tuatlon;where more than one line was used, the concen-

trations were determlned from each llne, and the average was

'taken.

| The éamma spéctrum wag investigated using golid -
- state detectors, Two‘Ge(Li) detectors were used for this
 purpose, One is a 200c PRINCETON GAINA-TECH, germanium de-
tector, the other is an ORTEC %pcc germanlum dptector. mhe-
characterlsf;éé of these detnctors have been axplalned in
Chapter I,uand-shalljnot be_repeated here, |

Invterms of éfficiency,\these detecfors are only .

6% 5ﬁd}1ess'ag effigientﬂas a 3X3 NaI deteétor. For this

reason, we had to use large‘samples. We gave up using Nal
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detectors on accounu of resolutlon. The samblesvwere cruqhed

'and put in a lucite contalner cvlwndrlcal in sbape (3" in
diameter, 2,3"'h1gh) and the welghu.of the samples were Qf
uhe oraer of 200 to 400 gms. |

At first, 1t was tkough+ that tnp nﬁys1ca1 form“

of the sample wouldinfluence our result, Experiments were
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run of the same sample in chips, finely ground powder, as well
as a mixture of both., The result obtained showed that the at-

tenuation was independent of the physical form of the sample,

Throughout the rest of the work, no allowance was made fof the
-attenuation due to the walls of the containers.

A schematic diagram of the electronics is shown in
Fiéure III-1. AEverytime a photon from the sample enters the

'+ detector, a pulse is generated. This tiny pulse is amplified

' by the pre-amp, énd‘theh'by the main amplifier, Itis - then
'fed into a multi—channel analyser, The 20cc Princeton Gamma-
" Tech, deteétor was-coupléd to a conventional FET pre-amp,

supplied by Co-Nucléar of Winnipeg, Manitobaﬁ(Model#C-403},

? : . and a Nuclear Enterprise NE 5230 amplifier was used., For the

ORTEC 35cc ﬂetector, a charge sensitive pre-amp with cooled

FET first stage was used (ORTEC model#116); and a TENNELEC

TC 200 amplifier was employed as the main amplifier,

The gamma spectrum was recorded with a Huclear Data

ND 2200 multichannel analyser, Usually, we found that the

best result was obtained using ADC#1l with 2048 channel memory.
Because of the relative inefficiency of the detectors, the

counting rates were extremely low. The collecting time

varied from 40 hours to 140 hours. Several steps were taken:

1) The sample was put next to the detector window to ensure

as high a counting rate as possible,




Figure IIT-=1

Typical Singles Gamma-Ray Spectrometer.
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2) The detector and sémple asseﬁbly waé enclosed in a heavy
- lead shielding of thickness 6.5 cm., A diagram of such an
“assembly is shown in Figure III-2.
3) The spectrum was , collected at the same time, using an
arrangement as shown in Figﬁre III-2., The outputs of the two
detectors were fed into two independent amplifiers and ADC's,
théreby cutting down the experimental time by a factor of two.
A typical gamma spectrum of such a rock sample is
shown in Figure 111-3,_ Notice thét we see pracfically all the
lines reported in Table III;3,-except for the 727 and 860 keV
lines since they are too weak to be of any statisfical significanqe.
In addition, we see peaks at 662, 1173, 1333 kevf"Thesé-are
attributed to background, and were believed ﬁo have come from
13705, and 6000 respectively. Also, part of the 1460 keV line
»from 4OK éomes from background, as we shall see in the following
par;graph. |
To determine the concentration of the trace elements,
a similar spectrum was run, using a standard source composed of
known amounté of each Uranium, Thorium and Potaséium, af the
bsame geometry, All the photopeaks are normalised to 100 hours
collecting time, The ratio of the areas of the correspondiﬁg
peaks gives-the ratio of the concentration of the. corresponding
" trace elements. In this way, thé detection efficiency of the
detectors as well as the attenuation was eliminated, A slight

complication arose for the case of potassium peak at 1460 keV,




Figure IT1-2

Arrangement of Source and Ge(Li) Detectors.,
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Figure ITI-3

Typical Gamma Spectrum of the Rock Samples,
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It'was found that the bricks of the walls of-our laboratory |
contain traces of potassium, As:a result, a blank iun with-"
out any sample inside the shield ﬁas made, to detérmine the
contribution of potassiun from the wall., The area of the
1460 keV peak obtained thls way was subsequently subtracted.from
all the potasvlum peaks as baokground radlatlon.

The method of handling background had already been |
dealt w1th in Chapter 1. The method of error analysis was

due to the late Dr.'RouISton, and is presented in Appendix'IV.

© II1,5 ‘RESULTS AND DISCUSSION -
The résultant_cbncentrétioné ofitﬁe trace elements
are - presented in Tabie IIT-4. A plot of thé_relativé'
abundance is shown in Figure ITI-4. | |
© . Note roughly the 1inééiféorres§6ndéhéé of Fu-31,
1, Iob, 68 ot a‘high Th/U ratio (Zlo). 'The ‘trend is fxibm
Lac du Bonnet quartz manzonlte to hybrld or marginal poénhjrltlc
to pegmatlte in order of 1ncreas1ng Th and U abundance, and
- decreasing Th/U ratlo.v The_hlghkcharacter;stlc Th/U ratio is
‘-,édirelﬁtea ﬁifhié nofable-ébundénce of accéssory1allani£e_i
f(é Th éarrier).' The enrlchment of U relatlve to Th, progves31ngc
. 1 uo the pegmatlte phase, is con31stant w1fh the 1dé3 giét
‘by1dlzlng flulds whlch flnally depos1ted the pegmatlte were7   -,

Apreferentlally enrlched 1n U relatlve to Th

: If a llmlt of 1 ppm of U ig- put on FM—24, tnere is




Table IIT-4

U,Th, and K contents of the Rock Samples.
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SAMPLE

LOCALITY

Rock Type

u

Th

Th/U

K.
Latitute (N.);Longiiu@é (W) p.ph - p.pm %
FM- | 49° 238.' ; 95°40' A’damel|i1e~ ‘3-71»:37/; 38-1+e | 5-5+329| 103
FM-31 sor 17", ese sz | Adamellite| 2-5us3| 32:2t6 | 5-6:ea%| 13-
FM—27' 49° 43" 042 52' ,Apli‘i’é ' »Il‘?}:s-s’/.- I5'9*;if% 494277, I4
FM-—iOO 50° 07’ 95°39' Addﬁjellife S-1t8:9 ) S7:9t5 % 5 5% | 11-4
| FM-{GB 4‘95 37’  9 5°36 Peérhqfife I.I-Zts?s% 96:T:a k| 3'3:3-}.7. 9
" FM-14 49° 38' 95° 0a' ‘Aplife 3°2—_t'|3%"‘v2|~7i5~7'/. 4'81-2-4»%' 67
FM -24 49° 43' 94° 52 Grdhodio#i?e- Tt 9% 2:5+27 /i
FM-22 49° 44’ ;94> 54 ‘Gvnveiss 28-&4-67. 22:2¢10l 5-7+33 07
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a similar eﬁrichment in U relative to‘Th in the later cross-
cutting aplite in FM-27. Thelneérby‘gnesis (FM-22) has a
markly low Th/U rafib which may reflect the nature of the
original material, Alternatiﬁely, the enrichment of U may
i reflecf the gain éf U6+ during the process of re-mofilization
referred t§ earlier, Thus, FM-14, a cross cutting aplite, is
-prédictably enriched in U and Th,- but it is impossible to say
"~ if it is due to preferentially enrichment in U,

‘ ‘The accuracy 6f gémma-ray spectroscopy method, using
Ge(li) detectors, is good, and»is certainly adequate for this
type of analysis, ‘Higher';esolution makes it possible fo-de-
termine the concéntrationé with accuracies many times better
than similar work done with Nal crystals. The only drawback
is that the detection efficiencies’of Ge(Li)Adefectors is
usually a few per cent of that of a 3X3 NaI, hence the time of
collection of data'is longer than tﬁat of NaI by as much as a
factor of 20, thereby making field measurements extremely
- impracticél,.not to méntion the care require to ensure the
safety of the cryostat, supply of liguid nitrogen etc,
However, if the rock samples can be brought to the laboratory,
solid state detectors‘are indispensible for accurate work,
Fﬁrther, computer programs may bevused for the systematic
analysié of data, which will save a lot of time at the desk

calculator, In conclusion, it should be pointedlout that more
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samples are necessary for full scale geological survey. The pre-

sent work shows merely}for the first time,how the solid gstate de-

tectors can be used to investigate,very accurately}the concen—

tration of trace elements in the naturally radioactive rocks,

i
!
}
!
|
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APPENDIX I

To a first approximation, the statistical distribution .
in the number of ion-pairs created by a gamma ré.y of energy E,
is nearly Gaussian. Analytically, it can be déscribed by thé
function f(x), where _a

f(x) = Ae” G

A @8 e - 00890 s0 0888

1 .
z O NGOGV SIIEOOIPRLNETDS

e E RN B BN B BB A K BB N J

- ~'/‘/7

\

\

. X

3 2€= F.H.HM, (Resolution)

X

. Here ('5'2 is the variance, In practice, it is convenient to
talk about the full width half maximum (P,W.H.M.), as indicated

by 2€ in the above dlagram, defined by

2
Ih=Ae /20
that is
: 2
log 2 = €
20"
2
or €= 2(log, 2)G

Hence 2€ = QV.Z log, 2G = 2.35G




APPENDIX II

FLOW CHART OF DATA ANALYSIS PROGRAMME,
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APPENDIX TII

THEORY OF LEAST SQUARES

The problem of least squares arises wvhen one looks
for a»convenient way of treating one's experimental data, as
- well as providing a useful means of determining experimental
efror; A function of‘physical or theoretical significance
is:usuailyvkﬁoﬁn, and the best‘value for the parameters of
this function is deéired;_ |

We begin by assuming that we have a function of the

form: '

y = £ xl,.‘....xm;al,.....ap) | | (1)
where ’ |

(»xl,.....#m ) is a set of n observations;
ard - (CLl,,....u$ ) is a set of p parametefsvto be.

determined,

¥y is the dependent variable, while

xi a;e tﬁe independent variables.

Our problem is to determine the'barameters
(OLys k=1,.p). There are many possible ways of .doing it,
*and we choose a method such that the sum of the squares of
the deviations of the obée;vables y; from the function
f (xi,cxj) is a minimum, Mathematically, this means that

we wigh to minimize @ where

. n
. Q ”.z wi [yl _ f( x] ""xm';d-l"’.‘.drp
i=1 i i :

19

jz: o @




80

Here, n is the number‘of qbservables, éna n>p,

W, are the ﬁeighting factofs.
From a purely formal standpoint, we can minimize Eqﬁ.(Z),
by differentiating Q with respect to & _, k=1,...p and
equatiﬁg to zero, and solving the resulting set of p simul-
taneous eqdations. 8.8.3

20 o
’5_— = —21§ [(31' yl - f(xli...xmi; _°<l'°'°§)):}=

- (3)

th

where (3 ) denotes the value of the i'" partial derivatives

for the.ith data point.
Rearranging Eqﬁ.(3), and setting fi; f(xi,oa....O%) we obtain

the more useful form:

n n
'3f - of_
12-.-: )i ) i§ "iyi(aal)i Y

> on n@); - ign FACEN

o (4)

[ E X XN N N N

B 2 = A |\
12;_1: i fi(gﬁ,(;)i = i§1: Wiyi-(gg‘;)i )

Equations(4) are known as the normal equations, Note that they
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are, in general, a system of p non-linear equations, and there
is no garantee that a solution exists, or that if a solution

does exist, that is to be unique, However, in the case where

axk,\kshmr appears as linear coefficients of the independent
variabies, a uhique solution is always guaranteed, with some-
what less stringent restrictions,

'In'ouf particular case,‘we'are interested in per-

forming the fit to the function:

wheré.yi is the dependent variable (in fact, yi=‘/§£$l )
x; is the itb independent variable to be identified with
the 1P channel (af'enérgy k).

Assuming'equal weight for the time being for the sake of |

convenience of discussion, the quantity Q we want to minimize

i

. [ - e m]® o ®

and the normal équations can be written in the form:

(7)

which can be summarized by the matrix equation:

XY =2 E | (8)
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where

%x? ZJ‘:i ‘a zx-
i 1) . >*174
X = 3 Y= 3 2 = z
. y_
S X, n b T
771

Note that X is symﬁetric, and provided it is non-singular (that
is, its détérminant‘is not equal to zero), the solution can be
obtained simply: ) |
Coyexl g (9)

The above méthéd had been used for the Kurie type fit,
Ih.facf5 this method cah handle a large number of problems,
sometimes with suitable transformations, The versitility of
the University computer enables a large number of parameters

to be determined., A nuﬁber of 'package' programs are also

avaiiable for solving linear types of leaét square problems,
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APPENDIX IV

ERROR ANALYSIS

In this appendix, we shall present a method of error
analysis on the data of the geoChemical experiments. Suppose
Ny is the total number of counts under the peak, (including
Dbackground ), | |

2

where n is the number of channels,un&er the peak and Nb'is average

and ' N, =nx NB '

béckgroun&.

2

Area of the peak = Ni -
Then the standard deviations

w, is the average of a number of channels'(nb)._

o = . L ) .
fThen, SRS =k/anb is the gtan@ardléev1atlon in background,

and fractional

G, =
b
RSO
So that,
_crz =n N - X

Y ‘
»{Nﬁpb
In the standard deviation associated with the area determination

of the peak is

v 2 . 2
G =|/ ‘1 "‘6'2 :
(N,-§ ST

N\
NymNo)




We define, the % error = ———-=--"x 100 %

This is believed to be a reasonable estimation of

experimental error, A usual. figure is 2 6 4.

84

.






