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THESIS 

r we" 
• 

RADIOISOTOPIC X-RAY ANAI PSIS ()E\ ( ANADIAN 

MAN/JUNI ORE S 

Uranium ores from VJIMLIS location% in („anada trat rk .rnalsetcf tor torte-mum 
1)% X ray and y ra% critrg) spctrfo•wp; By %titan:1g Appropriate 
rachoisotopt 5, techniques %core& %eloped to dt rtImint uranium hi, obst ry 
X rave from the „K, I and M %ft( fk rtsptcri% r tht irra( durt % art 
suitable tor,, wide rang( rif uranitun tonct ntrJtion% trig( olngical matt nal and 
tht retult% tapptar m ht fat from matrix (nhantt 71-mot Jnd bsorption 
etftcti% In addition. tht 'y emissions Ira int uranium virtu 4!•<d to city, room 
the tiranium [swop( ratio 

tr Tht (Wort...W.0c( .X,J, induced he a Hi rn( I 0 permit 

%uurct winch was mouratcl on J ofiC cinnensionil Aonittrot tcr This 
instrument V. V. .1eSigfled v. rh adIlAt4FIC 3(V((.1' Jogle. prin Jr% An,l 

sttondary collimation %crtings 11it optimum gc um( foul condition% for 
jr,ij .l}s.is of uranium using partially. thick pcmclertil ort. tornplcc %%tit thunti 
Assumptions were drawn for 'whir( gcolog,ic at sr ((liner* %%hit t) rval to th• 
cluvit cattulainin of tht matrix and tint/snots tactip 'his uas accompli%litcl 

xptrimtnr,114 maturing, tht ( ompton %cam ring 
and trammitritd NA mit n%l'It • 1ht !Actors Jr( thin 1.1,0 rii iii Irly. flit t` 

Kai pCJI, int(nscey tio that nipcomp.aramt standards art required 
Jr.c talc }, As utti, tht rtchniqut r• J prim( 1,311d1dJf( for application ter on 
• rfe4111 industrra) analtisi% 

A ,nurse target occitation 1.stmbl% designed for thR quantit.ari t 
• 

&et rinination of uranium in MIA samplcs or ,iiriniciro hearing ore, urn}; 

fluairesunct An 5nnuLar si AIRE Am or aba tut 5i1 m(i strength 
• 

supplied titt'printin radiation A mcal%bcfcniaM urger %i:J% t.h a iii ro utillit 
he 'Mu Ker xeconclar% ratila non mord( r to qltt cict I% <actin, on/} tht cir.t mum 

I If substitli A ttchniciiii. using tilt 1. 414 art SU. nk e. tai ( ompron nit; 

intensity ram) rei proc ide vat( cimiren•ation toe JtKaiertion and 
enhanectntnr effects is described Application rat tht }inique. }ace  I 

at 

111114111111111. 

• 

• 

I 

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission. Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.



• 0 

• 

(alihration tui'ct %inch 1% (mar in (\once titration rd uranium for tour ord.( FS 

of m+Gnitixft hii% tC4,firialut 111,1), .4 be. cc (11 4.0 at d tiF in(liartrial on scream 

inal%sss 

the principle mon% anon for ince i(tocia ring uranium snail, cis wing 

sht1.1 tltuir(%unit tc dill chic appro.a.Ii .in pat t(kr 

quantitics of uranium than (an tither K or•I ,hell tacitation Ai( ordii),..4 
racists; xcartion %%stun 11,h Ix( n spttificall), dr. signtd to ariJI‘g 

small quantal( s of uranium p'r(tivitatt in anrik,Lir sourer sif I v. 
'pram irnJ tc 10 rll(r in ssr(ngtli +upplied  the x( !WIWI r Old non 
I 'ransom was s( parate it f irri•thCgcsi14 igi( mate: sal using a phau transt(r 
ta %t Thin spttimt sis cif uraniusti ipi&r( %ire Pm rased be 
(It( trod( pcmition unto a ,taint(,~ st(c.1 cathode t,i ts 4141(itil to tilt 

"e, It•rrs21( t and cu kit positt(t a ith uraribuin It WaN h)L3C\I that tilt I a p(ak 
, 

int( n%irr could ht empliAt d as an in te.roal standard tsi torrt( t the g 

at,„ int( n%Ify for shlant.,s tffetts 1 ht. use tit ',Masa num alc,o snarl..v.11c 
improctid the tonsiste no, of t1t (hrotttF)os a Ids the (Win Nu( cca► 

applied nn st. cc ral low grails oat, 1 rom major uranium nom. rail loc,Atiesils of 

( irudd 1 hi prottiltirt is ,trt,utct t 'sough to in ticit uranium it ri tesuraiIc 
found ( tronms. Mat ((silt( ntrdt 

Anal fi n411( , cis( "t sstaupc ratio has beta du( rirmasi sin thin 
tiirnpftti of Ijra mum (-Ficaria AI pta.c it( list t and 'I tom( iito. rt 
anal( h) 'intosu ring the i nc.n  nsint s sit tht. I) Iti(uMtV t ind Nit 

I h sfoublo y rscc re, spt tic I% him rtcrtrlcc, n, nil ill( mount( rt d 
musing tit Lauer peak cct,rt rt4rno%cd _wpm, ima ti tilt spt( r rum in rh 
rtgitsti of tilt clout k he i st fit (aischc function, Int( mac r 414. 
►ariol line—sr4 cc ith isisioict ratios for it It a%i three ordi r, eif in ignitud( 1 or 
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ABSTRACT 

Uranium ores from various locations in Canada were analyzed for 

uranium by X-ray and y-ray energy spectroscopy. By selecting appropriate 

radioisotopes, techniques were developed to determine uranium by observ-

ing X-rays from the K, L And M shells respectively. Together the 

dures are suitable for a wide range of uranium concentrations in 

geological material and the results appear to be free from matrix enhance-. 

proCe-

merit and absorption effects. In additiun, the y-emrssiuns from uranium 

were used to determine the uranium isotope ratio. 

The uranium K shell 'fluorescence was induced by a 10 mCi 57Co point 

source which was mounted on a one dimensional gonlomeler. This inslirument 

was designed with adjustable scatter angle, primary and secondary 

collimation settings. The optimum geometrical conditions for analysis of 

uranium using partially thick powdered ore samples were found. 4sumptions 

were drawn fOr innate geological specimens which led to thz direct 

calculation of the matrix and thickness factors. This was accomplished 

by simultaneously and experimentally measuring therLomptun scattering and 

transmitted peak intensities. These factors are then used to modify the 

U Kay peajOntensity' so that no comparative standards are required to 

maintain accuracy_ As such, the technique is a prime candidate for 

application town-stream industrial analysis. 

A source-target excitation assembly was designed for the quantitative 

determination of uranium in thic iTes of uranium bearing ores using 

L shell fluorescence. tiannular source of 241Am, of about 50 mCi 

strength, Wied the primary radiation. A molybdenum target was chosen 

- 1) - 

A 
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1 to utilize the Mo Ka secondary radiation in order to selectively excite 

only the uranium Li/1 
.subshell. A technique, using the fluorescence to 

Compton scattering intensity catib to provide adequate compens4tion for . 

absorption and enhancement effectg, is described. ANOtcation of the 

technique gave a calibration curve which is linear in concentration of 
/ . 

uranium for four orders of magnitude. This technique may also be well 

suited to industrial on-stream analysis. 

The principle motivation for investigating uranium analysis psing 
. 1

MV shell fluorescence- is that this approach can pdtentially detect . 

smaller quantities of uranium than can either K or L shell excitation. 

Accordingly, a radioisotopic excitation system has been specifically 

designed to analyze small quantities of uniniulp precipitate. An annular. 

source of 5sFe, approximately 10 mCi in strength, supplied the excitation 
• • 

radiation. Uranium was separated from the geological material using a 

phase transfer catalyst. Thin specimens of uranium precipitate were 

prepared by electrodeposition onto a stainless steel cathode. La1+ was

added to the electrolyte and co-deposited with uranium. It was found 

that the La La peak intensity could be employed as an internal standard 

to correct the U Ma4 peak intensity for thickness effects. The use of 

lanthanum also markedly improved the consistency of electrodeposition

yields. The technique was applied to several low grade ores from major 

uranium mineral locations of Canada. The procedure is sensitive enough 

...,  
to analyze uranium, at naturally found environmental concentrations. 

And finally, the 21'U/238U isotope ratio has been determined on 

thin samples of uranium chemical precipitates. The '4'ili and 230U contents 

were analyzed by measuring the intensities Qf the 0.186 MeV 2 J5U and 
• 

0 

* 

Er 

S 
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0.0925 MeV 714T6 doublet y-rays,,respectively. Interferer:ices normally 
4 

encountered by using they latter peak were removed by approximating the 

spectrum in the region of the 234Th.doublet by a series of Cauchy func-

tions. Intensity ratios varied linearly with isotope ratios for at 

least three orders of magnitude. For industrial quality yellow cake, 

the technique appears to be independent of sample thickness. 

I 

• 
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1. INTRODUCTION 

In recent years, computerized process control has received wide-.... 

spread'applacation in industrial circuits. During this period the roost % 

of central processing units and input-output equipment has decreased 

substantially. Real-time operating computer systems oriented toward the 

requirements of industrval process' control have been developed. Operation 

of such systems results in reduced costs and optimized product yields 

through improved efficiencies'. Installation of this technology has 

generally been limited to industries of a secondary manufacturing nature, 

where initial input parameters which dictate the required processing, 

were accurately known. An early example may be cited from the automotive 

induttry. In this case, a particular automobile is customer grdered'from 

a possible wide'range of models and options. These initial, parameters 

aryl fed *into the central processing unit to effectively control the pro-

duction of the unit, i.e. the proper components arrive at the correct, 

time to the appropriate location in the assembly line for fabrication of 

the final product. L er applications of computer processing can be 

• found in situations where the input parameters are directly supplied by 

an In situ analysis of some form. Often, straightforward measurements 

of pH, temperature, flow rates or %transmittance etc. are all that is 

required to initiate compUterized process control in many industrial 

streams such as those encountered in the chemical industrie.. Overall, 
.1k 

the primary industries have benefitted relatively little by these ad-

vancements in computer hardware capability, because the initial input 

parameters cannot be defined with sufficient rapidity and/or accuracy. 

1 
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However, in Canada the primary riTtailurgi61 extraction industries are 

currently moving towards Adapting such techniques to their process 

streams. 

Naturally, the analytical techg,)tlye employed to determine the con-
, 

centration of the metal extracted in a particular process rs an essential 

factor toward the successful operation of a computerized process control 

system. It should possess the capability to determine the desired metal 

content, in situ, for specimen forms consisting of solids, solutions and 

slurries. No analytical method can deal with as wide a variety of speci-

men forms as X-ray spectroscopy. In addition tb performing a nondestruc-

tive analysis, this method has sufficient sensitivity, speed, precision 

and accuracy to'meet the desired requirements in most cases. Output 

data can be readily interfaced with the computing system to effect pro-

cess control. Hence installations of such systems to-date in the metal-

lurgical extraction industry have incorporated some form of X-ray 

analysis. 

As in all instrumental analytical methods, the X-ray techniques are 

Comparative ones and suitable standards of accurately known composition 
;

are required for calibration. The standards must have, as nearly as 

possible, the same chemical composition as the samples in both X-ray'and 

other optical spectrochemical analyses. However, in the X-ray spectro-

scopy case, standards must also have the same physical form as the sam-

ples: solid metal can be analyzed only with solid standards, powders 

packed in cells only with similarly packed powder standards, solutions 

only with solutions etc. Moreover, solid standards must have the same 

surface texture as the samples and powders the same particle size 41s, 

2
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tribution and packing density. These effects are particularly inconveni-

ent when the substance must be analyzed in a number of physical forms. 

The limiting factor in the installation of computefizet2 process control 

systems in the primary metallurgical extraction industry is that the ne-

cessary input parameters cannot be supplied'with sufficient accuracy. 

This is directly attributable to these disadvantages. 

With specific reference to the operation of a uranium extraction 

and concentration plant, much can be done to alleviate the above problems. 

An understanding of the attenuation of electromagnetic radiation as it 

traverses matter is essential. On the atomic scale, photons interact 

with atoms comprising the sample medium through several mechanisms. Each 

mechanism is responsible for the emission of characteristic and detect-

able radiation. Photon encounters are distinctly and substantially dif-
, 

ferent with uranium atoms than they are'for atoms in which uranium is 

normally associated with in a natural.geologTcal sample, This fact may 

be taken advantage of to mitigate the encumbrances limiting the accuracy 

of on-stream industrial analyses as applied to the primary uranium extrac-

tion industrial process. 

Since uranium nuclei are unstable, the possibility exists of per-

forming isotope analyses by ;-ray spectroscopy. These methods are also 

well suited for adoption to on-stream activity measurements. 1-ray 

techniques however, are comparative methods as well and are subject to 

:the same restrictions (although generally nut to the same extent) regard-

ing standards for calibration as experienced for the X-ray case. The 

discovery, in 1972, of a naturally occurring fission reactor at Oklo, 

Gabon haslinitiated a search for similar phenomena in other parts,of the 

3, 

r 
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world, Certain uranium mineral zones of northern r.odskatk.hewan have been 

cited as logical locations for such a reactor. At present, uranium 

concentration mills of northern Saskatchewan do not conduct uranium iso-

tope analyses, pr6cipally due to the lack of,a suitable technique. 

However, the chances of identifying a past nuclear disturbance would be 

gr,eatly,enhanced if isotope analyses could be rbutinely performed at the 

uranium extraction plant loCation. 

As such, there are two major objectives of this thesis, (1),to 

investigate Canadian uranium ores for accurate uranium content by X-ray 

spectroscopy, and (ii) to develop a technique to deterMine the uranium 

isotope ratio by y-ray spectroscopy. The approach adopted in the evol(i- t 

.tion of the methods reflects, where possible, .he sui tabil itlh V' the final 

techniques for on-stream industrial analysis followed by subsequent 
• . . 

computer procesOng. Chapter 2 presents a description of the interaction 

mechanism of atoms with photons of electromagnetic radiation. Particular 

emphasis 15 p)aced on the differences between photon -rcounters with 

uranium atoms and silicon atoms. The latter,was chosen since its attenu-

ation characteristics are similar to those of the host elements found in 

a uranium bearing granite. Equations are written to show quantitatively 

how these, differences will effect the accuracy of the final X-ray Or 

1-ray analyses. The distinctions and in some cases smilarities are di's-

cussed in Chapter 3. Based on these results, several cxpernnental tech-

niques were' formulated in order to best accompl ish the 4:11MS of the thesis. 

- 4 - 
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4 

2 BACKGROUND FUNDAMENTALS 

2.1. Attenuation of electromagnetic radiation by matter 

*A2 X—rays and"y-rays are passed through matter their initial in-

tensities, 10, are decreased according to the Lambert law, 

a 

r 

o 

1- 1e-Pm,o
2.1 

where i and m are the total absorption coefficient and thickness re-

, spectively of the absorber. Four absorption coefficients are derived 

from'equation 2.1 and in general use. (1) the linear absorption 

coefficient pt gives absorption per unit thickness per unit area and har, 

-1 
units of cm , (ii)- the mass absorption coefficient 11m

 gives absorption 

•per unit mass per unit area and has units of cm2/g,. (ili) the atomic 

absorption coefficient "TOT 
or cross section gives absorption per atom 

per unit area and has units of barns (1 -24 cm7/atom), and (iv) the 

molar absorption coefficient pmoi gives, the absorption per mole. per unit 
} 0 

area and has units of cm2/mole. . I  ?* 

Of these fpur coefficients, the mass absorption coefficient is by 

far the most useful in y-ray and X-ray analytical work. It'is an atomic 
* 

property of each element - independent of chemical or physical state - 

and is a function of wavelength and atomic number. Throughout this 

thesis, the symbol i will indicate the total mass absorption Coefficient 
'0. 

and it is related to the linear absorption coefficient by 

;. 

ti 1 iiit /r, . • ! . . 2.2 .---------
_.---' 

The practicability of using the total mass absorption coefficient 

- 5 - 
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becomes immediately obvious when the mass absorption coefficient of a 

compound, solution or r ure of elements is required. For elements

1,2,3,...i,...m in weight fraction ri,r2,r3,...r1,...rm the total mass 

absorptiiin coefficient is simply-Oven by the sun of the products of the 

mass absoprtion coefficient and the we.ight'fraction of each element 

ri 
P
1•20,...1,...ra 1=E r1 1 1

The total mass absorption coefficient is the res.v.r4t of several 

phenomena each possessing its own mass absorption Coeffitient 

• 
o
ph.n 

. . . . 2,4 

in which 0 is the total mass scattering coefficient, IT is the photoelec-. 

trio mass absoprtion coefficient, K 15 the positron-electron pair

production mass absorption coefficient, and 
0ph.n 

is the photonuclear 

mass absorption coefficient. Each of these coefficients can be written 

in the same variety of units as formerly described for p. For photon 

energies less than 10 MeV, aph.n is negligible and the value of K is 

zero for energies under 1.022 MeV. Since the energies utilized in this 

work, range from approximately 1 to 200 key, only the first two terms of 

are of significance and these are discussed individually in the 

following sections. , 

• 

2.2. Scattering 

The total mass scattering coefficient cOnsists of tie sum of 

several components_ Four main types of scattering which, can be distin-

guished are unmodified, modified, coherent and incoherent. The photons 

6 

( 
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A 

4 

involved in an unmodified scattering process undergo no chang in energy 1

\while modified scattered photons are observed at an energy lower ,an Q 41 

the incident radiation. Coherent scattering occurs in such a way th&t 

' there exists a phase relationship between the incident and scattered 

X-rays and y-rays Incoherent' scattering occurs without any such phase 

'relationship Since modified scattering is necessarily incoherent 

because of the change in wavelength, it is almost universal praceice by 

y-ray and X-ray spectroscopists to regard these as synonymous. Also no 

distinction is generally made between coherent and unmodified scattering 

This poses no practical problems although all unmodified scattering *1 

not necessarily coherently scattered.' Expementally, generally two 

scattered lines are observed, one possessing the energy of the incident 

radiation and the other shifted to lower en6Fgies. Historically these 

have been named Raylbigh and Compton scattering, respectively. 

Rayleigh (coherent) and Compton (incoherent) scattering were form —

erly regarded as a nuisance as scattered lines complicate the spectrum, 

increase backgrounds and increase the possibility of spectral line 

interference. However, scattered X-rays may be beneficial in many ways 

and require further description., 

2.2.1. Rayleigh scattering 

In the literature of X-ray and y-ray analysis Rayleigh scattering 

is variously referred to as unmodified, elastic or coherent scattering. 

The Rayleigh scattering croos section is given by: 

0 

aR . 3r2 f(1 co520) F(x,Z)2rd(cos 0) 0.1

7 
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2
in which r0 = the square of the classical electron radius.

0 = the angle between the incident and scattered photon direc-

tions 

21Td(cos 0) = d2 - the solid angle between cones with angles o and 

0 + do i 

2 = atomic number 

F(x,Z) = atomic form factor 

x = momentum transfer parameter 

Many theoretical models and approximations have been used to evalu-

ate the atomic form factor for all elements, but a discussion of their 

merits is not warranted here, further details can be found in references 

(1-5). Tables of recently published atomic form factor values,are given 

in referdnce (1). A simple description of the phenomenon is as follows: 

In Rayleigh scattering the incident X-rays or i-rays ipduce the electrons 

in the irradiated matter to oscillate at the same frequency as the inci-. 

dent radiation. the oscillating electrons then re-emit photons mri all 
4 

directions, at the same frequency of and maintaining a phase relation-

ship with, the incident radiation. 

Equation 2.5 shows that has an angular, atomic number and energy 

dependence. The varikt16ns of oR with energy for a high Z element, 
7 

uranium, and a lowl element,, silicon, can be seen in figure 1. For a 

fixed atomic number 2, the cross section is largest when the energy of 
, 

the incident radiation is of the same order .as th binding energy of the 

orbital electrons Rayleigh scattering cross sections, when correlated 

with energy, exhibit a maximum at'less than 1 keV and decrease very 

rapidly to low values with larger incident photon energies. The fact 

- 8 - 
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that 0
R 

is very sensitive to atomic 'lumber can be seen in figure 2. 
2-3 

Typically aRis proportional to Z For a specific example. the pro-

bability of Rayleigh scattering for a uranium atom is 130 times that for 

silicon at 100 keV• The valuesof aR plotted in figures 
1-? are total 

Rayleigh 'scattering cross sections,, that is, they have been integrated 

over all solid angles as described in equation 2.5. If this scattering 
4 

is measured at a particular source, sample and detector geometry, it 

then typically varies as shpwn in figure 3. There is a strong dependence 

of a
R 
for the forward (0,-0') scattering angles with a characteristic 

minimum for medium angle scattering. 

2.2.2. Compton scattering 

For practical 7-ray aqd X-ray analysis, Compton scattering is 

equivalently referred to as inciherent, modified and inelastic scatter-

ing. Both the particle nature and the wove nature of photons and elec-

trons can be'used to loosely describe this phenomenon. In the first 

case, the incident photon &Glides with a loosely bound electron in an 

outer orbital of an atom. The electron recoils under the impact, 

leaving the atom and carrying away some 'of the energy of the photon, 

• which is deflected with a corresponding loss of energy. Conservation of 
V • 

energy and'momentum is observed as the sum of these parameters for the 

scattered photon and the recoil electron always equals those of the 

incident photon. In the second,case, the initial and final states of 

the recoil electron mutually interfere to form a space grating of 

standing matter waves that reflects the incident y or X-radiation in 

much the tame manner as the space grating of atGclic layers in a crystal. 

Ttie change;in energy is attributed to the Doppler shift caused by the 
• 
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recoil velocity of the reflecting space grating. The, Compton scdttering 

gyoss section is calculable from,

2 
1  

2 

jIZS(x,Z)2rd(cos 0) . 2.6 7 1 os
5' d 1r 2 f([14k0-cos o)] fl+cos 0+k . -c 

o l+k(l-cos o)

in which all the symbols used are identical to- those defined in the 

calculation of dR' 
but in addition 

k = incident photon energy in units of electron masses 

S(x,Z) =.incoherentscatiering factor 

As was the case in describing the atomic form factor, S(x.,Z) cannot be 

analytically calculable for all elements. Various theoretical considera-

tions used in the evaluation of 5(x,Z) can be found in references (1-5). 
• 

Reference (1) also contains tables of S(x,2). 

In general terms, the proportion of Compton scattering increases 

as the energy of the 'incident radiation increases to a maximum value, 

occurring between 30-100 keV as shown in figure 4 for uranium and sill-_ 

con. The Compton scattering -cross section varies more slowly with inci-

dent energy than does the Rayleigh scattering cross section. At low 

energies Rayl-eigh scattering is the prominent scatter mechanism and at 

high energies Compton scattering domino-Ls Compton scattering however 

is much less sensitive to atomic number. Figure 5 shows a near linear 

correlation between a
c 

and photon energy. The relative probability for 

Compton scattering as a function of scatter angle shows a minimul:i for 

right angle scattering and maxima for forward and backward scattering

but in this case the position and magnitude of these fedtures are also 

a function of energy. 'Figure 6 shows the relative angular dependence 

(i.e. normalized to forward scattering cross section) of ac at 0 lceV 

• - 13 - 
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1 

and 150 i',e . 

Because the encounter oh ys the laws,bf conservation of energy and 

momentum, the energy of the deflected photon is simply related to the 

incident photon energy through the scatter angle o. The equation used 

to compute the energy of the scattered photon is: 

E I - EM1 + k(1 - cos o)) 27

in which all symbols have been previously defined except 

E l= energy of the scattered photon 

E c energy of the incident photon 

The energy difference (E-E') is commonly referred to as the r ..,omptell 

shift. For a fixed energy, the shift is zero for forward Compton scat:.

tering Co = 0°) with a maximum for backward Scattering (o ,. 180'). The 

size of the shift is also a function of energy. With the low 

10 keV)_commonly encountered in X-ray analysis, the shifts 

but when the incident photon energy approaches the equivalent 

electron (511 keV) the value of k becomes appreciable and the 

ing Compton shifts are relatively large. 

energies 

are small, 

mass of an 
.:', 

correspond-

2. . The photoelectric effect 

The fundamental basis for production of characteristic atomic X-rays 

is the photoelectric effect. The photoelectric cross'section, /, is a 

measure of the probability that this interaction will occur. The pro-

I 
cess of photon absorption in the visual range is fundamentally different 

from in the X-ray region. In the first case, a photon is absorbed by 

an outer orbital and thereby an electron is raised to an unoccupied but 

bound energy level. In the latter X-ray case, we are dealing with 
• 
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transitions among inner core electrons whose-o-rbitals are occupied. The 

most probable electron transition- resulting from photon absorption is 

then to promote an iii  core electron to. the continuum leaving behind 

an inner core electron vacancy. In order to create sucha-Kcancy, a 

'critical' pfioton energy, equal to a. designated electron binding energy 

is required. As figure 7 illustrates, when x is plotted against incident 

photon energy, characteristic discontinuities are exhibited as each' 

'critical' energy is approached. These are called absorption edges and 

maximum values of t occur when the photon energy is just above the ab-

sorption edge. • 

The binding energies of inner core electrons and consequently the 

J energies of their observed absorption edges increase in a regular 

• fashion with atomic number. The corresponding absorption edges fOr 

uranium therefore occur at much higher: energies than their counterparts 

for silicon, as is shown in figure 7. t is a function of Incident pho-

ton energy and atomic numbey. In this figure, the slope between absorp-

▪ tion edges is approximately -3 indicating the inverse cube dependence of 

the photoelectric crass section with energy. This relationship remains 

valid up to 1 MeV there t changes to a high;energy-limitj ,dependence. 

Below 1 keV, the photoelectric cross section becomes characterized-by 

outer-subshell maxima and minima with little regularity as a function of 

C and Z. To illustrateithe dependence of / on atomic number, th photo-

electric cross section at 100 keV is plotted in figure B for most le: 

vents. Generally, for a photon incident energy substantiolly-above'an 
4 

absorption edge, 2 increases as 7, indicating a very strod ependOnci! 

on atomic number. 

Fr 
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2.4. Atomic structure and X-ray spectra 

An understanding of the nature and origin of characteristic X-ray 

line spectra requires some knowledge of atomic struolurb. For illustra-

tive purposes, a simpl ified model of the atom such as the Bohr structure 

is sufficient. As can be seen from figure 9,, the atom consists of a 

dense central nucleus containing all of its Z protons and A-Z neutrons, 

with its corresponding Z electrons revolving about the nucleus. The 

electrons are grouped into shells designated K, L, M, N, etc. in order 

of increasing distance from the nucleus. The electrons in each shell 

are classified further with respect to angular momentum and direction of 

spin. Each of these parameters - shell, momentum and spin - is desig-

nated by a discrete quantum number. Each individual electron i)ossesses 

a unique set of quantum numbers. Table 1 lists these quantum numbers 

and the allowed values each may assume for an electron in an atom. From 

figure 9 it is evident that on the basis of these quantum numbers, the 

electrons fall into subgroups - one K, three L, five M and seven N, etc, 

These are the subgroups of principle significance in X-ray spectroscopy. 

Table 2 shows how the subshell energy levels can be derived by appropriate 

assignment of quantum numbers n, 2, s and 3, (10) Included in table 2 

for comparison, are the optical and X-ray notations used to describe the 
yr 

same atomic states. 

As discussed in section 2 3., characteristic discontinuities in 

the photoelectric cross section known as absorption edges occur at dis-

crete energies. These 'critical' energies correspond to the energy

levels of the various atomic states. To create a K shell vacancy, for 

example, the incident photon energy must be equal to 04 greater than the 
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Table 1 

Quantum numbers 

Symbol Name Al lowed Values Selection Rules 
....... ..... 

• 

n principle 1,2,3,...,n An'f 0 

L azimuthal 0c1,2,. ..,(n-l) 

S,p,d,f,. '• 

Mt - P1

m magnetic ' ,-;,,.. .,0,.. +g, 

s spin ±i 

a inner 
precession 

k :- 1, except 3 # 0 - 1 0 :I +1 or 0 

"re., 
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Table 2 

Inner core atomic energy levels 

n 

1 

2 

2 

7 

3 

3 

4 

4 

4 

4 

4 

4 

4 

Quantum Numbers 

3 

Number of Electrons 
in Filled Subshell 

(2j + I) 

Atomic' State 

%, 

.......* 

s 

•I ,

) 

Optical 
Notation 

X-ray 
Notation 

0 1-1/7 ,1/2 2 
1 25'!2 

K 

0 ±1/2 1/2 2 2
2
S 
1/2 L I 

1 -1/2 1/2 2 2
2

P 
1/2 

Ln 

1. +1/2 3/2 4 2
2

P 
3/2 LIII 

0 ±1/2 1/2' 2 3
2
S MI

3211

1/2 

1 -1/2 1/2 2 
M11 

2
1/2 

1 +]/7 3/2 4 3 p 
3/2 

Fl
111 

2 -i1 3/2 4 3 20 , " MIV 

2 +1/2 
•. 

5/2 6 3 
2

3/2 

d5/ 2
 

M
V 

0 ,. ti/2 l/o 2 ,c 4
2
S 
1/2 

N
I 

1 -1/2 1/2 2 4
2

P 
1/7 

N
I I, 

1 +1/2 3 / 2 4 4
2

P 
3/ 
, 
2 

N
IS I

2't -1/2 3/2 4 4
2

0 , 
3/2 

N
IV 

2 +1/2 IX) 6 
, 

4
2

D , 
5/ 2 

N
V 

3 -1/2 5/2 6 42F
5/2 

N
VI 

3 41/2 7/2 8 4
2

F
7/2 

N 
VII 
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energy of the atomic state-K in order to promote the electron to the 

continuum The energy at which this occurs is referred to as the K 

shell absorption edge and is generally written as "sat). The removal of an 

inner core electron from its appropriate shgll constitutes an excitation 

of the atom, raising its energy above the stable configuration. The atom 

will subsequently seek to regain a stable energy by reverting back to the 

• 

original electronic, configuration. This tales place by an electron tran-

sition form.some higher atomic energy level to the energy level of the 

vacant site. The energy difference between these two atomic states,is 

a unique property of the atomic ?umber of the nucleus. An X-ray photon 

is then emitted wiwse energy is characteristic of this difference and 

,thereby of the atom. The X-ray or fluorescent photon must have an energy 

less than that originally absorbed. Electron transitions Cannot occur 

from any higher level to any lower state. Only certain +ransitions are 

'allowed' according to Che selection rules (1/) listed in table 1. The 

resulting atomic emi, ion consists of a series of discrete X-ray spectral 

lines for each she1 characteristic of the emitting element and having 

various relative/intensities. Figure 9 shows the principle lines observed 

in,X-rayanaly/is and the appropriate absorption edges. 

The no,iyatioh 4lmost universally used to identify X-ray spectral 

lines is tie Siegbahn designation scheme The line is identified by (1) 

the symb of the chemical elepent, (ii) the symbol of the series (K, L, 

N, 7tc.) i.e. the subshell the vacancy was created le and (iii) a 

lowercase Greek letter, usually with a numerical subscript to denote , 

the particular line in a series. Examples of this notation are. Cu Kft r, 

Se W La2, U May, and Au Ln. The 0.1,2 lines are always the strongest 
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Table 3 

Comnionly observed X-ray spectral 'rules 

... .m.......mmm•••••••• 

Seigbahn Line Notatlon Atomic Level Transition 

r 

Ku 
1 

VL
III 

Ka 
2 

KL
II 

KO 
1 

KM
III

La 
1 L'IA 

Lae L
III

M
IV 

L81
 

L
II

li
IV 

LO
2 

L
III

N
V 

Ly1 L
IlUIV 

Ly2 L
I
N
I! 

jf Ma 1 
M
V
N
VII 

M'a r M 11 
V VI 

/

I 
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1. 

in the series and generally originate from An = 1 transitions The i31

line is 'connonly the second strongest line. The fi and y lines arise 

from An = 1, 2 or 3 transitions., Aside from these conventions, the 

notation is not systematic. However, the line resulting from a given 

transition in any element is always given the same symbol, i.e. an 1.02

line always results from a 
LIIINV 

transition. In practise, this poses 

little problem because only the most intense. u, a, and y lines are suffi-

ciently strong to be analytically significant. Some of the frequently' 

observed spectral lines and their respective origins (1?) are given in 

table 3. .0 

2.4.1 The Auger effect 

The creation of an inner core electron vacancy by the photoelectric 

effect or some other process does not always result in the emission of 

characteristic X-ray fluorescence. The energy of the transition may also 

be released as an emitted electron known as an Auger electron. In both 

cases, the energy of the X-ray photon or Auger electron is characteristic 

of the emitted element. This process is competitive with X-ray fluore-

scence aneis known as the Auger effect although occasionally referred 

to as radiationless transition or internal conversion. 

The mechanism of the Auger effect can be described in two ways. 

In the first case, an initial inner core vacancy is created and then 

filled by an electron accompanied by the emission of an Auger electron 

from the appropriate level. In the second case, the initial vacancy and 

transition results in the production of an X-ray photon, in the usual 

manner. However, in this case, the photon undergoes an internal photo-

electric absorption, with the expulsion of an electron, and does not 
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leave the atom of its origin,lhence the .1clme internal conversion. 

Because Auger electrons can create further vacancies, additional 

photons or Auger electrons may be emitted, This leads to multiple va-

cancy creation and complicates some areas o le X-ray fluorescent spec-

trum. Electron transitions imuch multiply ionized atoms result in 

emissions of lines having energies slightly different from those emitted 

by the corresponding electron transition in siligly charged atoms. Such 

lines are known as satellite lines. For elements of high and intermedi-

ate atomic number, satellite lines usually(ave low intensity and are of 

little significance in X-ray spectroscopy. However, for very light 

elements, boron to aluminum, they may be relatively intrise: 

The Auger effect is also more favoured in elements of low atomic 

number because the characteristic X-ray fluorescence is of -lower energy 

and more readily internally absorbed. For the same reason, the effect 

is more marked on the t. and 11 series than for the K series of any given 

element. 

2.4.2. Fluorescent yield 

The fluorescent yield is the probability that the filling of a 

vacancy in a specified shell results in an emission of a characteristic 

X-ray photon. For example, the K shell fluorescent yield is defined by: 

E(nk)i

2  8 

= nK(%1 + nKA2 + nKtir + 
Nk

where w
K 

is the K shell fluorescent yield 
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is the rate at which K shell vacancies are creatf

(n K) is the rate at which photons of spectral line 'i' are emitted. 

The other shell flugreseent yields are derived in a parallel fashion. 

The principle consequence of the Auger effect on the fluorescent. 

yield is that w is not unity and that the lines in a given series are 

not as intense as would be predicted from the number of vacancies ori-

ginally created in the associated orbital. The fluorescent yield dimin-

ishes with decreasing Z and becomes the major limitation to sensitivity 

for elements of low atomic number with X-ray analysis. Figure 10 depicts 

the L, and M fluorescent yield dependence on atomic number. As can be 

seen from the figure, elements of atomic number less than 10 (neon) have 

very low fluorescent yields and the intrinsic sensitivity for detection 

would be far greater with electron spectroscopy (Auger spectroscopy). 

2.5. Quantitative X-ray analysis 

X-ray analys of an element in a specimen principally consists of 

exciting the element in the sample and recording the observed intensity 

of the characteristic spectral lines emitted from that element. An analy-

sis constitutes a knbwledge of the weight fraction of that element in 

the Sample as obtained from spectral line intensities. In general, this 

useful emitted intensity is affected by five factors: (1) the spectral 

energy distribution of the excitation X-ray photons, (ii) absorption of 

excitation photonsty the analyte and matrix element , (111) the excita-

tion probability and fluorescent yield of the analytic. (iv) absorption 
yh 

of the analyte line by the analyte and matrix elements and (v) the geo-

metry of the X-ray spectrometer. 

A schematic excitation system is shown in figure 11 depicting a 
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S.

• 

general source, sample and detector gemetry where• 

r is the solid angle subtended at the excitation source by the 
4 

effective specimen area, 

n is the solid angle subtended dt the specimen by the aperture of . 

the detector system, 

s is the angle between the excitation radiation and the specimen 

plane and 

1;$ is the take-off angle required for characteristic X-ray fluore-

scent radiation to pass throdgh the centre of the detector aper-

ture. 

Using figure 11 and previously defined phenomena, a fundaiontal 

excitation equation can easily be derived showing the relationship between 

characteristic spectral line intensity of an element and the weight frac-

tion of that element in a miltielement sample. By assuming a monchromatic 

excitation source, of energy Le and inten5Lty le, theildction of incident 

photons penetrating to a thickness m(g/Lri2) and arriving t a layer dm is 
ti

IL-mr(p e)l l 
r. csc • 

where L(11 )iri is the total mass absorption coefficient of the spe imen e

for excitation energy cc as, delineated by equation 2.3. 

Of the photons arriving at layer dm, the fraction absorbed in the 

layer is 

L(ne ) r. csc s dm 

Of the photons absorbed in layer dm, tle fraction absorbed by an 
d , 

'\‘ 

analyte A in -a specimen having an analyte weigrt fldutio'n rA, which (..reate.
• 

electron vacanci).s in an ato41 shell correspondi ig to the series of the 
, 

analyte is 
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r
A
T
A
csc q dm 

, L(0 177--csc . dm 
• .  e 1 1 

rATA 
. _____ 
UP J r 1 e l l 

where T
A
is the photoelectric mass absorption coefficient of element A 

for the excitation energy ce. 

Of the photons causing such vacancies, the fraction that leads to 

actual emission of photons of the spectral lines in that series, is 

given by the fluorescent yield of the analyte series w;t: Generally, , 

.only the intensity of a specific line in a series is measured. Given 

a shell vacancy, the probability that a photon corresponding to a specific 

line in the series observed will be given by-, 

t I 

_ I f 0 

gf ) , 1 f 1 

c ) _—. 
in which t(If )i is the sum of the intensities of all the fluorescent 

lines in the, series. 

'2.9 

, . 
The total intensity of photons of spectral line f, dIf' 

possessing 

an energy cf and emitted from a la, • dm in all directions is: 

-In(p ) r csc q rATA
(l ee 1 el l )(z(0e )i r1 csc q dm)( F.( Yr J' )f  w0f1) dlf 

-MG ) r csc 
. l

e
r
A
T
A
wAgf csc 

¢ e 1 e 1 1 dm 

C 1 1 

2  10 

• 
Of the total number of photgns emitted, only those that are emitted 

toward the detector can contribute to the measured line intensity. This 

fraction is given by d12/47. The fraction of photons of energy E f

- 33 - 
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that emerge from the overlying layer m and enter the detector is th&I 

given by 

(IQ -rnE( f
)
1
r
1 
csc ¢ 

-47 e 1

'Where.1 L(uf ) i r1  is the total mass absorption coefficient of the specimen 

for the fluorescent line radiation of energy tf. The analyte line inten-

sity actually entering the detector from the layer dm is given by. 

-m(7(u csc ¢ + u
f 

csc 0 r } 

dlf 
= lerATAwAgfdo escoe l e 

1 1 
dm • . . 2.11 

4r 

Integration of equation 2.11 over all thicknesses up to m will give the 

total intensity of the spectral line f entering the detector emitted from 

within thickness m. 

I ' 

/
f 
. IerAreAgf csc 0 do 

I 
e 

1 
-m(Y(11e 

 
csc + of csc ¢),r,} 

dm 
4r a 

I
e
rT

AwAgf 
csc 0 do -mz(1.1 csc ¢ + ilf csc O iri

  {1 - e 1 e } 
- 4v“ii,e csc ¢ + iif csc ¢)1r1 . . . 2.121 

Equation 2.12 is the fundamental excitation equation relating the 

observed intensity of the analyte spectral line f, if, to the anarlyte 

weight fraction, rA, in the specimen. The function is complicated by 

the fact that the mass absorption coeff—ients for both excitation and 

fluorescence radiation as well as the weight fraction of every element 

in the sample is required to evaluate the equation, The excitation 

- 34 -

TL . 
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission. Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.



equation involves these parameters in two factors which affect the ob-

//served fluorescent intensity. a matrix element factor, contained in the 

denominator, which determines absorption effects produced by the presence 

of the matrix elements, and a sample tniekness factor evaluated by the 

exponential term. 

Two assumptions reqdired to maintain the validity'of equation 2.12 

are (1) the sample is homogeneous, and 01) the sample presents a smooth 

surface to both the source and the detector In most X-ray analytical 

work, only a thin layer of the specimen surface undergoes excitation and , 

subsequent characteristic fluorescence, therefore it is essential that 

the composition of the small volume analyzed be identical to that of the 

bulk specimen. If, for example, the surface of the specimen presents, 

irregular physical features, such as non-uniform packing densities or 

pafticle sizes in the case of powdered samples, fluorescent and excita-

tion X-rays will be radically scattered and reliable, consistent inten-

sity measurements cannot be performed. This effect is particularly promi-

nent with low energy investigations where the X-ray wavelength approaches 

the magnitude of th- surface anomalies. A further shortcoming of equa-

tion 2.12 concerns the matrix factor. As described in the equation,'it 

can only evaluate absorption effects by the matrix elements. However, 

enhancement of the analyte line intensity is sometimes observed This 

arises because only the initial encounter of the excitation photons with 

the analyte atoms was considered in the development of equation 2.12. 

Photoelectric absorption of (1) multiply scattered excitation or (11) 

secondary fluorescence radiation l~rom the matrix elements by the analyte 

element will lead to an increment in the observed spectral l ine intensity. 
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Enhancement effects are usually minor when compared with absorption 

effects but in the second case, when major matrix elements have a higher 

atomic number than the analyte element the enhancement effects can gain 

considerable prominence. The matrix factor then is responsible for both 

absorption and enhancement effects. 

Considerable simplification can be achieved in equation 2.12 by 

adjusting the sample thickness. If the sample thickness is such that a 

significant amount of excitation radiation is both absorbed by the speci-

men and also transmitted thrugh it, the sample is described as being 

`partially thick' and no simplification can be made. In practice, such 
•.• 

samples forms are virtually not used for analytical work since a means 

must be found to compensate for both matrix and thickness factors. 

If the thickness is increased so that a negligible amount of 

excitation radiation is transmitted through the sample, the specimen is. 

said to be 'thick' and equation 2.12 reduces to 

= 
/11T ),(11e 

csc 0 + pf csc 0 i 
r 
i i 

I
e
r
A
T
A
w
Agf 

csc 4) do 
2  13 

This is the most commonly used sample type in X-ray analysis and only a 

v7:14kix factor affects the observed line intensity If. Were it not for 

this factor, the analyte line intensity If from analyte A in a thick 

specimen would simply be a function of weight fraction rA. The strategy 

of quantitative X-ray analysis of thick samples is to el iminate, circum-

vent, mirimize or correct for absorption and enhancement effects. Two 

ba4ic approaches have been developed to th,compllsh this. (1) compurative 

methods and (ii) absolute methods. 
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In the first case, most of the methods used to reduce absorption and 

enhancement effects involve the use of calibration standards in which 

X-ray spectrometric intensity data are converted to analytical concentra-

tions by the use of calibration curves established from measurements 

initially performed on standards. Many of the techniques to remove matrix 

effects are employed in all areas of chemical analysis) for example-, the 

method of standard addition, the method of comparison to matrix standards, 

the method of matrix dilution and the method of internal standardization. 

Under appropriate excitation and specimen conditions, matrix effects can 

be minimized by standardizing with scattered X-rays. Included in this 

group of comparative methods are a host of techniques which transform 
, • 

observed analyte intensities to analyte weight fractions through mathe-

matical relationships originally derived from measurements from standards. 

For two component samples, where enhancement effects may be absent and 

matrix effects are due only to abs'orption processes, matrix effects can 

. 
be eliminated by a simple absorption correction technique (14- 15), for 

, 
ternary systems, geometrical (graphical)' 

(16- 
techniques 17), a technique 

using empirical correction factors 
(18-20) has been used for up to seven 

components and multielement analysis techniques using 'influence coeffi-

cients' (21-25) 
have evolved to a refined status. 

In the latter case of absolute methods, no standards of any kind 

are required. This approach has gained greater significance in the last 

decade as sufficient computing capability becomes 'increasingly available. 

In these techniques, known as fundamental parameter methods 
(26-27)

X-ray analytical properties, such as mass absorption coefficients, 

fluoresdent yields, energy of characteristic fluorescence etc., are 
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stored in a computer. The line intensities of all elements in the sample 

are measurfea,4 and the analyte weight fraction is calculated by mathemati-

cal iteration procedures. 

Equation 2.12 can be fu;.ther reduced by preparing 'thin' samples. 

file sample thickness is adjusted to a sufficiently small value so that 

the exponential thickness term can be replaced by a geometric series of 

which all but the first two terms can be neglected. The excitation equa-

tion for such a sample is then approximated by. 

I or cog csc (IR 
If 

e A, A A f , % - [1 - m:(0 CSC CSC 
471. EGIe CSC 4) 4 p csc 'q)j.r e f

lerAAwAgfm csc 4 di 

Orr 

O iri p 

2.14 

Absorption and enhancement effects substantially disappear in thin speci-

mens because neither excitation nor fluorescent X-rays are appreciably 

absorbed in the short path length of the thin layer. Each atom absorbs 

and emits essentially independently of the other atoms without signifi-

cantly altering the incident beam. The advantage of using thin samples 

is obvious in that no matrix standards are required. Generally,, inten-
, 

si.tieS observed from thin samples are much lower than from thick samples 

__and consequently thin samples applicable principally to major consti-

tuents. The main disadvantage of utilizing thin sapples is the necessity 

and in some cases, difficulties encountered in preparing sufficiently 

thin specimens. 

2.6. Quantitative y-ray analysis 

The distinguishing factor between ^.. ays and /-rays is their source 
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ti

of origin. i-rays are produced from ./ithin the atomic nucleus and X-rays 

[
from extra-nuclear phenomena. Following the disintegration of an unstable 

radionuclide, the daughter nucleus may 6e left in an excited state. 

Su)sequent nuclear transitions to lower energy levels result in photon-

em ssioifs of energy corresponding to the difference in energy of the 

'in'tial and final nuclear states. Such gamma emissions are character's-

ti of the emitting nuclide.

As was the situation with X-rays, the principle objective in quan-

ti6tive analysis is to derive an accurate value of the quantity of 
1 

analyte present from the measured intensity of a particular y-ray photo-

pea,. By initially assuming that the specimeri, has some degree of gamma 

activity, either artificially produced or natural radiation, the number 

of measured characteristic gamma photons is affected by two factors. 

(1) OnorptlOn of the gamma photons by the Matrix elements and (ii) the 

geometry of the y-ray spectrometer. 

Using figure 11, the total number of photons of energy cy emitted 

In all directions from a layer dm situated at a thickness m (g/cm2) is. 

A
A
r
A
(t)u

A
dm 

where,XA is the decay constant of radionuclide analyte A (sec-1 ) 

rA(t) is the weight fraction of radionuclide A present (sec) 

aA is the abundance o,f the analyte line expressed as the number 

of photons of analyte energy c per nuclear disintegration. 

In y-ray spectroscopy, the number of radioactive analyte nuclides 

present during the period of observation is generally a function of 

time. for measuring activities of naturally occurring nuclides, the time 
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O 

I 

dependence can frequently be removed since the nuclide possesses or is in 
O 

secular equilibrium with a parent possessing a very long half-life. 

The fraction of, photons of characteristic analyte energy that 

emerge from the Overlying layer m and enter the detector is then given 

by: 

do 

„ 

.fliz(11 ) r. cSc 

47 -
 

in which 0 is the total mass absorption coefficient for the measured 

y-emission and all other symbols have been previously defined. 

The number of photons entering the detector from the layer dm is 

then 
¶2 

dI 
Y 

-mL(0 Y 
1 
)r1 csc-

N r (t)a d 
A A A a e 1 dm 

4Tr 
2.15 

The total intensity of the characteristic y-ray observed from a sample 

of thickness m is then obtained from-

x
AA 
r.(t)aA f do m e -MEG )1 

r csc

4r 
dm 

AAr A(t)aAdo • -M(0 ) r 
• 4tL(0 Y).r csc w {1 - e 1 Y 1

CSC 
) . . 2.16 

Just as in the X-ray case, the observed intensity is affected by 

a matrix and a thickness factor. In gamma spectroscopy only absorption 

effects are observed in the matrix factor as enhancement of nuclear 

transitions cannot occur within the specimen In this sense, equation 

2.16 is more rigorous than equation 2.12, howevCir the two assumptions 
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regarding sample homogeneity and presentation are still required. The 

photon energies encountered in y-ray spectroscopy are frequently much 

higher than those emitted by inner core atomic electron transitions. 

They are generally substanti ily above all X-ray absorption edges so that 

exfMass absorption coeffici nts are much smaller than in the X-ray range . 

The sample volur1T,aialyzed is then much greater and specimen homogeneity 

requirements are not as severe. For the same reason, the importance of 

sample surface consistency is not a salient point as in X-ray analysis. 

Correspondingly the analysi's can be performed on thick or thin 

samples Due to the high penetrating ability of the emitted gamma pho-

tons, thin samples are more Conveniently prepared. For example. a thin 

sample of cobalt metal can be several centimeters thick when measuring 
/ 

the 1.33 HeV 'Co y-ray intensity but must be less than 15 micrometers 

when observed by Co Krt X-rays 0.9 keV). The total intensity of the 

aracteristic gamma photons entering the detector from a thin sample 

of thickness m (g/cm2) is: 

A
A
r
A(t)aAmdR 

ly 4n 
2.17 

Thick samples are used for very low energy y-rays or for specimens, 

containing very little activity so that a large sample volume is required 

in order to measure the analyte photopeak intensity with sufficient pre-

cision. In this case, the matrix factor has to be compensated for by 

employing standard correction techniques mentioned in section 2.5. 

Equation 2.18 shows the intensity of a particular spectral line as a 

function of the analyte weight fraction for thick samples. 

- 
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1 
X r (t)a (I:1 . 

I = 0 c, 4i Z .r csc Y 1 Y 1 1 
2  18 

Since no e 6tation source is requires while observing -y-rays, highly 

efficient 2v or/4,ff counting geometry techniques are employed. That is, the 

solid angle s ‘tended at the specimen by the aperature of the detector or 

detectors, qz, is either 2v or 4u steradians respectively.

I. 
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Or. 

3. EXPERIMENTAL WORK 

3.1. Preliminary considerations 

To reiterate the stated objectives in the introduction, application 

of the research undertaken in this thesis is directed toward use in the 

primary uranium extraction industry. Two topics of current interest in 

this industry are. (1) investigation of analytical techniques that 

would be suitable for computerized on-stream uranium analysis and subse-

quent processing, and (ii) development of a rapid, accurate, non-elabor-

ate procedure to determine uranium isotope ratios suitable for routine 

use at the mine location. The extraction plant feed material consists 

of uranium bearing geological material. The ores processed in northern 

Saskatchewan customarily contain 0.1 to 0.3% i.1308 in a silica based host 
, 

mineral such as granite. Ores in general, are characterized by a very 

wide range of chemical composition with tenacious absorption and enhance-

ment effects. Severe spectral-line interference often results from the 

presence of many elements i.n complex minerals. Standards conventionally 

required to minimize this matrix factor are often difficult to prepare. 

A variety of dissimilar sample forms are encountered in extraction plant 

process streams, i.e. crushed ore, slurries and solutions. Each of these 

forms continually exhibits divprse physical features. For example, 1112

consistent particle size for solid specimens and varying solids content 

for slurry samples. If singly photon .counting techniques, such as X-ray 

and y-ray spectroscopy are applied to ana'yzing uranium in industrial 

process streams then the matrix and specimen errorsliresent crust be 
_-- -. 

overcome. 
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Comparative. standards approximating, the specimen with regard to 

physical form, analyte concentration, matrix composition and physical 

features, cannot be used to directly standardize the in situ analysis 

performed in industrial circuits. Other experimental approaches to cir-

cumvent this problem are required. ,As outlined in chapter 2, ail the 

fundamental X-ray analytical parameters, such as 11, T, of and w are 

functions of atomic number, Z. In this regard, uranium possesses the 

largest atomic number of all the natural occurring nuclides and its 

analytical properties are not only unique, but substantially different 

from most of the other elements found in innate geological specimens. / 

The principal constituent of granite is silica and in figures 1, 4, 7 

the attenuation coefficients of silicon were plotted in addition to those 

of uranium as an indication of the expected magnitude of these X-ray 

parameters for the matrix elements in a uranium bearing granite. It is 

the intention of this section to contrast the various X-ray analytical 

properties of uranium and silicon and thereby to deduce experimental 

approaches to accomplish the above objectives without the need for 

comparative matrix standards. 

Rayleigh scattering cross sections, as shown in figures 1-3 pos-

sess a strong Z dependence. for any given incident photon energy, the 

probability of this type of scattering being produced by an encounter 

with uranium atoms is far higher dI2 for silicon atoms. For specimens 

consisting ,of a heavy element in light element medium, measurement of 

Rayleigh scattering intensity can have some diagnostic value. For 

example, in a binary component system, such as uranium and water, changes 

in uranium concentration will produce quantitative intensity fltictuatlons 
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in the observed Rayleigh scattering. In multieIement specimens, Rayleigh 

scattering originating from thq analyte is not genera)ly distinguishable 

from that of the matrix elements;, it therefore is normally of l ittle 

analytic-al benefit. For uranium, present in a host granite, tki~e atomic 

numbers_of the matrix elements are very much smaller than that of uranium, 

he weighted mean atomic numbe7- of the matrix elements would have to be 

ignificantly altered to produce a deviation in the Rayleigh scattering 

intensity equivalent to that from a much smaller variation in uranium 

weight fraction. For this situation, uranium analysis performed on 

certain natural geologica1 specimens by measuring Rayleigh scaltening 

intensity may be useful. However, figure 12 shows cross sections 

for each of the attenuation mechanisms, (0R' 0C and 1) expressed-as a 

fraction'of the total absorption cross section,, 0TOT' versus incident - 

photon energy. The relative contribution of oR for both uranium and 

silicon is not a major component of 0T0T. Maximum values of only 13% 

occur for most elements between 50 and 100 keV indicating poor sensiti-

vities. For comparison, the relative photoelectric effect cross sections 

are 80 to 95% for most elements in the, same energy interval. 

From figure 5, the Compton scattering cross section is less sensi-

tive to atomic number and appears to be very nearly a linearly function 

of Z. 'Similarly oG is roughly proportional to mass number. This fact, 

under appropriate circumstances can be capitalized upon by measuring 

sample thicknesses. Consider the case of a high energy incident radia-

tion impinging upon specimens consisting principally of low Z elements. 

For a thin or partially thick sample, the total Compton scattering ob-

served from the specimen will be proportional to the sample mass. If 
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I • 
1

the surfaU area of the specimen is known and of constant value, Compton 

scattering intensity then functions as a thickness (g/cm2) gauge. This 
1 , . 

cdnclusioi.can be indirectly utilized to evaluate the magnitude of the, , . . 
matrix anf thickness factors: fhe transmitted radiatibn through such 

samples is given by: 

-FCP )1 r 
I I T . , 1.oe 1 e 1   3.1 

where I
T 

and to are the transmitted and initial intensities respect,

M is the sample thickness (g/cm2) and E(ue )i ri is the total mass absorp-

tion coefficient of the specimen for photons of the excitation energy. 

If the sample thickness, m, is determined from the Compton scattering 

intensity, and a technique is devised to measure the initial to trans-

mitted intensity ratio, then the total mass absogption coefficient has 

been indirectly experimentally measured. For p heavy metal analyte in 

a sufficiently low Z matrix, the total mass at sorption coefficient for 

the fluorescent radiation will be a constant unction of that for the 

\excitation radiation, hence all the terms reqired to ?valuate the matrix 

and thickness factors of equation 2.12 are known. 

Compton scattering can also be used to the matrix factor 

for thick samples, A set of rough approximations can be used to demon-

ttrate qualitatively that for a given minor 

observed analyte peak intensity to Compton s 

nalyte component normalizing 

attering intensilhp:an be 

much less sensitive to varying Z (changing c6mposition) than the observed 

analyte intensity itself(28). The argument llis,as follows. An emitted 

analyte line intensity may be represented as 

  3.2 If 
a TiG e) -; -r i  (11f) I fil 
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where the denominator is the sum of the total mass absorption coefficients 

of the specimen for the excitation and fluorescent radiation respectively. 

If discrete excitation energy is used, then the Compton scattering peak 

intensity can be written as 

• 

IC 
a  

C Wu e) r. + EG ) r 1] 1 l l 1 c i 

a C   3.3 

In which z(p c ) 1 r1  is the total mass absorption coefficient of the analyte 
1  

and matrix elements for the Compton scattered line. The principal com-

ponent of the total mas., absorption coefficient for energies commonly 

encountered in X-ray analyst is 1, figure 12. From figure 8,T is pro-

portional to Z4 and therefore 

If . Z-4

however, 0C exhibits a linear dependence with Z, figure 5, 

IC U z-' 

that 

3.4 

3.5 

The intensity ratio of the analyte line to Compton scatter d line is then 

If/lc . Z-1   3.6 

A comparison of equation 3 4 and 3.6 shows that the ratio is much less 

dependent on atomic number - and therefore on matrix composition - than 

the analy'6, fluorescent intensity alone. A more rigorous mathematical 

treatment is given in reference (29). Equation 3.6 applies when the 

fluorescent and Compton scattered photon energies are about the same. 

Actually, scattering and absorption processes are also eiergy dependent, 

and it may be possible to optimize an analytical system by selecting a 

scattered energy for whith the ratio If/IC is substantially independent 

of matrix composition. It should be noted that this technique is only 
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capable'of reducing the absorption errors caused by a varying matrix 
% 

r 

factor and is ineffective against enhancement effects. An additional 

benefit of peak ratio techniques is that they can provide an effective 

means for dealing with non-uniform particle-size, surface texture effects, 

packing and instrumental errors. As can be seen from figure 7, there 

are striking differences between the photoelectric cross sections for 

uranium and silicon oVer the energy range from 1 to 120 keV. Two main 

distinguishing features are: (1) for any given energy, T is much higher 

for uranium than it is for silicon, and (ii) characteristic lines can be 

observed from uranium K, 1.,, and M shell excitations but only those of 

the K shell from silicon. As a consequence of the first item, uranium 

can be highly selectively excited when present in a silicon matrix. 

That is,, by chosing a photon excitation energy just above a designated 

uranium absorption edge, uranium fluorescent photons will be created at 

a preferential rate when related to the fluorescence of the other matrix 

elements. The second point requires further consideration. 

Table 4 summerizes sore X-ray excitation parameters for uranium 
• 

at each of the three major aborption edges. Values of iu, the photo-
, 

electric attenuation coefficient for uranium, are presented for each 

absorption edge. For thin samples of equal thickness, the quantity Loris
N 

is proportional to the potentiIal intrinsic sensitivity achievable by 

selectively exciting each of the major subshells. The absori ion char-

acteristics of the most intense uranium line in each of the three spec-

tral series by silicon is presented in table 5. Optimum sample and 

excitation conditions for analyzing uranium in a silicCh based matrix 

by measurement of the major line intensity from each series can be in-
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1 

Table 4* 

Some X-ray excitation parameters for uranium 

Absorption Edge Energy (keV) 0 It, (" 210 WCU (cm2g) 
. .,... ..W. - ........... 

-4-

U Kab 115.6 0.960 4.55 4.37 
U LIIIab 17.17 0.478 102.5 49.0 
U 11Vab 3.552 0.064 1245. 79.7 

, 

* data taken from reference (6). 

9 

Table 5* 

OP 

Silicon absorption characteristics of some major uranium lines 

X-ray Line Energy (keV) 

U Kai 98.44 
U Lai 13.61 
U Mal 3.17 

ps1 (cm2/g) 'Infinite' Thickness (cm) 

.183 10 

' 13.? 0.2  / 
810. 0.002 

* data taken from reference (6). 
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ferred from the data displayed in these two tables. 
6 

The first particular to notice is that the energies of the uranium 

K X-rays are very high and are better suited for observation with 1-spec-

troscopy equipment than with the conventional X-ray semiconductor detec-

tors. The U K
ab 

is vastly different. from the absorption edges of the 

expected matrix elements in a uranium bearing granite so that selective 

excitation of the uranium K shell can be ideally performed. The effect 

of the very large energy differences in the major uranium lines, listed 

in table 5, becomes apparent in the sample thickness necessary to pro-

duce a thick sample in silicon. For the U Ka i line, thick samples would 

be inconvenient to prepare as a sample 10 cm in thickness would require 

approximately ,3 kg of material. At these high energies, Compton scat-

tering becomes the major contribution to the total mass absorption co-

efficient for silicon, figure 12. Since Compton scattering intensities 

increase with sample mass, very high spectral backgrounds are produced 

through multiple Compton scattering phenomena, typcially characteristic 

of gamma spectra taken from a low Z matrix. Analyzing by thin samples 

would improve the background, but sensitivities would be poor because 

the probability for excitation (44Tu) of the K shell is much lower than 

for vacancy creation in the other shells. Advantage can be taken of 

the penetrating power of the high energy K X-rays and a compromise 

reached by analyzing partially thick samples. By simultaneously measur-

ing the transmitted radiation and the Compton scattering intensities, 

the matrix and thickness factors may be evaluated as described earlier 

Experimental conditions can be arranged so that both these intensities 

are precisely determined by. (1) adjusting the sample thickness, and 
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(1i) noting that for this energy range, cc is the major component to 

a
TOT
. 1 

. Prom table 5, thick samples are comparatively easy' to prepare for 

F 

analysis with U La1 fluorescence. Since the energies of the uranium I 

subshells still lie substantially above the absorption edges of the ma-

jor elements found in 0 silica based matrix, the analysis can practically 

benefit from selective excitation. At this energy level? T is the major 

component to the total attenuation cross section. Because the specimeps 

may be infinitely thick, the technique of normalizing analyte line inten-

sity to Compton scattering intensity can be employed to compensate for 

matrix absorption effects. 

Elements such as Si,, 0,,K, Al, Fe, Ca, Na, Mg, Ti, etc. are the 
. ' h 

principle components of a granite(30). Selective excitation of the M 

states of uranium in a natural occurring ore cannot be accomplished, 

because the K shell absorption edges of these major matrix elements 

encompass those of.the uranium M shells. Absorption and enhancement 

effects from these matrix elements very severly affect the U Ma, 

spectral line intensity. If thin samples were prepared to alleviate 

matrix effects, analysis by M shell fluorescence would offer no advan-

tage over analysis by L shell X-ray emissions i.e. from table 4 the po-

tential sensitivity for uranium with M shell excitation is slightly 

geater than in the L shell case, but from table 5, thin samples prepared 

for L X-ray analysis can be much thicker and the greater quantity of 

uranium present eliminates this advantage. If the uranium were' chemi-

cally separated from the ore and thin specimens of uranium chemical 

precipitate analyzed, no comparative Rtrix standards would be required. 
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The only beneficial feature of uranium M X-ray analysis is its potential 1 

to observe smaller quantities of uranium then by excitation of any of 

the other principle subshells. In the case of a uranium separation from 

a low grade ore, where the total amount 6f chemical precipitate was just 

sufficiently small to prepare a thin sample for Ni X-ray analysis, then 

selective excitation of the iab would provide the greatest sensitivity. 

There are essentially two possible samplegljocations for which the 

isotope ratio analysis might be considered in a uranium extraction plant. 

That is, the analysis can be performed on the ore entering the plant or 

on the final product. The ideal procedure would optimize accuracy, pre-

cision and counting time. In this regard,. analyzing the product,, nor-

mally called yellow cake or Na2U207 has an advantage for all three con-

' cerns. In a naturally occurring uranium ore, the uranium isotope con-

tents cannot be directly measured with y-spectroscopy due to spectral 

interferences from other natural radiation contained in the ore. Conse-

quently, uranium is generally determined indirectly. In processed ors,. 

this can lead to considerable inaccuracies. The nature of these errors 

are described more fully in section 3.6.1. For the low concentrations 

(0.1 to 0.3% U300) commonly experienced in plant feed material, photopeak 

precisions are poor unless very long counting times are used. On the 

other hand, the uranium content of the product from an extraction plant 

is approximately 70% uranium metal resulting in greatly improved counting 

rates. Figure l2,, illustrates a further disadvantage to doing 'y-spectro-

scopy on the ore. At energies greater than approximately 50 keV, Compton 

scattering becomes the dominent mode of attenuation. As described 

earlier, this results in the high,backgrounds commonly observed in. 
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y-spectroscopy due to multiple Compton scattering In a specimen con-

sisting predominately of uranium ho.wever, Compton scattering is still a 

vary minor component of the total crgss section and the quality of spec-
, 

trum obterved is strikingly fmproved. In addition, the normal extraction 

process removes the spectral interferences observed in the natural ore 

allowing a more accurate determination. As previously stated, thin sam-

ples are generally straightforwardly prepared for the energies involved 

in normal y-spectroscopy. 

In summary then, by collating the various absorption and fluore-

scent characteristics of uranium with those of the expected matrix ele-

ments, the most beneficial analytical approaches - as correlated with 

the objectives of the present work - have been formulated. These are: 

(i) determination of uranium in ores by K shell fluorescence using 

partially thick spe'cimens. The matrix and thickness facfor may be 

experimentally obtained by measuring both the Compton scattering and 

transmitted radiation intensities, (ii) determination of uranium in ores 

by I shell fluorescence employing thick specimens. Matrix compensation 

may be achieved by normalizing uranium L fluorescent intensities to 

measured Compton scattering intensitiess (iii) determination of small 

quantities of uranium chemical precipitates by M shell fluorescence using 

thin specimens, and (iv) determination of the 235U/238U isotope ratio by 

y-spectroscopy using thin specimens of uranium chemical precipitates. 

All approaches, except (iv), require highly selective excitation techni-

ques. No matrix standards are required for any of the above propositions. 

1, 

' 

-54-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission. Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.



3.2 Experimental facilities 

The analytical systems used in this work are shownschewatically in 

figure 13. In essence, they consist of an X-ray and a y2ray spectrometer 

linked to a common data storage and output facility. The uranium L and 

M X-ray experiments were performed with the X-ray spectrometer while the 

y-ray spectrometer was employed for the uranium isotope ratio and K X-ray 

analyses. For a description of the operation of these detectors and 

associated electronics, see references (31-32). 

The A-ray spectrometer consists of the following components' a 

Kevex-ray model 3000 Si(Li) detector,, a Kevex-ray model 2002A preamplifier 
,

with pulse optical feedback, a TMC #353 high voltage bias supply*,, a Kevex-

ray model 4510P X-ray amplifier containing pulse pileup rejection cir-
v 

cuitry; a Kevex-ray model 4710 energy calibrator and a Didac multi-
. 

channel analyzer, model SA44 with a 100 MHz ADC and 4000 channels of 

analysis. The active area tf the detector was 30 mm2 with a resolution 

of about 165 eV (FWHM) at 5.9 keV. The detector was operated with a 

bias supply of 900 V negative. Maximum detection efficiency occurs at 

approximately 10 keV and is thus well suited for the observation of 

U La (13.6 keV) and U Ma (3.2 keV) spectral lin(s Energy calibration 

of the spectrometer for the L and M XLray projects was conveniently 

performed using the energy calibrator (pulse generator). This unit was 

initially graduated against 241Am, 57Co,, 11"Cd and ssFe standard refer-

ence sources. The origins and applicable emission energies of these 

radioactive sources are listed in table'6. 

The following integral components comprise the y-spectrometer: a 

Nuclear Diodes Ge(Li) detector, model LGCC-13.0-1.80;, a model 111A 
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Table 61 

Radionuclides used to standardlie the energy calibrator 

Nuclide 
Emission Energy 

(keV) 
Emission Origin Absolute Abundance • 

(photons/disintegration) Reference 

242Am 59.54 i-ray 0.359 (33) 

57C0 14.44 y-ray 0.097 .(33) 

10964 22.1 Ag Ka X-rays unknown. (33) 

55Fe 5.9 Mn Ka X-rays unknown (33) 
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Nuclear: Diodes preampl ifier; a Canberra Industries spectroscopy ampll,!"ier, 

model 14178, and the Didac multichannel analyzer shred with the X-ray \

spectrometer. The 85 cc detector was operated at 3200 V positive and \ 

has a resolution of 854 eV (FWHM) for the 1d/Co )-ray at 12? keV. This \ 
\ 

detector functions with maximum detector efficiency in the vicinity of 

100 keV and the U Kai 234Th and 23`'U y-ray lines at 98, 93 an"' 18,6/

keV respectively can be optimally examined The spectrometer_is ene y 

calibrated directly using reference radioisotopes for each cas f 

Interest. 

 Data-eutput-faell-ttl-es—from-ttra-common multichanneL analyzer unit 

Include a visual display, an X-Y recorder and a paper tape perforator 

(Tally model P-120). For large volumes of data, these paper tapes were 

serially accumulated and the digital information was transfered to nine 

track magnetic tape and read into the University of Regina's Xerox Sigma 

9 computer. Due to software incapabilities between computing systems, 

this transfer of data from paper to magnetic tape could not be directly 

accomplished The assemblage of steps, along with the necessary computer 

programmes', required to perform this function are fully described in 

appendix A. The net peak areas or intensities of spectral lines were , 

obtained by the usual procedure of measuring the total peak area and 

subtracting from it a trapezoidal background. A complete description 

of the computer subroutines which were developed to accomplish the above 

caleulatio;i and also to evaluate net peak statidstical precisions Is given 

in appendix 8. 

The precision of a measurement: in X-ray or y-ray spectroscopy is 

a linear combination of the variances for the individual sources of error, 
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so the total variance may be represented by 

ST2 = SN * $12 4 S
O
? f SS2   3.7 ' 

, 

where the subscripts represent, in order, total, counting, instrumental, 

operational and specimen errors. A similar equation can be written for 

each of, the individual errors, expressing the variance for each as the 

sum of the variances of several specific sources of error. If the stand-

ard deviation of the result of a series of replicate determinations of 

an analyte intensity does not differ significantly from the standard 

counting/error, the analysis is free of significant error and thL pre-

cision iSIiiiiited by the counting statistics. That is, ideally 

S 2 c .' T SN 
3.8 

A complete precision analysis wao performed on both the X-ray and 

/-ray spectrometers to determine all of the terms, except S$' 
2, in equa- 

tion 3.7 as detailed in appendix C. The specimen variance, S52, is not 

produced within the spectrometer but is an error related to the presence 

of the sample; it therefore is evaluated for each individual experiment 

in the appropriate section. 

3.3. The -K X-ray experiment 

3.3.1. Introduction d. 

In X-ray analysis, as conventionally practised, determination of 

uranium by the K spectral series is generally not preferred. Several 

fundamental disadvantages are encountered. (1) excitation of the uranium 

K shell would require an X-ray tube voltage of 200-300 kilovolts., (ii) 

the excitation efficiencies of the actinide K shell absorption edges are 
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lower at high energies than,for energies required for L X-ray excitation; 

(III) greater resolution of spectral l ines is available at lower energy, 

and (iv) Compton and multiple Compton scattering cause high backgrounds 

degrading sensitivities with high excitation energies, especially so with 

a light element matrix For purposes ofon-streamindustrial analyis, 

however, tne analytical properties of uranium K shell -fluorescence can 

be very beneficial. The high penetration capability of the excitation 

and fluorescent radiation lessens the sample borrAeneity requirements and 

makes it possible to achieve direct analysis through the walls of vessels 

or tubes containing the specimen tea be analyzed. For uranium in a low 

Z medium, matrix effects are greatly reduced due to the low mass absorp-

tion coefficient of the matrix elements for the excitation and fluore-

scent photon energies. The short wavelengths involved the analysis 

also minimize specimen s'•rface effects. 

In 1959, ZiegIcrr et al.( 7), proposed an X-ray Rayleigh , scattering 

method for analysis of heavy atoms in low Z media. Polychromatic, colli-

mated beams of primary energy in the region of 70 to 90 keV were used 

because in this range,, the relative contribution of °R to-aTOT is a 

maximum, see figure 12. The scintillat on detectors used in'their work 

typically have a resolution of about 15 - 20% at this energy level. 

Large scatter angles were employed 1to allow sufficient resolution of the 

Rayleigh and Compton scattering peaks. BeL,Iu.se Rayleigh scattering is 

a Z2-3 dependent phenomenon, the measured peak intensity exhibits a 

strong functional dependence on the number of high 2 atoms present in 

the sample. This technique was 1,ater applied to analyzi.ig uranium in 

dilute solutions of nitric acid
(34)

. The influence of appreciable quan-
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titips of low Z material, such as iron and, alumihum, on the meaurement 

accuracy were shown to'be smMi and easily Coalpen:.ated for. 

The weight per cent of uranium in an aluminum-uranium alloy way' 

measured by a modified version of the above technique
(35)

. Significant 

increases in sensitivity were achieved by determining the combined 

Rayleigh scattered and fluorescent K X-ray flux from uranium. The radio-

.isotope excited X-ray source consisted of 97'Kr blended with uranium oxide 

powrar. 85Kr is a strong 0- emitter with some le-activity. The output 

of the source then consists of a 514 1.0 1-ray
(33)

, biemsstrahlung and 

strong U K shell X-rays. The primary photons from the source below 115.6 

keV cannot excite uranium E shell fluorescence although they can be 

' Rayleigh scattered by uranium, primary photons above 115.6 keV (princi-

pally 514 keV) are able to generate uranium fluorescence but, have a low 

0 probability of being Rayleigh scattered. , Cyc, incorporating right angle 

scattering geometry, the Rayleigh scattering was adequately separated 

from the Comptonscatterog over the range from 85 to 116 keV. By using 

both Rayleigh and K X-ray fluorescent radiatiun fur uranium determination, 

it was possib4.e to use a large part of the broad primary X-ray spectrum 

prod..ed.eesulting in d corresponding increase in sensitivity. These 

technique., based on Rayleigh scattering measurements are:limited for the 

case of a single heavy element in a l ight variable matrix; the analytical 

sper.ificity is lost 111 a mixture of high 2 elements. 

Gorski(36)„determined the concentration of aqugous solutions of , 

uranium in the range frail" 0.05 to 1.0 M. He mentioneu four different 

sources capable of exciting the K shell spectral l ines of uranium, namely 

nse, mice, 144Pr and 1541.u. The characteristic X-rays were detected by 
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a flat Nal scintillation etystafk of optimum thickness. Forbery et 
al.(37) 

showed that "Co was superior to all these nucl ides in the lack of high 

energy components and also because its main gamma energy is just above 

the K shell absorption edge of uranium. They studied partially thick 

uranium solutions, which had to be sire lously weighted to' correct for 

the thickness factor, under a variety of geometrical conditions. Best 

results were obtained for right angle scattering. They also stated that 

Compton scattering intensity caries, in the first degree, with sample 

mass and matrix effects were relatively minor. Scintillation detectors 

were also used and did not have adequate resolution to separate the 

Compton scattering peak from the U K fluorescence;, the same situation 

applies, to elements adjacent to uranium on the periodic table. They 

subtracted an appropriate blank from the spectrum to reveal the net 

uranium K shell fluorescence. 

The advent of, high resolution Ge(Li) detect rs pe mits sufficient 

resolution for the specific detection of all high Z elements. Baldin 

and Ioannesyants(38),, used these detectors to analyze uranium solutions. 

1 

A 57Co point source was employed along with right angle scattering geo-

metry. Burkhalter(39) used twin "Co point sources for analysis of Au 

in gold bearing ores as thick specimens. Uranium analysis byK X-rays 

was also investigated with synthetically prepared samples of uranium in. 
, 

silica. Large scatter angles were utilized.. Better sensitivities were 

reported with this discrete monochromatic sourCe thdn were achievable 
. I 

by using continuum radiation produced franbremssWhlungsources or a 

200 to 300 keV X-ray generator. Matrix correction was accomplished by 

normalizing fluorescent peak intensities to the Compton scattering 
, 
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. . 

Intensities. Iacharov et al.
(40) 

reported the analysis of thin samples 

of gaseous UF6 using a point 57Co source with a 90' scatter angle. 
..-.. 

In this work), uranium bearing ores from the major uranium producing 

areas of Canada were prepared and analyzed as partially thick specimens. 

,A 57Co point source is used, and the matrix and thickness factors are 

evaluated from a measurement of the Compton scattering and transmitted 

peak i.itensities. The scatter angle resulting in the optimum 0 K shell 

fluorescence peak to background ratio is determined. 

3.3.2. K X-ray experimental 

A 10 mCi "Co point source was designed and manufactured to induce 

uranium K shell vacancy production The principle 1-emission from this 

nuclide, at 122 keV, is favourably positioned above the uranium Kab, at 

115.62 keV, to promote the high energy characteristic uranium fluorescence. 

An outline of the general source, sample and detector geometry is shown 

in figure 14., 10 mCi of 57Co in 0.1N HNO3 solution was obtained from 

New England Nuclear Ltd., Boston, Massachusetts. The point- source was 

prepared at the Radioisotope Laboratory of tire Faculty of Science at the 

University of Regina by evaporating, with an infrared lamp, Small aliquots 

of the radioactive solution into the cavity of the source holder until 

essentially,all the activity had been transferred. The source cavity 

was 1.5 mm in diameter and depth. Difficulties, due to surface tension 

and often encountered when depohitIng aqueous solutions into small apera-

tures. For this purpose,, insulin, from a 1% solution of zinc-insulin 

crystals (available from Connaught Laboratories Ltd., Wil)owdale, Ontario) 

in ethanol was initially evaporated.ontp the cavity surface's to relieve 
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these surface tension effects The source holder was then inserted into 

the rear of the source housing. The source housing comprises a solid 

lead cylinder, approximately 9 cm in diameter encased in an aluminum 

jacket. Excitation radiation from the point source emerges from the 

front of the housing through machined collimating slit. 

The Compton shifts of thd pri ry excitation radiation (at 122 keV) 

are large enough to overlap the uranium K spectral lines. The background 

under these peaks is accordingly a function of scatter angle. To deter-

mine the conditions for optimum,pqak to background ratio, the source 

assembly was mounted on a one dimensional goniometer as shown in figures 

1c 7. Scatter angles ranging from 0 to 135 degrees, in 50 divisions 

can be obtained by rotating the source, along the degree ring, about the 

stationary specimen. The degree of secondary collimation also affects 

the peak to background ratio by altering the Compton scattering peak 

width. The one dimensionfil goniometer facility effects changes in 

/ 
secondary collimation by,varying the height of the source - specimen 

platform in 2.5 cm increments from 0 to 50 cm. Both these adjustment 

features can be clearly seen in figure 15. While the degree of primary 

. collimation is fixed, the effective specimen volume analyzed, figure 14, 

can be regulated by,sliding the source assembly along the source support 

arms. Five settin s at 1 cm intervals allows the point source to speci-

men distance to vary from 5 to,10 cm. Figure 16 illustrates the rear 

of the source assembly showing the primary collimation adjustment funcr
A 

tion. 

The geom trical 'settings of the goniometer which gave optimum peak 

to tackground ,Nalues were found *mounting a specimen of powdered waste 
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.., 

Fig. 15. Overall view of ,the K X-ray apparatus showing:, the source, 
Sample and detector geometry the secondary collimation and scatter 
angle adjustment features ,,
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rock of uranium content below the limit oftetection from the Beaverlodge 

Mining District of northern Saskatchewan and measuring the background in 

the location of the major uranium l< shell X-ray peaks - U Kul, U Ka2,,

U K$103e U 00 4. In addition,, the net intensity of the Rayleigh scat-

tered peak was evaluated. Secondary collimation settings of 5.0, 12.5, 

20.0, 27.5 and 35.0 cm were used. For each of these height selections, 

spectra were recorded and analyzed for scatter angles of 10°,e 40°, 

55°, 70°, 85° 100°, 115° and'135'. ' The entire series of background 

measurements were duplicated using primary collimation settings of 7.0 

and 10.0 cm, respectively. 

For maximum p;.ecision in measuring the fraction of incident radia-

tion transmitted through the specimen, it is desirable that,the sample 

linear thickness be such that the attenuation of the excitation beam by 

the specimen be equivalent nto rce transmitted flux. For a specimen of 

powdered granite, a linear thickness of approximately 2.5 cm was found 

,o he suitable. That being the case,, all specimens, in the form of 

homogenized powders of particle size -250 mesh, were placed in thin 

walled 2.5 cm od acrylic tubes of length 6.4 cm. The sample tubes were 

completely filled and .020" mylar disks glueO to the tube ends to con-

fine the specimen. 

The transmitted radiation was detected by measuring the secondary 

fluorescence emitted from an X-ray target placed behind the specimen 

directly' in line with the excitation beam. The most favourable,target 

material to select is bismuth since the energy of its K X-ray lines are 

as high as can be practically attained without interfering.with the 

uranium spectral liner or the Compton scattered peak. Normal uranium 
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Fig. 17. Front view of the K x-ray apparatus showing the installation o 
the bismuth target used to measure the transmitted radiation 
ihtensity 
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bearing ore,s/Contain a negligible amount of Bi The Bi target was fabri-

cated by filling a samPl„: tube with a mixture of Bi0C1 (bismuth oxychlo-

ride) and epoxy. After hardening, the Bi target was mounted on the 

source support arms as shown in figure 17. The incident source strength, 

was determined by measuring the intensity of the observed Bi Ka l

X-ray photopeak with only an empty sample container as a specimen. The 

transmitted intensity, IT, through a sample is then proportional to the 

N,1
intens'ty of the Bi Ka1 peak at 77.1 keV. 

Ti ) e relationship between sample mass and Compton scattering of 122 

keV photons was determined for specimens of naturally occurring uranium 

bearing geological material., By using dissimilar packing densities, 

seven samples were prepared by filling specimen tubes with a measured 

mass of uranium ore. Since the specimens are all at constant volume, 

the mass pf the sample present will then be proportional to the specimen, 

thickness, measured in units of g/cm2. 

The spectrometer was calibrated so that approximately 1000 channels 

spanned the energy range from 70 to 125 keV. This conveniently incorpor-

ates both the Bi Ka X-rays and the 57Co Rayleigh scattered excitation 

y-ray. Appropriate gamma emissions from 13313a, 1139Cd and 570, used 

for this purpose, are presented in table 7. The instrumental settings, 
4 

which remained constant for the entire uranium K X-ray analytical work, 

are listed in table 8. 

The optimum geometrical settings as disclosed by the goniometer 

were used to analyze a total of 46 uranium ore samples originating from 

the Major uranium mineral regions of Canada. These included material 

from the Rabbit Lake, Ku), Lake and Beaverlodge Lake deposits of northern 
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Table 7 , 

Reference sources used to calibrate the 

y-spectrometer for the K X-ray experiment ./ 
..-../ 

..• 

Nuclide 
, Emission Energy 

(keV) 
Absolute Abundance x' 

(photonsidl integration),,, 

-, 

Reference 

/ 
133Ba

81.0 0.36 ,- (33) 

5
76) 

122.06 1 0.852 
/ 

(33) 

109Ed 88.03 ///e.cia9 
,z

(33) 
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Table 8 

Instrumental settings used for the K X-ray experimental work 

• • • • 1, • • 

Al a 

Unit 

Ge(L1) detector 

function 

bias supply 

Position ' 

+3200 Volts 

aMplifier 

coarse gain 

s aping 

in► t impedance 

' I 

64 

1.59 

4 vseconds 

1K 

ADC 

conversion gain 

zero threshold coarse gain 

zero threshold fine gain 

400 

2 

MCA 

-1 

time 

output 

180 se(onds 

3151-3990 

J 

4 
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Saskatchewan and from the Elliot Lake region of northern Ontario. The 

ores,, from the Beaverlodge Mining District, were fluorimetricapy stand-

ardized for uranium by Eldorado Nuclear Ltd.,, Mining Division, Uramum 

City, Saskatchewan, and those from Rabbit, Key and Elliot Lakes by El-

dorado Nuclear Ltd., Research and Development Division, Ottawa, Ontario. 

Several samples were commonly standardized by both.participating labora-

tories. The counting duration was fixed at 180 seconds and three spectra 

were recorded and analyzed ,from each sample and the average result.taken. 

The net peak intensities of the Bi Ku l, U Kai, U Ka l,,U K003 and U 45264

X-rays were evaluated for each sample as well as the 57Co,Compton 

scattered peak. Serious interference occurs between the primary 57Co 

Compton scattered peak (at 88 keV) And the Bi Ki3 X-rays of the same 

energy; therefore the-Compton peak 'intensity was not directly measured. 

Thdoccurrenceof multi-Compton scattering phenomena results ln a high 

background under the Bi Kul peak. This quantity was taken as being 

representative of the primary Compton scattering intense'. 

The variance due to specimen error, Ss2, prinCipally arOsts,of 

two components in this experiment: (1) errors due to the sample it‹, 

and,(ii) errors produced when loading -the specimen onto the spectrometer. 

The fjrst term was evaluated from the data produced from the analysis 

of 16 consecutive spectra taken from the same sample under preciSely 

identical conditions. For determination of the second term, the specimen 

was removed, shaken and relocated on the spectrometer before each of 16 

spectra were recorded. The total variance, ST2, of an experimental 

measurement was then determined by adding the specimen variance, Ss2, 

to-the instrumental variances itemized in appendikA for the y-ray 
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spectroTeter. 

a 

3.4. The L X-ray experiment 

3.4.1. Introduction 

The L shell absorption edges of uranium, while much lower than 

their K shell counterparts, are still sutstantially above the Kab of the 

-host matrix elements found in a naturally occuring uranium ore. This 

high 7 element in low Z matrix circumstance has been exploited by 
1. 

many workers to eliminate the necessity for matrix standards. 

In determining trace quantities of uranium, in geological 'samples, ' 

analyte self-absorption effects vanish. The principal inaccuracy incurred 

while analyzing thick samples is then matrix element absorption of the 

analyte line. In recent years, several ,techniques have been reported
(41-43) 

that analyze thick geological samples of loose powder featuring analyte 

peak to scattered background intensity ratios for matrix compensation. 

These methods all employ X-ra4tube excitation for greater sensitivity. 

Analyte calibration curves are generally Linear as, long as the analyte 

concentration remains sufficiently small. As the analyte weightfraction 

in the specimen begins to be a significant amount (approximately 11% by 

weight), self-absorption effects initiate'deviations from linearity. 

For industrial on-stream analysis,, a higher useable concentration range 

is desirable. 

By adopting radioisotope excitation, a higher degree of selectivity 

is achieved therebpsignificantly extending the linear portionpf the 

analyte calibration curve. For example,_109Cd (Ag Ka X-rays) has been 

used to dete-rthine: Rb and Cr concentrations in rocks by Basco ant 
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Balogh(441, Zr in zirconium bearing ores by Holynska and Lancer(45) 

the iron content of kaolins by Bialey (46), and uranium in solutions-.b 

Kierzek and Parus
(47)

, and Mackay
(48) 

.1n some cases.by selecting the appropriate isotope and geomettiu 

the primary excitation energy lies just above the analyte absorption 

edge but the Compton scattered peak'is shiftei below the edge. This 
11 

situation is the essence to potntial wide,range matrix compensation by 

utilization of Compton scattering and is simi\t'ar to the situation des-

cribed-by--aurlhalter
(49) 

for analysis of silver in sliver ores. This 

uthor was,able to take advantag-eof the—fax—LtALLEaja X-rays emitted 

from 1251 were able to 'excite the Ag K shell but that the energy of the 

Compton scattered Te Ka X-ray,was below the Ag 
Kab' 

.Under these condi-

tions, with a lightorc matrix, while analyzing for a heavy element, 
. . 

the analyte to ,Compton A.attering intensity ratio tends to be proportional 

to the heavy element concentration. Iii roSt investigations, however, 

radionuclides suitable for .this purpose do not wistx -apcir_o_Eriate 

source ) target assemblies are required. Shenburg et al. ( 0 have repota0 

utilizing a 2" Am annular source to excite the,, X-rays of an As target 

for accurate determination of Cu fn copper ores. Tile ,same source com-

----"~- (51) biped with a Cs target assembly was employed by Rhodes et a-T for 

the analysis of Sn in tin bearing ores. 

Shenburg and Amiel (52) have pointed out the analytical signifi-

cance of the ratios of the major,uranium L X-rays - U La, U Ly, U L37 

and,U Loi - to backscattec target X-rays. By investigating uranium in 

pure solutions with a 941Am source and iodine target assembly, similar 

to he one described by Giatigae(
53)

, the above authors have quantitatively 
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demonstrated that only %lit ratio of U L111 radiation to Comp6n scatter-. 

ing intensity will give a linear relationship over a wide range of

uranium concentrations. 1/4

In his experiment, these findings were -ncorporated into the 

design of a source target assembly which selectively excites only the, 

U L
III 

abs rption edge. A scatter angle geometry sufficient to shift 

the Compton', scattered excitation X-rays below the U 
LIIIab 

was employed. 
• . 

With such esource, matrix enhancement effects are not possible. Absorp-

ttion of U L1II fluorescence, principally La ia2 and Lae, by the matrix 

elements and the analyte can be adequately compensated for over a very 
A 

side range of uranium concentration by normalizing analyte intensity to , 

the Compton scattering intensity. A-technrque-wal—developed to analyze 

uranium bearing ores from northern Saskatchewan. 

3.4.2. L -ray experimental 

Approximately 50 mCi of 241Am in 0.1N HNO3 was purchased from ICJ

Corp., Irivine, California. An annular shaped source was manufactured 

in an analogous fashion to that described in the K X-ray experiment. . A 

--------------------------
molybdenum target was chosen to selectively excite only the uranium 

LIII substiel-L Both components were incorporated into the hou ing of 
- - 

the source-target assiably„_The assembly features,.a mean scatter angle 
,..._• 

of approximately 135°. A schematic ft entation of the source, target, 
_ 

sample and detector. geometry is shown in f)gur-exli:-. ---,. 

Samples of uranium bearing ores were supplied in the form of homo-

genized powders of particle size less than 250 mesh. The powders were 

placed in acrylic containers, also shown in figure 18, and lightly tapped 
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I 

to produce close packing. To contain the samples a 0.00025" thickness,

of mylar film was glued to the open end of the acrylic sample containers. 

Sample thicknesses were' approximately 3 cm and this insured that they 

were infinitely thick for the X-ray energies involved within this work. 

Consequently, the sample weight was not required. 

The X-ray spectrometer was calibrated with the Kevex-ray energy 

calibrator so that full scale on the multochannel analyzer spanned the 

energy range from 10 to 21 keV. The final instrumental settings adopted 

for all tbe,L X-ray work are listed in table 9. 

The,fluorimetrically standardized uranium ore samples were obtaioed 

from Eldorado Nuclear Ltd., Mining Division. In addition, some ore 

standards were synthetically prepared by adding an appropriate amount of 

pure U308, also obtained from Eldorado Nuclea Ltd., to powdered samples 

of waste rod.; from the Beaverldge Mining District of northern Saskatchewan. 

A total of fourteen standards were prepared ranging from less than 0.05 to 
a 

50% 0308. 

Each standard used for the construction of the cali6rqtion curve 

was counted three times and the average result taken. The count'ing 

duration varied dePOnding upon the amount of uranium present in the 

sample. 'From each spectrum, the net intensities and statistical prel.-

sions of the Lalaz peakg, the U.I.02 peak and the Mo Ka Compton peak were 

evaluated using a computer as outlined in appendix B. A method was 

developed to analyze uranium in uranium bearing ores using these peak 

intensities. To evaluate the performance of this technique, an additional 

set of fourteen ore samples of unknown concentrations was analyzed. 

The. results were then compared with the flugrimetric analysis. 

• 
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' TAle 9 , 

Instrumental:settin used for the L,X-ray experimental work 

• Unit 

• 

•._ 

••••.... .•........ • 

• 

' . . 
Function 

• 
..' ....mmlii. • 

Position 

Si(Li) detector 
m...1• ••••.m.•• ••••••••••=•••••••••Imilmi....••••••W•bmid 

amplifier 

b• 'as supply , -990 Volti 

co(ir e gain 8 . q 

fine g in 458 

ADC 

MCA 

conversion gain ' s

gi-........ ..1 

zero threshold coarse gain 

zero threshold fine gain 

/ output 

200 

4 

227 
).----

3201-3880 

e• 

, 
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ing the L series lines. In contrast, the M series of X-ray spectral 

Ties have received little attention. The practical reasons for this 

are summarized in section 3.1. Briefly Stated,, under most analytical 

situations encountered, determination of actinide concentrations with 

The total. variance introduced by the 'specimen errors,s' Ss2, was 

evaluated and added to the instrumental variances. ,As in the K X-ray 

case, the specimen error consists principally of,two components. The 
1 

.\ 

first term sample error,, was evaluated by an analysis of the dispersion 

of the net U Laia2 peak intensities about the mean vaue of a wt of 21 . 

spectra consecutively recorded under the same sample conditions. For the 

second term, the loading error was also determined from set of 21 spec-
. 

tra but the specimen was reloaded
%

onto the spectrometer before each 

\ 
measurement. 

3.5. The, M X-ray experiment' 
1 

Introduction 

X-ray a alysis for the actinide elements has usually meant uti\iz-
\ 

M X-rays would not offer any advantage over the 1. X-ray facsimile. An 

exception was made for the analysis of thin samples of actinide chemical 

precipitates, it was expected that a significant improvement in sensiti-

vity would be obtained using selective M X-ray, rather than L X-ray tech-., 

piques. These predictions have been verified in the literature. In 

1976,, Miller
(54) 

investigated/the analytical utility of the M series 
a '0% 

X-ray emission lines applied to precipitates If uranium, neptunium,
% 

plutonium and americium. Thin specimens were prepared by co-yrecipitat, 

ing 'aliquots of actinide and carrier-,internal standard with N1140H and 
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filtering "onto a membrane filtqr. The Ma, a X-rays, under optimum condi-
, .• 

" tionsv are several times more sbnsitive than their L waes counterparts 

4nd appreCiably lower backgroundS\are observed for the lower energy lines. 

With the. greater sensitivity, in addition to the lower backgrounds,`peak 

to backgroubd ratios for M lines of uR to 40 times greater than hose 

for the L lines were reportbd. 

The fabrcation of thin samples of actinide chemical precipitate 

poses a major difficulty when utilizing M X-rays. Uniformily thin sam-

ples of approximately 306 pg/cm2 or less_are required. fhe two commonly 

used techniques for thin sample preparation are: (1) evaporation, and

(ii) co-precipitation. The former procedure is not desirable in this 

application because of the lower analyte content of the sample. The 

higher the actinide weight fraciion in the specimen,, the more beneficial 

the analysis by M X-rays will be. Co-precipitation of the actinides is 

also unsatisfactory for this purpose due to the fact that infinitely 

thin character tends to be lost through contracting or piling up while 

drying, the actinide precipite.tes. Visible changes such as mottling and 

reduced precipitate area size also often occur during the drying process. 

An alternative technique is electrodepotition of the analyte onto an 

electrode. 

▪ This technique is commonly utilized to prepare thin specimens for 

alpha spectroscopy. Thicknesses of less thari' 100 pg/cm2 are typically 

required and cay be readily achieved. The principle drawback to the use 

of this procedure, is that electrodeposition yields are extremely criti-

cal where interferences are concerne4 • hence a high purity uranium elec-

trolyte must be used in the electrodeposition cell. Sill et al.(55-561

-'81 - 

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission. Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.



have intensely investigated and developed actinide separation schemes suit...,

/ 
able for thin sample preparation by electrvdeposition and subsequient 

analysis 11,Y, a-spectr'ostopy. In 1977 this,autfigr reported(57) an 'Isola-
. , 

tion procedure for uranium from uranium bearing ores. which was 'compatible 
. .• 

with thin- sample preparation by electrodeposition All, the long lived 

actinide radionuclides- are a-emitters and accordingly, several electro-

deposition techniques'for uranium have*been published(58-61). The pro-
) 

cedure of Puphal and Olsen(62), using a mixed oxalate-chloride electro- 
% 

lyte, was adapted and employed in this work, It.was judged superior 

because. (i) very high reliable yields are obtained, (ii) interference 

from many anions and cations have -been quantitatively investigated, (iii) 
, . 

the electrolyte is only mildly corrosive allowing the use of stainless 

steel.cathodes rather then Pt, (iv) the required 6eposition time is a 

minimum, and (v) the electrodeposition is inherently chemically torpatible 
. , 

with the uranium separation procedure as described by 5111. 

The use of,55Fe, as an excitation source for low 7 material, has 
. , 

received some appliCation (4 63). This nuclide decays by electron 

capture andi,the principal applicable emissions are the Mn Ka X-rays.at 

5.9 keV. The energy of these lines are well suited for excitation of 

the U MVab 
at 3.5 keV.,

In this experimental work, the small quantities of uranium found 

1
• 
' 

. 
i 

 
h ioils and other geological material are chemically separated from the 

e7 
host medium and prepared as thin specimens of uranium precipitatOY 

electrodeposition. The samples were then analyzed via M X-ray spectral 

line intensities after selective radioisotopic excitation. In keeping 

with the other X-ray analytical approaches presented in this thesis, 

-82-
• 

i 

t 
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission. Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.



V • 

a 

no matrix standar are required, F we%ier, the technique obviously cannot „ 

be employed for ihd striaI on-stream analysis. The project was pursued 

because of 'its p ising'poten lai to analyze uranium at naturally found 

environmental ion entrations. 

3.5.2. // y experimental   qi % 

An electrodeposition apparatus was designed and manufactured to 

prepare thin samples of uranium chemical precipitate. Figure 19 is an 

exploded view of the cathode construcpon. Due to the high current 

densities used in this work, the cathode base must be water cooled to 

prellent the electrolyte from overheating. Large temperature variations 

affect the values of chemical equilibrium constants and thereby electro-

deposition,yields; hence the necessity to modulate the elecprolyte 

erature. The deposition cell consists of a 15 mm id glass joint 3.4 cm,

in height with a rubber "0"-ring seal (Ace Glass Company, Vineland, New 

Jersey). Stainless steel planchets having a 2.54 cm diameter (Beckman 

Instruments Ltd., VancOuver, B.C.) serve as tbe deposition surface. The 

cell is fastened to the brass cathode base.* a threaded Lucite collar. 

The total area of deposition is approximately 200 mm2, A rotating plat-
1 • 

inum anode was fabricated from .0i20" Pt wire' (95% Pt and 5% Rh -- Johnson, 

Matthey and Mallory,./Toronto, Ontario) as shown in figure 20. The 

electrodeposition power supply unit employed was a'Kepco, model KS 120-1, 

operated in the constant current mode. 

To analyze the electrodeposited uranium precipitates, a compact 

radioisotopic source avd sample holder assembly was constructed as shown 

'in,figure 21. 10 mCi of 55Feo as ferrous citrate in 1% citric acid was 
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obtained from New England,Nucldar Ltd., acrd an annular source prepared 

as prcvioUsly described. Copper shielding was employed throughout and 

the entire assembly was encased in an aluminum housing. A helium flight • 

path is required for two reasons. (i) the excitation energies fromA,is 

nuclido are very low:.andonly a small fraction of the primary and fluor-, 

escent radiation would reach the specimen and detector respectively if 

an air flight path were utilized, and (11).the atmosphere contains , 

approximately 1% Ar. The Ar Ka peaks cannot be resolved from and also 

dwarf the expected size of the U Ma, slinds as observed with the Si(Li) 

detector. Helium flow rates through the housing were Aternally adjusted 

-and monitored using a ndedle ca lve and florieter •respectively (Manostacl. 

Corporation, New York, Newdork). The housing is machined to precisely 

mount the stainless steel planchets immediately adjacent to a „0,0015" 

mylar window. 

The mixel oxalate-chloride electrolyte employed foe all electro-
. 

depositions was prepared by adding 9.0 ml of 4% H2C204 (oxalit acid), 

1 droR of saturated NH2OH.HC1 (hydroxylamine hydrochloride), 1.5 Trl of 

r• 

• 

saturated NH4C1 and approximately 5 x 10-6 moles of Lai{ to the deposi-

tion Fell. The latter was obtained by a 1 ml aliquot taken from a

5.0 x 10-3M LaC136H20 bulk solution. A stock standard uranium solution ' ,.. 
/ i ..e , / 

was prepared by dissolving 2.564 6 of 99.99% U308 (obtained from tidorado' . 

Nuclear Ltd., Mining ,Division) in 100 ml of dilute HNO3 to produce a 

final uranium concentration of 9.036 x 1D-210 22f. Working standard

solutions 4.518 x 10
-3
, 4.518 x 

, 
10
.4 

and 4.518 x 
10-s 2+ 

were pre-
• 

pared as required bl'diluting aliquots taken from the stock solution„ 

The optimum electrodeposition time was determined by analyzing 
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...Rothe quantity of uranium deposited from an electrolyte containing approxi-

mately 1 ,0 x 10
-c 

moles of 022i for discrete deposition times ranging 

from 5 to 110 minutes. The anode was lowered into the cell and positioned 

about 4 mm above the stainless steel planchet. The power supply unit was 

set to operate at a constaut current of 1 ampere. At the conclusion of 

each.electrodeposition; the te4erature, at 25°C and pptential re-
, 

quired to pass 1 ampere, were recorded. Using the optimum deposition . 

time found, a calibration curve was prepared from the standard uranium 

working solutions by electrodepositing several solutions,conpining from 

10-8 to 10-8 moles of U022+. Each standard was counted three times and 

the a'verage.result recorded. Both the U Ma, and. La La 1a2 peak inten-

sitles were measured. 

The total procedure adopted to analyze uranium in low grade ores 

or soils consists of four main steps as outlined in figure 22. The four 

acid dissolution was performed by. (1) weighing the appropriate quan-

tity of sample material and.lightly boiling for 10 minutes with 20 ml 

of a 1:1 mixture of concentrated HC1 and HNO3, replenishing the HNO3 as 
. 

required; (ii) adding 5 ml of 30% HE and 5 ml of 50% H2504 arid heating 

at high temperature until the absence of 503 fumes; (111) dissolving the 

residue in 35 ml H2O and 5 ml of concentrated HNO3, boiling lightly for 

two minutes and filtering through a #fl Whatman paper, and (v) evaporat-

ing the filtrate to dryness. 

A phare transfer catalyst, Aliquat-336 (available from General 

Mills Chemicals, Inc., Minneapolis, Minnisota), was utilized to separate 

uranium from the matrix elements. This was prepared in NO3 form by 

dissolving 300 ml of Aliquat-336tin Cl - form (as purchased) in 700 ml 

• 
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[10M ic1j3---Discard-.44T1) 
aqueous 

1 
tt))organic 

NCI04 , 

• 
fn aqueouS 

3 ElectrodeposItion 

• 

Allaqueous 
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of xylene. Using a 2 litre separatory funnel, 2 portions of 175 ml of 

• 
4M HNO3, were each added and shaken vigorously for 4 minutes. The 

organic phase was washed 3 times with 300 ml of HO, shaken for 4 mInutes 

for each wash. The final reagent rias 36%"Aliquat-336(NO3-) in xylene. 

/uranium was separated from the ore or soil by the ,following proce-

dure: (i) the cake from the dissolution step was dissolved with 10 ml 

of 2.2 M acidic Al(NO3)'3 'and transfered to a 60 ml separatory funnel. 

The solution was washed wit 5 ml of the Al (NO3),3 reagent;, (ol) 10 ml 

of 30% Aliquat-336 in xylene and 1 ml of 25% NaNO3 were added, swirled 

and the solution allowed to stand for 2 minutese (iii) it was then ' 

shaken vigorously for 3 minutes and allowed to stand for 10 minutes 

following which the aqueous phase was discarded, (iv) the organic phase 

was scrubbed 3 times, each with 2 ml portions of .8M HNO3 allowing 2 

minute intervals between scrubs; (v) the organic layer was again 

scrubbed 3 times with 10 ml of 10M HC1, each followed by a 3 minute 

standing'period e and (vi) the uranium was extracted into the aqueous 

phase with 10 ml of 10% HC104 - 4% H2C204 solution and washed with 5 ml 

of H20. The final aqueous solution was taken to dryness with 5 ml of 

50% H2504 and heated until the absence of 503 fumes and any organic 

material. , The uranium hearing residue was dissolved in approximately 

1 ml of hot 4% H2C204 and transfered to the electrodeposition cell. 

The addition of the remaining reagents necessary for the electrolyte 

were added as described earlier. After deposition, the anode was raised 

out of the cell with the power on The electrolyte was imediately dis-

carded and the planchet carefully rinsed with 0.1NNHOH. The electro-
. 

deposition cell was then dismantled and the speomen r' roved and placed 

• 
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, 
on a high temperature hot plate for 5 minutes. The specimens were then ' 

stored prior to 00.5,sis by U tkx, 3X-rays. 

The endrgy dalibrator.was employed to suitably calibrate the 

spectrometer to ,observe the U Wand La L spectral lines. Table 10 lists' 

the instrumental settings required for a full scale energy range from 

approXimately 2 to 7 keT. 

This procedure was employed to determine the uranium concentration 

present in several low grade ores originally from the Elliot Lake, 

Rabbit Lake and Beaverlodge Lake uranium mining localities. Each plan-

chet was counted three times and the average result recorded. The 

U Ma, sand La La ia2 peak intensities were measured as describea,in appen-
o 

dix B. rimethod.was developed to accurately determine small quantities 

of uranium—using—thae-two peak intensities. 

Due to the required chemical separation and electrodeposition steps, 

the sources of specimen related error are more numerous and of, greater 

magnitude for the M,X-ray analysis than for either the K or L X-ray 

experiments. The total specimen variance,' Ss', was measured with and 

without the presence of La
3+ 

in the electrodeposition cell. This was 

accomplished, for each case, by treating 10 Aqually weighed samples from 

the same ore to the entire procedure and then evaluating the dispersion 

about the mean U Ma,it peak intensity. As in the previous experiments, 

the variance inherent to the specimen itself and the loading variances 

were both measured, each for 14 consecutive spectra. The total variance 

for an experimental measurement was then obtained by adding Ss' to the 

instrumental variances found for the X-ray spectrometer. 

-91 - 

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission. Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.



\ 

Table 10 
1. 

Instrumental settings used for the M X-ray experimental work 

  -- —, 

Unit . • Function 

.\ Si(Li) detector bias supply 

coarse gain 
amplifier , 

fine gain 

ADC 

conversion gain - 

zero threshold coarse 'gain 

zero threshold fine gain.

Position 

-990 Volts 

' 4 / 

437 

800 

0 
• ` 

143 
II, 

time 180 seconds 
MCA • 

•..' output 3151-.3960 

• 

L 
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3.6. The y-spectroscopy experiment

3.6.1, Introduction 

The 235U/238U isotopic ratio has been measured WE mass spectrometry,' - 

a-spectroscopy, neutron activation and y-spectrocopy. Oue to its simple-, 

city, the latter technique is conveniently applicable to industrial rou-

tine determination of uranium-Isotope ratios. However, the analysis 

generally relies pn daughter activity for merArement of 238U content:. 

Unger conditions of secular equilibrium the concVEration of the parent 

nuclide can be determined from a measurement of the concentration of *any. 

one of its daughters. In the radium decay series, figure 23, chemical 

forces causing the separation 0'111-at-mum from thoeium result in the 

secular equilibrium being broken since it would:require approximately 

6 x 105 years for the equilibrium to be re-established between 234U and 

230Th. , For this reason, the radium"decay series is ,conveniently classi. 

fied into the uranium group, he. those daughters disintegrating at the 
.#11L

same rate as "Wand the radium group whose members are in, equilibrium

with 22cRa. By similar arguments, the actinide decay series, figure 24, 

can be divided into the uranium group and the prOtactilOum group as a 

result of th2, long half-life of 231Pa. 

The daughters of 226Ra are generally strong y-ray emitters, most 

• 

notably 214Pb and 2144i, and are almost exclusively used for ciranium 

determination mith y-spectroscopy. Although they are short-lived, 

equilibrium can also readily be disrupted by loss of the gaseou's 222Rn. 

Uranium analysis performed using activity measurements from these nuclides 

may or may not be satisfactory on natural geological samples, but cannot 

be accomplished on recently produced uranium chemical precipitates' 
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because not enough time has elapsed for sufficient growth of approviate 

daughter activity.' To obtain accurate determinations of 235U and 218U 

contents, it is necessary.to Measum the activities of nuclides in the 

uranium group of both Clecay'series. Fortunately,, a l'elativel ort 

period of,time is required to achieve secular oqui um between members 

of the uranium group of 235U .and 218U fieqr-a<c:ntly produCed uranium 

chemical precipitate. , 
* 

Activity meas ents of the 235U group by y-tlbectroscopy are 

readily accaplished. This uranium isotope can be directly determined 

as several y-rays are emitted from 2354 the strongest of which occurs 

at 0.186 MeV
(64 67)

. However, when '1—spectroscopy is applied,to photo-

peak intensity measyreinents of the 7384 group, very few suitable lines 

are observed. Studies of the y-spectrum for uranium
(68 - 69) 

in the 

range from 0.150 to 2.80 MeV indicated that only two weak lilies of 

234M
Pa at 0.776 and 1.002 MeV present any possibility for unique quanti-

tative measurements of 238U. The lower energy y-spectrum of the 21811 

geOup has been examined and cliscussed(70 - 72) and four prowent lines 

of 2'4Th are reported - a ganra doublet centered at 0.0925 MeV and a 

further small doublet at 0.063 MeV. The origin of these lines is 

illustrated by the simplified version of.th'e decay schemes
(73) 

of 23814 

234Th, 234111 Pa and 234Pd shawl, in figure 25. 

Large volume 0e(Li) detectors are characterized by a fairly broad 

energy range of high relative detector efficiency. However, at 'energies 

immediately below this plateau, detector efficiency decreases very 

sharply so that the spectrometer is far more sensitive to the 0.0925 Mev 

y-emissions than to the 0.0633 MeV photopeaks. , In addition, the abundance 

- 
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of this lower energy doublet is approximately a factor of ten less than 

the 0.0925 MeV doublet(33),' These two facts combine to greatly enhance. 

the analytical significance of 'the higher-energy doublet. Unifortunately 

the background in the vicinity of this photopeak is complicated by under-

lying actinide Ka X-rays and 23ITh y-rays and for this. reason has received 

little consideration for potential unambiguous 238U analyses. Thorium 

Kal and Ka4 X-rays may be emitted frftsevera) sources but always accoti-

pany the decay of 23511. U Ka photopeaks can also be produced by self-

fluorescence in samples of high'uranium concentration, the Ka, peak of 

which contributes heavily to the intensity of the P 4Th doublet. 

Matsuda and Abrao
(74) 

have reported 230U analyses using the 0.0925' 

MeV 234Th doublet. Adams and Gasparini(75) have also recognized the need 

for direct 238U measurements to.determine,trie degree of non-equilibrium • 
4,

in the overall radium decay series. Both workers ignored the inherent 

Di Ka k-ray corrections, and since the specimens to be analy4ed consisted 

of natural soils and rocks, did not require a uranium self-fluorescence 

t." 

subtractp:pn due to,low.uranium concentration. 

In this work, the 235U4,23OU ratio has been determined by using the 

conventional 0166 MeV phot‘opeak for 235U measurement and the 0.0925 MeV 

,r 

234Th doublet for 238U measurement in the analysis of uranium chemical 

(precipitates (1308,11,a2U20/). Both the U Ka and the Th Ko X-rays.are 

very stror.q in 235U enriched samples and their interference was removed 

by approximating the spectrum in this regio) by a series of Cauchy func-

tionS fitted by a best least squares technique. BY intejrating only thd 

two component 234Th y-rays an accurate 238U intensity can be obtained 

even for highly enriched -.35L1 samples. 

-9B-
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4 a ! 

3.6.2. y-spectroscopy experimental 

The spectrometer was calibrated so'that approximately 1000 channel

spanned the energy range from 0.070 ,to 0.200 MeV. A source of uranium 

oxide, highly enriched in 235U obtained from Union Carbide Corporation, 

Nuclear Division, Oak Rjdge, Tennessee, was used as the standard refer-

ence source. Table 11 lists the radionuclidesand their useful emissions 

which conveniently define the above region and were used in the energy 

calibration. The instrumental settings adopted for4the y-spectroscopy 

work ale shown in table 12. 

I 
In order to obtain a accurate determination of 238U, the twin 

peaks of the 234Th ioub et including the background and the surrounding 

partially resolved peaks werei approximated by.a series of Cauchy func-

tions fitted by a best least squares technique
(76

. The experimental 

data from the analyzer have the form: 

where: 

fi• 

.. 
Y1, Y7' Y3 ... Y1 .. Y - n 

yi 4 y(xi) 

xi is the 
i t1.1 channel number 

yi is the number of counts recorded in 

n is the number of experimental points 

trum 

The experimental data were fitted to.p function defined by. 

where: 

x 
1 

1 1 the spec-

m 
I = L (c  +,b)   .3.9 

Pi 67 ' 

m is the number of peaks to be fitted 

b is the background under the fitted peaks, 

cJ is the Cauchy function approximation to each peak 
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Table 11 

Emissions from the 351.1 reference source 

used to calibrate'the y-spectrometer 

ti

Nuclide Energy Emission Origin  Absolute Abundance Reference 

235u 

0.186 

0.163 

0.144 

0.0899 

y-ray 

y-ray 

y-ray 

Th Ka2 X-ray 

"0.5.40 

 0.046 

0097 

unknown 

(33) 

"(33) 

(33) 

(12) 

731Th 0.084 y-ray 0.079 (33): 

0.0984 U Kai X-ray - - 
`", 

(12) 

• 

• 
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Table T2 

Instrumental settings used for the f-spectroscopy work 

♦ 

Unit Function Position 

r 

Ge (Li) detector bias supply 

amplifier 

 j 

ADC 

coarse gain 

fine gam 

+3200 Volts 

• 64 

1.70 

shaping 4 :seconds 

input impedance 1'1 K.. 6, 

rnmmarormwoor 

conversion gain 

zero threshold coarse gain 

zero threshold fine grin 

0 
200 

• - 2 
0

MCA 
time 

output 

1200 seconds 

3161-3960, 

• • 
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4 

i.e. C. = P3 /{1,+ [2(x - P3 .1)/P3j]2) 
j J-2   3.10 

Tho-iteration parameteps/P for each peak j are defined as follows: 

t 

,!! 

= peak height 

P3i.1 = peak location 

P3 = full width half maximum 

The best fit is obtained when the parameters are chosen so as to minimize , . 
_.. . * the follOwing function: - j/ . a . 

' M(P1* P2* P3 

n 

P3m, 13) ?. " -TYi 1=1 

n m 

= / ( (c, b) - Y.)2 3.11 
j=1 . 1 

A full description of the unfolding procedure and a listing of the re-

'quired computer programmes is given'in appendix H. 

Prior to unfolding the spectra, it was necessary to subject the 

`raw data to a nine point best ltast squares cubic polynomial. smoothing 

S 

subroutine(77 78) also detailed in appendix'H. The net intensity due 

to 238U concentration was then calculated by integrating only the two 

Cauchy functiO'ns assigned to the 234Th doublet. 

' The 935j concentration was determined' by direct measurement of 

the 0.Y66 MeV 235U -r-ray. For uranium chemical precipitates, this has 

no interferences and the background was estimated by the conventional' 

technique described in appendix B. 

To evaltote the ,effect of sample thickness on the 235u/234Th peak 

intensity ratio, two sets of natural uranium samples of varying thick-

nesses were prepared from pure black oxide (U308) and from yellow cake 

(approximately Na2U,407). Both materials were supplied by Eldorado 

- 102 - 
.hr 

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission. Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.



Nuclear Ltd.,, Mining Division. The sample containers were manufactured 

byglueing a .020",Tylar disk to one face of a 3 cm id acrylic ring as 

shown in figure 26. The uranium was then weighed into the container, 
N,‘

evenly distributed and sealed with approximately 20 ml of paraffin wax. 

Stock material, in the form of depleted and enriched Uranium as , 

U308, was obtained from Union Carbide Corporation, Nuclear Division. 

Standard samples of varying '35U content were prepared as described above 

and selected so they were suitable for a wide range and a narrow range 

calibration curve. The former is applicable to samples ranging from 0 

to 25% 235U and the latter is designed for samples 'close to the natural 

isotopic abundance of uranium 

In addition, the isotope ratio was measured on high grade ores 

from several uranium mineral zones. Since 226R6 emits a strong 1-ray 

which cannot be resolved from the 0.186 MeV 215u dhotopeak, the uranium+ 

group must be separated from the radium group in the raditim decay series. 

A four acid dissolution, as described in section 3.5.2., of the ores 

followed by a double or triple FeCO3 co-precipitation conveniently 

separates uranium from most elements including radium. The latter was 

pdlormed by initially neutralizing the acid filtrate from the dissolu-.

tion step by addition ofsolidNa?CO3, warming for 10 minutes, then 

filtering the massive iron precipitate through a Whatman 1/40 fi lter 

paper. This was repeated until all the naturally occurring iron was 

completely removed, two precipitations were generally sufficient. The 

final co-precipitation was carried out with the addition of 5 ml of 

0.1M FOC13 and 5 ml of 0.2M Na2CO3 solutions. The filtrate was neutralized 

by concentrated HNO3 and 5 PO excess added followed.by a light boil 

- 103 - 
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required to br.-eak up the uranyl carbonate complexes. The uranium was 

then precipitated as Na2U207 by addition of excess 1M Na0/1. When suf-

ficient material was collected by this,procedure,, samples were prepared 
, 

for uranium isotope analysis in the manner described. Counting duration 

remained fixed at 1200 seconds for all samples. Three spectra were 

taken from each sample and then averaged, 
# 

/ 
- , 

As before, the total specimen erhr, Ss2, for measuring the 235U 

peak intensity contains a specimen error and a specimen loading ?rror., 

Both terms were evaluated using 18 and 17 consecutive spectra respectively 

for each. Thq,tdtal variance experienced in measuring the 214Th inten-

sity includes a further term, S02, resulting from errors introduced by 

the unfolding procedure. This was evaluated by colleCting 12 consecutive 

spectra under identical conditions from the same specimen. The region 
. 

of each spectrum surrounding the 234 Th doublet was subjected to the 

unfolding programme and the dispersion about a mean value measured. The 

spectra were then 'averaged and the 'unfolding Orograme allowed to unfold 

the averaged spectra. The above format was repeated for three concentra-
4 , 

tion ranges, highly depleted, near natural and highly enriched in 2151) 

, 

, 
content. The total variances in an experimental measurement were then 

determined by adding s2 and Su2 to the surd of the instrumental variances. 
. 
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4. RESULTS AND DISCUSSION 

'4.1. Precision analysis of experimental facilities 

' Specimens' were purposely selected so that tile precision of each . 

i 

/' 
/ 

, 

spectrometer was appraised under the conditions it was expected to be 

subjected to By using the L X-ray source assembly, a pure lead speci-

men and a preset counting tide of 3 minutes, the standard counting error 

in estimating the Pb Laia2 peak intensity as obtained from the X-ray 
i N 

spectrometer amounts to several percent, This error is of the same 
.., 

negritude aS experienced in.measuring the uranium spectral line inten-

sities in the K, L and M X-ray experiments. In the y-ray spectroscopy 

experiment, much smaller counting errors are encountered when assessing 
1 

the 235U y-ray intensity at 0.186 MeV. Accordingly, the highly enriched 

uranium metal foil was selected to evaluate precisely the y-ray spectro-

meter. 
4 

From the precision analysis presented -in appendix C,, it was quan-

titatively demonstrated that the X-ray spectrometer' was free from signi- . 

ficant sources of instrumental error. Therefore, the precision of an 
., 

estimated intensity is limited only by the statistical counting error. 

It +.es a so shown that a small instrumental operational error exists 

within he y-ray spectrometer. The dispersion of a measured intensity 

about a mean value, on account of this error, has a relative magnitude 

of ±t.29% OS). 

By repeating the entire operational procedure, for each control- ,, 

se ting, the exact location of the control causing the variance could be 

und. In view of the following argument and because, of the small

- 106-
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magnitude of the error, this was not deemed necessary. When determining 

whether or not two variances are significantly different, it is clear 

from the data presented in appendix C, that the greater the scatter in 

thetwo,sets of data the less- likely it is.tiat the numerical disagree-

mentsebetween the two variances are real. That is, it is probable that 

this small operational error exists in both spectrometers. However it 

becomes insignificant and is not distinguishable when the standard count-

ing error is of the order of: several percent. This being the case, the 

K, I and M X-ray experiments were presumed to be free of any instrumental 

errors and the precision of intensity measurements limited to statistical 

counting and specimen errors. The standard counting errors present in 

the y-ray spectroscopy experiment are at leasc an order of magnitude less 

than fcir the X-ray work. For this situation, the small operational 

variance must bel onsidered as it may appreciably alter the total preci-

sion of a measured peak intensity. 

And fidally,, it should be pointed -out, that all the data output from 

the multichannel ar4lyzer used in the precision testing, was subjected to 

the data transfer, conversion, decoding and rearranging computer sub-

routines as detailed in appendix A. The net intensities and statistical 

precisions of the Pb La X-ray and 215U,y-ray were calculated using the 

subroutines described in appendix B. The results of the precision 

eyaluation,procedure.concretely validate that the above computer pro-
. 

grammes do not contribute any signficant variance to. the precision of a 

final analytical determination. 

The specimen errors are determined individually for each experiment. 
O 

The total specimen error, SS' consists of several components, i.e. 

- 107 -
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• 

SS ='SSS + $St2 4 SSP2   ,4.1

where SSS 2 )s the variance resulting from tiie presence of the specimen

• 
S
St

2 is the variance produced by loading, the specimen onto the 

spectrometer and Ssp2 is the variance in sample preparation. 

As described lr the appropriate experimental sections, SSS can be 

evaluated by taking many consecutive /spectra., under identical conditions 

and measuring the dispersion, S4, about a mean value. Any variance ori-

ginating from the specimen is then calculated by: 

S 2 = IS4? S32[ SS   4.2 

Analogously, the variance iitroduced in loading the sample onto the spec-

trometer can be measured by: 

S
SL

2 =15
5
2 • S42 1 

  4.3 

where S5 is the estimated standard deviation about the mean value of many 

consecutive spectra, each taken after the same specimen was mounted onto 

the spectrometer. 

Both the K and L X-ray procedures analyze bulk quantities of loose 

powder. Prior to loading, each specimen was shaken and lightly tapped 

to distribute the material throughout the specimen tube For these 

cases, the specimen preparation error is incorporated into the specimen 

loading error. Also, Ssp was not evaluated for the y-ray spectroscopy 

experiment because the 215U/238U isotope ratio was not expected to alter 

during,the procedure. A quantitative separation and electrodeposition 

of uranium is required for the thin specimens employed in the M X-ray 

experiment. For this situation, Ssp was determined 6y: 

- 108 ,-
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s SP2 1s62 ss21  

where SG is the measured dispersion or the data set collected for this 

purpose as described in the H X-ray experimental section. 

' 4.4 

4.2 K X-ray results and discussion . 

4:2.1. Determination of optimum gonipmeter settings 

The sample of waste rock, from the Beaverlodge mining district, 

'selected for this purpose contained 0.0014% U308. As will be seen in 

section 4.2.6. this quantity of uranium is many times less than the 

minimum determinable limit atttinableby using the K X-ray analytical 

procedure. Therefore, through measuring the Compton scattering ,intensity' 

distribution from such a specimen, at various scatter angles and colli-

mations, a reliable estimate of the expected backgrounds under the uranium 

peaks in a sample of much higher uranium concentration is obtained. The 

goniorneter settings producing 'the lowest background intensities at the 

uranium peak locations will result in optimum peak to background ratios 
5 

for a specimen of uranium bearing ore. 

Due to geometrical design considerations,, the largest scatter angle 

obtainable with the gOniometer is 135°. ror mast cases, the attempt to , 

record spectra at a 10' scatter angle was unsuccessful because of the 

very large Rayleigh scattering cross section at small scatter angles, 

fi ,ure except Tor the higher secondary.collimat4on settings, scatter-, 

ing intensities were in excess of the detector counting capability. 

Figures 27, 28, 29 show typical background spectra for scatter angles,

of 25°, 70' and 130°, respectively, with the primary collimation set at -7

10.0 cm and the secondary collimation adjusted to 12.5 cm. 3y employing 

- 109 - 
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equation 2.7, the primary Compton scattered peak is then expected to 

occur at approximately 119, 105 and 88 keV respectively and this is con-
, 

firmed by these three figures. ' 

Tables 13-17 contain the background data under the four major 

uranium K-shell fluorescent peaks Kay, U Kai, Q KS103 and U K$264

-- for all scatter angles, primary and secondary collimation settings.,. 

Appendix D contains a full des/cription of the computer programme written 

to analyze the uranium K shell peak intensities from the spectrum. In 

this apT;lication of the programme, the net peak intensities are always 

zero, but the background levels normally subtracted from the total peaks 

areas are recorded In the tables. These values are in units pf counts 

per channel'averaged over the full width of each expected uranium peak. 

As can be seen from the data, the to  backgrounds under each peak, 

for all scatter angles, primary and secondary collimation settings, occur 

'at scatter angles in excess of 130°. Figure'30, illustrates the relation-

ship between average backgound intrsity for each K_sheli-spectral line 

observed and scatter angle with r,,mary and secondary collimations et 

at 10.0 and'20.0 cm respectively. 

To disclose the optimum secondary collimation\settings, the gonlo-

meter platform must be raised and lowered. This alters the sample to 

detector distance and the background levels for each setting cannot be 

directly compared, To determine if any net gain in the background was 

obtained at each appropriate setting, the Rayleigh scattered.peak was 

normalized V the background under each uranium peak for every secondary 

collimation setting. These Rayleigh scattering peak to background ratios 

directly reflect the net effect of varying the secondary collimation 

• 
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a 

Table 13 

Background intensities with secondary collimation set at 5 cm. 
a.

o 57Co Rayleigh Background Intensity (counts/180 sec) Scatter. .Scattering • 
Angle Intensity U.Ka2 U Kai - 

U KB03 U KB254f:3 (degrees) (counts/180 sec) 

(.0 

0 

T 
m- 

17 

g. 

g.
g 
17 

8 
g 

0!:

ii 
17

g 

1 

.. . 

I 

. 

_ 

7 cm* 10 cm* ' 7 cm* 10 cm* 7 cm* 10 cm* 7 cm* 10 crn* 7 cm* 10 cm* 

25 , 26215 17908 2433 2531 2834 2939 1444- . 1520 1300 1371 

40 8073 2430 6482- ' 1154 1186 1359 989 1365 1005 2464 

,-

55 2648 2677 766 779 612 ' 623 2051 1879 1530 1069

70 1382 920 323 306 359 . 339 , 703 539 275 307 

85, 889 '541 328 310 769 752 229 
. 

236 131 107 

100 . 1122 - 686 948 906 868 682 76 ..72 471 50 
.. 

115 . 1854 1090 660 5211" 300 
, 

304 .... 
i 1 

47 * 46 43 . 41

130 ---- 1484 

, 
.___ 313 

 , 
179 -_-- 49 --- • 47 

* Primary collimation .setting 

_ N....._ 
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. . 
M 74 • 

. 

8 . a c 
o ... m • . 
a

a .  . Table 14.
M 

]. Background intensities with secondary collimation set at 12.5 cm. 
c.n.
o 

o - 57Co Rayleigh Background Intensity.(counts/180 sec) • 
a' Scatter Scattering o 
0 Angle Intensity . . 
O ' U Ka2 U Kai

(counts/180 sec) (degrees) s< — 
co m- 
0 
go 

-n c 
a- 

i 
8 , 

] 
R 
m5

.-

,
,-.. 
.••••• 

Ln 

1 

7 cm* 10 cm* 7 cm* 10 dm* 7.cm* 

25 ' 3954 6560 1308 . 1401 1356 

44 ,..,. 3299 3806 
... 

480 ' 478 
• 

- 519- 

55 1149 1326.
. 

511,, 
. 

509 605 

70 
.. 

. 537 686 
- 

214 r 220 - . 231 

85 
.., 

472 468 
• 

196-
, 

182 471 

- 100 . 6.83 
. 

. 743 ' 
. 

573 
. 

.

537 - 417 
...-• 

115 . 
44 

939 937 291 247 
• ...), 

157 

130 1149 164 ---., • 

10 cm* 

1502 

 501 

633 

- 

 224 

437 

- 337 

U K3163.. U KS2S4

,7 cm* 10 cm* 7.cm* '10 cm* 

• 637 . 728 
. 

598 — 

. 
616,

863 

. 

' - 809 
a 

. 1 0 1 1505 

1244 

a 

3127  _ 676.
Nr- a

555
.

• 

2'86 
,.. 

. 267 
.: " 

. 134 ' 137 

121  115 
.. 
65 

‘. 

*54 
4? '-

' 

. 

40 - 4 00 
• 

8 Q , 27 

.154- . 

* Primary collimation setting 

83 

- 29 • 0 27 . 27 -  25 
.. e • 

•• ••• - 28 -1-r- 9 30 

 ••••••rm ln•Im••••• 

• 

r 

4 

• • • 
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Table 15 
. - 

Background intensities with secondary collimation set at 2.0 cm. 

F.

Scatter 

Angle 

!(degrees) 

57Co Rayleigh 
Scattering_ 
Intensity 

(counts/180 sec) 

Background Intensity (counts/180 'TO 

25 ~ 

=40 

55 

70 

85 

100 

115 

7 cm* 10 cm* 

2432 3461 

2745 2678 

1051 836 

420 426 

464 428 

608 556 , 

603 571 

130 ••••••.M ..M 892 

U Ka i U Ksi a3

7 cm*. 10 cm* 7 cm* N> 10 cm* 7 cm* 10 cm* 

755' 809 708 761 314 344 

267 265 273 262 766 - 742 

281 274 382 • 381 833 755 

181 200 158 157 166 161 

123 113 293 274 77 72 

365 347 253 ' 207 25 26 

168 150 99 95 19 19 

102 54 21 

U K$284

7 cm* 10 cm*,

367 404 

1105 1027 

425  359 

87 83 

41 36 

20 18 

19 ' 18 

I 
19

*'Prirary collimation setting 
" 
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Table 16 

Background intensities with secondary collimation set at 27.5 cm. 

/ Scatter 

// 
Angle

(degrees) 

57Co Rayleigh 
Scattering 
Intensity 

(counts/180 sec) 

Background Intensity (counts/180 sec) 

U Kce2 U Kai U 00 3 U K6254

7 cm* 10 cm* 7 cm* 10 cm* 7 cm* 10 cm* 7 cm* 10 cm* 7 cm* 10 cm* 

25 1848 2436 465 493 395 424 179 186 260 282 

40 749 1727 175 171 182 172 573 555 846 790 

55 683 812 170 163 231 725 591 543 285 252 - 

70 343 328 120 129 133 t43J 111 105 60 58 

85 386 429 

9 

81 78 208 192 55 50 30 26 

100 410 293 247 239 172 142 19 19 '15 13 

115- 567 397 115 101 68 68 16 15 • 14 13 

130 588 71 38 15 15 

* Primary collimation setting 
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. ' Table 17 

Background intensities with secondary collimation set at 35 cm. 

Scatter 

Angle 

(degrees) 

57Co Rayleigh 
Scattering 
intensity 

(counts/180 sec) 

Background Intensity (counts/180 sec) 

UKcc2 U Ka i U Ksia3 U K626, 

0 

7 
CD 
7,

11 
C 
a. 
= 
ER 
@ 

-0 

8 

o_ 

c 

a

0 

m 

-0 

8 

m-
5' 
ct:
o_ 

0 
c
-0 

5 
N.(0. 
0 
m 

f

7 cm* 10 cm* 7 cm* 10 cm* 7 cm* 10 cm* 7 cm* 'ft 10 cm* 7 cm* 10 cm* 

25 1298 1704 301 - 317 242 256 121 119 185 196 

s 

40 ' 1356 1323 132 120 129 123 400 390 681 635 

a',1 55 500 632 118 119 146 146 448 414 209 182 

70 288 276 . 78 78 110 123  81 77 45 43 

85 339 309 60- 58 150 -140 43 38 23 20 

100 372 286 181 171 /24 102 14 15 12 11 

115 502 248 83 72 52 
+s 

48 ; 12 12 11 12 

130 401 51 - 27 --- 12 
. 

12 

* Primary collimation setting 
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rlg 30 'Relationship between average background intensity under each 
K shell spectral line observed and scatter angle 
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adjustment for any fixed scatter angle, In this case, Rayleigh scatter-

ing has been ubed as an internal standard; the larger the peak,to back-

ground ratio, the greater the relative improvement in analytical conditions. 

To visualize why a net improvement is realized,, consider the three prin-

ciple contributions to the background spectr (0-the Rayleigh and 

Compton scattering processes, 0 electronic n se in the detection ' 

components, and (iii) cosmic radiation. The latter two remain constant 

while the goniometer platform is raised, but the recorded intensity of ' 

# the scattering phenomena decreases. This is compensated for by the above 

-peak to,background ratio procedure. However, relative improvements in 
• 

this ratio occur with increasing secondary collimation due to the,fact 

that the observed primary Compton scattering intensity becomes increasingly 

less dispersed. Neighbouring uranium peaks then have a lower relative 

background. It,is expected that at some height above the detector this 

ratio will become a maximum. At this point,, the Improvements gained by 

greater collimation are being offset by the increasing constant back-

ground contribution ') the total background spectrum. This has been 

er,erimentallycorroborated. Table 18'presents data of the ratio compari-

son for all the secondary collimation settings. The primary collimation 

and scatter angle adjustments were constant at 10.0 cm and 130° respec-

tively. ft is also shown graphically for each uranium peak in figure 31. 

The maximum peak to background ratio is observed'at a secondary collima-
. 

tion setting of 20 cm for all peaks. 

The primary collimation setting had little effect on the maximum 

value of the Rayleigh scattering peak to background ratio. However, as 

a general trend, changes in the ratio between different secondary 
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( 
\, i , 

\ Table 18 

Variatio'n of 57Co Rayleigh scattering peak to uranium peak 

background intensity ratio with secondary collimation. 

The scatter angle is fixed at 1300. v 

Secondary Peak to background ratio 

Collimation  .........._ 

(cm) ' U Ka2 ' U Kai U K83i3 U 10264 r 

5..0  4.74 8.29 30.3 ' 31.6 
.1.. 

12.5: -' 7.01 12.9 41..0 38.3 

20.0 

. ....1 .1••••• ••••6••••••1•• •=.1.•..M...••••• 

8.75 16;5 42.5 46.9 

27.5 8.28 15.5 39.2 39.2 

35.0 7.86 14.9 33.4 33.4 
.+r,...t 

i 
c 

t 

, 
) 0 

I 
0
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collimation settings were more pronounced i'oth the primary collimation 

set at 10.0 cm than it 7.0 cm. Unfortunately, for scatter angle adjest-

ments in excess of approximately 120° it is not possible to obtain spectra 

using the 7.0 cm setting. The source housing, at this setting, is very 

close to the specimen and at large scatter angles blocks the detector's 

view of the specimen. Therefore only the 10.0 cm primary collimation 

setting was used with the 130° scatter angle measurements. 

From the data presented in this section, it is evident that the 

largest possible scatter angle of 135', along with primary and secondary 

collimation settings of 10.0 and 20.0 cm respectively will result in the. 

optimum geometrical conditions for measuring the intensities for each of 

the U K shell fluorescent peaks. These values were then adopted for all 

of the K X-ray experimental work. 

4.2,2. Scattering intensity measurements 

There are three principal sources contributing to the measured 

Rayleigh and Compton scattering peA intensities: (i) the specimen, 

(ii) the specimen tube, and (ii&the Bi target. From the spectrum 

alone, each component is,not distinguishable. However, only the scatter-

ing intensities from the specimen are of analytical significance. These 

were determined by observing the spectra from a series of blanks taken 

at regular intervals throughout the experimental work. The blank 

measurement,, as described earlier, consists of recording the spectrum 

with only an empty sample container as a specimen. The total scattering 

intensities from the sample tube and the GI target can then be expressed 

as fraction of the transmitted radiation as measured by the intensity 
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Table 79 

Backgrouno data and calculations required for determining the net'specipen 

scattering intensity from the observed scattering intenstty. - ' 

Observed Rayleigh • 
Scattering 
Intensity 

(counts/180 sec) 

Observed Compton 
Scattering
'Intensity - - 

(counts/180 sec) 

Bi Ka1 - 
Intensity 

(coLntsfI80 sec) 

I(Observed Raylei911 I(obserVed Compton) 
IB1Kuz I Bi Kaz 

1725 -3734 8755 .1970 .4265 

1728 3564 9178 .1883 .3883 

1652 3716 9161 .1803 .4056 

1683 3649 9254 .1819..4; .3943 

1613 3579 9112 .1770 .3928 • 

- 1646 3685 9222 .1785 .3996 

1707 3722 8857 .1927 .4202 

3633 3557 8900 .1835 .4109 

1608 3494 9161 .1755 .3814 

1740 

1651 

3627 

3623 

8981 

8976 

- .1937 

.1850 

:4039 

.4036 

1715 3657 9108 .1883 .4015. 

- 1424 3589 8903• .1599 .4031 
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Table 19 continued 

Observed Rayleigh 
Scattering 
Intensity 

(counts/180 sec) 

Observed Compton 
Scattering 
Intensity 

(counts/180 sec) 

Bi Ka1 
Intensity 

(counts/180 sec) 

I(observed Rayleionl ' I(observed Compton) 
181 Kai Bi 

1706 3602 8796 ..1940 t .4095 

1714 3643 8835 .1940 .4123 

1582 3731 . 8568 .1846 :4354 

1668 3624 9335 .1787 .3882 

1787 3585 9333 .1915 .3841 
-• 

1750 3714 - 9088 .1926 .4087 

1686 3650 9137 .1845' .3995 

average = 0.14 \ alit=r g 0.4035 

is = ±-4.75% 1S ±3.40% 
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of the Di 6.1'peak. These fractions are calculated for both Rayleigh 

and Compton scattering in table 19. The mean values for Rayleigh and 

Compton scattering are 0.185 14.75% (1S) and 0.404 t3.407, (1S) respec-

tively. The net Rayleigh scattering intensity due to the specimen,, I 

Rayleigh, can then be calculated by: 

I Rayleigh = I(observed Rayleigh) - I(blank Rayleigh) 

= I(observed Rayleigh) - 0.185(r Si Kai) . . . 4.5 

and the net specimen Compton scattering intensity, 1 Compton, expressed 

as: 

I Compton I(observed.Compton) 1(blank Compton) 

= I(observed Compt6n)'- 0.404(1 Di Kai)   4.6 

'4.2.3. Sample thickness measurement .

As mentioned in section 3.1., the Compton scattering intensity 

obset:'Ved from a specimen is expected to be Oinear function of sample 

mass for thin or partially thick samples. Data from the seven weighed 

samples are presented in, table 20 showing both the specimen mass and the 

sample Compton scattering intensity. The linear trend of the data is 

obvious. However, specimens of known mass could not be satisfactorily 

prepared. The samples of varying mass, but constant volume, were pre-
p 

pared by using dissimilar packing.densities. It is difficult to Insure 

that the packing density of the 'effective VO, ume analyzed' is the same 

as the average value for the entire sample. The ore in the lighter 

samples also tended to settle down after they were manipulated so that 

the volume decreased accompatiled g —Aarger packing density. It was 
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Table 20 

DataNillustrating the linear relationship between actual sample 

mass (g) and the net Compton scattering intensity. 

Specimen Mass 1 Compton Mass 
/ 

%U308 (g) (couts/180 sec) 1 Compton 103 

.204% .204% Beaverlodge Lake 19.8,2 2598 7.629 
..... .......m,............. ....... 

.248% fleayerlodge Lake 27.47 3589 7.654 

.302% Beaverlodge Lake 30.35 3985 7.616 / 

.;. 
.352% Beaverlodge take 26.55 3570 

.490% Beaverlodge-Lake 25.16 

7.437 
..11 .••=•••••••••=9.1 .1. 

3450 ' 7.293 

.580% Rabbit Lake  24.10 3166 7.612 

.963% Rabbit Lake 33.17  4459 1 7.549 

PM 
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r. 

found more convenient to assume a constant value for /
the total absorption 

. , 
coefficient, E(ue ) r., measure the initial to transmitted intensity ratio 

and then calculate the sample thickness, m. from equation 3.1., i.e. 

„ 

m (9/cm2) r1410/IT) 
E(u ) r ej i 

The quantity assumed for (11 ) r was a calculated. value of 0.162 cm2/g 
e 

taken from table 22, section 4.2.4. In this application, the presence 

of significant aMounts of uranium will result in lower values of 1.r  If 

an estimate of the uranium weight fraction could be determiied, then the

uranium contribution to EW ).r can be,eyaluated. From table 22, the 
e 

absorption due to uranium in a 1% uranium ore will be 0.041 cm2/g for the 

122 keV excitation photons. Sample thicknesses are then calculated by: 

ln(lo/IT) m (g/cm2) 
(0.162 4- 0.041(%11.308)1 

  4.7 

Table 21 contains the specimen-data and evaluations of equation 4.7 for 

each sample listed. Figure 32 illustrates the best least squares straight 

line through the data giving the required proportionality constant between 

sample Compton intensity and specimen thickness. All thicknesses in the 

K X-ray experimental work were calculated from the following equation; 

m (g/cm2) = 7.60 x 10" I Compton   4.8 

4.2.4. Matrix compensation 

With the K X-ray goniometer, as previously'described, the excita-

tion radiation strikes the specimen normally to itsi surface and the 

fluorescent radiation falls nearly perpendicularly upon the plane of the 
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Table 21 

Data showing the correlation between net Compton scattering 

intensity and specimen thickness, m (g/cm2). 

Specimen I Compton 
(counts/180 sec) 

-4 

to 
(counts/180 sec) 

IT 
.(counts/180 sec) (g/cm2) 

1.19% Key Lake 

.512% Key Lake 

1781 

- 2519 

.482% Elliot Lake 3912 

.963% Rabbit Lake 4459 

.5802 Rabbit 3166 

.460% Rabbit Lake - 3626 

.02i 5% Rabbit take 2984 
I 

1.21% Beaverlddge Lake" 4315 

:463% Beaverlodge Lake “4426 

• 9223 6998 

9223 6374 

8776 4873 

9057 4512 

9057 5796 

. 9057 5416 • 

, 9057 6197 

9057 
• • 

4619 

9057 °IP 
• • • • • • • • • • 

5714 4

• 1.31 

2.00 

2.95 

,3,44 

2.39,/ 

2 

/ 2.32

.3:19 

2.53 

`2.16 .226% Beaverlodge Lake 2873 9023 6211 
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\ 
ti

detector. The angular dependencies of the fundamntal excitation equa-

tion,, equation 2.12, for partially thick samples can thin be neglected. 

By reducing and rearranging this equation, the weight fracstion in a speci-

men can be expressed as: 

1U 
i 
(p,e + pf ) i ri \ 

rU ,  40
(1 - ex6t-mt(pe + wr-ii.i ji   \ 

i   

As discussed earlier, by measuring the transmitted radiation and the 

sample'thickness,, all the terms of equation 4.9 may be determined. From 

the transmitted radiation, the total mass absorption coefficient of the 

sample for the incident radiation can be obtained from. 

ln(I /I ) 
,f ”  I.r  o T 

total 

Table 22 presents the details of 9ass absorption coefficient calcu-

lation for elemental absorption by an average uranium bearing granite. 

The absorption coefficients are evaluated for the energies of the U Kai

peak, cf, and the excitation radiation, c,?  at 98 and 122 keV respectively. 

Pertinent data used for the construction of table 22 on the average com-

position of granite were taken from reference (30) and on mass absorption 

coefficients from reference (6). From the gable, it is clear that the 

value of the mass absorption coefficient for each matrix element is much 

smaller than it is.for uranium. So that the total mass uusorption coef-

ficient as evaluated from the transmitted radiation, can be broken into 

two components: (1) absorption due to matrix elements, and (ii) absorption 
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Table 22 

(0.
5 
m 
0 

5 
m 
o 
0 

=1. 
am 

0 
g m 

T 
a. m-
ED, 
8 

a
, 

R.

g 
13 
8 
m-

0.`‘7):

13 

5 
g
g: 

.... 
,...., f..1. 
1 

Calculation of mass absorption coefficients for 

an average uranium bearing granite 

Element 

Weight 

Fraction 

u
TOT 

(barns) 
Mass Absorption 
.Coefficients 

(Cm2/g) 

Elemental 
Absorption 
(cm2/g) 

r. 
1 of . 98 keV ce = 122 keV ;If Pe p r. p r f e 1 

0  47.7 % ' 4.12 3.92 .155 .148 .0739 .0706

Si 33.2 % 8.53 7.81 .193 .167 .0607 .0554 

Al 7.9 % 7.62 7.04 .170 .157 .0134 .0124 

Fe 2.8 % 34.1  27.7 .368 .298 .0103 .0083 

Ca 1.6 % 16.9 14.6 .254 .219 .0041 .0035 

Na ' 2.9 % 6.03 ' 5.66 .158 .148 .0046 .0043 

Mg 0.16% 6.77 6.31 .168 .156 .0003 .0002 

K 3.4 % 15.1 13.1 .233 .202 .0079 .0069 

TI 0.24% 21.5 18.1 .270 '.228 .0006 .0005 

U 1.00% 748. 1910 ,.- • 1.89 4.83 .0189 .0483 

(p 4- p ) r. = 2.08 s( ).r. 
7 e f 1 1 1 el l 

matrix matrix 

(11 ).r (u ).1-. 
1 fi l 1 el l 
matrix matrix 

= .1758 = .1621 • • 

'51 
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by uranium atoms alone; i.e. 
. 

I 1 e 
MIIe)IrI = E(u ) i 1 

r. + (u e )U rU   4.10 

total matrix, 

Since the thickness factor is more Important thaa,the matrix factor at 

this excitation energy, a reliable estimate of the uranium weight frac-

tion can be obtained from normalizing the uranium spectral intensities 

to their measured thicknesses, i.e. 

.._ 

• 10

-1 1 
ElpC)ir1 •'"- (pe)IrI + x(pe)U(71.3--) 

total matrix 

4 11

where x is the appropriate proportionality constant. 

From table 22, it is readily seen that, for the matrix elements, the mass 

absorption coefficient for cf is a constant function of that for ce, i.e. 

E(p + p ) r. = 2.08.7(p ) r • e fi l j el l 1 
matrix matrix 

4  12 

Therefore, the total mass absorption coefficient of the specimen for 

photons of energy ce and,cf can be written as: 

E(p -1.-
i e 

p
f1 i i 
).r = “pe + pf)I rl 4- (11e + Pf)UrU 

total matrix 
1Li

/ 
= 2.031(pe)lri + x(ue + y u‘TT/ 

matrix 

v 

. . . . 4.13 

hence, all the required terms in equation 4.9 can be estiMated. 
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4.2.5. y-ray spectrometer energy calibration 

The storage location within the y-ray spectrometer for energies of 

the principle y-ray emissions of the three reference sources is shown in 

figure 33. Using the settings liste&in table 7, the relationship between 

photon energy and channel number can be expressed as: 

Energy (keV) - (Channel Number  
f 878:2731

14.345
  4.14 

All conversions from channel number to energy were performed using equa-

tion 4.14 throughout the K X-ray experimental work. 

4.2.6, Data and data analysis -

The K X-ray spectrum from,a uranium ore containing 1.21% U303 is 

shown in figure 34. The Spectrum was recorded under the optimum geomet-

rical settings as found in section 4.2.1. The Bi Ka2 and Kai X-rays at 

74.8 and 77.1 keV; the U Ka2 , Kai-, K8103 and 404 at 94.7, 98.4, 111.3 

and 114.5 keV;, the primary Compton and Rayleigh scattered peaks at 88.0 

and 122.0 keV respectively are plainly discerned. The U Ks Intensities 

are appreciably weaker than the Ka intensities and in most of the ore 

samples analyzed could not be discriminated from the scattered background 

intensity. In addition, the high energy shoulder of the primary Compton 

scattered peak, figures 28-29, underlies the U Ka2 peak and also results 

in excessive and difficult to determine background levels. For these 

reasons, the U Ka i peak at 98:4 keV was considered to give the most 

accurate and precise intensity measurement. * This quantity was therefore 

adopted as king representatiNie of the observed uranium K shell fluore-
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scence intensity. 

Tables 23-26 presen the''observed 'ayleigh and Compton scattering 
• 

intensity data for the 46 a pie analyzed for each of the four uranium 

mining locations. The net specimen. Rayleigh scattering intensity, I Ray-
. 

leigh, and the net specimen Compton scattering intensity, I Compton, are 

calcUlated from their observed values from equations 4.5 and 4.6 respec-

tively. Compton scattering cross sections are greater than Rayleigh 
, . \ 

scattering cross sections at 122 keV,, particularly so with large.scatter 

1 

1 scattering intensity that originates from the bismuth target (high Z 

! ' material) is substantially larger than for the Compton scattering case. 

angles. As expected though t the fraction of the total observed Rayleigh 
' N, 

For most of the ore samples, about one third of the observed Rayleigh 
4 
scattering arose from the presence of the specimen, while for the Compton 

scattering situation this ratio is generally greater than two thirds. 

Tables 27-30 contain the V Ka i, 104and 1T net peak intensity data, 

for the ore samples investigated, from each of the four uranium mineral 

zones, The sample thickness, m (g/cm2), listed in these tables was 

calculated from I Compton using equation 4.8. Thickness precisions are 

of the order of ±1.5% (1S
N
). Both I Rayleigh and I U Ko k values were 

normalized to specimen thickness as shown in the tables. For the Rayleigh
f 

scattering case, the qyantity (I ROIeigh)/m shows a marginal increase in 

magnitude with increasing uranium concentration. Unfortunately, the 
. . 

scattering intensities are not sufficiently sensitive enough to detect 

.. 
4 

with adequate precision the small amounts of uranium present in these 

specimens to be of any analytical benefit. The normalized U Ka i pqak 

intensity data were plotted against actual concentration for all of the 
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Table 23 

Calculation of net specimen scattering intensities from observed 

scattering intensities for 8eaverlodge Lake ores; 

Specimen 
(M308) 

I (observed Rayleigh) 
(counts/180 sec) 

 ••••• ••••1...‘ 

I Rayleigh 
(counts/180‘sec) 

±SN
(%) 

I (observed Compton) I Compton 
(counts/180 sec) (counts/180 sec) 

tSN(%) 
±S
N(%) 

0.102 1639 ±2.15 756 ±5.03 6574 ±0.71 4646 =1.21 

0.108 1542 ±1.94 480 ±6.73 5774 ±0.66 3455 ±1.35 

0.118 1606 ±1.85 .439 ±7.49 5523 ±0.78 • 2975 ±1.78 

0.116 

0.175 

0.194 

1677 t1.84 

16ct2 t1.80 

1586 ±2.17 

467 ±6.92 

517 =6.24 

494 ±7.53 

5533 ±0.67 

5520 ±0.67 

5739 ±0.76-

2999 ±1.52 

3020 ±1.51 

3355 ±1.59 

0.198 1631 =1.84 493 ±6.57 .5544 ±0.67 - 

0.199 1568 ±1.92 447 ±7.27 5581 ±0.67 

3059 ±1.49 

3134 =1.47 

0.211 1631 =1.86 494 ±6.59 5596 ±0.67 

0.226 1670 ±1.78 520 ±6.17 5391 =0.68 

3113 ±1.48 

2881 ±1.57 

0.248 1675 =1.80 645 ±5.04 5847 ±0.65 3598 ±1.29 

0.261 1659 ±1.81 594 ±5.45 5722 ±0.66 3396 ±1.36 

0.302 1625 ±2.11 667 ±5.56 6084 ±0.74 3993 ±1.37 
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Table 23 (continued)

......... 

I 

C.4 
CO 

111 

, - 
Specimen 
(%0308) 

I (observed Rayleigh) 
(counts/180 sec) 

±S IY) 

it-Rayleigh 
(counts/180 sec) 

±SN (%) 

I (observed Compton) 
(counts/180 sec) 

±SN(%) 

. I Compton 
(counts/180 sec) 

±S (%) 

0.339 1648 :a:2.09 573 ±6.49 5752 ±0.76 3404 ±1.57 

0.341 1651 ±2.11 -540 ±6.95 5519 ±0.78 3094 ±1.71 

0.352 1673 .±2.08 638 ±5.88 5838 ±0.76 3579 ±1.51 

- 0.392 1674 ±2.06 , 616 ±6.04 5687 ±0.77 3377 -A:58, 

0.425 1646 ti.82 - 603 ±5.33 
ei, 

5637 ±0.67 3360 ±1.35 

0.463 1606 ±2.15 548 ±6.80 5697 ±0:76 3380 ±1.56 

`0.490 1716 ±2.48 674 ±6.76 5683 ±0.94 3408 ±1.88 

• 1.210 . 1590 ±2.20 735 ±5.12 6151 ±0.74 4284 ±1.23 

I 

Or 

.. 

- 
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Table 24 

Calculation of net specimen scattering intensities from observed 

scattering intensities for Rabbit Lake ores. 

c› 

Specimen 
(M308) 

I (observed Rayleigh) 
(counts/180 sec) 

±S
N 

I Rayleigh 
(counts/180 sec) 

is (%) 

1 (observed Compton) 
(counts/180% sec) 

±SN( ) 

I'Compton 
(counts/180%) sec) 

±S(

0.0215 1579 ±1.87 432 ±7.39 5447 ±0.68 2943 ±1.55 

0.0317 • 1672 i1.78 570 ±5.64 5954 ±0.69 3548 ±1.38 

0.0680 1578 ±1.86 492 ±6.46 5623 ±0.67 3252 .±1.42 

0.0720 1562 ±1.88 484 ±6.58 5727 ±0.66 a 3373 ±1.37 

0.207 1503 -12.24 547 ±6.67 6086 ±0.74 3999 ±1.36 

t.286 1629 ±1.80 677 1.4%68 6016 ±0.64 . 3938 ±1.19 

0.460 1548 ±2.18 546 ±6.69 5873 ±0.75 3684 •±1.46 

0.580 1566 ±2.18 493 ±7.48 5571 ±0.77 3229 ±1.63 

0.963 1622 ±2.11 787 ±4.70 6331 ±0.73 4508 ±1.23 
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Table 25 

Calculation of net specimen scattering Intensities from observed 

scattering intensities for Key Lake ores. 

1 
Speci!7,an 
(M308) 

;obserNred Rayleigh) 
[counts/180 sec) 

±s0 (TO 

I Rayleigh 
(counts/180 sec) 

±sN(%) ' 

I (observed Compton) 
(counts/180 sec) 

±SN(%) - 

1 Compton 
(counts/180 sec) 

±SN() 

0.0146 1597 ±1.83 511 ± 6.19 5558 ±0.67 3187 ±1.43 

0.0505 1583 ±1.86 268 ±11.84 4538 ±0.74 1666 ±2.54 

0.0841 1612 ±-1:82 240 ±13.18 4408 t0.75 1411 ±2.97 

0.176 1616 557 ± 5.68 5639 ±0.67 3328 t1.38 

0.181 1608 ±2.15 310 ±11.83 4737 ±0.84 1902 ±2.52 

0.193 1594 ±1.84 354 ± 8.94 4820 10.72 2113 ±2.05 

0.230 1623 ±1.82 341 ± 9.33 4683 ±0.73 1883 ±2.27 

0.245 1651 ±1.79 449 7.08 4798 ±0.72 2175 ±1.98 

0.512 1618 1-1.83 438 t 7.29 5037 ±0.70 ___ 2461 ±1.78 

1.19 .. 1552 ±1.98 257 ±13,07 4545 ±0.86 1717 ±2.86 

- 
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Table 26 

Calculation of net specimen,scattering intensities from observed 

scattering intensities for Elliot Lake ores. 

Specimen 
(M308) 

I (observed -Rayleigh) 
(counts/180 sec) 

- ±S (%) 

1 Rayleigh 
(counts/180 sec) 

±-5 

I (observed Compton) 
(counts/180 sec) 

(%) 

0.095 _ 1601 ±1.85 595 ±5.38 5765 ±0.66 

0.102 1664 ±1.78 615 .415: 20 5720 ±0.66 

• 0.272 1585 ±1.89 607 -±6.32 5797 ±0.66 

0.356 * 1598 ±2.11 677 ±7g: , 5948 ±0.75 

0.482 1686 ±2.06 784 ±4.177 5934 ±0.75 

0.773 "4,. 1687 ±2.05 820 ±4.'54 5856 ±0.75 

• 

I Compton 
(counts/180 sec) 

iS
N(%) 

3568 ±1.30. 
0 

3430 ±1.34 

3662 ±1.27 

_3936- ±1.37 

3965 61.36 

3963 ±1.34 
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a e 27 • 

InItlal data observed from eaverlod9e Lake ores required to-

evaluate the 9atr x and thickness factord • 

Specimen 
(% u300 

I U Kai 
(cts/180 sec) 

±SN(%) 

0.102 374 ,±10.8 

0.108 401 ± 9.22 

0.118 3"258 ±12.7 

0.116 325 ±11.2 

0175 504 ± 7.08 

0.194 582 ± 7.37 

0.198 - 510 ± 7.15 

0.199 507 ± 7.11 

0 211 599. ± 6.18 

0.226 550 ± 6:59 

0.248 728 ± 5.29 

- 0.261 689 ± 5.47 

0.302 910 ± 5.18 

10 r Ty( I Raylelgh cts.cm2 I U Kai cts.cm2 
(cts/180 sect. (cts/1 sec). (9f/cm)2 m igiTE: m TO -Tel .g 

±51401 S(10 ±sN(%) ±Sn(%) ±S
N
(14) 

9087 ±0.71 "712 ±1.62' 3.53 ±1.21 217 ±5.17 -105 ±10.9 

9087 .10.73/7 573 , 2.63 ±1.35 182 16.86 152 ± 9.23 

9087. -±ik71 63 6 ±1.21 
1 

2.26 ±1.78 194 ±7.70 114\t12.8 

9087/±0.71 _ 6 70 ±1.05, 2.28 ±1.52 204 ±7.09 142 ±11.3 

906 ±0.71  186 11.06 2.30, ±1.51 225 i-6.42 219 ± 7.24 

9087 ±0.71 5900 ±1.,29 ' 2.55 ±1.59 193 .±7.69 228 ± 7:54 

9087 ±0.71 6150 ±1/./07 1 2.33 ±1.49 212 ±6.74 219 ± 7.30 

9087 ±0.71 6056---11.0 2.38 ±1.47 187 ±7.41 212 t 7.26 

9087 ±0.71 - 6144 1.07 2.37 ±1.48 208 ±6.75 

9023 ±0.71 6211/.4=1;05 2.19 .1.57 237 251 ± 6.77 

9023 ±-0.7 55651/ .t1':11,1 2.73 ±1.29 235 t6:20 - 266 ± 5.44 

9023 ±0.71 575 ±1.14 2.58 ±1.36 230 ±5.62 266 ± 5.64 

9023 -10 71 5115 i1.47 3.0 -±1.37 219 ±5.72 299 ± 5.36 
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Table 27 continued ' 

Specimen 
(% U308) 

I U Kai ' 10

(cts/180 sec) (cts/180 sec) 
±SN(90 ±SN(zy , 

IT 
(cts/180 sec) 

±6 (%)
N(%) 

(g/cm)2

• n 

m ; ets.cm2 I U cts.cm2
m 180 sec.g 

tS (%I. ' 

m . 180 gec.g 

±S (%) 

'0.339 972 ±4.68 9023 ±0.73 5810 ±1.30 2459 ±1.57 221- • ±6:67 375 ±4.94 

0.341' 816 ±5.39 9023 ±0.71 6002 ±1.26 2.35 ±1:71 229 ±7.16 
ti

347 ±5.65 

0.352 - 934 -16.55 ' 9023 ±0.71 5591 ±1.36 2.72 ±1.51 234 ‘-±6407 343 ±6.72 

0.392 1057 ±4.34 9023 :±0.71 5716 ±1.32 2.57 -±):58, • 240 ±6.24 411 ±4.62 

0.425 1189 ±3.39 9057- ±0.71 5634 ±1.11 2.55 ±1.35 216' ±5.49 465 ,±3.65 

b463_, 177 ±4.00 9057 4.71 5714 i1.32 2.58 ±1.56 
• 

212 ±6.97 457 ±4.29 

0.490 1412 ±4.20 9023 ±0.71 5630 ±1.56 2.59 ±1.88 260 t7..02 545 ±4.60 

1.210 3517 - 11164---9057---10;71 3.26 ----1%28 225 ±5.28 1080 ±2.80 
.

m-

i. 

a 

4 
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Table 28 

Initial data observed from 'Rabbit Lake ores required to evaluate -

the matrix and thickness factors. 

01

Sloiclrreft 

(% U308) 

I U Kai
(cts/180 sec) 

±s (%) 

lo
(cts/180 sec) 

±SN (%) 

IT 
(cts/180 sec) 

tSN(%) 

m 
(g/cm)2

±SN(%) 

I Ra;pelqh cts.cm2 I U Ka, cts.cm2
* m 180 sec.g 

tS
N
(%) 

m 180 sec.g 

tS (%) 

0.0215 34 t422- 9057 ±0.71 6197 ±1.06 2.24 ±1.55 193 ±7.55 15 ±422 

0.0317 31 ±165 9057 ±0.71 5954 ±1.10 2.70 11.38 211 ±5.80 11 1-165 

0.0680 163 ±28.7 - 9057 ±0.71 5867 ±1.42 2.47 ±1.42 199 ±6.61 65 ±28.7 

0.0720 127 ±68.4 9057 ±0.71 5826 ±1.37 2.56 ±1.37 188 ±6.72 49 ±68,4 

0.207 582 ± 8.28 - 8776 ±0.72 5164' ±1.36 3.04 ±1.36 179 ±6.81 191 ± 8.39 

0.286 718 ± 5.99- 8776 ±0.72 5143 _±1.19 2.99 ±1.19 226 ±4.83 239 ± 6.11 

0.460 1231 ± 4.09 8776 ±0.72 5416 ±1.46 2.80 .±1.46 195 ±6.85 439 ± 4.34 

0.580 1493 ± 3.31 8776 ±0.72 5796 ±1.63 2.45 ±1.63 200 ±7.66 608 ± 3.69 

0.963 2698 ± 1.90' 8776 ±0.72 4612 t1.23 -.43 ±1.23 229 ±4 86 845 ± 2.26 
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Table 29 

Initial data observed from Key Lake ores required to evaluate 

the mitrix and thickness factors. 

- 

Specimen 

(% 1.1308) 

I U Kai
(cts/180 sec) 

±S (%) 

(cts/80 sec) 

4-S'(%) 

IT

(cts/180 sec) 

±S (%) 

m 
(g/cm)2

N(%) 

I Rayleigh cts.cm2 I U K1 cts cm2
m 1.80 sec.g 

±SN( 90 

m 180 sec.g 

± (90Sti

0:446 50 ±125 • 9223 ±0.70 5868 ±1.11 2.42 ±1.43 210 ± 6.35 20 ±f25 

0.0505 116 ±42.3 9223 ±0.70 7107 ±0.90 1.27 ±2.54 211 ±12.1 91 ±42.4 

0.0841 121 ±48.4 9223 ±0,70 ' 7416 ±0.86 1.07 ±2.97 223 ±13.5 112 ±48.5 

0.176 474 ± 6.33 9223 ±0.70 5720 ±1.14 2.53 ±1.38 220 ± 5.85 187 ± 6.48 

0.181 358 ± 9.47 9223 ±0.70 7016 ±0.94 1.45 ±2.52 214 ±12.1 247 ± 9.80 

0.193 419 ± 8.74 9223 ±0.70 6699 ±0.96 1.61 ±2.05 220 ± 9.17 260 ± 8.98 

0.230 . 343 ±10.7 9223 ±0.70 * 6929 ±0.92 `1.43 ±2.27 238 ± 9.60 239 ±10.9 

0.245 447 ± 8.44 9223 ±0.70 6492 ±0.98 1.65 ±1.98 271 ± 7.36 270 ± 8.67 

0.512 _1159 ± 3.42 9223 ±0.70 6374 ±1.01 1.87 ±1.78 234 ± 7.50 619 ± 3.86 

s 1.19 1987 ± 2.87 9223 ±0.70 6998 :0.05 1.31 ±2.86 196' ±13.4 1522 ± 4.05 
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Table 30 

Initial data observed from Elllot Lake ores required to evaluate 

the matrix and thickness factors. 
• 

Specimen 

(5; U308) 

i u Ka;
(cts/180 sec) 

tSN (X. 

I0 
(cts/180 sic) 

±S
N

(% ) 

IT 
(cts/180 sec) 

% ±SN( ) - 

m 
.(g/cm)2

-ISN(%) 

1 Rayleip cts.cm2 I U Kai CtS.CM2 
m 180 sec.g 

±S (%) 

m 1707,7E715-

±SN(%) 

0.095 217 ±21.9 8776 ±0.72 5436 ±1.20 2.71 ±1.30 219 ±5.53 80 ±21.9 

0.102 200 ±20.5 8776 ±0.72 5666 ±1.15 2.61 ±1.34 235 ±5.37 76 ±20.5 

0.272 642 ± 6.66 8776 ±0.72 5284 ±1.23 2.78 ±1.27 218 ±5.47 230 ± 6.78 

0.356 786 ± 6.37 8776 ±0.72 4978 ±1.51. 2.99 .±1.37 - 226 ±5.56 262 ± 6.52 

0.482 1188 ± 5.45 8776 ±0.72 4873 ±1.53 3.01 ±1.36 260 ±4.96 394 ± 5.62 

0.773 1848 ± 2.94' 8776 ±0.72 4685 ±1.58 3.01 ±1.34 272 ±4.73 613 ± 3.23 
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46 uranium ore samples. The slope of ties line was used to evaluate the . 

proportionality constant x. From table 35, the value of this slope is ' 

988 (counts.cm2)/(180 sec.g.%U308). Following unit conversion from W 308

to uranium weight fraction, ru, as required by equations 4.11 and 4.13, 

the reciprocal was taken. The adopted magnitude of x was then 8.58 x 10-6

(180 sec.g)/(counts.cm2),. 

This value of x was employed to estimate the absorption due to ura-

nium atoms for each of the ore specimens as shown in tables 31-34. The 

first column of the table lists the total' mass absorption coefficient of 

the matrix elements for the excitation radiation, E(0 ) r , as determined i e 1,1 
matrix 

from equation 4.11. These values remained reasonably constant fbr the 

ores from.each .location. The average matrix element mass absorption 

coefficient for both Beaverlodge (0.162 cm2/g) and Rabbit Lakes (0.162 

cm2/g) were identical and equivalent to that from an average uranium bear 

ing granite 0.162 cm2/g as detailed in table 22. The coefficients for 

Elliot and Key Lake ores tended to be notably higher at 0.175 and 0.185 

cm2/g respectively. These values were employed to determine the matrix 

and thickness factors for each ore specimen by using equations 4.12 and 

4.13. These data are presented in the second and third columns respectively. 

The fourth column contains the net U Kai peak intensity as corrected by 

the matrix and thickness factors according to the right hand side of,

equation 4.9. As such, the data listed in this column are expected to be 

proportional to the actual' urpiium weight fraction in each of the speci-

mens analyzed. 

The correlation between the initial U Kz intensity data and uranium 

concentration can be seen in figure 35. The identical data as corrected 
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Table 31

Determination of the matrix and thickness factors for Beaverlodge Lake ores.

Specimen 

E(u 
el l 
).r. 

matrix 

cm2/g) ±S11(%) 

i e 
(;,; 

(cm2/0 

+ u )r f i l
total 

, 

±SN(%) 

-mz(u + p ) r 
i 1 - e l e f l

-±S
14(%) 

0.102 0.178 t0.55 0.376 ±0.21 0.735 ±0.58 

0.108 0.169 ±0.57 0.360 ±0.22 0.611 ±0.81 

0.118 0.157 ±0.68 0.333 ±0.24 Q.529 ±1.20 

0.116 0.157. ±0.61 0.335 t0.22 .0.534 ±1.02 

0.175 0.158 ±0.61 0.342 2:6.22 0.544 ±1.00 

0.194 0.160 ±0.64 '0.346 ±0.23 0.586 ±1.00 

0.198 0.159 ±0.61 0.343 t0.22 0.550 ±0.98 

0.199 0.162 ±0.60 0.348 ±0.22 0.564 ±0.95 

0.211 0.155 ±0.60 0.337 ±0.21 0.549 ±0.97 

0.226 0.160 -.t0.64 0.348 ±0.23 0.533 :1.05 

0.248 0.166 ±0.,55 0.360 ±0.21 0.626 ±0.76 

0.261 0.163 ±0.57 - 0.355 ±0.21 • 0.600 ±0.84 

c(1-1.fiGilii  + u ) r e f 1 1

-1111(11 e + ud iri
1 e 

±SN(%) 

191 ±10.8 

236 ± 9.26 

162 ±12.8 

203 ±)1.3 

. 317 ± 7.15 

343 ± 7.44 

318 ± 7.22 

313 ± 7.18 

367 ± 6.26 ,r 

358 ± 6.68 

418 ± 5.35 . 

407 ±-5.54 
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Table 31 continued 

Specimen 

EN 
1r 

). 
1 e .1 
matrix ;tie 

+ pf ) ir. i 
total 

-mEN + p ) r 
1--e i e fi l

(1 U Kal M N
1 e 

).r 
f I 1 

, • -m le 4- uf).1ri

1 - e 1
( cm2/ g) ±sx (%) 

(cm2/9) -SN(%) . -=.cN (%) ±S (70 -N 

0.302 1 0.171 ±0.59 - 0.373 ±0.23 0.677 ±0.74 500 ±5.24 

0.339 0.155 ±0:63 0.343 ±0.23 0.589 ±0.98 566 ±4.79 

0.341 0.159\ . •68 -40 0.351 ±0.25 0.562 ±1.10 509 ±5.51 

0.352 0.162 '-̀10.63 0.356 ±0.25 0.621 ±0.90 536 ±6.62 

0.392 0.161 ±0.65 0.358 ±0.24 0.601 ±0.97 629 ±4.45 

0.425  0.167 ±0.58 0.,373 ±0.22 0.615 ±0.81 722 ±3.49 

0.463 
--._ 

0.160 ±0.65 0.359 ±0.24 0.603 
----.:_i___________ •_. _ 
±0.95 700 ±4.12 

0.490 0.160 ±0.75 0.363 ±0.29 0.610 
VII••••••• •,•• 

±1.14 _ 11 ±4.36 

1.21 0.162 ±0.61 . 0.399 ±0.24 • 0.728 ±0.63 1930 ,4=1.77 

, 
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Table 32 

Determination of the matrix and thickness factors for Rabbit Lake ores. 

Specimen 

E(u 
ei i 
)r 

• i 
matrix 

can2/0 .SN(%) 

(u 
e 

-i- u
fi 
)r 

i l 
total .. , 

(cm2/9) tSN(%) 

- p
e :n 

1 - e i 
)r 

ii 

±$ (70 
N

(I U Kal)r(11e + uf ).r. 
1 

-mt(ue + udiri 
1_- e / 

±SN(%)

0.021 0.169 ±0.68 0.352 ±0.44 0.545 ±1.05 21V ±422 

0.032 0.155 t0.53 0.323 ±0.20 0.582 ±0.87 17 ±165 

0.068 0.173 -t0.59  0.364 ±0.24 0.593 ±0.88 99 ±28.7 
4, 

' 0.072 0.170 ±0.59 - 0.357. ±0.28 0.599 ±0.85 75 ±68.4 

0.207 0.167 ±0.59 0.358 t0.22 ' 0%663 ±0.79 1 314 ± 8.32 
-, 

0.286 0.169 ±0.53 0.365 ±0.21 0.664 ±0.66 394 ± 6.03

0.460 0.154 ±0.62 0.346 t0.23 0.621 ±0.87 686 ± 4.19 

0.580 0.144 ±0.67 . 0.334 ±0.24 0.560 ±1.06 891 ± 3.48 

0.963 0.159 i ,10.59 0.380 ±0.22 0.728 1-0.60 1512 ± 2.01 

-,_ 

7 
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Table 33 

Determination of the matrix and thickness factors for Key Lake ores. 

Specimen 

E(u.) r. 
matrix 

cm2/9), ±Sn(%) 

r(11 -I- 

1 e

(cm2/g) 

) r. 
total 

±SN(%) 

-mE(Ii 1.1 ) r
i i 

±S'(%) 

(1 U KalTue

1 e 

±S (i) 

0.015 0.186 ±0.61 0.388 ±0.28: 0.609 ±0.87 31 ±125 

0.051 0.202 ±1.05 0.426 ±0.49 0.417 ±f".94 118 v±42.4 

0.084 0.199 ±1.21 0.420 ±0.59 0.362 ±2.38 140 ±48.5 

0.176 0:282 ±0.59 0.388' ±0.23 0.625 ±0.82 294 ± 6.39 

0.181 0.179 ±0.94 0.387. ±0.38 0.428. ±1.89 323 ± 9.66 

0.193 0.188 -±0.85 0.407 ±0.36 0.480 ±1.47 355 .± 8.87 

0..230  0.190 ±0.93 0.409 ±0.40 0.443 ±1.69 316 ±10.8 

0.245 0.201 ±0.84 0.434 ±0.38 ±1.37 378 ± 8.56 

0.512 0.172 ±0.75 0.393 ±0.30 0.521 ±1.21 875 t 3.64 

,1.19 0.149 ±1.16 0.397 ±0.51 0.404 ±2.20 1950 ± 3.65 

udiri
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t,
Table 34 ... 

Determination of the matrix and thickness factors for Elliot Lake ores. 

Specimen 

E(p ) r. 
1  a 1.1 

matrix 

(Fa2/g) ±511(%) 

EN + p ) r. 
i e fi l 

total 

(cm2/g) ±Sti(%) 

-ITCP + II )4' 1 _ e l e fi l 

'±s ( %) 

(I U Kal)E(p + p ).r 
i e fi i 

_mr(p + p )r. 
fi 1 

1 e

±SN(%), 

0.095 0.173 ±0.57 0.365 ±0.23 . 0.628 ±0.77 126 ±21.9 

0.102 0.165 ±0.57 0.347 ±0.21 0.595 ±0.83 116 ±20.5 

0.272 0.173 ±0.56 0.373 ±0.22 0.646 ±0.73 370 ± 6.70 

0.356 0.179 ±0.62 0.387 ±0.25 0.686 ‘t0:73 443 ± 6.42 

0.482 0.179 ±0.62 0.395 -10.27- 0.696 ±0.71 ' 674 ± 5.50 

0.773 0.183 ±0.64 0.416 ±0.27 0.714 ±0.68' 1076 ± 3.03 
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A 

by the matrix and thickness factors is illustrated in figure 36. The 

best least squares straight lines are constructed through both sets of 

data. By visual comparison, there iC considerably more scatter about 

the line with the unmodified data in tne lower,concentration range. Very 

considerable deviation occurs at higher uranium weight fractions. These 

appear to be adequately compensated for in the corrected data set. A more 

comprehensive description of this betterment is given, for all of the

data, in table 35. The slope and intercept values were determined by —

linear best least squares procedures for-the original U Ka; intensity - 

data, the (I U Kal)/m data and the final corrected I U Kal data. Sub-

stantial quantitative tmproiements in the intercept values, the correla-
, 

tion coefficient r, and -the standard errorof estimation of the curve, 

tli (%U308), are realized as a result of the data treatment. 

The final corrected I U Kai data from specimens originating from 

each of the ore locations were also analyzed separately. Paralleling 

the total data, an emended best least squares straight lide can be con-

structed through the U Kai intensity date after modification by the 

matrix.and thickness factors than for the initially observed data. lt 

is of interest to note, table 36, that the calibration slopes of the 

initial data are radically different for each ore type. This is due 

- 'principally to dissimilar ore dedities from each location. The slopes 

of the corrected data from Beaverlodge, Key and Rabbit Lakes, wever, 

are essentially identical at 1550, 1566 and 1596 respectively. The 

corresponding slope fey. Elliot Lake ores appears to be slightly less at 

1424. Earlier it was remarked that the absorption due to matrix elements 

was significantly higher for Key Lake and Elliot Lake ores than it was 
• 
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Table 35 

Quantitative improvements in the linear curve 

fit for all of the pre types analyzed: 

a 

parameter 
(I U kai)r(oe

IUKai UKa). 
m ..mr(p 

e 
p
f 
).r. 

e 

slope 
....,•••••••••' 

2478 988 .,.. 1549 
101 ' 

,1 111.10. 

intercept 14.3 8.5 2.1 

Pearson r 0.959 0.973 0.995 

Pearson (0 2 0.920 0.947 r 0.991 

standard error of 
estimation ila(n3Q0 0.087 0.065 0.026 

et ,
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.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission. Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.



CD 

8 o_ 

m • -
a • 
* 

o 

Fr' r 
o - 
z 
o - 
St 
o • - o 

••• 

f_ - Table 36 
• 

Quantitative improvements in the, linear curve fit for each -of the ore types analyied. 
• 

Location 
Intercept Slope Pearson r • Pearson (r)2 la(W308)* • • 

Corrected Corrected Corrected ' ' Corrected Corrected 
I Mal 1 Mal I UKa1 I Mai I Mai' I Mai I UKa1 1 -Mai I Ma tK11 

1 I 

o - 
* • 

B"ierlodge 
Lake -27.1

21.1 2872 1550 

_ 

 0.995 0.997 .0.990 0.994 70.0 28.3 

m 
Elliot Lake -34.4 -21.8 2446 1424 0.999 0.999 0.197 0.997 36.1 22.3 

- • 

Key La;:6" 60.7 ;1.1 1692 1566 0.985 0.998 0.969 0.997 110 . 32.5 
8 CO 

r f
o.

Rabbit Lake -77.8 -28.0 2966 1596 - 0.997 0.999 0.993 0.999 83.5 17.6

a 

r 

z 

* 1 standard error of estimation. 
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• 

`for the,otherS% In the ElliotkLake case, it is well known that these 

ores commonly contain as much thorium as they do uranium(79), whereas 

the Saskatchewan ores do not. The initial assumption that the total mass 

abSorpOon coefficient can be broken into a matrix element and a uranium 

component is therefore violated. Being an actinide, the Th Kab absorbs 

the 157Co excitation radiation nearly as efficiently as does uranium. To 

correct for this fact, the total mass absorption coefficient as determined 

from the transmitted 'radiation, equation 4.30, should contain three terms. , • 

(1) adsorption due to matrix elements, (ii) absorption due to uranium 

atoms, and (iii) absorption resulting from the thorium content. The pre-

sence of Th in the Elliot Lake ores is an explanation for higher matrix 

elemenc absorption as observed in table 34 and because this element is an 

actinide accounts for the slight decrease jn slope of the final uranium 

concentration calibration curve, table 36. The increase in matrix element 

absorption of the Key Lake ores does not affect the final calibration 
•%. 

curve slope. It is therefore probable that this orc similar to Cluff 

Lake ores, may be co-mineralized with a heavier element such as iron or 

nickel(80)• Increased absorption by elements of this atomic number will 

not invalidate the assumptions inherent'in equation 4.10. 

By using the final slope and intercept *yen in table 35 for all 

the ore data, the uranium concentration, C, can be calculated,from the 

. corrected U Keil peak intensity by the following equation: 

C (%U308) L (Corrected I U Kai)/1549   4.15 

The total measured backgroulnd under the U Kal petpained reason-

ably constant for all the ores, analyzed at approximately 2900 counts/180 

- 159 - 
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sec. Using thp two sigma rule and taking into account that each speck-

men was counted three times and then averaged, the smallest significant 

measured U Kai intensity is 63 counts/180 sec. From equation 4.15, the 

minimum detectable limit is then approximately 0.04% U308 with the pro-

cedure as described. This is in accordancnith the results obtaiqed. 

From the slope of the calibration curve, the sensitivity is 0.86 counts/ 

sec/pJ308/mCi. A complete description and listing of the computer pro-
, 

gramme written to analyze the v X-ray spectra is given in,appendix D. 

a / 

4.2.7. Specimen precis}levaluation 

The data accumulated to determine the error due to the specimen 

itself are presented in table 37. The dispersion, St" about the' mean for 

the 16 replicate measurements is ±3.98% (15). The average standard 

counting error for the U Kai intensity measurement is ±5.001. The F ratio 

test was applied to determine if these values are significantly different. 

The calculated ratio of 1.57 is less than the tabulated values cf 2.07

and 2.87 at the 95% and 99% confidence levels respectively; hence no 

error can 5e attributed to the presence of the specimen. 

Table 38 contains the data used to evaluate the specimen loading 

error. The dispersion of this "data set, Ss, was }6.23%,(1S) with an

average standard counting error of 15.16%. At the 95% and 99% confidence 

intervals, the Ftab values are 1.64 and 1.87. Fcal for this set is 1.46. 

Therefore, no significant error is associated with the loading operation 

as performed,. 

In appendix C, the instrumental errors for the y-ray spectromefqr 

were eyaluatted. As pyeviously stated, these were shown to be negligible 
••• 
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n 

Table 37 , 

Precision data used to determine the specimen 

error for the I< X-ray experiment 

, 

• 

Corrected 
1 UKal 

(counts/180 sec) 

S
N 

I(%) 
(7 - x1) CZ - x.)2 x 10-2

802 15.24 -26 6.96 

802 5.24 .. -26 6.96 

'739 5.34 +36 13.41 

830 5.07 -54 29.57 

795, 5.15 ' -19 3.75 

781 4.82 -5 0.29 

767 4.95, + 8 0:74 

740 5.36 +35 12.69 

717 .5.21 +58 34.37 
...........,... 

808 4.94 ' -32 • 10.48 4

775 4.97 + 0 0.00 

' 779 4.68 - 3 0.11 

777 4.98 - 1 0.02 

' 731 
..1. •,..11 11. 

4.16 +44 19.91 ' 

794 5.01 •18 3.38 

773 4.69 +2 0:07 

7 . 775,,

pS', .' ±3.98% 
. ''.< -

E L'I ;142.72 
•• 

§N - ' .=. +5.00% 
' 

o 

• 
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Table 38 • 

Precision data used to determine the specimen 

loading error for the K X-ray experiment. 

Corrected 
UKal

(counts/180 sec) 
CZ x1 ) x 10-2

758 5.42 +3 , 

734 5102 +27 

715 ,5.08 +46 • 

886 -124 'V

800 ' 5.08 -38 

739 5.17 +22 

783 / 5.22 -21 

674 5.43 +87 

809 4.9s 

• 742 5.26 +19 

740 , 5.06 , +21 

749 1 5.37 '+12 . 

748 4.97 +13 

746 4.75 +13 

761 

Sis = 146.23% 1 

; ti 4 15.16% / 

- 162 - 

0.10 

7.36 

21.28 

155.94 

15.11 

4.90 

439 

75.91 

22.92 

3.66 

4.46 

1.47 

1.72 

1.72 

E = 337.10. 

• 
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for the K X-ray experiment. The only appreciable error in measuring peak 

' intensities with this apparatus is the statistical counting error. In 

this section, it is demonstrated that no significant specimen error exists: 

The total precision obtained by an experimental measurement is therefore 

limited only by the statistical Counting error. Accordingly, the preci-

sion limits, as written in tables 23-34 are :OS
N
(%), and emir magnitudes 

equal to the original standard counting errors as manifested by the

appropriate numerical calculations. 

4.3. L X-ray results and'discussion. 

4.3.1. X-ray spectrometer energy calibration 

Figure 37 illustrates the relationship between photon energy and 

Channel number for the instrumental settings as listed in table 9. Linear 

best least squares analysis of the data gives the:following equation: 

Energy (key) = (Channel Number 877.448) 
88.257 • 

Equation 4.16 was employed to determine all pm/ton energies measured by 

the X-ray spectrometer for the L X-ray experiment.,

4.3.2. Matrix,compensation 

•  4.16 

Under fixed excitation conditions the fundamental excitation 

equation for thick specimens, equation 2.13, can be Simplified and ex-

pressed as: 

r
A 
csc ct   4.17

If 'x 
()Ie. 

CSC 4 pf CSC 
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Similarly, the intensity of the Compton scattered peak under identical-

excitation conditions can be written as. 

••• 

0 csc 0 
I C Ekpe csc 0 + uc csc 0)1r1 

  4.18 

If the 4pecimens to be analyzed are of comparative composition, and the 

geometrical conditions remain fixed, then the Compton scattering cross 

section, or,c$11,be regarded as a constant since it possesses, a relatively 

small Z dependence. 'The characteristic fluoresence to Compton scattering 

intensity rat is then given 

If Z(pe csc • + pc csc 0).r 1   4.19 
Ts' u 'A E(IJe csc of CSC 0) r: 

As noted from this equation, If/IC is 
proportional to the analytemeight 

fraction multiplied by the ratio of two total mass absorption coefficients. 

For the specific case of analyzing for uranium in an uranium bearing 

ore, 

ru 4  20 

where n is a coefficient compensating for the preferential absorption of

'the U La peak intensity over the higher energy Compton scattered line by 

'the matrix elements. It is defined by: 

E(pe CSC.0 p
c 

csc )1..),Iri
n =. 4  21 

ITT—Zsc v f  CSC 41Tiri

The success of the L X-ray exper1ment is therefore dependent upon n being 
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of constant 4alue. By explcaUg the fact that the energies of U Lin
\

characteristic Tluorecence are /substantially above the absorption edges 
\ 

of the major matrix elements and by using highly selective techniques, 

this requirement iskactically obtained. , 

,A molybdenum target was chosen to selectively excite only the U 1/I1

subshell,at 17.17 keV. The Mo Kaia2 secondary radiation at 17.48 and • 

17.37 keV, is ideally positioned for this purpose. The prinoipa -ray 

emitted from 24IAm occurs at 59.57 keV(8 . The total scattering cross 

section, 1.4. op +.0c; of the Mo ,target for this energy is approximately 

55,barns/atom while r for the M"shell i.s 625 barnsZatom( 6). Thus,
"4 • 

tee strength of the Mo K shell X-ray fluorescence is more than efaCtor 

of ten greater than the intensity of the primary scattered 241Am y-ray 

radiation. Furthermore, the'uranium L shell photoelectric cross'section 

for.the Ho Ku' radiation is 40,500 barns/atom, but is only 2500 barns/atom 

for energies of the scattered radiation( 6'. Thus, the fraction of the.

L shell vacancies created by Mb fluorescence compared to those' induced 

by 24JAm scattered radiation is nearly 200:1. In addition; only a small 

percentage of the vacancies created,by this scattered radiation will be 

in the L or I.If subshells. In practice, therefore, this radioisotop'e , • • 
system specifically excites only the U LIII subshell. In none of the ore 

spectra taken was there any evidence of higher energy suhshell excitation, 
• 

i.e, no U Lyi peak at 20.17 keV. Since &pent has wprincipal absorp-
. 

tion edge between the Mo Ka.excitgion and the U LYiIaU energies, enhance-

ment effects are not possible. OnTy absorption phenomena Will affect the 

magnitude of N. 

Table 39 presents the details of mass absorption coefficient calcu-

-166-
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Table 39 

Qlculation of mass absorption coefficients for an average uranium bearing granite. 

(barns/atom)Weight a 
Mass absorption Elemental _ 

-TOT coefficient absorption 
Element -fraction . (cm2/g) (cm2/0-

. 
ri cf = 13.6 keV c

c 
= 16.4 keV c

e 
= 17:5 keV P f uc 

pe fa

0 47.7% 60.1 '34.4 28.3 2.26 1.29 1.07-4.08. 

Si 33.2% 614. 351. 289. 13.2 7.53 6.20 4.38 

Al 7.9% 468. 267. 220. 10.4 5.96 4.91 0.82' 

Fe 2.8% 6270. 3580. 2950. 67.6 38.6 31.8 1.89 

Ca 1.6% 2440. 1400. 1150. '36.7. 21.0 17.3 0.59 

Na 2.9% 230. 131. 108 6.03 3.43 2.83 0.17 

g 0.16% 328_ _  _ 387 155 8.12 4.63 3.84 0.01 

K 3.4% 2020 1150 951 31.1 17.7 14.6 1.06 

Ti 0.24% 3470 s. 1980 .,1630 43.6 24.9 20.5 0.10 

U 1.0% 27500 15700 39400 69.9 39.7 -99.7 0.70 

Sr 0.029%45 3550 15500 12800 24:4 107. 88.0 0.01 

Pb 0.03% 48800 51600 39600 142. 150. 15. 0.43 

1 • ' 
E(p cI l 

peri perl

0.62 0.51 

2.50 2.06 

0.47 0.39 

1.08 0.89 

0.34 0.28 

0.10 0.08 

0.01 0.01 

0.60 0.50 

0.06 0.15 

0.40 1.00 

0.03 0.03 

0.45 0.35 

Vve)iri 

11.24 . 6.66 = 6.15 
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lation for elemental absorption at energies of the (I La peak, rf, at 13.6 
. 

key, the Mo Ka Compton scattered, peak, cc,, at 16.4 keV and the excitation 

radiation, re, at 17.5 keV. This table is employed to calculate an ap-

proximate value-for n and to demonstrate that n will remain reasonably 

constant over a wide range of possible matrix compositions as expected 

from geological specimens. Pertinent data used for the construction of ' 

table 39 on the average composition of granites were taken from reference 

(30) and on mass absorption coefficients from reference (6). From tne 

data presented the total mass absorptior, coefficient tor an average gra-

nite at energies of 13.6, 16.4 and 17.5 keV is 11.24, 6.66 and 6.15 cm2ig 

respectively. For a mean scatter angle, e, of 135° the values of c$ and 

t can be determined from figure 18.to be 45° and 90° respectively. The 

calculated value for n from equation 4.21 is then 1.30. . 

From the data presented in table 39 it can readily be seen that 

large variations in the concentration of the major matrix components will 

produce substantially different total mass absorption coefficients for 

each of the energies. 'However, the ratio of these coefficients as deter-
. 

mined by n, will not be significantly altered. Included in this table 

are data for two potential interferences, Sr and Pb. Although large . 

quantities bf strontium could drastically affect the value of n, concen-, 

. 

trations of several times the amount found in the average granite would 
4 

be required to produce an observable effect. Uranium bearing ores are 

generally associated with a much greater lead content (ofradiogenic', 
. 

origin) than the average granite. The amount of lead shown in table 39 

is the'expected quantity of radiogenie lead in a 1% uranium bearing ore.

It has been observed that both the analyteNtnd the Compton scattered 

- les , 
. 

.
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peaks would be approximately equally attenuated in the presence of lead. 

This is, due to the dnalyte peak energy being slightly above the Pb Liiiab, 

and the Compton peak energy marginally above the Pb LIIab. :The value of 

n will then be affected by large variations, in lead content but'ple magni-

tude would not change as severely as the individual peak attenuation. 

In addition, the absorption of other elements having K orl absorp-

tion edges slightly below the energy of the analyte and or Compton scat-

tered peak must be considered. Elements bearing a.K shell absorption • 

edge in such a position are: Sr, Y, Rb,.Kr, Br, Se and As. The Sr 

,concentration is by far the largest, but none of these potential,inter-

ferences are major constituents of the average granite. 'Similarly, 

elements with 6hell absorption edges in this position are: Th, Ac,. 

Ra, Fr, Rn, At, Po, Si, Pbt Hg, Au and Pt. The ores of interest contain 

very low quantities of Th (except for Elliot Lake specimens) and of the 

remaining elements, only Pb exists in any appreciable amount. It is 

therefore expect'ed that for naturally occurring silica based geological
a

specimens, such as uranium bearing granites, the value of n will not vary 

significantly. jhe ratio, If/IC, will -then be proportional to the uranium 

weight fraction in th6 specimen. 

4.3.3. Compton scattering intensity measurements 

Due to a mean-scatter angle of about 135°, the Compton shift of the 

Mo Kc; scattered radiation is approximately 1 keV, thus the Mo K4 CompL I

peak superimposes itself on the U 1.4 line at 16.43 keV. As a result of , 

the monoenergetic excitation used, the peaks due to scattered radiation 
. 

are quite distin t. The Mo Ka Compton peak has a FWHM about 60% broader.. 

....) 

o P 

4. 4 ' 

- 169 - 

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission. Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.



than the corresponding Rayleigh peak and lies below the uranium LIIIab 

energy, The net Compton scattering intensity is obtainpd by ideasuring 

the totar'peak intensity at 16,4 keV and subtracting from it the 11 LB2

contribution. Since both the U La and U LB2 lines result from L TII

transitions, the ratio, R, of fluorescence to Compton scattering, may be 

given by:,

10 :,..  1)10 La) ,  ' . 
" I (Mo Ka Compton 

-------------- nl(p La) 
= IF5—ka Compton + U 0 2) - nI(U LB2) 

nI(p La) 
IN Ka Compton U 1.$2) cn2I(u L82) 

4.22 

where I(Mo Ka Compton + U 4 2) is the total intensity observed at 16.4 keV, 

and c is a coefficient expressing the relative intensity of the U L02

peak with respect to the U La line in the hypothetical.c e of no matrix 

absorption. 

4.3.4. Data'and.. ata analys,is ' 
• 

Typical ore Spectra showing the uranium Liu lines and molybdenum 

scattered lines are shown in figures 38-40 for 0.038%, 1.21% and 9.95% 
0 

U308 specimens respectively. The eciprocal•nature of Mo Ka Compton in-
k 

tensity to ,uranium concentration s clearly` evident. 

The initial data me sured rom the spectra of the fourteen ore 
• 

standards are,presented in table 40. The U La Adak intensity and the com-

bined (U L02 4. Mo Ka Compton) peak intensity are listed with their statis-

tical counting errors. The values of 11 and c which give the best linear 
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Table 40 

Initial data measured from the L X-ray 

• 

spectra of several uranium ores, 

Concentration 

,(% U308) 

1 U Lh I (U L$2 Mo Ku Compton) 

(counts/hour) .±Sn(%) (counts/hour) ±sm(%) 

0.038 . ____--------- 
'35 
----------,--

1 5.95 1439 ±0 55 

6.102 
. 

66 4 7.68-----, 1513 +1.19 

0.108 70 ±10.3 1438 ±1.74 

0 194 161 t 4.10 1497 t1:18 

0.204 184 t 5.29 1467 . t1.70 

0 211 186 ' ± 5 27 1441 ±1.74 

— 0:248 195 ± 5 09 
k 

1422 ±1.73

0.302 237 -- — 1 4.47 1481 ±1.70 

0 352 270 ± 4.15 1359 41.81 

0.4,90 339 3,60 1280 ±1.85 

0.531 407 t 3.23 1333 ±1.82 

1.21 852 t 2.14 142i \, +1.74 

9.95 4417 . ± 1.26 2148 ' ;1.85 

\\A.77 50.1 10195 + 0 97 3586 
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• 
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e 

i 

_calibration curve according to a linear least squares criterion, were 

calculated by a computer using the function minimization subroutine 

utilized in the y-ray spectroscopy experiment and, listed in appendix H. 

. The function to be minimized 'was defined by: 

-, 

,, !--, n 
M(n, c, m l, 10)'= L[11 (n, ) - m'C. - OP   4.23 

1 1

where Ri th (n,-0 is the ratio of the I sample, calculated according to 

equation 4.22, n is the number of experimental points, C.1 is the conceri-. 

tration of uranium (°4U308) in the 1
th 

sample, m' and b are the slope and 

%. 

intercept respectively of the resulting calibrdtion curve. The programs 

iterated on the four arguments n, c, m' and b to minimize M 

(The ratio R as calculated from equation 4.22 is shown in figure 41. 

For nearly four orders of magnitude this ratio varies linearly with con-

Centration indicating the range of applicability of the technique. put-
\ 

side the range shown in figure 41 either the intensity of the U La peak

or that of the Compton Scattered peak is very weak, and the statistical 

--precision of the.calculated ratio, R, is poor unless unacceptably long 

counting times are used. ,In figure 42 the net intensities of U La and 

Mo Ka Compton peaks are shown versus concentration. The non-linear 

reciprocal characteristics of both these curves is clearly apparent. 

The values of the coefficients n and c, obtained from the iteration 

procedure an 1.32 and 0.183 respectively. The value of 1.32 determined 

) f r the preferential absorption compensation factor q is in very good

agreement with the estimated value of 1 30 derived from mass coefficients 

for an average uranium bearing granite, table 39, and calculated by equal: 

- 175 -
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Table 41

Net peak intensities 'evaluated from 

qcperimentally measured intensities. 

Concentration 

r (W308) 

0.036 

0.102 

0.108 

0.194 

0.204 

0.211 

0,243 

0.302 

2 ' 0.352 

0.,490 

0.531

1.21 

9.95 

50.1 

1.17 LB?

±SN(%) 

I MoKz Compton 

.S(%) 

R 

N 
/ 

11 4 5 95 ' 1428 ± 2.67 0.032 ± 6.52 \ 

21 t 7.68 1493 ± 2.62 0.058 ± 8.11 

22 ±10.3 1416 ± 2.70 0.066 !10.6 

51 ± 4.10 1447 ± 2.72 0.147 ± 4.92 

59 ± 5.29 1410 ! 2.77 0.113 ± 5.97 

59 ± 5.27 '1383 ± 2.80 0.178 ± 5 97 

62 + 5.09 1362 ± 2.83 0.189 ± 5.82 

± 4.47 1408 ! 2.80 0.223 t 5.27 

86 ± 4.15 - 

*W A,. 

1275 2.98 0.280 t 5.11 

108 4  3.60 1775' + 3.17 0.381 t 4.80 

130 3.23 1207 ± 3.16 0.446 4.52 

272 ± 2.14 1163 ± 3.54 0.974 ! 4.14 

1411 ± 1.26 .778 ± 6.27 7.96 ± 6.40 

3257 ± 0.97 , 424 ±15.8 40.6k ±15.8 

it 
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tion 4.21. Thee relative intensities of the U La and U 0 2 peaks can be 

found in tables of relatvve X.-ray emission intensities. The value of 
. • 

reported
6)
, is 0.190 and is in close agreement with. the value of 9.183 

produced by the iteration procedure. Table 41 presents the calculated 

data shown in figures 41-42. The I -Li L132 and'the net I Mo Ka 6mpton are 

evaluated using thes'e experimentally determined values of n and 4. The 

magnitude of R is derived from equation 4.22. 

The precision to which the U La peak intensity can be determined is 

the limiting factor in estabfishi;iv the minimum detectable limit. For 

all nres, analyzed, the background under this peak was approximately 50 

Counts/hour. By applying the two sigma rule, the minimum detectable peak 

Intensity is then 8 counts/hour giving a value of 0.006 for R. Substitu-

tion into equai:i6n 4.24 results in a mo4mum detectable limit of approxi-t ,7;)
mately 0.02% U303. The sensitivity of the apparatus as measured from the 

U La fluorescent intensity is of the order of 0.004 counts/sec/U308/mCi. 

Appendix E contains a detailed description of the computer programmes 

developed.to analyze the L X-ray spectrum. 

4.3.5. Comparison of fluorimetric and X-ray analyses 

To.evalvate the performance of this technique, an additional set of 

fourteen uranium ore samples of unknown concentration were analyzed both 

fluorimetrically and by using this procedure. The uranium concentrations 

varied over the narrow range of 0.1% to 0 4', 1130a. Accordingly, a close 

range calibration curve was prepared using only tha nine lowermost•points 

'shown in figure 41. The linear best least squares slope and intercept 

were 0.816 and -0.010 respectively. The uranium concentration C was 

- 179 -
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Table 42 

Comparison of X-ray and 'fidorimetri,c analyses data. 

 ---  , 

% 11300

(fluorimetric) 
Ratio % 0308

(X-ray)' 

Coefficient of Variation 

(X-ray) 

0.118 ' 0.089 - 0.121 4.9.84 

0.166 0.122 0.162 . 18.14 

0.199 0.159 0.207 .47.04 

0.226 0.183 0.236 4.6.59 

0.261 
....1 

0.188 0.243 ±6.18 
..m.i.maioir.... 

0.276 0.197 0.254 t6.32 

0.290 0.227 0.290 ±5.65 

0.339 0.260 0.331 15.41

0.341 0.268 Q.341 +5.52 

0.358 , 0.288 0.365 45.23 

0.392 0.314 0.397 45.37 

0.415 0.320 
•••......,47.16.-

0.404 4..5.12 

0.425 0.320 0.404 
,...*".• 

4 6.18*

0.463 0.347 0 438 ,44.83 
M....1.. 1.10.•.•=4.M. 

* Statistical error for duplicate determination only. 

‘ 

o 

- 180 - 

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission. Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.



• 
calculated from the X-ray spectra using the equation given by. 

R + 0.010   R.24 
C (W308) 

where R is the ratio evaluated by equation 4.22. The values °fin and & 

used to determine R were calculated from all the data shown in table 41 

Table,42 presents a comparison between the results obtained by.X-ray spec-

trometric determination and the results as Obtained by Eldorado Nuclear 

Ltd., Mining Division using a fluortmetric determination. For each of 

the fourteen samples analyzed, tfie difference between the•fluorimetric and 

X-ray assays is less thA t2Su and 79% of the results are within +1%. 

4.3.6. Specimen precision analysis 

Table 43 contains the data used to evaluate the specimen error for 

the L X-ray experiment. The average couhting.error for the set of 21 

measurements was +4.44Z while the standard dispersion about the mean, S4, 

0 

was I4.38%. As with the K X-ray experiment, the F ratio test was applied 

to determine if these dispersions were significantly different. The 

values of F
tab 

at the 95% dnd 99% confidence limit are 1.85 and 2.51 

respectively., The magnitude of Fcal is less than these values at 1.03 

and no source of error can be attributed to the presence of the specimen. 

Similarly the data used to determine,the error in loading the 

specimen onto the spectrometer is presented in .taae 44. Std for the set 

of 21 measurements was f4.44% while th.e„,..st ard deviation of the
---

measurements about a mean,St-y-Vis ,The value of Fcal at 1.27 is 

less than the tab ed values of 1.60 and 1.92 at confidence intervals 

of 956 99% respectively; hence no appreciable error is incurred by 

• 
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T.  43 

Precision data used to evaluate the t. X-ray 

experiment specimen error. 

I U La 11 

(counts/hour) ±(%) 
(x) - (x1 - 7)2 x 10-4

10480 4 44. -179 3.21 

10540 4.44 -119 1.42 

10320 4.54 -339 11.50 

1,06.00 4.45 - '59 0.35 

9980 4.57 ' -679 46.11 

10340 4.50 -319 
-444 . ...144 4,444 

10.18 

9880 4.62 
444444 

-779 
••••••••••••••••.. 

60.69 

11340 4.2.6 , +681 46.37 

10920 4.36 +261 6.81 

10840 4.39 +181 3,27 

10840 4.40 +181 3.27 

10860 '4.36 +201 4.04 

11200 4.36 +541 29.26 

10820 4.40 +161 2.59 

11580 ' 4.25 +921 84.82 

11200 4.31 +541 29.26 

10100 4.66 -559 
44441. 444444 

31.25 
-4-rn-4,04WW44.41-4.4.4.4} 4.144 44444 4 4.4414. 

10560 
mr.4011.4444-47. 4 y.-.4 

4.42 
4 

- 99 0.98 

10900 4.41 +241 

.- 39 
..-4 ___.-._ 4 .4 .44 4- 

-739 

Sti - +4.44' 

4 

5.81 
•••-.M...-

10620 4.44 0.15 

54.62 

) 435.96 

9920 4.66 
mi•-••••• ••k 

r 10659 54 = 1-4.38/, 
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- Table 44 

Precision data used to evaluate the I. X-ray 
experiment specimen loading err9r. 

IUt.0 S (x. -x} 
(counts/hour) t(S) 

(x, - 702 x 10-4

11000 4.33 +269 7.26 

11880 4,19 +1150 132.14. 

11200 4.28 +470 - 22.05 

11180 4.32 +450 20.21 

10140 4.54 -590 34.87 

10220 +. 4.55 -510 : 26.06
.

10740  4.43 + 10 0.00 

9920 4.83 f -810 65.69

11000 4.38 +270 7.26 

10160 4.57' -570 
ry

'32.54 

)0480 4.46 -250 6.27 

11020 4.37 . +290 8.38 

10480 4.48 -250 6.27 

10940 4.44 +210 4.39 

10180 4.56 -550 

••••••.....moryga 

30.30 

10500 4.48 ' -230 
..M.M.0•M INAM.••••••••••••• •••••=•.••••••• •=.... -.1•••••••1.1•411•••••••••••-•=11..• •••,•••••••IM•=.1•• , .•••••-• 

5.31 f 

11000 4.37 +a70 
••••••••.• 

7.26 
.•••• •116. 41.• 

9920 4,60 -810 

..10.111. 11.1••••=01.1 k 

65.69 

10680 4.44 - 50 0.25 

11040 4.39 +310 9.5.8 

11660 4.21 +930 86.40 

X = 10730 55 = 6.01% c' = .4.44 ) 578:21 
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the specimen loading operation. 
: 

Since no errors acre introduced by the specimen, and from appendix 

C, no errors originate within the X-ray spectrometer, the only signifI-. 

can error present in the 1. X-ray experiment is the statistical counting 

error. The error limits in the tables are defined as one standard devia-

tion, ±1 SN(%). The statistical counting error for P. ran conveniently 

be calculated by the following equption: 
I 

I . 

4100% 
i(Np+Ndll La 2 i i(Npi-Nb)(Mo K&Comptonl 1. 2)1-0 701p-NdU La 

(  
--Fr (N

p b 
La (N P -Nb )(Mo Ka Compton-U L.60-01;INp-Nb)IJ La 

0 . . 4.25 

where N and rib are the total counts under a peak and the background 

counts under a peak respectively, and n 15 the number of observations. 

4.4 M X'ray results and discussion 

4.4.1. Energy calibration of the X-ray spectrometer 

With the settings listed in table 10 the X-ray spectrometer was 

calibrated with the energy cal ibrator (pulse generator) from 2 to 7 keV. 

The linear correlation between energy and chAnnel number can be seen in 

figure 43. Best least squares analysis gives. 

(chm.h.1_,Nurriber 2,26._619)   4.25 
Energy (keV) 

174.286 

All conversions front channel number to phutun eheryy were perfumed using, 

this equation for the M X.rayexperimental work 
• 
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i 

4.4 2 Matrix element effects 

The K shell absorption edge energies of the.pri6Wal matrix ele-

ments present in most geological specimens encompass the U Mvab energy. 

In table 45 the total mass absorption coefficient, for eachxf the ex-

pected matrix elements, is calculated for energies of the U Mu,e, fluore-

scent, er 'and Mn Ka. excitation, ce, radiations. The composition ofetN6 

specimen,is identical to the average uranium bearing granite used as A 
. 

..1.1 

example in the K and L X-ray experiments. By comparison to tables 22 

and 39 it is readilly seen that minor changes in matrix composition will 
i 

affect the observed intensity of the uranium M lines to a much greater 

extent than for the K and L lines. On account.of this,uraniUm cannot 

be'analyzed by M X-rays using thick specimens unless a reliable set of 

matrix element standards can be,prepared. For thin specimens, these 

matrix standards are not required. Equation 2.14, the fundamental excl.-
. 
tation equation for thin specimens can be simplified under fixed excita-

tion conditions to give: 
A. 

If .- rum   4.27 

.....-
'As noted previously, only analysis of thin samples of actinide chemical 

.precipitate by M X-ray fluorescence is expected to offer a sensitivity 

advantage over analysis using L X-ray fluorescence. For this case, the 

uranium weight fra'otion in theq)recipctate remains a constant and the 

observed U Ma,8 fluorescent intensity can be expressed simply as: 

If a  m   4.23 
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Table 45 

Calculation of mass absorption coefficients for an average uranium bearing granite. 

Element 
Weight fraction 

ri

CT
TOT 

(barns/atoms) Mass absorption coefficient 
(cm 2/g) 

Elemental absorption 
(cm2/g) 

c.=3.2 keV
e
=5.9 keV of e 

Lifri er. 

0 47.7% 4740 773 178 29,1 84.9 13.9 

Si 33.2% 37800 6870 810 147 268.9 48.8 

Al _ 7.97, 29200 5i80 652 116 51.5 9.2 

Fe 2.8% 42400 7730 457 83 3 12.8 2.3 

Ca 1.6% 14400 42800 216 643 3.5 10.3 

Na 2.9% . , ' 16000 ' 2740 419 71.8 12.2 2.1 

Mg 0.16% 21800 3800 540 94.1 0.9 0.2 

K 3.4:,; 34800 20500 536 316 18.2 10.7 

Ti 0.24% 21300. 33800 268 425 0.6 1.0 

O 1.07, 244000 248000 617 627 6.2 6.3 

z(1,/ ).r E(11 )r 
f i e i i
matrix watrix-

= 453.5 = 98.5 

" 

ir4j.

• 
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4.4.3. Optimum electrodeposition time determination 

The data recorded to determine the optimum electrodeposition time 

are presented in table 46. The uranium Mu,s peak intensity, the potential 

required to pass 1 ampere and the electrolyte temperature and pH are 

listed for electrodeposition times rangTng-from 5 to 110 minutes. 

Figure 44 shows the measured I U Ma0 for each electrodeposition 

time. As can be seen in the figure, the snape of the curve is similar 

to that of a polarographic wave indicating that the electrodeposition is 

•rate determined by a diffusion process or processes. Essentially no 

uranium is deposited until the electrolysis has been carried out for 

approximately 60- minutes. Most of the uranium is then rapidl deposited 

i 1 the following short time Interval of 10 minutes The highest yield 

orbtainable occurred for an electrolysis period of 100 minutes All
,, 

specimens were therefore prepared for the M X-ray expe:iment using this 

electrodeposition time. 

As the electrodeposition progressed, the potential required to 

pass one ampere increased in a stepwise fashion wit sOemingly no rela-

tion to the rate at which uranium was deposited. As expected, the elec-

trolyte temperature nose in accordance with the potential. With electroe 

*deposition durations of more than 110 minutes, the electrolyte temperature 

could no longer be adequately controlled by adjusting the flow rate of 

cooling water around the cathode. The surface of the stainless steel

planchet would begin to show evidence of corrosion after a 120 minute 

electrodeposition. This was enhanced by excessive temperatures and the 

ammonium chloride concentration. 

A qual'ctative xplanation for the eleeteodeposition of uranium 

- 188 -
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Table 46 
I 

Data recorded for optirium electrodeposition time determination.

Time 

(min.) 

o.op 

5.00 

10.00 

15.00 

20.00 

25.00 

30.00 

35.00 
. 
40.00 

-. 45.00 

% 

50 00 

55.00 

60.00 

65.00 

70.00 

80 00 

90.00 

100.00 

110.00 

Potential 

(Volts) 

/ 

---"' 

I U Maji 

(cts/180 see) 

Electrolyte 
Temperature 

(°T) 

Electrolyte pH 

@ 25°C 

43 OW so ---
...111..... 

75 , .;. 
24 4.2 0.60 

14 34 4;2 0.60 
.. , 

65 38 4.2 0.60 

 69 41 4.8 '1.08 

80 42 5.6 1.51 
.0.. 1.4

74 
.......,.. 

42 5.8 1.80 

138 ..7-. 4? 6.3 2.29 

/ 257 
/ 
/ 43- 

.P...........• 

6.3 2.67 

375 ' , 46 7.0 1.88 
n•••• •••••

928 46 7.0 1.86 

2249 46 7.4 1.64 

5671 45 8.0 1.60 

16869 46 8.6 1.60 

17823 , 48 9.2 1.58 
'V ...,....-

19220  50 10.5 1.60 

20331 54 
4. 

13.0 1.60 

21422 60 13.2 1.59 
.......W.. . 

21064 . 62 13.2 1.61 --
rm•-•••kram -..,  ..ma....r.,1 
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'process can be deduced from'figure 45. In this figure, the electrolyte 

pH as function of electrolysis time is shown. 'The pH initially remains 

constant at 0.60 for the first 15 minutes. During this peiod, very 

heavy frothing occurs. From 15 - 40 minutes, the pH climbs steadily to 

a maximum of 2.7. No electrodeposition of uranium occurs until roughly . 

60 minute& has elapsed and the pH has fallen to 1.60. This pH is main. 

tained for the remainder of the electrodeposition. 

I 

The passage'of an electric cur=rent across an electrolyte-electrode 

interface sets up a gradient between the electrode surface and the elec-

trode, with diffusion of ions to and from the surface occurring within 

this gradient(62).1ftheelectrolysis is performed using a strongly acidic 

electrolyte, the pH at the cathode surface must increase through the 

discharge of fif. Hydrogen ion must then be supplied by diffusion and 

eventually by,the oxidation of water. If a weak acid is added to the

electrolyte, H4, can also be supplied by dissocia4tion of this acid once 
A 

( 
the pH at the cathode,approaches the pKa of the weak acid, in this case 

oxalic acid. At high current densities, such as employed in this 

procedure, most of the hydrogen ions from the strong acid are initially 

discharged at a rate faster than they can be replenished by oxidation of 

water or dissociation of oxalic acid. Hence the rapid initial rise in 

the,electrolyte,pH between 15 and 40 minutes of electrodeposition. As 

the deposition progresses, the H2C20,, begins to contribute e by disso-

ciation causing the bulk pH to fall. With 0 supplied principally from 

the weak acid, the OH- layer on the cathode becomes thick enough to 

hydrolyze and deposit any hydrolytic ions entering this layer. The 

ti ' st depositing rate then takes place at a pH torresponding to the 

- 19? - 
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I.

pKa value of the weak acid as is observed in'figure 4.5.

. - 

: 
4.4.4. Data and data analysis 

i 

By adding appiopriate aliquots of the standard uranium wor30-6 -1-

^ 

solutions to the electrolyte as outlined in 
./ 

tspecimens were prepared over a range of esscs. Figure 46 shows 

the M X-ray spectrum obtained 

of U0224. The Mn Ka.„_anti-KB peaks result from Rayleigh scattering of 

excitation radiation from the "Fe source. The chromium, present in the 

stainless steel planchets, produces the Cr Ka and 0 fluorescence. The 

section . a series of 

electrodepositing 1.81 x 10-7 rioles 

occurrence and position of the La Lu and, LB and the U Mu rfi peaks are 

clearly evident. The data observed from the series of spectoens are 

presented in table 47. Since the specimen areas are all 'Wen/ical, the 

sample thickness, m, is proportional to the moles of U0)7+ deposited. 

The intensities of the uranium Ma,0 and lanthanum La peaks versus moles 

of U022+ are shown in figure 47. The U Ma,e, curve is linear up to .approx-

imately 5 x 10-7 moles of UO2' .+  At this point, the infinitely thin char-

deter of the specimen begins to be lost and the slope tends toward zero 

as infinite thickness approaches. It was found that if La"+ was added 

to the electrolyte before electrodeposition, the intdnsity of the La Lu 

peak'could be employed as an interddl standard to correct for the in-

creasing thickness effects. 

The material deposited onto the planchet primarily consists of 

uranium and lanthanum. The nuantity of lanthanuli. remains constant at 

approximately 5 x 10-6 moles. riowever, the uranium M shells are in a 

position to strongly absorb the La lax radiation. Therefore, as the 

- 193 - _,• 
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Table 47 

,tensity data measured from M X-ray spectra taken 

of thin elec3pdeposited uranium specimens. 

Thickness, m 

(moles U0224-) 

I U ma,a r 
(cts/180 sec) 

±S(%) 

I La La 
(cts/180 sec) 

tS
N
(%) 

cl UM,1,5 

(cts/180 sec) 

±S(%) 

1 (La + 

(cts/180 sec) 

±S
N
(%) 

R
M 

±S 

9.04 x 10-8 1744 ±3.15 . 50692 10.26 153 ±3.15 50845 ±0.26 0.034 ±3.75 

1.81 x 10-7 4610 ±1.43 56265 ±0.25 403 ±1.43 56668 ±0.25 0.081 ±2.03 

2.71 x 10-7 6870 ±1.04 51414 ±0.26 , 601 ±1.04 52015 ±0.26 0.132 ±2.28 

3.62 x 10-7 9275 ±0.84 51226 ±0.26 812 ±0.84 52038 ±0126 ' 0.178 ±2.19 

4.5Z x 10-7 11341 ±0.72 49091 ±0.26 992 ±0.72 50083 ±0 26 0.226 ±2.15 

9.04 x 10-7 20748 ±0.48 4 38850 ±0.30 1815 ±0.48 40665 ±0.30 0.510 ±2.09 

1.81 x 10-6 32244 10.32 -- 29005 ±0.30 2821 ±0.32 f 31826 ±0.27 1.013, =2.05 

2.71 x 10-6 36938 ±0.33 • 92121 ±0.41 3232- '0.33 25353 10.36 1.457 ±2:07 

3.62 x 10-6 36520 -±0. 3 15336 ±0.50 3196 ±0.33 18532 ±0.42 1.971 ‘±2.0 

• 
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amount of uranium present increases, the observed lanthanum intensity 

decreases as is clearly seen in figure 47. Unfortunately, the effect 

doesnotquantitatively compensate for increases in uranium thickness. 
.111. 

This is due to the fact that uranium absorbs the characteristic La La 

fluorescence more readily than it self-absorbs its own MAar fluorescence. 

The U M
Vab 

at 3.5 keV is at an ideal energy to absorb the La La radiation 

at 4.6 key. The principal mechanism for attenuation of U Ma, 3 intensity 

is via self-absorption with the U ,ab at 0.38 keV Because the La La 

fluorescence is more sensitive to thickness effects than U Ma,6 fluore-

scence, the net result of using,lanthanum as an internal standard is that 

it'\4nds to slightly over compensate. This can be overcome, at least on 

a limited scale, by introducing a correction coefficient, to increase 

the observed La La intensity such 'that the increment is proportional to 

the observed U Mq,6 intensity, i.e. 

I U Ma0   4.29 
R = 
M kt La La + I U Ma,B) 

The value of r, giving the best linear calibration curve according to a 

linear least squares criterion was found by'minimizing the following 

function: 

A 
M(r.,m 1,b) = M (0-m'm -b32   4.30 

where R IS the ratio of the 1th sample calculated according to equation 
Mi

4.29, n is the number of experimental points, mi is the thickness of the 

i
th 

samplias expressed in moles of U0,", m' and b are the slope and 
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intercept.respectively of the resulting calibration curve. The function 

was minimized with the same subroutine as employed in the L X-ray experi-

ment and,tisted in appendix H. The value generated for r, was 0.0875. " 

Table 47 also details- the calculation for this correction of I La La. 

The linear correlatiOn between and specimen thickness (moles U022+) 

is shown in figure 48. The slope and intercept are 5.48 x -10c and -0.012 

respectively. Suitably thin specimens can therefore be quantitatively 

prepared using the electrodeposition technique: 

4.4.5 Uranium separation procedure 

To analyze the uranium content of low grade ores or soils requires 

a uranium separation ' Electrodeposition procedures are generally very 

sensitive to interfering elements present in the electro%yte. As such, 

the separation technique used was adapted from 5111
(57)

. This author 

has developed several teOniques for separating actinide elements from 

low grade ores, mill wastes and soils. Sufficient purity is achieved 

to allow quantitative preparation of thin specimens by plectrodepOsition 

techniques followed by isotope analysis using u-spectroscopy. In a na-

tural uranium ore 'there are a large number of possible interfering 

radionucl ides which must be removed prior to alpha counting of uranium 

isotope activity. However, if the specimen is analyzed by X-rays and ' 

only the uranium content desired, the separation scheme can be consi&r-

ably'simplified since prolific u-emiAing daughters, such as 210Po, do 

not have to be removed. 

The first'step in the uranium separation procedure is the four 

acid dissolution of the ore. The primary function of this step is to 
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insure that all of the'tki.-.anium originally in the solid sample is brought 

into solution. ,The procedure s written is satisfactory for the purpose 

as long as the sample size remains reasonably small, approximately 1 g 

or less For greater, sample masses, up to 10 g, a KF fusion would be 

preferred. 

A phase transfer catalyst, known commerctally as Aliquat-336 

(methyl tricaprylyl ammonium chloride) was used to separate uranium after 

the dissolution step. The quaternary ammonium cation has the following 

structure: 

CH3(CH2)6CH2

C112 (C112 )6CH 3

C113

In order for uranium to be associated with this cation in the organic 

phase, the U022+ must be present as a complex with a negative charge. 

The,uranyl ion in aqueous solution forms. simple complexes of the type 

[11022+Xn1(2-n)+ wfiere X is an anion present in solution. In strong 

nitric or hydrochloric acid solutions,, the uranyl ion is cornplexed(32) 

as ft102(NO3)3]- r[UO2C1 33- and tends to remain strongly associated with 

the phase tr sfer catalyst in the organic phase. The other elements 

are not and remain in the discarded aqueous layer. In the final step, 

uranium is trdnsfered back to the aqueous phase by the addition of C104-

which immediately releases free U0,2+ containing no complexes with the 

anions present(8?). In this procedure, the U024 solution is then taken 
4.) 
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to dryness and ashed to remove any organic material prior to the electro-

depositiOn step as previously desCribed. 

A 

4.4.6. Uranium analysis of low grade ores 

I 

i 
Table 48 contains the initial data from specimens prepared from 

several low grade ores originally from Elliot Lake, Rabbit Lake and 

Beaverlodge Lake ore bodies. The quantities of material weighed for 

analysis were selected so that the'expected uranium thickness afte( 

electrodeposition would fall within the range of the calibration curve 

as shown in figure 47. 

The results of applying the entire analytical procedure are also 

i 

presented in table 48. No difference could be discerned during the 

electrolysis or in the appearance of the final electrodeposlted specimen 

between samples prepared from uranium after chemical separation from the 

ores and those prepared from aliquots taken from the pure uranium working 

solutions. The ratio, RM, is calculated according to equation 4.29 and 

is shown as a function of thickness in figure 49. Best least squares 

analysis of the plotted data gives the following expression relating 

specimen thickness to observed peak intensities: 

Rm + 0.0043 
m (moles UO2") ' T:6971) 51— 

  4.31 

The difference in slope between this calibration curve and the one 

prepared from pure uranium solutions indicates that approximately 30'ti of 

the uraniueoriginally present in the ore WdS lost during the separation 

procedure. In this step, the aqueous phase is equil ibrated with the 

. . 
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Table 48 

Data from U M X-ray analysis of several low grade ores. 
(4
0 

U30F. Weight I U Mc4,13 I La La 

0 (%) Location (9) (moles U0221 (cts/180 sec) (ct5/180 sec) 
RM 

-0 
s< ±S (X) N

(%) ±S,.(%) 
(0 

0 0.0153 Elliot Lake \ 0.3175 1.80 x 10-7 3358 ±1.08 53457 ±0.25 0.0625 =2.30 
‘./ 

0.0375 Elliot Lake \0.3278 4 55 x 10-7 8336 ±0.69 48463 ±0.27 0.169 ±2.14 

071
0.0665 El lot Lake 0.3173 7.81 x 10-7 13160 ±0.55 45208 ±0.28 0.284 ±2.10 

7)-1 

-0
0. 0 
a 

••• 
'a 

0.0496 Rabbit lake 0.2712 4.98 x 10-7 8670 ±0.69 48625 ±0.27 0.176 ±2.03 

0.0200 Rabbit Lake 0.3238 2.40 x 10-7 3878' ±1.00 51294 ±0.26 0.0751 ±2.26 

0.0730 Rabbit Lake 0.3308 8.94 x 10-7 '14783 ±0.53 43987 ±0.28 0.326 ±2.10 

0.108 Beaverlodge Lake 0.3826 1.53 x 10-6 22716 1-0.42 38672 ±0.30 0.559 z2.08 

a 0.017 Beaverlodge Lake 0.3187 2.01 x .10-7 3793 ±1.03 49788 ±0.26 0.0757 ±2.27 

0 0 
-0 

a' 
(n. 
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organic layer for a total of 11 times. A mean extraction efficiency of 
t. r

slightly more than 97;:, for each equilibration would be sufficient to 

Account for this loss. As in the L., X-ray case, the limiting factor in

determining the minimum detectable quantity is the precision to which 

the U Mc$,F; peak can be measured. The background measured under the U M.(,8 

peak averaged around 1800,counts/180 sec. The smallest significant 

value of RM detectable using the two sigma rule is then 0.001. Substi-

tution into equation 4.31 gives a minimum deteLiable limit of 1 x 10-8

moles of U022+ or 0.0001i,, 11308 for a 1 g ore sample. The sensitivity 

as measured from the U M1,8 intensity is 200 counts/sec/aI308/mCi again 

assuming 1 g samples. The computer programme:, written to analyze the 

M X-ray spectra are listed in appendix F. 

''ILi4.4.7. Specimen precison determination 

The data accumulated to measure the specimen error is shown in 

table 49. As in the previous sections, the instrumental errors for the 

M X-ray experiment were shown to be insignificant in appendix C. The 

only source of error within the X-ray spectrometer is the statistical 

counting error. The dispersion, 54, for the data in this table is com-

pared to the average counting error, Sti, in table 53. From the F ratio 

test, nO significant difference exists between these two distributions 

and the error attribUted to the specimen itself is negligible.. 

Table 50 contains the intensity data recorded to evaluate the . 

specimen loading error. This error is determined by taking the differ-

ence in variance between this dispersion, Si}, and the previous dispersion, 

Si,. From table 53, these two distributions are significantly different 
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Table 49 

Precision data used to determine the 

specimen error for the M X-ray experiment. 

- 
a. 

I U Ma,a 

(counts/180 sec) 

SN 

4c`,0 

(X % - it) 

--r--

- i)2 x 10-'. 

11764 1.07 +lel 0 1.21 

11747 
••=1-..11•••••••• 

1.08 + 93 0.87 

11512 1.09 -142 2.01 

11788 
, 

1.08 +134 1.80 

11504 1.09 -150 2.25 • 

11791 1.07 • 
. .1•••• ••• •.....F.I. 

+137 1.87 

11440 1.10 -214 4.62 

11573 1 09 - 81 0.66 
i•mi lm.m.... 

115419 1.09 -105 1.11 

11680 1.08 + 26 0.07 

11458 1.10 -196 3.86 

11791 1.07 +137 , '1:87 

11749 1.08 + 95 0.90 

11810 1.07 ' , +156 • 2.44 
.......•••••• 

i = 11651 L = 25.54 

SN .;-. t1.08% 

i Sio :.- 11.20% 

0 
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Table 50 

Data accumulated to evaluate the specimen loading 

error for the M X-ray experiment. 

I U Ma,$ ' 

(counts/180 sec) +(%) 

12138 1.05 

11827 1.07 

12027 1.05 

11544 1.09 

11603 1.09 

11682 1.08 

11692 1.08 

11664 1.08 

11456 / . 

11822 1.07 

11370 1.10 
wnlimm•m•row 

11118 1.11 ) 

11430 ' 1.09 ' 

11538 1.10 

= 11637 

11 
0.'18% 

S5 = 2.28% 

+501 

••• ••••... 

- x)2 x 10-4. 

25.10 

+190 3.61 

+390 r 15.20 

- 93 0.86

- 34 0.12 

+ 45 0.20 

+ 55 0.30 

+ 27 0.07 

-181 3.28 

+185 3.42 

-267 7.13 

-519 • 26.94 

-207 4.28 

- 99 0.98
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and hence a real source of error can be attributed to the loading opera-

tion The variance is evaluated by equation 4.3 to be 

1. 

) 

/-' SsL2 = 1552 - '421 • 
(2.28)2 - (1.08)2

= 4.03 

or SSL = 
± .01%. Since the M X-ray source holder .as precisely machined 

to accomodate the stainless steel planchets, it is unlikely that the 

g variance is caused by inconsistent positioning of the specimen. 

The most probable cause is that the uranium is, not uniformly electro-

deposited over the entire area of the planchet and also the ccFe activity 

is not evenly distributed around the annular source ring so that re-

loading the specimen at different orientations results in a change of 

geometrical conditions producing the observed variance. 

In addition to providing a means to compensate for thickness 

effects in the electrodeposited specimens, the u-se of lanthanum in the 

electrolyte alsomarkedly improved the precision of specimen preparation. 

As stated in the M X-ray experimental section, the specimen preparation 

variance for the entire procedure was measured with and without the 

presence of the La 34- in the electrodepositior cell. Data used to evaluate 

SSP with La3+ are presented in table 51 and without La"} in table P. 

Their dispersions, S6 and 5/, were compared to S, using the F ratio test 

at 9 and 13 degrees of freedom respectively. 

From table 53, the variances, S52 and Sti, are not significantly 

different and no appreciable error can be calculated for specimen prepara-

-20/ -
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Table 51 

Data recorded to determine the specimen preparation 

error using La3+ for the M X-ray experiment 

• 

I U 03 SN

(counts/I80 sec) ±(%) 
- x ) ()T X ) 2 X 10 '4

•••• •••••••••• •• ••MMI.-.1.1.41••••••.M • 

11883 A .09 +37 0.14 

12452 1.09 -531 28.23 

11404 1.10 4516 26.70 

11994 1.08 - 73 0 54 

11992 1.09 ' .- 71 0.51 

11442 1.10 +478 22.23 

12541 
.=•••=*-

1.04 -620 38.48 

11826, 1.06 + 94 0.90 

12114 1.07 
- 

-193 3.74 

11559 1.10 +361 13.08 

7= 11920 

-S-11 = .-, 135.22 

SG = ±3.25% 

I - 208 - 

4 
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Table 52 

Data recorded to determine the specimen preparation 

error without La" for the M X-racy experiment. 

I U Mce,a 

(counts/180 sec) 

S 

t(%) 
— x ) (Tc - x )2 x 10-4

8887 1.27 +3156 996.00 

11505 1.09 + 538 28.96 

11461 

11725 

1.10 4582 33.88 

1..09 + 318 10.12 

12586 1.03 - 542 29.47 

15507 042 -3463 1199.90 

10919 1.13 +1124 126.36

14202 0.97 -2158 466.61 

12053 1.06 - 9 0.00 

11581 1.09 + 457 20.89 

- 12043 

S = +1.08% 2911.7 

S7 = +14.94% 
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'0m- Table 53
m . 
g Application of the F ratio test for _equality of variance resulting 
co. c 
o 1. from specimen errors within the M X-ray experiment. z __ 
O - 

m 
O Coefficient Average 
O Dispersion Number of 

of Relative 
Dispersion

'0 ..< Variation Compared Fcal— Ftab Ftab 
(.0 M * easured Determinations 

Counting 
(0 Error (%) @95% @99S 

O . 

CD S.., 14 t 1.2111 ±1.08 SN 
1.23 2.21 3.16 

7' 4 

m  . 
C 

±1.08 
. 

a- t 2.28m- S5 14 S., 4.46 2.69 4.16 
T, 
Fe "*..) 

—, 

a 
C3 _ 5,-, ID _. J.25 ±1.08 S5 2.03 L72 4:19 

1 ±1 
_ 

57 10 Sc. 42.9 2.72 4.19 
'0 

±14.94 .08 
8 
m-
6' 

oF

74 0 c . 

M 

g 

g.
g. 
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v 

i • • 
• .,

tion with La3+. In contrast, the magnitude of the specimen preparation error 
. 

without 1.04 is: Ssp2 . I572 - 5521 

= 218.0 

or SSP (without Eta") = 14.8% 

The total specimen error is then found by summing all of the speci-

/ 

men  error variances, i.e. 

5S2 
= 5 2 

+ 
5 2 + 5 

SS SL SP 

= (0.00)2 + (2.01)2 + (0.00)2

or SS ' . 42.01% 

For the data from the M X-ray experiment, as presented in tables 47 and.

48, two precision limits are indicated. (i) fpr the measured or calcu-

lated peak intensities, only the statistical countrog error experienced 

with the measurements is listed, and (ii) the precision limits for Rm are 

the total precisions. The statistical counting error for Rm can he evalu-

,ated from: 

a 

S (90 - '100% 
' p b 

- — --pr l 

rft1 41 )U Ma 1 7

Fla, 
, + ,AN 411b)La La+r,(N +Utor0 Ma•B 1 4.32 

-(71p b P-":11-7 73174704P:717b 143,6 N ni fop-  b

. 

and the total precisions given by: 

/ 

( 
S1
(%) = t(S5 2 + SU '11

4.5 y-spectioscopy results and discussio 

4.5.1 Energy calibration of h rometer , 
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'Using the reference radioisotope sources, table 11, and the instru-

mental settings listed jn table 12, the operating energy range of the 

spectrometer conveniently observes the major gamma activities resulting 

from both 1I5U and 7IBU. The.linear correlation between channel number 
• 

and energy is scorn in figure 50. Linear best least squares analysis 

gives the following relation: 

Energy (MeV) - (Channel  Number 4- 596.670) 
7283.30 

• • . . 4.33 

All conversions from channel number to energy (MeV) in this section were 

performed using equation 4.33. 

4 

4.5.2. Spectral unfolding using Cauchy functions 

An examination Of the spectral region neighbouring the 23'Th doublet 

indicated that there were a possible eight photopeaks that required unfold-

ing. The sources oLthese interferences are itemized in table 54. 

(Literature valves for energies and abundances wee taken from references 

(33) and (12) for y-ray and X-ray photopeaks, respectively.) Of these,,

the 231Th y-rey at 0.0899 MeV superimposes itself on the Th Ku2 X-ray of 

nearly the same energy so that their sum was treated as a single peak. 

Another 231Th photopeak at 0.0955 MeV is listed but was judged to be too 

weak and too distant from the 23''Th doublet to contribute signficantly. 

The minimization function was therefore set to fit a total of six Cauchy 

functions to the observed' spectrum. The background plus the function 

parameters required nineVeen iteration arguments. Standards ranging from 

0.027% to 24.29. 215U were unfolded by this technique. Generally„conver-

44,
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Table 54 

Spectral interference encountered in 

measuring the 234Th doublet intensity. 

Yb 

Photopeak 
Energy 

Abundance Milf-Life Decay Mode 
(MeV) 

231Th 0.0899 T.1 x 10-2 25.52 hours f3-

Th Ka2 0 089953 . 0, .60t , 

234Th 0.0923 4.7 x 10-1* 24.10 days 13-
., . 

234Th 0.0928 5.3 x 10-1* 24.10 days a" 
4 4% 

Th Ka l 0,093350 1.00i - - 

U Kcx2 0.094665 0.611'

231Th 0.0955 4.9 x 10-3 25.52 hours 6-

0 Kai 0.098439 hot 

Relative to Ka i peak intensity. 

* Relative to total 0.0925 MeV 234Th doublet intensity. 
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gence was difficult, time .consuming and expensive. It was Found that 

initially the function had to be constrained to fit only the larger peaks 

first. With this completed,' the parameters of the smaller peaks were 

allowed to be iterated upon. ;Fable 55 details the convergent values for 

peak energy, parameter P33_ 1 from.equation 3.10, and it is evident that 

the programme has correctly located all the constitutent peaks for the 

set of standards with excellent accuracy Also listed are several refer-

ences reporting the energies of the 234Th doublet. There is appreciable 

disagreement among the earlier results but it is seen that these results 

agree closely with the most recent work of Sampson
(71)

. Peak height 

ratios, parameter P/3_2 from equation 3.10, were reasonably stable.in view 

of the fact that the interfering peaks' intensities vary by a factor 

greater than 1000 relative to the ?34Th doublet intensity. Sampson(71)

and Coles, Meadows and Lindeken
(64) both have suggested that the Th Ka i

intensity can be estimated by measuring the Th Ka4 intensity since the 

Th Ka2/Th Ku; intensity ratio is normally 0.60(12). This work indicates ' 

that this would lead to negative errors in the ' 34Th peak intensity 

because the contribution of the 21ITh -1-ray to the Th Ka2 X-ray is signi-

ficant. The (231Th Th Ka2)/Th K0.1 peak intensity ratios remained con-

stant at 0.96. A literature value of this ratio cannot be calculated 

because the abundance of Ka Th X-rays emitted from 235U decay remains 

unknown. Table 56 lists the relative peak heights of the two component 

234Th ',I—rays from the same set of standards and their values are in,sat-

isfactory accord with those found in the literature 

In order to save computer time and expense, the number of iteration 

parameters was reduced from nineteen to twi by fiAing thy: peak locations 

- 215 - 
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Table 55 

Unfolded Peak Energies 

Photopeak 
-Peak Energy (Parameter P33_ 1) 

For Various Enriched U Standards (MeV) 
Average 

Energy 

(MeV) 

Literature Energy 

(MeV) 
0.027% 5.59% 10.25% 15.39% 20.17% 24.29% 

23'Th + Th Ka2 0.089912 0.089906 0.089920 0.089942 0 089930 0.089.922 0.0899(33) ± 0 00005 

234Th (0.0923). 0.092447 0.092311 0.092317 0.092343 0.092384 0.092410 0.092369 

0.09308(84) 
0.09226(85) 
0.0923(33) 
0.092367(71) 
0.09247(70) 

± 0.0006 
± 0.000005 
m 0.00008 

234Th (0.0928) 0.092944 0.092783 0.09279i 0.092800 0.092833 

1 

0.092853 0.092834 

0.09352(84), 
0.09269051
0.0928(3 ) 
0.09279071) 
0.092321,70) 

t_ 0.0006 
± 0.000005 
± 0.00008 - 

Th Ka. 0.093272 0.093313 0.093319 _4-0933-4-3---0.093353 0.093320 0.093350(12) ± 0.000003 

U Kai 0.094888 0.094639 0.094614 0.094614 0.094636 0.094644 0.094673 0.094665(2) ± 0.000004 

U Kx1 0.093570 0.098424 0.098393 0.098403 0.098414 0.098408 0 098435 0.098439(12; ± 0.000003 
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_Table 56 

Unfolded Relative peak Heights 

Photopeak 

Relative Intensities (Calculated From Parameter P33..2) Average 
For Various Enriched 235U Standards Relative 1

Intensity 
0.027% 5.592- 10.25% "5.39% 20 17% 24.29% 

234Th 

(0.0923) 

Literature 
Intensity 

46.2% 49.7% 48.5% 47.6% 48.5% 48.5 48.2% 

477,(33) 

50.3%
(71)

± 0.7% 

234Th 

(0.0928) 
53 7% 50.3% 51.5% 52.4',, 51.5% 51.5% 51.8% 

53-,;
(33)

. 
, 

, 49.7%(71)+ 0 7,4 

1 
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to the energies shown in table 55 and some relative intensities to their 

average experimental values. The background was also found to be hori-

zontal and its iteration parameter could be replaced by a constant value 

measured at a convenient loca ion:--The minimiiariml-subroutine(83) now 

would converge rapidly,,unattended without any constraints for virtually 

any reasonable put parameter set, accompanied by only a slight increase 

in function value. This modified minimization function was then used to 

produce the analytical data reported in this experiment. Figures 51a, 

51a and 52a are spectra taken of 0.027%, 1.44% and 15.39% 2150 standards 

showing the relative heights of the 235U y-ray at 0.186 MeV and the 0.0925 

MeV 234Th doublet. Figures 51b, 5?b and 53b illustrate the unfolding 

detail of the same spectra in the vicinity of 0.0925 MeV. A full,descrip-

tion of the unfolding procedure and a listing of the required computer 

programmes is given in appendix H. 

4.5.3 Evaluation of specimen thickness effects 

Low energy y-rays, such as experienced in this work, are strongly 

attenuated by matter, especially high 7. material. Peak intensity ratios 

are expected to be a function of sample thickness as well as nuclide 

concentration. Tables 57 and 58 contain the data recorded to evaluate 

the effect of sample thickness on the 235U/214Th peak intensity ratio 

for industrial quality yellow cake and pure black oxide respectively. 

Figure 54 depicts a plot of intensity versus thickness (g/gym') of yellow 

cake for the 235U and 234Th peaks and indicates strong absorption of both 

/-rays with thicknesses greater than 0.3 g/cm2. This figure is also re-

presentative of the behavior of the data accumulated from various 

774 • 
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Table 57 

Data used to evaluate the effect of specimen thickness on the 235U/234Th 

peak intensity ratio for yellow cake (approximately Na2U207). 

movnipmmIrmada. 

Thickness 

(g/cm2) 

1 235U 

(cts/20 min) 

15
T
(%) 

1 234Th 
1 235U/1 234Th 

(cts/20 min). 

± *ST(%) ST(%)

0.04 5404 ±1.58 7759 +2.65 0.697 ±3.03 - 

t 0.139 15624 ±0.91 
. : 

21715 *1.49 0.720 ±1.75 

0.268 27303 +0.70 39391 ±1.09 ' 0.693 ±1.30 

0.346 32793 10.66 45236 +1.03 0,.725 ±1.21 

0.494 42583 10.60 60735 +0.89 0.701 +.1.07 

' 0.779 54639 10.54 

...r•mmom 

75757 ±0.82 0.721 .10.98 

, 

225 - 

t 

L 

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission. Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.



Table.'58 
, 

, 

Data sed to evaluate the effect of specimen thickness on the 215U/234Th 

\, peak intensity ratio for pure black oxide (U 308).

Thickness 

(g/cm2) 

235U 
(cts/?0 min) 

' ±5T(%) 

1 234Th 
(cts120 min) 

±S (%) • 

1 235U/1 234Th 

0.058 10654 ,±0.92 14614 pi.80' • 0.729 42.02 

0.138 24157 ±0.66 31970 ±1.23 0.756 J-1-.39 

0.250 •  43093 :H0.54 59609 !0.93 0./23 41.07 

0.331 54186 4-0.49 77459 ±0.84 0.700 .0.97 

0.497 
• 

71598 ±0.45 99956 ±0.75 6.716 .0.87 

0.781 87522 ±0.43 losops .0.75 M 0.810 
•••••••• 

±0.86 

,0.997 97186 10.42 116529 ±0.75 0,834 P0.86 

4 

a 

A+. 

- ?26 -
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thicknesses of black oxide as presented in table 5U. However, for yellow 

cake), both peaks appear to be equally attenuated and the ratio is not a 

sensitive function of sample thickness. Car the black oxide, slight pre-

ferential absorption of the lower energy peak does occur, but the peak 

ratio remains constant up to a thickness of 0.5 g/cm2.. All- samples and 

standards 317 this experiment were therefore prepared approximately 0.3 

g/cm2 in thickness. Figure 55 is a plot of 234Th intensity versus 23sU 

)ntensity which illustrates the..above thickness effects for both Na2U707

and U303. 

The explanation for che-unusual occurrence of non-preferential 

absorption of a lower energy y-ray with increasing specimen thickness is 

contained in the following argument. In these uranium compounds, the o 

principal mechanism fo - attenuation, of the two 1 -rays is through photo-

electric absorption by the appropriate X-ray. absorption edge All acti-

nides possess a very high Kab energy. In the case of uranium, the Kab 

.energy lies between the 0.186 MeV 235U and the 0 0925 MeV 21 Th y-rays 

and tends to compensate for the thickness effects. These 2350 and 234Th 

y-rays are essentially equidistant in energy above the uranium Kab
 and 

Illab 
respectively. As can be seen from figure 7, T for pure uranium 

Is approximately 850 barns for both energies. for specimens consisting 

of yellow cake, this results in the intensity ratio being independent of 

sample thickness. 

4.5.4. Data and data analysis 

The two principle isotopes of uranium have very long half-lives 

Accordingly, the uranium isotope weight fraction does not change over a 

- 229 - 
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Table 59 

Data observed from wide range uranium isotope standards. 

235u/238u 

(atom ratio) 

Thickness 

(g/cm2) 

0.000266 0.311 

0.00725 0.333 

/0.0593 0.312 

0.114 ' 1 0.317 

0.182 0,321 

0.253 0.312 

0.322 0.324 

1 2350 23(`Th I 235U/ 1 2311Th 
(cts/20 min) (cts/201 min) 

±S
T
(',g) J_S1(%) ±S (%) 

1340 ±5.76 55399 1±0.93 0.0242 4 5.83,

4648 ±0.60 58741 I ±0.93 0.692 1.1.10 

304390 ±0.34 

548613 32 

826681 ±0.31 

1064950 ±0.31 

1313542 ±0.30 

542261 ±1.07 

490416 .10.23 

47369 ±1.38 

42877 .,1.63 

41452 ±1.78 

- 230 - 

5.61 :0.12 

11 2 ±1.27 

17.5 ±1.41 

24.8 ±1.66 

31.7 ±1.81 

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission. Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.



Table 60 

Data observed from narrow range uranium isotope standards. 

235u/238u 

(atom. ratio) 

Thickness 

(g/cm2) 

735U 

(cts/20 ruin) 

151-(%)

1 734Th 

(cts/20 min) 

±S
T(%) 

735U/1 734Th 

P.ST(%) 

,0.00228 0.310 12587 P1.09 54594 ±0.94 0.231 ±1.44 

0.00378 0.295 19002 10.86 52627 ±0.96 0:361 '±1.29 

0.00503 0.310 25816 ±0.74 54207 ±0.94 0.476 P1.19 

0 00612 0.318 30743 "10.68 55623 ±0.93 0.553 ±1.15 

0.00751 0.290 36716 ±0.62 52729 P0.96 0.696 1_1.14 

0.00902 0.319 - 48542 ±0.56 57919 ±0.94 0.838 ±1.09 

0.0110 0.299 56775 P0.53 55601 ±0.96 1.021 P1.10 

0.0134 0.315 - 70562 P.0.49 57344 ±0.94 0.2'31 

0.0147 0.318 79432 ±0.47 57864 ±0.94 0.373 ±1.05 

0.0165 0.322 90269 ±0.45 57721 ±0.94 0.564 ±1.04 

0.0175 0.309 89539 ±0.45 55533 ±0.96 0.612 41.06 

- 231 - 
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reasonable time period of observation. By employing equation 2.17 for 

thin samples, the peak intensity ratio is then simply proportional to 

the ratio of the weight fraction of the uranium isotopes present, i.e. ' 

74 1 2350 

I 234Th 
4:, 

r235u

r234Th 

4.34

Correspondingly, the atom ratio of the two uranium isotopes will be'pro-

portional to the observed intensity ratio 

Data collected and computed from the wide and narrow range standards 

are presented in tables 59 *and 60 respectively. Figure 5C shows the 

calibration curve prodUced by the narrow range standards which encompass 

the yatural 235U abundance. In this range, the net 234Th and 235U phuto-

peak intensities are nearly equivalent in magnitude. Linear best least 

squares gives. , 

235U/2380 (atom ratio) = (R., - 0.00842)/92.447   • 4.35 

where R- is the measured 235U/23'Th peak intensity ratio under conditions 

of secular equilibrium between 238U and 234Th. Analysis of the'data ob- ' 

tamed from the wide range standards produced similar values of 98.202 

and -0.105 for the slope and intercept respectively. All of the standards 

are shown on a log-log plot,, figure 57, and R- varies linearly for at 

least th'ree orders of magnitude. A complete listing of the computer 

programmes used to analyze the y-ray spectrum is 'Provided in appendix G. 

4.5.5. Isotope ratio analysis of high grade uranium ores 

Equation 4.35 was used to determine the isotope ratio on several 

-234 -
4 
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Table 61 

235U/238U ratios from some Canadian ores 

,-

Sample 

Location / 

235U/234Th 

Intensity Ratio 

235u/238u 

Atom Ratio 

Rabbit Lake 0.688 0.00735 

Rabbit Lake 0.679 0.00726 

Rabbi.t Lake 0.678 0.00725 

Cluff Lake 0.669 0.00715 

Cluff Lake 0.674 0.00720 

Cluff Lake 0.684 0.00731 

Cluff Lake 0.687 0.00734 

Cluff Lake 0.676 0.00722 

Beaverlodge Lake 0.679 0.00726 

Beaverlodge Lake 0.697 0.00745 

Beaverlodge Lake 0.678 0.00725 

Beaverlodge Lake 0.683 0.00730 

Beaverlodge Lake 0.678 0.00724 

Beaverlodge Lake 0.700 0.00748 

4,

-235-
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0 

high grade uranium ores and the results are presented in t ble 61. The 

average analysis is 0.00729 with a disperesion of 0.4% (+IS . This dis-

persion is equivalent to the experimental precision of the technique 

indicating that no. significant differences exist between the individual 

results. 

Secular equilibrium between 735U and 234Th requires several months 

to re-establish after a chemical separation (.,f uranium and thorium. In 

this case, it was convenient to wait the necessary ingrowth period and 

as such, the chemical separation of the radium group from uranium was 

sufficient. By modifying the extraction procedure so that thorium is 

also completely separated from uranium, the complete analysis can be 

performed within a few days. A barium sulphate co-precipitation such as 

described by Sill et a1.(55-57) quantitatively separates radium and thorium 

from uranium in the same step. This would insure that 238U would be free 

of 234Th at the time Of separation (t .--- 0). The following relationship 

could then be used: 

R<0 = R I (1 - e- t1) 4.36 

where R1 is the measured 2350/2'34Th -peak intensity ratio at time tl (10 

to 20 days would be suitable) and A is the decay cionstant for 234Th. 

Substitution of equation 4.36 into equation 4.35 wOuld then yield the 

appropriate 2350/238U isotope ratio. 
N. 

4.5.6. Determination of specimen errors, for the y -ray experiment 

• As in the previous experiments, the specimen and specimen loading 
4 • 

errors were evaluated for the thin specimens used in the y-spectroscopy 

-236-
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Table 62 

Data used to determine the specimen error in 

the y-ray spectroscopy experiment. 

/ 23Su 

(cts/20 min) 

s
N 

*(%) 
-(ii - xi) -(; - x1)2 x 10-4

31395 0.60 -312 . 9.72 

31619 0.59 - 88 0./7 

31605 0.59 . ' -102 1.04. 
.... 001•••••••0 •I•••• 

31550 0.60 
••••••••• 

-157 2.46 

31777 
•1••••••,• 

0.59 + 70  0.49 

31770 , 0.59 + 63 0.40 

31626 0.59 - 81 .. 0.65 

31628 0.59 
•••••••=doimmll•••=••• 

- 79 0.62 
...M.1.•••••••11 

31577 0.60 
• 4.•-T••••••••••• 

-130 1.68 

31972 0.59 +265 7.03 

31671 0.59 - 36 0.13 

31884 0.59 +177 
• ••••• •••• •••• •• ••••••• 

3.14 

31983 0.59 +276 , •a, 7.63 

32139 0.59 +432 
..._,......................-...,..- 

18.68 
.............-.-..,,, 

31782 0.59 
••••••••m, _...........,___..-..-._........_t.........,

+ 75 0.57 

31544 0.60 -163 2.65 

31576 
•=4.4•1•••••=. 

0.60 -131 1.71 

31624 0.59 - 83 0.69 ,

5i. . 31707 . 60.06 

*§ . +0' 59(4 11 

S4 7 10.597 
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Table 63 

lan • • • • • • Data used to determine the spec.inen loading error in 

the y-ray spectroscopy experiment. 

235u 

(cts/20 min) 

S
N 

±(%) 
-(T( - xi) - 

• • 4, a a • 
••••

-(x - x )? x o" 

31770 0.59 + 60 0.36 

31626 0.59 - 84 • 0.70 

31628 0.59 - 82 
• • • • • • r 

0.67 

31577 0.60 -133 1.76 

31972 0.59 +262 6.88 

31671 0.59 - 39 a 0.15 

31884 0.59 +174 3.04 

31983 0.59 +273 7.47 

32139 6.59 +429 
• • • • A • 4. op • • • 

18.43 

31782 0.59 + 72 0.52 

31395 0.60 -315 .9.91' 
.
31619 0.59 - 91 0.82 

31 550 0.60 -160 2,55 

31777 0.50 + 6/ 0.45 

31544 . 0.60 . -166 2.75 

31544 ' 0.60 . 
, 

' (166 2.75-

31605 
-----. A 

, ..... 
-- b.59 -105 • 1.10 

, 

7)  =,-1-71D-- 
-§ = _O.E;(1% 

. • . . . • • . 

z - 60.30 

Ss =-, ±0.61%.
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work. The data collected to measure the specimen error are presented in 

table 62. Both 1r- and S4 were numerically equivalent at 4.0.59%. Thus 

the thin specimens of uranium chemical 'precipitate present no source of 

erro . Table 63-presents the data accumulated to calculate the specimen 

loa ing error. The data dispersion, Ss, was .10.61% compared to the 

average counting error, of ±0.59%. Hence no significant source of 

error is incurred )0 loading the specimen onto the )-ray spectrometer. 

4.5.7. Determination of the spectral unfolding error 

The evaluation of the standard counting error for a peak intensity 

measurement by the procedure described in appendix B is invalid for the 

234Th y-ray doublet precision determination. Firstly, the -smoothing 

subroutine removes most of the random fluctuations present in the spectra 

and secondly, the minimization subroutine approximates the smoothed data 

by a series of Cauchy functions The final 234Th doublet peak intensity 

is then calculated by mathematically integrating only the two Cauchy 

functions assigned to the doublet and subtracting a measured background 

intensity. To estimate the precision of the unfolaing technique, several 

spectra were collected under identical conditions and the actual disper-

sion, S6, measured. The spectra in the set were then averaged. The reli 

ability of the technique can then be checked by comparing the mean of the 

S6 data set to the calculated intensity for the averaged spectra, x ave' 

Tables 64-66 show the precision data accumulated for specimens containing 

0.027%,, 1.44% and 15.39% 235 308. Included in each table are the standard 

counting errors, 5111, for each measurement calculated artificially as if 

the intensity data were obtained directly from the spectra. Table 67' 
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Table 64 

Precision data collected to determine the sper ral 

[ 

. 

r 

unfolding error at 0.027%,235U308. \ 

1 234Th 

(cts/20 min) 

S
N 

t(%) 

2
(K1 . 

.- X) 

41...rr 

- 7)7 x 10 8

60775 0.44 +609 ,3./1 

60690 0.44 +524 2.75 

60439 0.45 +273 \ 0.75 

60359 0.45 +193 0.37 

59654 0.45 -512 2.62 

59409 0.45 
' 

, -757 5.73 

60040 0.45 -126 0.16 
10 

59044 0.45 -1122 12.59

60306 0.45 +135 0.18 
• ••..,..1•••. 

60501 0.45 +335 1.12 

60007 0.45 
•=01..P•••••.....•Ik• p••••=1.M•••••=1.M.=..•=•• •••••••••••O•••••=.1.• 

-159 , 0.25 

60071 0.45 +605 3.66 

i = 60166 

S
N

7 ±0.45% 

E = 33.89 ' 

SG m ±0.92% 

CI 

- -m 

!..
..41.. .... 
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Table 65 

Precisio6 data collected to determine the spectral 

unfolding error at 1.44% 23511306. 

. 

1., 

4 

I 2 34Th 

(cts/20 min) 

S
isi 

±(%) 
"(xl, - TO (x1 - 7) )2 x10 5

61822 0.46 - 90. 0.08 

61726 0.46 
ce 

-186 0.35 

61685 0.46 -227 0.52 

61377 . 0.4.6 -535 2,86 

61830 0.46 - 82 0.07, . 

62543 0.46 +631 3.98 

62558  0.46 +646 4.17 

61581 0.46 331 , 1.10

61667 — _0...45 " -245
L--

0.60 

62642 0.46 +730 j 5.33 

62133 0 46 +221 1, 0.49 

61389' 0.46 -523 2.74 

,•-c r-, 61912 E = 22.27 

SN
' . 40.46% , ,... 

. 

SG . ;4_0.73% 
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Table 66 

Precision data collected to determine the spectral 

unfolding error at 15.39% 73511308. 

;*34Th 

(cts/20 min) 
SN (x - 7) ) (x 7)2 x10-5

53859 0.64 +394 1.55 

54268 0.64 +8CS ,6.45' 

52530 0.65 '935 8.74 

53843 0.64 +378 1.43 

52889 0.65 -576 3.32 

54528 0.63 +1063 11.30 

52432 0.65 -1033 10.98 

53697 0.64 +232 0.54 

53722 0.64 +257 0.66

53277 0.65 -188 0.51 

53691 0.64 +226 0.51 

52845 0.65 -620 3 84 

x ,--- 53465 

SH' = 0.64% 

S6 =: 1.26% 

• 

= 49.69 
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0 , a 1. 

Table 6; 

Unfolding precision summary for the three concentration groups. 

%235u 308 T 

(cts/20'rnin) , 

xave 

(cts/20 min) 

SNI 

Oa 

S6 Sc/Su l

±(%) 

0.027 60166 60174 0.45 0.92 2.04 

1.44 
/ 

61912 61915 0.46 0.73 1.59 

15.39 53465 53473 0.64 1.26 1.97

• 
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1 
1 

compares the mean intensity obtained for 'Filch data set, x, and the 

intensity as calculated from the averaged\spectra, xave . For the three 

concentration ranges, these values have a elative difference of only 

0. 1% or less and are essentially equivalent. Also in table 67, the 

yagnitude of SG and Su' are compared for each concentration range. The 
/ 
measured precision, Sc, is consistently higher than the SD' values by an 

average factor of 1.87. Due to its ease of Calculation, the total pre-

cision of a peak intensity as obtained by the unfolding procedure was 

estimated by multiplying the S
N
' values by thi's fact", This error, S

e 
although it is not strictly the unfolding error\ because it incorporates 

the statistical counting errors, was taken to be the total precision 

achievable for a peak intensity measurement by -61le unfolding technique. 

From appendix C, the instrumental error of'the 1-ray spectrometer, 

produced by an operational variance,, S02, amounts'\to :i0.29%. Therefore, 

the total precision limits in tables 57-60 for a measured peak intensity 
\ 

consists of ±(SN2 +, SI::,,2)1' and ±(502 + Su2)1 for the\ 235U and 23'.111 

peaks respectively. The total error for the measured peak ratio is then 

given by: 

ST(%) . [VSN
2 4" S

0
'2 + S- -TT/V I

0 U 
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5. CONCLUSIONS ANDCONTRIBUTIONS TO KNOWLEDGE 

5.). The K X-ray experiment 

An apparatus, consisting of a radioisotopic point source mounted 

on a one dimensional goniometer, was, designed and manufactured to speci-

fically analyze uranium using uranium K shell fluorescence. The specimens 

were partially thick powders of uranium bearing ore. The goniometer was 

used to find the optimum geometrical conditions for analysis. Scatter 

angles in excess of 130' were found to provide the most favourable

background intensities.. A secondary bismuth target was employed to

measure the initial to transmitted intensity ratio which enabled the net 

specimen scattering intensities to be determined. A procedure was 

developed to measure the sample thickness from the net specimen Compton 

scattering intensity. By studying the X-ray absorption characteristics 

for an average uranium bearing granite and possessing a knowledge of the 

above ratios and thicknesses, assumptions were drawn which led to the 

conclusion that actual specimen mass absorption coefficients for energies 

of both the excitation and fluorescent radiation could be experimentally 

measured. The matrix and thickness factors, as contained in the funda-

mental excitation equation for' partially thick specimens, could then be

directly delineated. This unique approach for analyzing uranium in 

uranium bearing ores then constitutes mea-uring the uranium K shell 

fluorescent intensity and modifying it by the simultaneously determined 

matrix and thickness factors. The corrected uranium fluorescent intensity 

is then proportional to the uranium weight fraction present in the sample. 

The performance of this technique was investigated on a total of 
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46 uranium ore samples originally from four major uranium mineral zones 

of Canada. Quantitative improvements in the accuracy of analysis were 

demonstrated in all cases. From the value of the mass absorption coef-

fLent calculated for each specimen, additional information is obtained, 
i 

e.g. it was deduced that in Key Lake and Elliot Lake ores, co-mineraliza-

tion with uranium had occurred. Using the apparatus and procedure as 

described, the minimum detectable limit was 0.04; U308 with a sensitivity 

of 0.86 counts/secM308/mCi. It must be stressed that the apparatus for 

this experiment and the remaining X-ray experiments were designed to 

evalua e analytical approaches aimed towards satisfying the objectives of 

the thes\s, rather than being practical analytical instruments as is. In 

this regair4,, large increases in sensitivity could easily be achieved by 

adopting aI re compact design incorporating the desired optimum colli-

mation and scatter angle configurations 

Obviously, this technique is a prime candidate for application to 

on-stream industrial analysis. The attractive feature is that the 

matrix and thickness factors are simultaneously and experimentally deter-

mined without the need for comparative standards. Extensive changes in 

chemical composition will not affect the accuracy of analysis. Different 

specimen physical forms,, such as solutions and slurries may also be' 

analyzed effectively. Because the energies of excitation and fluorescence 

are very high, specimen homogeneity and surface feature requirements are 

not a salient restriction to accuracy. The technique is capable of 

analyzing the uranium content of a process stream directly through the 

walls of thexcontaining vessel. Thicknesses of crushed rock, powdered 

ore, slurries end solutions up to several centimeters can be tolerated. 

-246-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission. Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.



Due to high backgrounds, the technique appears more suitable for uranium 

analysis, at a higher concentration range. Relative precisions of ±1-2% 

($
N
) were obtained from 1% U308 ore samples, however the precision deteri-

orates very rapidly at lower concentrations. It is probable that this 

approach may be of greatest benefit when emplo' 2d in circuits processing 

highly concentrated uranium solutions. 

9P . 

5.2. The L X-ray experiment 

A secondary excitation system, consisting of a radioisotopic source 

and target assembly,' was designed and manufactured to selectively excite 

uranium L
III 

shell fluorescence. The apparatus was built to accommodate 

thick samples of uranium bearing ore in powdered form. The distinctive 

feature of the excitation system is that the energy of the primary 

Compton scattered excitation peak lies below the uranium 
L111

 absorption 

edge. From the fundamental excitation equation for thick samples, only 

a matrix factor effects the intensity of the observed uranium fluorescence. 

A technique was developed to quantitatively analyze uranium by measuring 

the uranium L
III 

fluorescence to Compton scattering intensity ratio. 

By examining the X-ray absorption characteristics of an average uranium 

bearing granite at the appropriate energies, it was shown that this ratio 

would be independent of chemical composition for a wide range of expected 

matrix element concentrations. Surface texture and particle size effects 

are also minimized by the ratio technique chosen. 

The technique exhiOited a capacity to accurately analyze uranium 

over a wide range of concentrations. Application of the technique gave 

a ,calibration curve which is linear in concentration of U308 for four 

/ 
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orders of magnitude. The accuracy was checked by exchanging analyses with 

an external laboratory. The results presented are favourably compared 

with those obtained by a fluorimetric roccdure. With the experiment as 

described,- a minimum detectable limit of 0.0h Uj08,along with a sensiti-

vity of 0.004 counts/sec/%U308/mCi was achieved. The conversion of pri-

mary to secondary target excitation fluorescence is very inefficient and 

is responsible for the poor sensitivity. However, by employing a more 

efficient and stronger excitation source, the sensitivity ca'n be readily 

improved by a factor of several hundred.

This technique may also be well suited to industrial on-stream 

uranium analysis. No comparative standards are required for matrix 

compensation or for specimen presentation corrections. Background levels 

are remarkably low. It is interesting to note that the minimum detect-

able limit was better than in the K X-ray case despite thePmuch poorer 

sensitivities. The method is better suited to analyzing lower concentra-

tons of uranium. It has the capability to span the concentration range 

typical of uranium extraction plant wastes to high grade ore material. 

The major si,gnyf-i4c.ant difference concerning the utility of this and the 
---- 

K X-ray technique concerns the effective volume analyzed. In the latter 
....---
case, homogeneity requirements were not severe since the K shell fluore-

scence can easily penetrate several centimeters of specimen. For the 

L X-ray situation,, the depth of observation by the L111 shell fluorescence 

is approximately two millimeters. More 'stringent control on specimen 

homogeneity would be a mandatory requirement. 
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5.3. The M X-ray experiment 

The principle motivation for investigating uranium analysis using 

MV shell fluorescence is that this approach can potentially detect 

smaller quantities of uranium then can}, either K or L shell excitation. 

If no comparative standards are to be used, this can only be taken advan-

tage of by analyzing thin specimens of uranium chemical precipitate. 

These thin specimens were prepared by electrodepositing the uranium onto 

a stainless steel cathode using a mixed chloride-oxalate electrolyte. 
Nk 

An appropriate anode and cathode were fabricated for this purpose. The 

optimum electrodeposition time was determined for the apparatus as de-

scribed. A primary radioisotopic excitation system was 41esigned and 
v 

manufactured to selectively excite the uranium My shell fluorescence 

It was found that if lanthanum was added to the electrolytes, the 

' intensity of the lanthanum L1II shell fluorescence could be employed as 

an internal standard to correct for thickness effects. The calibration 

'curve obtained was linear for at least two orders of magnitude. A 

further benefit from the addition of lanthanum to the electrodeposPion 

cell revealed itself by a remarkable improvement in specimen preparation 

error. Several low grade Canadian ores were analyzed by this technique. 

A phase transfer catalyst was employed to separate the uranium from the 

ore prior to the electrodeposition. By assuming one gram ore or soil 

samples, a minimum detectable limit of 0.0001% U308 and a sensitivity of 

300 counts/sec/U308/mCi was obtained. This quantity is three to five 
. , 

times less than the average global concentration of uranium. In addition 

to the higher intrinsic sensitivity of the analysis of the My shell 

fluorescence,, further increments in sensitivity result from the very 
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compact radioisotopic excitation source designs possible with low energy 

sources and from the secondary enhancement effects from the specimen 

mounting material. In regard to the latter point, the chromium present 
i 

in the stainless steel planchet acts as a target material producing 

secondary excitation fluorescence. In this case, uranium was deposited . . 
... 

directly onto the target resulting in improved excitation efficieity-, -, — ---
..... 

The major drawback to the application of this technique is the 

lengthy procedure requjred to prepare sufficiently thin specimens of 

uranium chemical precipitate. It is likely that improvements in the 

anode and cathode designs would result in the creation of-the proper 

diffusion layer in a significantly shorter electrodeposition time. In 

addition, when complex samples such as ores or soils are analyzed, a 

clean uranium separation is required. However, this approach could read-

ily be applied to the situation where the required thin specimens can 

be conveniently prepared or already exist for some other purpose The 

excitation technique is well suited to uranium analysis of specimens

prepared for a-tpectroscopy to determine electrodeposition yields for 

example. Sufficiently iniii6 aerosol samples,taken from the uranium preci-

pitation area in an industrial process could easily be prepared and ra-
; 

pidly analyzed by this approach. 

5.4. The y-ray spectroscopy experiment 

The 2.3511/2161) isotope ratio has been determined on thin specimens 

of uranium chemical precipitate by y-ray spectroscopy. The 235U and 238U 

contents were analyzed by measuring the intensities of the 0.125 MeV 

235U and 04.0925 MeV 234Th doublet y-rays, respectively. Interferences 
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normally encountered by using the latter peak were removed by approxi-

mating tie spectrum in the region, of the 214Th doublet by a series of 

Cauchy functions. 

Intensity ratios varied linearly with isotope ratios for at least 

three orders of magnitude from highly depleted to highly enriched uranium 

in 2356 content. Statistical precisions for the•measured intensity 

ratios of the order of ±1°t were obtained with the technique as written. 

The uranium isotope ratio was measured on several high grade Canadian 

uranium ores. Fot• industrial quality yellow cake, the technique appears 

to be independent of sample thickness. 

• Depending on the.p.rgc.ers7Zse .nium extraction plant, 

radium may or may not be present in th'e fina processed yellow cake. 

•If not, the technique may be directly applied to analyze the uranium 

isotope ratio on bulk samples, or uranium chemical precipitates. The 

influence of radium activity must either be removed instrumentally or 

chemically if present in the yellow cake. 

• 

N 
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APPENDIX A 

• 
A.I. Data acquisition procedure 

The acquisition of data in a useful form, suitable,for computer 

analysis,, required four basic steps. (i) transfer of paper tape to 

magnetic tape, (ii) conversion of the magnetic tape data density, (ill) 

translation from 7-bit to 8-bit character codes, and (iv) reorganization 

of the digital data. 

For large volumes of paper tape data e such as obtained in this 

work, a fast paper tape reader is essential. Unfortunately, the com-

puting services available at the University of Regina's XEROX SIGMA 9 

system do not include this capability This function was performed 

using the computing facilities of Sask Tel Corporation, 2350 Albert St., 

Regina. The seven track paper tapes were transfered to nine track 

magnetic tape in 100 data block format, i.e. each record on the magnetic 

tape contains 100 characters. The data density on the magnetic tape 

from their IBM system isj300 BPI (bits per inch). However, the XEROX 

computing system can only accept a data density of 1600 BPI on an input 

magnetic tape. It is therefore necessary to convert the data density 

from 800 to 1600 BPI. These data density conversions require a dual

speed magnetic tape drive unit and were performed at Sask Comp Corp., 

System Centre, Legislative Grounds,, Regina. 

The programme written for this procedure is presented in listing 

A.1. As, can be seen, it consists entirely of IBM JCL (job control 

language). Essentially, the IBM system instructs the dual speed tape 

drive to read input data from one magnetic tape at a particular speed 

- 2'56 - 

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission. Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.



x m -0 
a 0. . C) m 0. 
7, = . -0 
5 . _ 

Listing A.1. u (0. . 
i/US2500 JCB US25,Tacin.sON 

O ,, /*JOBPARK TIVElx5 
5 /*RESCURCE TAPE=%ATAPEDC21 
m
o / 1DENSIT PRCC 4PEI1~=999q99,TAPEOUTI0999999 

-0 //eNE -EXEC PGM=IEBGENER 
s.‹ //SYSPRINT OD SYSCUT=A 
co 
= 1/SYSIh- DC. DUMMY 
o //SYSUT1 CC DSNmUS25*IN,VeL=SER=ZTAPEIN, 

// UNIT=TAPEDD,DISP=,(CLD.KEEP,KEEP), 
// DCBmiRECFPIDEBILRECL=10C,PLKSIZEIR100), 

m 1/ LABELz(oNL) 
P. //SY$tJT2 DC OSN=LS25.cuTivet=sER&TAPEOUT, 

ED, /I UNITzTAPE,DISP7-(NE,J,KEFP,KEEP), 

@ /1 DCB=CRECFe•F$ILRECL=100.8LKSIZE0100,CEN=3),
-0 
a , // LABCLuCiNL) 
Q - /1 PENC 

0 
(1. 

cri 
.▪ . //RUN EXEC PRCC=OENSIT,TA VPE-7C00938,TAPEOUT=004939 

-0 
a 
C. (75: 

0 

0 
z 
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and to output that data on another tape at half that speed. The data 

densityolow is twice what it was initially at 1600 BPI. The data on 

the magnetic tape are then compatible with the XEROX system. 

The initial characters punched on the seven track paper tapes were 

written in the 7-bit ASCII character codes. In order to obtain meaning-

ful data from the nine track magnetic tape it is necessary to translate 

the 7-bit ASCII characters to the 8-bit EBCDIC character codes which 

are used by the XEROX system. A programme written for this purpoe is 

available in this system's user library, the load module required is , 

%ASCII. 

The decoded data contain 100 characters per record, since the 

paper tapes were initially transfered to magnetic tape in 100 data block 

format. The records in the spectrum however are not all the same length 

and this results in the decoded data appearing completely disorganized. 

Included in each of the 100 character strings are channel numbers, con-

tents of channel numbers as well as decoded teletype carriage return and 

line feed commands. The programme shown in listing A 2. was written 

to arrange the data in eleven vertica, olumns. The left most column 

contains the channel numbers in decades and the remaining columns 

list the numerical content of the channel numbers between the decades. 

The teletype commands were also deleted. 

The programme, REORG, must be adapted for each particular experi-
, 

ment. As written,, the programme reads enough characters into a linear 

array to contain a complete spectrum, it then reorganizes the data and 

deletes characters as described. When the spectrum is, in its final 

form, it then reads in the next spectrum. The magnetic tape will 

• 
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Listing A.2. 
U (n C o 
z .c PROGRAMME RECRG 
0 

---------.. C THIS PRCGRAmME RECRGANI7ES THE DATA IN THE SPECTRUM 
5-' ---------- --- C INTC A FCRt' CCNVENIENT FCr COMPUTER ANALYSIS* 

0 

m 
0 ---C---.— 

___.0 4ENSIN,K(100),I(6600) 

= INTEGER RE-X6A41-EX4A/HEX4B 
m- C
0 "\. 

C INITIALIZE KEY CCNSTi.-NTS 

DATA liEX6A/SZ6A404C40, 
m a —"N....r 

m C 

c DATA F-4EX4A/824A404040/ 
P. m- DATA HE:OB/04840404C/ 
5), C 
8
0 1 • C LCCATE BEGINNING CF SPECTRUM 
a ' NI C 

C

C71 
,..C. 10 REAC(311000 1 ENC = 1C0 ) (r ( ..0,J=11100) 

0 
. 00 20 ,J /A100 --- 

m IF(e(J)*NE*HEX6A)GD TO 30 
-0 
8 
m-
& 
(75:
a 

0 
c 
0 N 36600 

5 REAc ( 2,1000 I I (KJ o K=1 iN ) 
K= 

Cl) Cl).
0 
z 

20 CCNTINUE 
CC IC 10 

30 BACKSPACE 3
C 
C REA!: It% ENTIRE SPECTRLr 
C 

40 IF(I(K)0NE$HEX64)GC Tf: 50 
K=K+1 
acTe 4C 

50 IF(I(K)sEC0HEX4A)GC Tf.' EC 
6RITE(1Ca,30003I(K), K 
STOP 

4-N 
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Ls Z. (contlnued) 

DELETE TELETYPE CCMMANDS AND INITIALIZE START IF 
C SPECTRLP 
C 
63 KNK4-3 

JIDK 
C 
C 

C 
CHECK FCR END CF SRECTRLN AND END OF RECORD RESPECTIVELY 

70 IF(I(K).EC.HEX48)GC_T° FO 
IF(I(K)+EC.HEX44.)-GC T° 90 
IF(X.EO.N)G0 TC 110 
KciK+1. 
GC TC 7C 

C 
C INITIALIZE END CF SPECTP-U'' AND Ot)TPUT CCVPLETED RECORD 

C 
80 .1F2K..1 

NRITE(4,4000)(I(L)AL.i.JI,JP/ 

GO TO 1C 
C 
_C INITIALIZE ENO CF REC.IRO /ND OUTPUT Ih COMPLETED FORm 

C 
90 JF=i0.1 

o,RITE(4,4000)(I(LY/L I,Jr) 
GC TC 6C 

100 STCPPNCReAL E".D' 
110 %,RITEi1C8/2000) 

STOP 
1000 FCRMAT(100A1) 
2000 FOR1IAT(1XJ /SPECTRUM SIZF rIMENSIONED TOO S4ALL' 1 
3000 FORrATOERRCR IN DATA VP SPECTRUM SIZE DIMENSIONED 

61C0 LARCE 1/5X,'1(K) liA4,5X,IK R +, IS) 
4000 FORI'AT(8CA1) 

END 
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generally contain hundreds of consecutive spectra, and i4 ,is necessary 
, ! 

that the linear array be dimensioned so that it will read in only enough 

characters to include the 'entire spectrum but not any of the data belong-

ing to the following spectrum. This has to be found by a 'trial and 
1 \ 

error' approach, because the dimension size required will depend upon 

the analyzer channel number output settings. Because of the 100 data ' 

bloc)< records, the array size will always be a multiple of 100. For 

example, in listing A.2., the spectrum is dimensioned as 6600 characters 

',
in lenAh, i.e. 1(6600). To aid in locating the proper array lengt;,, 

\ . 

the progrbmwe will tell the user when the array size is too small or 

too large. Once found, the dimension size required to contain the 

__spectrum will not alter as long as the analyzer channel number output 

settings are not changed. Occasionally, the paper tape drive will miss-

punch resulting in the appearance of alphanumerical characters in the 

spectrum. This programme also checks each character in the data to 

insure that the spectrum consists entirely of digits. if an alphanumeri-

cal character is found,, the character and the column number it was 

located in are identified. The output from REORG is the final completed 

' spectrum as`shown in listing A.3. Channel number 0000 always contains 

the time of observation in seconds. From the listing, the output set-

tings in channel numbers were from 3151 to 3959. 

• 
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Listing A.3. 

0000 0006CC 
3151 000596 000560 000595 000'-6C 000572 000532N000506 000504 000526 

3160 000504 000537 000C32 000572 000574 000625 000632_000682 000679 000691 
3170 000753 000740 000700 00007c 000635 000693 0006_4_4_0000621 000670 000626 
3180 000588 000563 000579 000560 000564 000592 000607 000680 000681 000746 
3190 000804 000898 001000 001C0 00992 001030 000994 000955 000868 000839 

3200 000810 000801 CC0732 000697 000686 000667 000651 000633 000730 000676 
3210 000707 000813 000713 000762 000763 000741 000/17 000733 000653 000651 
3220 0(10644 000541 000606 000583 000644 000632 000682 000792 000912 000994 
3230 001164 001157 001302 001399/001362 001317 001336 001208 001035 000964 
3240 000941 000940 000925 070980 001013 001023 001097 001100 001107 001060 
3250 001090 000968 000961 000854 000800 000743 000698 000662 000638 000604 

3260_000661 000576 000573 000578 000529 1,000573 000563 000582 000655 000672 
3270 000765 000911 000993 00112.7 001185'001243 001317 001281 001248 5.01077 
3280 001010 000915 000770 000769 000727 000666 000633 000635 000581 000574 

3290 000583 000574 000529 0°051:4 000525 000513 000486 000480 000433 000428 
3300 000451 000426 000432 000410 000421 000430 000455 000463 000420 000421 
3310 000416 000423 000422 030407 000401 000386 000455 000414 000407 000401 
3320 000457 000434 0003E4 000412 000381 000423 000458 000396 000424 000427 
3330 000438 00003P1 000406 000383 000392 000379 000371 000385 000428 000424 
3340 0c0437 000427 00423 0,7;0407 000447 000429 000431 000403 000462 006455 

3350 000455 000457 000441 000443 00049b 000419 000451 000480 000510 000483 
3360 000582 000533 000597 000577 000647 000648 000682 000754 000713 000694 
0370 000723 000716 000671 0i)070? 000638 000609 000574 000568 000561 000559 
3380 OG06C7 000547 0005b5 000491 000546 000524 000484 000517 000508 000514 
3390 340.539 000562 000563 4f:0531 000549 000512 000531 000524 000485 000473 
3400 000470 000445 000461 000430 000426 000444 000419 000447 000428 000410 
3410 000426 000410 000400 00039P 000379 000361 000415 000358 000397 000365 
3420 000407 000365 000383 000349 000373 000385 000403 000390 000373 000365 
3430 000378 000411 000411 Ge0296 000393 000371 000342 000408 000379 000361 
3440 000374 000419 000423 00099 4 000411 000420 000427 000446 000420 000453 
3450 000430 000385 000436 0CC285 000399 000413 000407 000381 000408 000402 
3460 000400 000392 000379 000402 000381 000409 000373 000377 000370 000375 
3476 000409 000382 000372 000396 000394 000389 000370 000371 000382 000393 
3480 000-405 000405 000385 000385 0004U6 000406 000372 000396 000422 000349 
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cc r4 00 4 w.-4 Cl 03 0 CQ CD to 0 r, r, tr ,a cn 1-4 r, to ,a cc *.a ch 
4 P (0 Ch O Ul r, CD C cn ND ND h Cl ch 0 .4 ‘4 N0 Cl Cl on 0 .3.0 In Ti 4 cr,o N. co 4 dl ,r 
Cn CI rel 11 4h 01 01 t cn 01 ,r L1 r -r 01 4 crt ,r 4- 4 VI SCI CI 4 4. re) 01 01 01 Co CI en on 
O 00000000000 00 000 0 0 SD 00000 C) 0C) 0000 0 0 

c) CD C) C) () C) <7 (7 0 0 C1 0 CS CI 0 0000 0 0C)0 Cs 000 Cs 0 0 r1 C) 
O (7 C) CD 0 C) Cp CD 0 0 0 C) 0 0 0 CD C) C) ,c7 CD 0 0 0 0 0 C3 C) CD C) Cs Cs 0 C7 CD 

CC) 0 7-1 0 (0 N. 0 0 ul 4 C-4 Cu 07 ND NO C) NO Cu Cu w4 a-4 .0 N. 0 4) N CO 4  01,Cs CD 4) 01 
O 0 00 0 01 4-4 C) 4) ce r, r, C) 01 (7 (in 04 00.0 14 0r, r•0 4 0 -r Cl r, ul NO 0, 
CI 4- m 4 01 4 4 01 4r (n CI LC) 4 4 t 4 4 ,t 0 4 4 4- 01 OD c) 4 -t rn cn en 01 rn cn (I) el 

c> 0 0 0 0 0 CD CD 0 C> C> 0 C> 0 0 0 0 0 0 C) C> C> 0 0 CD C) CS 0 Cs C) CD 0 0 0 
0 0 0 0 0 0 0 C) 0 Cs C5 C3 Cs 0 0 () 0 0 0 0 0 0 0 0 0 0r' CD 0 0 0 CD C, 

- O C> C3 0 <7 <7 C) 0 C) O C) 0 0 0 0 0 0 0 0 Cs 0 0 0 0 0 0 c) 0 0 0 0 0 ciD 0 0 

U) T4 4) 01 01 CD r• 4) No 0 % -t ,1 ."4 ux O ON 4 al 00 CO C') 61 at CO (0 0) N at C'i 11 00 

0 V3 000 al 01 0 01 CC) N v9 Cu N Cr) ,r 0  co 01 C') v4 CU 0 0 co, co CO N P. 4) In
4 41) Ar VI 4 VI C7 CO 4 05 0) lfl ,t at 4-4.44-4444 , 4 VI ,t 4 rn 07 cn V) CI CI V) 01 VI 
O Cs 0 0 c) 0 0 0 0 C) 0 0 0 0 C) 0 0 0$ 0 0 0 CD C) 0 0 0 C7 0 C) C) 0 0 0 0 
C) (7 0 C> CD CD 0 CD C) C) 0 CD 0 CS 0 0 0 0 0 C) (> CD 0 Cs CS C.O0000 Cs C) 
Cs 0 Cs Cs C5 CD 0 0 0 0 0 0 C) CI 0 0 0 CD C) C> C) 0 Cs 0 0 0 Cs 0 <7 C) CD C) 0 0 C> 

CD ND ci.0N 0) In CS Ch 1,1 Or.01t.01CC CD.r, C14 U) VU rs r, o Cs (0 r, CM cc r, 4 0 
01 () C1 01 Ch P. Ul P. U.' P.M') r, oa c> Cn'4" r7Cnn C) Crs co cn U? u) (1) rn ND 
rn -t el en 01 CI 0) 07 VI 4r 4 (n r c) 4 -t.1', 4 a 4" .t 4 0D 01 014 ('1(') CI 01 VI cn (I r) rn 
c) 0 0 0 C) 0 0 CN C) C) C) 0 CD 0 0 0 0. C) 0 Cl Cs C) 0 CD CN 0 0 0 C) C7 C) 0 0 C) 
CS C3 C) 0 CD 0 C) 0 Cs C> 0 0 0 0 0 CD Cs 0 0 C> C3 C7 C) CD C) CD 00 CD 0 0 0 C7 C7 C) 
0 -0 CD Cs 0 0 0 C> 0 0 0 0 0 0 0 C> 0 0 0 0 CT O C) 0 C7 C) 0 CD 0 0 0 0 0 

N PD (In po Ch r, co 4 0,0 DO 0 C) 01 oD 0 P. .0 CC 0 po -4N'000  cl oo (O4 OD OM Cel 0 CD 
C) r, ND CD CN Ch ND Ch ON ID ND Cs N4 CI 04 CD (0 VI C) CD CI CD rn cC op J3 Ul rS 4r 

4 0) rl 4- 01 C) 01 r) mC7 0 4 CD 4 4 - 4 4 ar 4 4 44 (n 4r 09 07 cn en en (In 0) cn 
C> 0 0 CI 0 0 C> 0 0 0 0 CD 0 0 C) 0 <) CP 0 0 0 0 0 C) 0 0 C) 0 0 0 0 C) 0 0 0 
O 00 0 CD 0 0 C C) CD 0 0 CD Cs CJ C) C: C) 0 0 0 C7 C7 CD C) 0 CD 0 C) 0 0 0 
0 C) C) C) C) 0 0 0 CD 0 0 C) CD 0 C) 0 Cs CD C) 0 0(7 0 C) 0 0 CD CY 0 0 C) C) C> 0 CD 

aJ Cm m5 0 LI 4 C% Ul Ul CI C) ND 04 w r, r1 r4 0 07 r, C) 0 4 01 01 ci T4 CU w4  V4 Cl cr) el T4 01 
01 Ill Cn 01 4) 01 01 SO C) 0 Lf3 0 01t01 C1 ws PJ 11 Al OJ C) a) 0 DI 1.4 N) CO 4) MD r, (\I x) 
cn et el rn 4 CI CO cn vn 4 4 t() m m el 4 4 4 -t -r 4 0) -r (In .4. 4r e) e, r7 (n CI CD 01 
C) 0 0 0 C> 0 C) 0 0 0 C) CD 0 CD Cs 0 0 0 0 Cs 0 0 0 CD Cs C) 0 0 0 CD C) O CD c) CD 
0 CD C) C7 0 0 0 0 Cs CD C) 0 Cs 0 C) 0 0 C) Cs 0 C5 CD CD 0 CD C, 0 CI 0 () cD CD 0 0 CS 

0 0 Cs 0 0 C> CD Cs C> 0 0 0 C> C) C) 0 0 C) CD 0 0 0 CD 0 0 0 C) 0 0 C) C) 0 C) 

C- C 01 04) (v) 04 4/ NL (4, 4 r, T-1 Cw• 61 -t Ul U In ‘. U) T- 4 V-. Ul NU 
Ts (Pl 0 C1 Ul CM F. N.9 C1 cn 0 4) CM Ts r( V) C) CM 0 r, .14 0 c) 0) N  vs CU NO t, %0 4 4 0 

C, 4 Cr V) C'. (NY) e) 4 41 4 4 4 +4 4 CI -r 4 4 4 Cr) e/ 4 -1 Cr) C') t't r) (T) C, eE (,) 
0 CY 0 CD C7 0 0 0'0 CD C) CD <) C3 CD 0 Cs 0 0 00 0 c) C) C) C) 0C) 0 0 0 0 0 0 0 
LI 0  CI 0  (-) 0  0 (1 C (7 0 0 C' 0 0 C) C' C. C is r 0 Cl c) r c) • c, r1 0 0 c) 
0010000000000000 C) CD CO 0 <7 CD C) 0 C) CD 0 0 C3 0 0 <7 C) 0 C7 

(0 NO 0.1 Cl 4 P. 0) Cu ND C) (11 In 4 P. Cl 4r u) un VI In N r c) on CC 000 0) ul <3 co r 0) 
P. 4) P. P. Ts +40 Ts 0 C1 01 () r, ,4 c) (n CU q0 .0 0 4 CA 0 C1 ND CO TA F. 49 Ts 4 if) 0) Cl 
(9 fl ( (') ar 4 4 4r CI CI ,t V) Nr 4' 4 (9 ,r U) -t C9 C9 PI V) CI 4 Co) (').r (,) (T) (v) y) 
O 0 c> c) 0 0000C3QQ0 0 CD c) CD Cs 43 0 0 0 C) C) CDP 0000 0 0 C) C) 0 
U0 ( (7 0 0 0 0 CD 0 0 0 0 0 L.) 0 0 0 0 0 0 0 C3 0 C3 (7 0 (...) 0 c.) (1 () c.) 

.) C) 0 0 0 CD C) C3 C) 0 (7 cs c) 0 CD VC) CD Cs 0 43-0 0 C7 0 CD 
11 

.t 150 LI 00 trl s.4 Ul P. C') V) (1)-,t' O4 en Oh -.4 001 CO cn Cl 07 CU 4 0 C7 T4 .r ws 4- 4C.) 

80071 CU to cn P. 0 P. C) 4.4 4 -r a> c> CM CU Ts on k4) CI oD 1/40 r, %.C) q) qa -r Cu 

4) 
0

L
i
s
t
i
n
g
 A
.
3
.
 

04 in 4 ) VI (90'7 en 
(7 0 0 0 0 0 0 (3 (7 0 
C7 (7 Or .) 0 0 () (7 (7 0 (7 
Cr(3 C) C3 (7 (7 0 0 C3 

u) u) 4 -r -r -r 4• -r 4P 4r 07 01 0)C) 401 0) C101 (1 V) 0) CI 
4.) 0 o 000 ) o o o 0 0 C) () 0 0 (3 0 0 0 
0 (7 0 0 0 0 0 0 0 0 0 0 0 0 0 Duct 0(..) CS 0 () C.) 
() (3 (7 (7 0 () 0 0 C) 0 (7 (7 C7 (7 (3 Cs CD C7 0 0 C> 

N Cl Cl 0 41 mD 0) ar Ch ul 4 P.. Ts 00 0 CM CL 0) T4 C7 CU () NO T( cl r• CO at In CI N CD 
Cl D DU Of VD (r) CO A Cl CO h rC O (ci cl cu c) xp r4 ,r rA Fe r4 W 01 c) VD a) 0 CO No ND V) 
CD (1 0) Cl 01 CI CI CD (I () 0) ar ,t 4 "r 4 4 CD 4 .r ,t 4  4 , .t Cl 4 m Cn-cD (1 CI (n 09 
CD CD <D 00 C) <7 0 C) 0 CD 0 0 00 C) C) 0 C) C> 0 C) c) C) cs 0 C) 0 C3 
0 Cs 0 Cs CD 0 0 (7 CS Cs () (7 CS Cs (7 0 Cs <3 CD L7 05)00 05)5) 07 0 0 0 (' 
CD C) C3 CI C) 0 C) C) CI 0 C) C) C) 0 c) 0 0 "7 C7 Cs CD C7 C) C) r) Del cl C) 0 C) 0 0 

Cs 0 C) Cs CD C) C) C) C) 0 C) C7 0 CD 0 C> C) 0 CD CD CD 0 c) () 7 C7 0 0 CD CD <7 CD 
On 0 .4 OJ CI 4 a) r.) P. CO 01 C) r4 CM m) 4 m ca r, CO y% ro vl 4 ul ,D N. oo cm 0 1-4 DJ VI 
4 0 0 vs .r) 0 0 01 0 un U1 mD m5 JD 4) ,1 41 %.0 4) 4) r, r, P. IN r, r, r, r, r, r, ml 61 6':$ co 
Cn 01 (T) C9 0) CI CI VI C') 01 CO PI 01 C9 0) 07 Cr) 07 07 07 Cl 0) cl7 01 (n 09 (17 0) CD 01 OD CD Cl 07 C') 
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IP 1', 47P C) 41"1 r4 4 .01 oc 
oP co 41 0 TI G5 CO sO 0 4 

CO OS Co co CO vf CU Cl) co 01 (1 
0 Cs 0 0 Cs 0 1-4 r4 Cs C) C) CS 
0 CS r) 0 0 0 0 0 C) C) 0 0 

C) 0 0 0 CS 0 Cs CS 0 C) 

▪ 14 54D (V (U Ul in 0 tU V4  U) 
4- Ln P. CO Ch el up ccid3 r, 

0CO 09 01 01 co 0 4t Vl 01 Cl co 
O 0 0 0 0 0 rt 0 0 0 0 
0 0 C) 00 Cs 0 Cs 0 c3 Cs 0 
0 Cs 0 0 0 0 0 0 0 000 

CU d .J) N T4 (TIC) 6411 T4 CO 
ITS C8 Ll tO 0 N N •341.43 4- Cl 
01 01 (In CI 4 07 oa 4s qr) s 01 01 (1 
O 00 000 0,1 00 00 
0300 000 Co 0 0 0 0 0 
o o0 00 c3 0 C) 0 0 0 

co CO PS VS L'S N %0 (D. 
• ,o ("I u) r, co o0 ca in CI V) 
V) C) V) 11 e, () r, f- Cl C/ 01 
0 0 0 0 0 0 0 v4 0 0 0 0 
O 00 Cs 0 C) 0 0 CS 0 CS 0 
Cs CD 0 CD CS CD 0 0 0 0 CS Cs 

O C) 0 W4 U) 5.0 N C') c) 
4.0 4 0 ,t 0 0V) .r4 Cl r. 01 
CD fn CI 01 P) 3 q, co r, # (r) (7) 

O C) 0 0 C) 0 0 e4 0 Cs 0 CS 
000 C3 (3 CS CS CD 0 0 CS Cs 
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\\\\AlkIPENDIX B 
' 
.,, 

B.1. Evaluation of peak areas and sati<cal precisions 

All peak intensities (except for the P34-Th 0.0925 MeV doublet 

intensity in the x-ray spectroscopy experiment) were measured_using the 
I -...-. 

subroutines listed in tnis appendix. Peak intensities were evaluated 

by summing approximately between FWHM (full width half maximum) for the 

peaks and subtracting the appropriate trapezoidal backgroundc &s shown 

in figure B.1.,..-From this figure, tne background y' for a particular 

channel number x' under the peak is estimated by. the following equation.

  B.1
(X1 = X2) 

where xl and x2 are channel numbers on the low and high energy side of 

the peak respectively,' and yi and y2 are the number 9f counts in channel 

numbers xi and x2. Four sequentially Called subroutines were written 

to perform this function. The peak intensities to be measured -are 

determined externally by a control file read in by the main programme. 

The first subroutine called by the main programme is LOWBKGRD, 

listing B,1. This subroutine measured the average background intensity 

over a number of channels, as selected by the control file, on the low 

energy side of the desired peak. The value is assigner' to yi. 4 

Subroutine HIBKGRD, listing B.2, follows to measure in the same 

fashion the average background at channel number x7, that is pi Since 

the multichannel analyzer can outpnt,a maximum of 1000 channels per 

spectrum, the main programmes in appendices DAE, F and G all initialize 
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Listing B.1. 

SUSRel.:TINE LC% 4eKCRLIrtCrL.N1,N01,SUM1AAVE1INCNTSOC W AN) 

C , 
 

A 

C THIS SUBRCUTINE CALCULATES THE AVERAGE BACKGReU*.:0 
C CN SHE Lei, ENERGY SIDE CF A PEAK. THE LOCATION .
C AND WIDTH IN CLAM EL NUrBERS OF THE AVERAGED BACKGRCVND
C ARE DESIGNATE C BY AN EXTFKNAL CONTROL FILE READ IN 
C DURING If< M v MAIN PRCGRArE.
C 

CIMENSICN NCNTS(1) 
INCEX=NCFLN1-NCHAN+1 
KEND=INCEx+Nci..! 

SUMai 
Cf.! 1 IFINDEX,NEIsC 
SUtqcSUri+NCNTSCI) 
AvEI=SurliNC1 -

RETURN 
END 

• 
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Listing B.2. 

. . 
SUBROUTINE HIBKGRD(NCHLN1,N(;3RSU3,AVE3,NCNTS,NCHAN) 

C 
C THIS SUBROUTINE CALCULATES THE AVERAGE BACKGROUND ON 
C THE HiGh ENERGY SIDE CF A DESIGNATED PEAK. AN ERROR 
C vESSACE,IS I55cEe AS A PRECAUTIt'N AGAINST PROCESSING 
C EXTRANEOUS DATA. 
C 

DIMENSION NCNIS(1) 
INDEX=NChLN3diNCHAN*1 
NEND=INCEX4433-1 
SUM3=0 
DC' I. ImINDEX4 NEhe 
IF(-NCNTS(I)iLT,C)GD TC 2 

I SUe3=SUM-3+NCNTS(I)
AVE3=Sur3iNO3 
RETURN 

2 %RITE(6,3)I 
3 F3RrAT(5X,INCNTS(,,I3. 1 ) ****** 1 ) 

STOP 
END .. a 
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J 

the one dimensional array containing the spectrum to as a precaution 

against processing data that were not originally present in the spectrum. 

. This subroutine warns the user when negative values are ,being encountere 

The total peak area is then found by subroutine PFAK, listing 8.3, 

simply by summing up the content between. two channel numb Jrs as pre-1

determined in the external control 

And finally, subroutine AREA, 1 istinq f3 4, alculates the slope of 

the straijht. -14ne_between (yi ,,x i ) and (y., ,x2 ). 

-`, .the trapezoidal background is determined acl-d 

peak area to give the net peak area, 

measured peak -4s evaluated from. 

By using _equation B 1 

_auhlracted from the total 

The.statistica,1 precision of the 

• 10044711 
( r b 
10' - 

where N and n are the total counts under a pets and the-h_ackground 

under a peak respectively and 5N(ti) s the relative standard coillitirig-T--„ 

• 

8.2 

error . Typical output from the four subrouttnes is given in listing 

B.5. 

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission. Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.



• 

• 0 7 

U 

L 

• 

a 

• 

.. tr• 4 
-.3 al ...: 
2 •-d 

..., •Z _I 
__) U 

U J •••• 1-1 ..? 

•." .1 •-• + I 
...... 

s"" > "-. •!.. ilf 0 •-• 

-----------------.... 
NC 41 . 
4 

tf) 4 .4 Z 1..11, 
• 1- ..:. -1 til 

• 

--- 
--"------________ til LAI )4 . 4 U .g. .4.. V) .0 • CO d: .1 U 4 0 4.• h-

- ;'....-4 (a1 4 i Z. X .4 
1-- el. -.... , ..t •••• cLI ta 

- 2.
Lt c) La • -I X "" .e + 
4 (t ILI 2 A. L..1 ' - 1 --
'-e O.) I— Cl U L.) if 1

... 

I- ::.) .2 ' ' L .? •-• :.) 
--) (1) .4. if) 0 •-• u (r) 4 
t) (.1 Z X ft IJ .1 II CE: 
Cf. V) P 4  L•1 I•2 LI Id CU -.) 

. ...) ...• 7. W I-1 d .  LU D C.) :.." Li Z CO CP I- L. t..1 •-• Z 0 CI tfl X 1.11 

4J

r-
▪ UUUU 

• 

- 270

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission. Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.



R
eproduced w

ith perm
ission o

f the copyright ow
ner. 

F
urther reproduction prohibited w

ithout perm
ission 

LIstIng B.4. 

SUBRCLTIICE AR=A(AVE1/W4,AVC3ANO4LN1oNCHLN3.',XPLN4/N HL.N5,NO2) 
C 
C THIS SUBRCUTINE CALCULATE THE A.CT PEAK AREA AND 
C TwE STAN:;ARD CCLNT1NG EfigUR F'IR 4 DESIGNATED PEAK. 
C 

SLCPC7(AVE3.*AVE1)/(%Cl-q. 3•NCE.LNI) 
C 
C DETER14 INATNN cr TRAP;E7M'At. 6Ac<GROUN0 
C 

Y1sAVE1+SLCPE*(hCi-L\,4-NC E.N1) 
Y2=AVEI+SLCPE*(NCI-LN5.NCK. 4.1) i
IP((Y1..Y2).LE.0)GC Ti" 10 
DiFF=Y1..Y2 
TRAP2=(Y2+DIFF*0.5)*he!2 
CC TL 2C 

10 C/FFacy2-yl 

TRAP24(Y1+DIFF*0.5)4h12 
20." NAREfASLV2-TRAP2 
C 
C CALCULATICN CF STATISTICAL Cf,‘UTING ERPOR 

EprzeP=SCRICSU:- 2+TRA021 
FiRRCR=1604ERRCP/NARrA 

C 
ruTPur RECU1REC 

C 
^FITE(6,200C)AYE1 
NRITE(6,30C0)4VE3 
ePITE(6,4000)SL 1̀2 
..RITE(6/5000)NAREA 

edRITE(6,6C0C)ERRCR 
.RITE(6/70C0)RPRCR 

2000 FMAAT(040X/IL'W SrDE AV1PAGE BACKGRCUND(Cd'UNTS) 
3000 FOR"AT(C40X,ft,IG)- SID AvrRAGE BAcKGRouND(couNTs) 
4000 rORrAT(C40X.,TCTAL AREA (d,DER PEAK(COUNTS),10 /./I8) 
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Precision evaluation procedure 

As described by equation 3.7, the total variance of a measurement 

performed with the X-ray or y-ray spectroNeter is the sum of several 

terms. ,In this appendix, the variances resulting from errors related to 

the spectrometer are determined, i.e., 

, • 
s 2 s + 2 2 

T U T 0 
  C.1 

The standard counting error, SH, has twofold significance: (i) it 

represents the maximum precision attainable, and cannot be eliminated 

from a proceis based on counting photons as it depends' only orthe total 

accumulated count,; nd (ii) it can be accurately calculated and used as 

a standard against hich to evaluate the precision actually attained. 

The method used throughout this work to evaluate Su for a measured peak 

intensity is fully described in appendix B. 

Instrumental errors generally consist of short-term and long-term 
• 

veriatlons.- The former occur from moment to moment and/or over the 

duration of a series of analytical measurements and are caused by varia-

tions in. (i) ambient temperature, pressure and humidity of the labora-

tory, (ii) the.ac power line, and (iii) the operation of the 

electron'ic detection, processing and output components. Long-term fluc-

tuations occur over a period of several days to many months and are 

generally due to aging 'of instrumental components. Operational errors

consist of•slight non-reproducibilities iii instrumental settings. It is 

essentially dependent on the amount of backlash in the controls and on 

the attentiveness of the operator. 

- 2M-

V 

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission. Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.



The evaluation of long-terM instrumental error,' Sly, is generally 
. . ; C 

performed by simply loading a spekimen onto the spectrometer and record,

ing many consecutive measurements of,a spectral line intensity over a 

period of several months, without disturbing the spectrometer settings 

or sample. The selection of a proper *amen is important as it must 

preseRt a consistent surface to the source and detector over this ex-

tended period of time. A plane, smooth, thick rigid piece of homogeneous 

metal - preferably a pure element - is desirable. The standard dev iation, 

SI, is calculated for the entire set of measurements and compared to the

counting error, Ste whist) is determined from the average number of counts 

accumulated during the counting duration. Any significant difference 

between these two values may be attributed to some type of long-term 

• 
instrumental, error. The variance for this instability is. 

5I12 = S1 2 - s1,21 ,   C.2 
1 

if the data are collected in sets of 10-20 consecutive measurements, each 

set taken at regular intervals throughout the entire series, the short- . 

term instrumental error, Sis, is then calculated by determining the 

standard deviation, S2, of each of the individual sets and comparing 

them to 
S1 

in the 'same manner as before. The variance for this instabi-

lity is. 

SIS2 r'i 22 - SU2 I  
C.3 

i 
To determine the operational error, SO' 

a series of measurements is made 

without disturbing the specimen; after each measurement, all instrumental 

controls are reset. The standard deviation of the series, Ss, is calcu-
, 

lated and the variance given by. 

I -275-
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/ 

s02 - 537 - 522 C.4 
, 

For this precision dridlysis of the X-ray and ,f-ray spectrometer, a 

slightly different procedure was adopted': To perform the"long-term 

instrumental analysis as desce*d above, would inconveniently involve 

both spectrometers for many months since both units share a common data 

processing and storage facility. If one spectrometer was occupi d with 

aprecision analysis, it was desirable to 'utilize the other for supple-

mentary work. Due to this fact, the analyzer settings were continually 

being changed and t,06 the long-term instrumental evaluation would also 

include the operational variance. To facilitate this, the short-term

instrumental error was initially, tentatively assumed to be zero and the 

operational error evaluated first, i.e. 
,-

t 4 

S0' 
- I5

3
2 - s

N
I   4c . 5 

. 

The operational variance was then subtracted from 512, to reveal the 

long-term variance. 

SIL2 = Is 12 - 5ti2 - s021   C.6 

For each set of 1,q\-- 20 measurements, the instrumental settings were not 

changed so the short-term instrumental error was then calculated by 

equation C.3. The short-term error, if present, was then sub i tr,acted 

from the operational error. 

C.2. X-ray spectrometer precision analysis 

The precision analysis of the X-ray spectrometer was performed 

using the L X-ray source and holder described in section 3.4,2. The ' 

specimen consisted of a thick, lead plate whose surface was initially 

- 216 - 
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0 1-

machined flat and polished. Once in place, the specimen was not disturbed 
' 

for the entire precision evaluation procedure. The spectral intensity 

measured was the Pb La ia2 peak at 10.6 keV(12) in all cases. 

C1.2.1: Operational error precision analysis 

Using an observation time of 3 minutes, 21 consecutive intensity 

measurements were recorded. Before each spectrum was taken, all the 

-ray amplifier and ADC controls were turned to their opposite extremities 

and then reset to the values listed in table 9. The operational error 
4 

precision data are presented in table C.1. The relative standard devia-

tion about a mean value for the set of 21 measurements, S3, was calcu-

lated. 

C.2.9. instrumental error precision analysis 

Using the same counting duration of 3 minutes, 10 sets of 15 spec-

tra each were recorded. A two week interval followed each set of measured 

intensities so that the entire procedure required 20 weeks to perform and 

150 sp'ectra to complete. The data, divideu Into sets, are shown in table 

C.2. The coefficient of variation for the entire series of data, S1, was 

evaluated. In addition, the coefficient of variation for each set, Si, 

was determined. 

C.2.3 Preciiion analysis summary 

Before evaluating equations C.5, C.6 and C.3, the F ratio test was 

applied to determine if the differences between the measured standard 

deviations of the appropriate data sets (SI, Si and S3) and the average 

- 277 
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• 

Table C.1, 

Data for operational precision analysis for. 

the X-ray spectrometer 

ti

a 

Pb La ia2 Intensity 

(xi) 

• 

4240 

4800 

4540 

4480 

4300 

4880 

4040 

3860 

4640 

4600 

4380 

4720 

4340 

4120 

4420 

4760 

4280 

4360 

4 580 

3960 

4380 

era (Xi - (X.1 - X)- 2 x 10 
± ( z ) 

b.,11 =MPS g•-T s ..1•=17.7rIr ...12 

7.08 

6.65 

6.75 

• 6.79 

7.03 

+ 6.55 

7.31 

7.41 

6.75 

6.78 

7.08 

6.72 

6.91 

7.17 

6,87 

6.66 

7.05 

7.01 

6.75 

7.38 

6.99 

41. 

4413 

53 - 

-1/3

+387 

+127 

+ 67 

-113 

*467 

-373 

-553 

+227 

+187 

- 33 

+307 

- 73 

-293 

4 7 

+347 

-133 

. 53 

+167 

-453 

- 33 

- 778 - 

3.00 

14:95 

1.60 

.44 

1.28 

21.78 

13.94 

30.62 

6.14 

3,48 

.11 

9.41 

.54 

8.60 

.00 

12.02 

1.78 

.28 

2.78 

20.55 

.11 

- 152.43 
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Table C.2 

Data for long-term and short-term instrumental 

precision analysis for the X-ray spectrometer 

Set Number 

Pb Laia2 (xi - X) (xl - 302 x 10-4

Intensity S
N 

short-term long-term short-term .long-term 

(xl) ±(%) 

5160 6.36 .+589 +626 34.73 .39.24 

4300 7.03 -271 -234 7.33 5.46 

4560 6.78 - 11 + 26 ._OI .07 

5000 6.47 +429 •466 18.43 21:75 

4100 7.21 -471 -434 22.15 18.80 

4030 7 19 -491 -454 24.08 _20.57 
4 540 6.89 - 31 + 6 '.09  .00 

4560 6.76 - 11 + 26 .01 .07 

4500 6.68 + 29 + 66 .09 44 

4600 6.73 ., + 29 + 66 .09 .44_ 

4380 6.88 -191 -154 3..64 2.36 

5220 6.37 +649 +686' 42.16 47.11 

4560 6.76 --II + 26 .01 .07 

4560 6.75 - 11 + 26 - .01 • .07 

4340 6.90 -23) -194 5.32 3.75 

,-- 4571 
S2 = 7.35% 

= 158.15 
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Tabl 2 continued 

, 

Set Number 

Pb Laia- 

Intensity 

(xi) ' 

- 3C) 
. (x1... - 7)2 x 10-4

5N 

I(%) 

short-term long-term short-term long-term 

4000 7.27 -592 -534

+6

35.05 28.47, 

5200 

4700 

6.29 

6.63 

+608 

+108 +166 

36.97 

1.17 

44.41 

_ 
2.7T 

4600 6:78 + 8 + 66 .00 .44 

. 4700 6.66 +108 4166 1.17 1 2.77 

4460 6.81 -132 ' - 74 1.74 .54

4860 6.56 +326 7.18 '10.66 

.•.-2 4360 6.96 -232 -174 5.38 3.01 

4400 7.00 -192 -134 3.59 1.78 

4720 6.59 +328 '4186 1.64 3.47 
- 

4460 6.90 -13 - 74 1.74 .54 

4620 6.75 + 28 + 86 .08 .75 

4540 6.80 - 52 + 6 \ .27 .00' 

5000 . 6.56 +408 +466 \ 16.65 21.75 

4260 6.97 -332 -274 11.02 7.49 

= 4592 123.74 

S2 - 5.47 

• 
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Table C.2 continued 

_Pa Lala2 (x) - X) (x1,- 302 x 10-" 

Set Number Intensity 

- (xi) 
S
N 

te,) 

short-term 
. 

long-term 
. 

short-term 
. 

long-term 

4960 6.47 +524 \ +426 27.46 18.18 

4460 6.92 + 24 - 74 .06 .54 

r•
4340 6.97 - 96 -194 .92 3.75 

4260 7.04 -176 -274 3.10 7.49 

4300 7.00 -136 -234 - 1 85 .5.46 

4840 6.53 +404 +306 16.32 9.39 

3960 7.39 -476 -574 22.65 32.90 

.1t3 44'80. 6 85 t 44 - 54 .19 . .29 

4640 6,75 +204 +106 - 4.16 1.13 

4480 6.77 -6- 44 - 54 .19 • .29 

3960 7.18 -476 +-574 22.56' 32.90 

4180 7 11 ' -256 -354 6 55 12.50 

4800 6.60 +364 +266 .13.25 7.10. 

4380' 6182 
.
- 56 -154 .31 ' 2.36 

4500 6.93 + 64 - 34 ". . .41 .11 

-A- = A935 E = 120.01 

e 
4' 

S2 = 6.60% 4 . 

0 . 

I 
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Table C.2 continued 

Set Number 

Pa Lula2

Intensity 

(xi) 

(x,, x10-`' 

short-term long-term short-term - long-term 

:t4 

4280 7.08 

4640 6.76 

.72.80 6.87 

4840 6.63 

4580 6.74 

4180 7.11 

4480 6.85 

4480 6.85 

4460 ft .01 
>6.80 4480 

4680 6,69 

4900 6.53 

4760 6.69 

4000 7.40 

4260 7.15 

-213 

+147 

-113 

+3t7 

+87 

-313 

- 13 

- 13 

- 33 

- 13 

+187 

+40/ 

+267 

-493 

-233 

= 4493 

S2 = 5.57% 

-254 

+106 

-154 

+306 

4.55 

2.15 

1.28 

12.02 

6.43 

1.13 

2.36 

9.39 

+46 • .75 .22 

-354 9.82 12.50 

- 54 .02 .29 

- 54 .02 .29 

- 74 :11 .54 

- 54 .02 .29 

+146 3.48' 2.14 

+366 '16.54 13.43 

+266 7.11 5.13 

-534 24.34. 28.47 

-274 - 5.44  7,49 

= 87.65 
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Table C.2 continued 

Pa Laia2

Set Number Intensity 

(xi) 

S
N

±(%) 

(x ) ( x - 10-4

short-t61n 

- 

long-term short-term long-tern 

4720 6.6g +181 +186-- -3.29 3.48 

4860 6.54 +321 +326 10.33 10.65 

4500 6.81 - 39 - 34 .15 .11 

4380 - 6.88 -159 -154 2.52 2.36 

4780 6.62 +241 +246 5.82 6.07 

4280 6.98 -259 -254 6.69 6:43 

. 4300 7.03 -239 r234 5.70 5.46 

4720 6.69 +181 +186 3.29 3.47 

4160 7 21 -379 -374 14.34 13:96 

3780 7.57 -759 -754 57.56 56.79 

4460 6 87 - 79 - 74 .62 .54 

4360 6.98 -179 - -174 3.19 3.01 

4620 6.71 + 81 + 86 - .66 .75 

5140 6.35 +601 +606 ' 36.16 • 36.77 

5020 6.50 +481 +486 23.17 23.66 

= 4539 E = 173.48 

SzT.= 7.76% 
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Table C.2 contInued 

Set Number 

Pa Lai a2

Intensity 

(xl ) 

S
N 

±(%) 

(x i) (xi - 702 x 10

short-term long-term short-term long-term 

5000 

4740 

6.37 

6.67 

+339 

-139 1.92 

+466 

+20521 - 

15.86 21.75 

4.26 

4280 7.01 -321 10.35 6.43 

4680 6 72 . + 79 .62 2.14 

4820 6.57 4-219 4.78 8.20 

4620 6.65 + + 86 .03 ' .75 

4480 6.86 - 54 1.47 .29 

4:6 4840 6.66 ;12213 +306 5.70 9 39 

4560 6.78 - 41 + 26 .17 .07 , 

4540- 6.77 - 51 + 6 .38 .00 

4600 6.79. - 1 + 66 00' .44 

4660 6.69 - + 58 +126 .34 ' 1 60 

4400 6.89 -201 -134 4.05 1.78 

4320 7.04 -281 -214 7.91 4.56 

4480 6.79 -121 - 54 1.47 .29 

= 4601 `-tt 55.08 

S2 = 4.31% 
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Table C.2 c.Q414!Hued .., 

Pb Lala2 (xl - TO- {x. x 10-4

Set Ntanner\ Intensity S
N 

short-term long-term short-term long-term 

(xi) -±(;',) _ 

5160 6.37 
____....,-3 

4720 6.71 

4440 6.97 
L. 4520 6 94 

4600 6.79 

• 4460 ,. 6.84 
NI co 4540 6.86 

, 41 4200 7.05 

4620 6.83 

4620 6.76 

4600 6.84 

4340 7.0a,_ 

4560 6.7E1

3740 7.61 

4480 6.85 

+653 

+213 

- 67 

+ 13 

+ 93 

47 

+ 33 

-307 

+113 

+113 

+ 93 

-167 

+ 53 

-767 

- 27 

1 

i 

+625 42.69 39.24. 

+186 4.55 3.47

- 94 .44 .88 

- 14 .02 .02 tT" 

+ 66 .87 ' .44 

- 74 :22 .54 

4- 6 .11 .00 

-334 9.40 , '11.13 

+ 86 1.28/ .15

+ 86 1.28 .75 

+ 66 .87 .44 

-194 2.78 3.75 

+ 26 .28 07 

-794 58.78 62.98 

-54 .07 .29 

5C = 4507 

S2 = 6.59% 

E = 123.65 
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Table C.2 continued 
J 

Set Number 

Pb La lag

Intensity id 

(Xi ). 

S
N 

±(%) 

(xi - 0 . (x i  -. 302 x 10-4 

short-term long-term short-term long-term 

1 

4880 6.55 +368 +S46 13.54 12-.00 

5020 6.51 +508 +486 25.81 23.66 

4160 7.25 -352 -374 12.39 13.96 

4920 6.52 +408 +386 16.65 ;4.93 

4100 7.25 -412 -434 16.97 18.80 

4400 6.91 -112 -134 1.25 1.78 

4620 6.79 +1 13 + 86 1.17 .75 

48 4300 

4800 

7.03 

6.51 

-212 

+288 

-234 

+265 

4.49 

8.29 

5.46 ... . 
7.10 

4560 6.75 + 48 + 26 .23 .07 

4200 7.05 -312 ,'.. -334 9.73 11.13 

4340 6.91 -172 -194 2.96 3.75 

4440 6.98 - 72 - 94 .52 .88 

4520 6.74 +108 +86 1.17 .75 

4320 6.96 -192 -213 3.69 4.56 

I. 

x- = 4512 z .-- 118.86 

S2 = -6. 46% 
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Set Number 

dg 

Table C.2 continued 

Pb Lotia2

intensity 

(xl) 

S
N 

±(%) 

(X.1 - - :02 x 10-" 

short-term - long-term short-term long-term 

4540 6.86 - 35 9- 6 .12 .00 

4780 6.65, + 205. + 246 4.22 6.07 

4580 6.53 + - + 46 .00 .22 

4640 6.81 + 65 + 106 -43 1.13 

4500 6.80 - 75 - 34 .56 .11-

3380 7.90 -1195 -1154 142.72 133.08 

484w 6.51 + 265 + 306 7 04 9.39 

0 6.99 - 235 - 194 5.51 3.75 

.4380 7.05 - 195 - 154 3.79 2.36 

4840 6.68 + 265 + 306 7.04 9.39 

4520 6.88 - 55 - 14 .20 .02 

502a 6.41 + 445 + 486 19.83 23..66.

4840 6.55 + 265 + 306 7.04 9.39 

, 4620 6.74 + 45 + 86 .21 .75' 

4800 6.68 + 225 + 266 5.08 7.10 

x --, 4575 E = 203.89 

S2 = 8.34% 

e 
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Table C.2 continued 

Pa to lag

Set Number Intensity 

(xi) - 

S
N 

±(%) 

4760 6.72 

4220 7.13 

4820 6.61 

4600 6.78 

4140 7.14 

4200 7.09 

4100 7.15 

4460 6.96 

4700 6.71 

4340 6.93 

4480 6.91 

4940 6.51 

4920 6.53 

4540 6.75 

4440 6.88 

short-term. long-term 

X- = 45i) 

S2 = 6.15% 

For total datai jn tabl . 4534;81 - 6.54%; ST1 = 6.83% 

+249 +226 6.21 5.13 

-291 -314 8.45 9.83 

+309 +286 9.57 8.21 

+ 89 + 66 7.98 .44 

-371 7394 13.74 15.49 

-111 -334 9.65 11.13 

-411 -434 16.86 18.80 

- 51 - 74 .26 .54 

-089 _;166 3.58 2.77 

-171 -194 2.91 

- 31 - 54 .09 .29 

+429 +406 18.43 16.52 

+409 +386 16.76 14.93 

+29 -+ 6 .09 .00 

- 71 - 94 .50 .88 

= 107.91 

E = 1308.41 
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Table 0.3 

Application of the F test for equality of variances resulting 

, from instrumental errors within the X-ray spectrometer 

Dispersion 

Measured 

Number of 

Determinations 

Coefficient of 

Variation (%) 

Average Relative 

• Counting Error (%) 

F
cal 

Ftab • 
@95% 

Ftab 
@99% 

53 21 ±6.26 ±6.83 ' 1.19 1.87 2.47 

Si 150 ±6.54 ±6.83 1.09 1.29 f.43 
• 

S2 5 set 21 15 ±7.35 ±6.83 1.16 2.16. 3.06 

52, set 22 15 ±6.47 ±6.83 1.11 2.16 3.05 

52, set 23 15 ±6.60 ±6.83 1.07 2.16 3:06 

52, set 24 15_ ±5.57 :t6.83 1.50 2.16 3.06 

52, set 25 15 ±7 76 ±6.83 1.29 2.16 3.06 

52, set 26 15 ±4.31 ±6.83 2.50 2.16 3.06 

S2, set 47 15 ±6.59 ±6.83 1.07 2.16 - 3.06 

S2, set 28 15 ±6.46 ±6.83 1.18 2.16 3.06 

S2, set 49 15 ±8.34 ±6.83 1.49 2.16 3.06 

S2, set 210 15'. y ±6.15 ±6.83 1.23 2.36 3.06 

• 
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counting error, SH, were significantly different*. The measured Pb 1.4142

intensities are in units of counts/hour, however,, the actual counting -----'-
, 

duration was only 3 minutes. The mean intensity for the entire ernes"-- ' 

of 4534 counts/hour was established by an average pol,latio--n of 227 

photons per peak. Therefore, when using thee.- o1, tables, the number 

of degrees of freedoM for the aver counting error, SH, was taken as 

200. The number,of de _nee of freedom for the appropriately measured 

standard deviat n was one less than the number of measured intensities 

recorded in the set. The F ratio was calculated by: 

F
cal 

S
a
/S

b
21r C.7 

where Sae is larger than Sb2. Foal was thbn compared to the values found 

in the tables, Fiab, at the 95% and 99', confidence level. If the calcu 

laced ratios are less than the tabulated values, then the two variances 

are not significantly different and it is not portnwhile to seek an 

assignable .source of error in, the Instrument. 

This comparison is presented in table C 3. All values of F
Cal 

are 

less than F
tab 

at the 95% confidence limit except for S2, set 06, which 

is less than F
tab 

at a 99% confidence interval. The values of equations 

C.5, C.6 and C.3 are therefore zero and no source of instrumental error 

can be attributed to the X-ray pectrometer when operated under these 

conditions. 

C.3. y-spectrometer precision ,analysis 

A radioisotope was employed to .determine the instrumental variances 

in the y-ray spectrometer. The specimen consisted of approximately I g 

of uranium metal foil, highly enriched in 7="IJ Once in place, the 
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, 

speLimen was not disturbed throughout the entire precision determination 

schedule. The intensity of the most prominent y-ray emitted from this 

nuclide, at 0.186 MeV(33), was measured. 

I 
C.3.1. Operational error p,jIcision analysis 

To determine the variance due to operational errors, 24 consecutive 

spectra were taken. The observation time was 3 minutes for each measure-

ment. The y-ray amplifier and AOC controls were reset, to the values 

shown in table 12 before each intensity measurement was made, in the 

same manner as de'scribed for the X-ray spectrometer. Table C.4 lists 

the operational precision data. The relative standard deviation about 

the mean value for the set of 24 measurements, S3, was calculated. 

, . 
C.3.2. Instrumental error precision analysis 

A counting time of 3 minutes was used to record 108 spectra divided ,

into 9 sets of 12 measurements each. The spectra were takerp'so that a 

time interval of one week elapsed between each set. The data, divided 

into sets,' are shown in table C.S. The coefficients of variation'for 

each set, S2, and for the whole series,, S1, were evaluated. 

C.3.3. Precision analysis summary 

Similar to the X-ray spectrometer case, the F ratio test was applied 

to determine if the, difference between the measured standard deviations 

of the appropriate data sets (SI, S2 and S3) and the average counting 

error, S
N' 

were significantly different. For this purpose, the number 

of degrees of freedom present in the variance due the statistical counting 
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission. Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.



error was taken as infinite since the average number of photons per peak 

was 296,471. 

The appropriate variances are contrasted according to the F patio 
rf 

test as shown in table C.6. As can be sren from this table, there is 

real source of operation error. The magnitude pf the variance resulting 

from this error can be calculatedclront 

Sot . 1(.35)2 - (0.19)2

.0864 

or S, = +0.297, 

The net long-term instrumental error is then evaluated from equation C.G. 

To determine if any significant difference exists between 512 and

(5m2 to2) the f ratio test was again applied. From table, C:6 

S12 r. 

. 

(0.30)2

.0900 

and (57 S 2) = (0.19)2 4- (0.29)2

= .1225 

• Fcal
- 

= .1225/.C900 • 

= 1.36 

Vire'ftab values are 1.82 and 2.37 for a confidence Interval of 95`,, and 

99% respectively. The calculated ratio is less than the tabulated 

values for 23 and 100 degrees of freedom and heiliCe no significant long-

term instrumental error exists. From table C.6, all of the values of 

F
cal are less 

than F
tab at the 95% 

confidence limit for the short-term 

error, 57; hence the only significant source of instrumental error in 

the y-ray spectrometer is the operational error. 
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Table C.4 

Data for operational precision analysis for the ,r-ray spectrometer 

,.. 
235L1 Intensity (xi) S

N
(q) - x) (x i - 7)2 x 10-5

. . _.. 
' 298722 .19 -1687 28.47 

297232 .19 - 197 .39 

296798 .19 4 236 .56 

297153 .19 - 118 .14 

29735, . 9 - 321 1.03_ 
( 

297237 .19 - 202 .41 ' 

298654 A6 -1619 26.22 

296690 .19 + 344 1.19 

294518. .19 . 42516 63.34 

297782 .19 -..747 5.58 

296735 .19 + 299 .90 

296942 
. 

.19 4 92 . 
.09 

296937 .19 + 97 .10 

'297919 .19 - 884 7.82 « 
297576 .19 =-541 2.93 

297593 .19 - 558 3,12 

297324 .19 - 289 .84, 

293906 .19 43128 97.89 

296683 .19 .4 351 1.24 1

296752 • .19. 4 282 .80 

296633 .19 
. 4 401 1.61 

296959 .19 • 4 75 .06 

297895 .19 - 8C0 7.40 

296837 .19 4 197 .39 

...m.........11 . 

-X ,-. 297034 

S3 .= 0.35% 
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Table C.5

- Data for long-term and short-term instrumental 

precision analysis for tne,y-ray spectrometer 

2351, 

Set Number Intensity 

(xi) 

-0(-) -3-0 (xi - R)2 x 10-5
short-term long-term short-term long-term 

pl 

295685 

297402' 

295697 

296492 

296428 

295789 

297310 

296933 

296442 

295398 

295657 

296313 

.19 + 610 + 786 3.73 6.18 .

.19 -1106 930 12.24 8.66 

.19 + 598 + 774 3.58 5.99 

.19 196 ' - 20 .39 .00 

. 19 132 + 43 .18 ' .02 

.19 + 506 + 682 2.57 4.65 

.19 -1014 838 10.29 .7.04

.19 - 637 ' - 461 , 4.06 2.13 

.19 - 146 + 29 .21 .01 

.19 +897 +1073 8.06 ---. 11.52 

.19 ,+ 638 + 814 4.08 6.63 

.19 - 17 + 158 .00 .25, 

R- 296295 
2 .4.23Z 

E = 49.39 

SI 

% 
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Table C.5 continued 

Set Number 

2350 

Intensity 

• (xi) 
SN 

41%) 

-(x, - (x, - 702 x 10-5

short-term' long-term short-term idng.-term 
A. 

,..e 296567 .19 - 123 - 95 .15 . .09 

296636 .19 - 192 - 164 .37 .27 

296579 .19 - 135 - 107 .18 .12 

296973 .19 - 529 - 501 2.81 2.52 

296159 .19 + 284 + 312 .81 .98

296118 .19 + 325 + 353 1.06 1.25 

294910 .19 +1533 +1561 23.51 24.38 

296034 .19 + 409 + 437 
( 

1.68 1.91 

296784 .19 - 340 - 312 1.16 .98 

297730 .19 -1286 -1258 16.56 15.85 

296613 .19 - 169 : 141 .29 ,'.20 

296217 .19 + 226 + 254 .5', .65 

x = 296443 

S2 = 0.2r. 

= 49.08 
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Table 0.5 continued 

i 
235u - (XI - T) (XI 7 7)2 x 10-e' 

• 

t Set NaTber Intensity _ SN short-term long-term short-term long-t rm 

(xi) ±(%) 

#3 

296506 .19 - 657 

- 3240 

4.32 .01 

296051 .19 - 202 + .41 1...77 

11.39 295404 .19 + 444 +1067 1.98

295750 .19 +. 98 + 721 

+1163 

.10 5.2O 

295308 .19 + 540 2.92 13.53

296502 .19 - 653 - 30 4.27 . .01 

295230 .19 + 618 +1241 3.85 15.41 

295987 .19 - 138 + 484 .19 2.35 

295954 .19 - 105 + 517 

+1171 

.11 2.68 

295300 .19 + 548 

+1179 

3.01 13.72 

295292 .19 + 556 3.10 13.91 

296902 .19 -1053 - 430 11.09 
---.--' 1.86 

c -.... 

x = 295848  .7. = 35.33 

S2 -' 0.19% 

e 
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Table C.5 continued - 

235u 

Set Ntraber Intensity 

- 

S
N 

-04 - )T) (X1 - i)2 X IG-5

shorc-term -long-term 
AP 

short-term long-term 

29 21-6 

295975 

296275 

296336 

296775 . 

296112 

295930 

296305 

296125 

294526 

29&193 

295520 

Pr .19 

.19 

.19 

.19 

.19 

.19 

.19. 

.19 

.19 

.19 

.19 

.19 

- 192 

+ 49 

251 

312 

751 

88 

+ 94 

- 281 

- 101 

+1498 

- 169 

+ 504 

+. 255 

+ 496 

+ 196 

+ 135 

303 

+ 359 

+ 541 

+ 166 

+ 346 

+1945 

+ 278 

+ 951 

• 

.37 

.02 

.63 

.97 

5.64 

.08 

.09 

.79 

.10 

22.44 

.29 

2.54 

.65 

2.46 

.39 

,I, 
-.93 

1.29 

2.93 

.28 

1.20 

37.84 

.77 

* 9.05 

x = 296024 

S2 = 0.19'"; 

= 33.96 
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Table C.5 continued 

Set litober 

2350 

Intensity 

(x)) 

S
N 

±(%) 

-(x - ) fix} - 712 x 10- 
-1

short-term long-term short-term long-term 

294930 .19 + 846 +1541 7.16 23.76 

295203 .19 + 573 4-1268 3.29 16.09 

295447 .19 + 329 +1024 1.08 10.49 

296029 .19 - 242 452 .59 2.05 

295843 .19 - 66 + 628 .04 3.95 

#5 295585 .19 + 191 + 886 .37 7.85 

295676 .19 + 100 795 10 6.32 

29569844 .19 + 78 773 .06 5.98 

295980 .19 203 491 .41 2.41 

295925 .19 - 148 + 546 .22 2.98 

297145 .19 -1368 - 673 18.73 4.54 

295866 .19 - 89 + 605 .08 3.66 

x = 295776 = 32.15 

52 = 0.18e, 
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Table C.5 continued 

Set Number 

235U 

intensity 

(xi) 

S
N

±(%) 

-(xi - ) (xl - 702 x 10-5
short-term long-term short-term long-term 

#6 

294937 

295425 

295215 

296944 

295885 

295661 

295195 

296631 

295561 

296008 

295311 

1!5829 

x = 295716 

S, 0.20 

.19 + 779 +1534 6.08 23.54 

.19 + 291 +1046 .85 10.95 

..19 + 501 +1256 2.51 15.78 

.19 -1227 ‘- - 472 15.06 2.23 

.19 - 168 + 586 .28 3.44 

.19 + 55 + 810 .03 6.57 

.19 • + 521 +1276 2.72 16.29 

.19 - 914 - 159 8.36 .26 

.19 + 155 + 910 .24 8.29 

.19 - 291 + 463 .85 2.15 

.19 - + 405 +1160 1.65 13.46 

.19 : 112 + 642 .13 4.12 

E = 38.77 
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Set Number 

235u 

Intensity 

(xi) 

47 

297476 

297434 

297507 

297918 

297312 

293215 

298444 

297058 

296450 

297317 

296611 

297095 

Table C.5 continued 

SN 
±(%) 

-(Xi - 7) 

short-term long-teem 

.19 - 7? -1004 

.19 - 30 1 - 962 

.19 - 103 -1035 

.19 - 514 -1446 

.19 + 91 - 840 

.19 - 811 -1743 

.19 -1040 ''‘,-1972 

.19 +345 - 586 

.19 + 953 + 21 

.19 + 86 I • - 845 

.19 + 792 - 139 

.19 + 308 - 623 

(xl - 7)2 x 10-15

x = 297403 

S, = 0.20% 
I 

short-term long-term 

.05 10.10 

.01 9.27 

.11 10.73 

2.65 20.95 

.08 7.07 

6.59 .30.41 

30.84 38.92 

1.19 3.44 

9.08 .00 

.07 7.15 

6.27 .20 

.95 3.89 

E = 37.90 . 
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Table C.5 continued 

Set_ Number 

235u 

Intenslty 

(xi) 

S
N 

±(%) 

-(X1 - 70 (x1 - 7)2 x 10-5

short-term long-term short-term .!. 
long-term 

MD 

298748 .19 -1318 -2276 17.40 51.84 

297714 . .19 - 284 -1242 .81 15.44 

29706 .19 186 -1144 .35 13.11 

298319 .19 -'889 -1847 7.92 34.14 

297720 .19 - 290 -1248 ..85 15.59 
\ 

:.-8 297121 .19 + 308 - 649 .95 4.22 
C..) 
C3 297259 .19 -0- 170 - 787 .29 6.21 

297295 .19 + 134 - 823 .18 6.79 

297052 .19 -0- 377 - 580 1:42 3.37 

296863 .19 + 566 - 391 3.20 1.53 

297053 .19 + 376 - 581 1.41 3.38 

296389 .19 +1040 + 82 10.82 .01 
06 

x - 297429 E = 45.60 

S2 = 0.22% 
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Set Number 

2350 

Intensity 

(xi) 

rt9 

297757 

238300 

297539 

297476 

297059 

296117 

296884 

297221 

297874 

296861 

297029 

29/921 

i = 29733 

S2 . 0.20% 

For total data in table C.5 

; . 296471 . 
SI = 0.30% 

S = 0.19% 

Table C.5 continued 

SN

±(%) 

-(X1 - Z) 1----(X. - 7)2 x i0 -5

short-term long-tWin short-term long-term 

.19 - 420 -1285 1.77 16.53 

.19 - 963 -1828 9.28 33.44 

.19 - 202 -1067 .41 11.40 

.19 - 139 -1004 .19 10.10 

.19 + 277 - 587 .77 3.45 

.19 +1219 + 354 14.87 1.25 

.19 + 452 - 412 2.05 1.70 

.19 + 115 - 749 .13 5.62 

.19 - 537 -1402 2.89 19:68 

.19 + 475 - 389 2.26 1 52 

.19 4 307 - 557 -95 3.11 

.19 - 584 -1449 -3.42 20.01 

E = 38.99 

Z = 865.81
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Table C.6 

Application of the F ratio test for equality of variances 

resulting from instrumental errors within the y-ray spectrometer 

Dispersion 

Measured 

Ndmaer of 

Determinations 

Coefficient of 

Variation (%) 

Average Relative 

Counting Error (%) 

F
cal , tab 

@95% 
Ftab 
@99% 

33 24 ±0.35 t0.19 - 3.39 1.76 2.26 

108 ±0.30 t0,19 2.49 1.28 1.43, 

52, se, *1 12 ±0.23 ±0.19 1.47 2.40 3.60 

S2, set tlN 12 _410.23 ±0.19 T.47 2.40 3.60 

S- set r3 12 ±0.19 ±0.19 1.00 2.40 3.60 

S2, set #4 12 ±0.19 t0.19 1.00 2.40 3.60 

S2, set *5 1' ±0.18 ±0.19 1.11 2.40 3.60 

S2, set 16 12\ . ±0.20 // ±0.19 1.11 2.40 3.60 

32, set ~7 12 \ t0.20 ±0.19 1.1.1 2.40 3.60 

S2, set fl3 12 \ t0.22 ±0.19 1.34 2.40 3.60 
\ 

S2, set 09 12 ±0.20 ±0.19 1.11 2.40 3.60 
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- APPENDIX V 

i• 

) 

Progranme KXRAY 

The main programmes listed in this appendix and in appendices E, 

. r and G are all similar in design and 'purpose. The main functions are 

to-read in data; calculate designated net peak areas and to orgnize 

output information. 

The initial data read in must have the same structure as shown in,

listing A.3 -produced from REORG As noted from the main programmes, the 

ntent5. of channel number 0000 and the first channel number appearing 

in e spectrum are assigned their own Variables, RT (far real observa-

tion

%

time in seconds) and licnAu respectively. If desired, RI can then 

be used to Convert the net peak areas to net intensities. NCHAN is 

used in the subroutines called to calculate the net peak areas, as 

described in appendix B. Two internal counters are employed, JCHK and 

ICHK. The former counts and labels each spectrum Processed and the lat-, 

ter is a control counter indicating which peak in the'spectrum is being 

measured. 

An external control file is read into the main programme to locate 

and analyze appropriate peaks. For the K X-ray spectrum the file name 

is CONTOLK. From the main programme, listing D.1, each record of the 

control file contains the following integers: 

NCHLN1 .--; channel number wnere the background on. the low energy 

side of the peak is to be measured, 

NCHLN3 - channel number where the background on the high energy 

side of the peak is to be measured, 
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Listing O.Z. 
1 

C 
pReGRAm'4E <XRAY 

C 
C 
C. ThIS PRCGRAM'E MEASURES TFE NET INTENSITY OF THE MA...CP 

C URANILM K SHELL FLUCRESCE\T PEAKS. 

C 
DIMENSICN NCNTS(1000) 
DATA l,CNTS/11000*-1/ 

SET SFECTRdti Nel'BER AND PEAK NUMBER COUNTESZS TO ZERO 

JCHK=0 
10 ICI-KIDO 

C 
C 
C 

READ IN CNE CCrPLCTE SFEC7RI1'I 

READ(5,1 ND=120)RT.NCAN,(NCNTS(I),I=1/9) 
DC 20 I'1010 10 
KcI+9 
READ(5,2000/ENC3.30)I2.(r.,CnTS(J),J=1,K) 
IF tIZ.NE.0)GC TC 20 
BACKSPACE 5 
CC TC 3C 

20 CeNTINLE 

30 jCHK =JCK+1 
wRITEt6,3000IJCHK 

40 ICHK=ICrK+1 
C 
C DETER INE PEA< IS if' Sr ANALYZED 
C 

IF (ICt-KIEG*2)GC TC Se 
IFAICF.K.EC•3)GO TO '60 
IF (ICeK.ECiAt)CC TO 70 
IF (1,CHK•EC,S)CC TC 75 
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Listing 0.1. (continued) 

IF (IO-K•EC*6)GC TO 8", 
IF tICrK.EC4.7)CC TO 115 
kRITE(6/4000) 
GC TO 90 

50 i,R/TE(6,41.00) 
GC TO 90 

50 '0RITE(6,4200) 
GC T0 90 

70 .,RITE(6,43O0) . 
GC TO 9C 

75 tRITE(6/7CO0) .1 
. GC TO 9C • 

0. ,ARITEt6.1,400? 
C 
C REAC IN CCNTRCL FILE 
C ( 

90 REAC(4,7100)Nci, LNi#NC..t.%3INCp.t.%04,NCHIN5, 011Pi02,%03 
C 
C EVALUATE NET PEAK AREA .",;' ThE STATISTICAL PREC/SI9% 
C 

CALL LC.,LIKORD(NCi.L'41/%!,1/SJ4/,AVElpNCNTSi liC64AN) 
CALL PEAK()►CHLNi,NC“LN,S,SL 742,NCNTS,NCHANL 
CALL ;-I8KGRC(NCI,LN3ANt!3,51"3,AVE3,NCNTS,%CHAN) 
CALL APEAtAVE:pSt,)'2/A'wE2,1-CHLN1P.CHLN3,INCHLN4/NCHLN5/ 

4.NC2,NA;=EA,ERRCR) 
GC TC -,C 

115 RE IN.0 it 

C PROCESS ,NEXT SPECIRUm 
C 

GO TC 1C 
120 STVP 
2J00 Felt'AT(5XsI6/14,9(1X,/6)) 
2300 ,-FORrAT(I4s1.0I7) _ 
3300 .FCRrAT('1 1,'SPECTRUm 11,17) 
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t 

Listing D.1. (continued) 

4000 FeRVAT(50x,,URANIum K-ALp6A2 PEAK DATAIII) 
-100 FORMAT1///50x,IURANIU- K-0-PAt PEAK DATA',/) 
4200 F0.7irAT(///50XpicRANIJm K-PETA1 PEAK DATAt,/) 

4' 4300 FeRrAT(///50x4sURANN- e-EETA2 PEAK DATAI,/) 
4.4f.,10 FCRMAT(///5MIBISMyTH K-.ALPHA1 PEAK DATA 1,/) 
7300 FeR1'AT(///50X,IRAyLEIGil SCATTERED PEAK DATA',/) 
7:00 FeRrAT(4I4,3/2) 

ENE', 

,------'--,...1._ 
I 

4. 

., 

lt 
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6 

i/ 
NCHLN4 = channel 'number where peak integration is to commenqe, 

NCHLN5 ,- channel number where peak integration is to terminate, 

N01 = number, of channels the low energy background is ,tio be 

averaged over, 

NO2 = peak width in channel numbers, 

NO3 = number of chann6ls the high energy' background is to be , 

averaged over. 

For the K X-ray case, the complete control file is: 

3450356634603501106010 

3450356635113555104510 

3660381136853734105010 
t: 

e

3660381137343780104710 
4 

3830390138473887104110 

3151326032033240104410 
...._ 

As an example, .the first record of CONTOLK contains all the control 

parameters for the U Ka2 peak: 

NCHLfll = 3450 

NCHLN3 = 3566 

NCHLU4 = 3460 

tCHLN5 . 3501 

NO1 . 10 

NO2 - 60 
‘j t 

NO3 . 10 

The assignment of values to Ulu control parameters was initial ly obtained 

by visually observing the spectrum on the analyzer oscilloscope. If the 

instrumental' settings are not changed, table § for the K X-ray experiment, 
. 
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then these control parameter values will remain cdnstant for all the 

K X-ray work. The second record then contairis these constants for the 

U Kul peak and so on for the remaining peaks.a Typical output  from KXRJY ' 

is shown in listing 0.2. All the initial peak intensities used in the 

K X-ray experiment were obtained from this programme. As stated earlier, 

the Conipton scattering intensity was obtained from the total background 

intensity under the Ri Kr41 peak. 

( 

1 
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AJ

CD

17

8

a 
C 
N 
a 

-7: 
= 
ts 

5 . (n. 
o 
m SPEcTRUr 4 1 
0 

5 
CD 
0 
0 

'.‹ 
. / 

CO 
7' 

0 

7 
CD 
7,

11 
C 
P. 
7 -

5)1 

Listing 0.2. 

URANIWO K-ALPA2 PEAK DATA 

#.e;4 SIDE AVERAGE SAcKGROuND(CDUNTS) = 16C 
HIGH SIDE AVERAGE 3ACKGROuNOcCOuNTsL a 43 

TOTAL AREA UNDER PEAK(CDUNTSI = 76q4 
NET AREA WIDER PEAK(COUNTS) a 1996 

L 
STATISTICAL COUr•TING ERROR = 124 

COEFFICIENT OF vARIATI.6Nty, = 6.46 

URANIUM K-ALPHA; PEAK DATA 

LOW SIDE AVERAGE- BACKGROuND(CeW.TS) • 
HIGH S/D,E AVERAGE DACKGRouNDiCOU\TS) 
TOTAL AREA UNDER PEAK(COUNTS) = 7089 
-NET AREA UNDER PEAK(COUNTS) = 3629 
STATISTICAL CcuNTING ERROR = 102 
COEFFICIENT Cr vAR:ATICN(x) = 2.83 

URA'.IW' K-SETA1 PEAK DATA 

Low SIDE AvERAGE EIACKGROuND(CCUNTS) = 
HIG14 SIDE AVERAGE SACKGRouNDtCouNTs)
TOTAL AREA uNOER PEAK(COux.TS) = 3082 
NET AREA UNDER PEAK(COUNTS) = 1616 
STATISTICAL CcUNTING ERROR = 67 
CeEFFICIENT OF vAR/ATION(x) = 4.17 

. URANIUM K-BETA2.PEAK DATA 

I00 
'43 

3o 
27 
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Listing D.2. (continued) 

_LOW SIDE AVERAGE BACKGRCW.D(COUNT9) = SO 
HIGH SIDE AVERAGE BACKGROUND(COUNTS) = 27 
TOTAL AREA UNDER PEAKICOLNTS1 = 1)19 
NET AREA UNDER PEAMCCUNTS, u 4g9 

STATISTICAL CCUNTING ERRCR m 56 

COEFFICIENT OF VARIATION(X) = 11.47 - 

RAYLrIGH SCATTERED PEAK DATA 

Lew ,sICE AVERAGE BAC<GROuND(COuk.TS) 27 
FqIGR SIDE AVERAGE BACKGRIUNDSCOW,TS) = 23 
TOTAL AREA UNDER PEAK(COUNTS) = 26C7 
NET AREA UNbER PEAK (COUNTS) = 1554 

STATISTICAL CCUNTING ERROR u 60 
CoEFFICIENT !JP VARIATICN(%) = 3.89 

BIS"LITH g-ALPHA1 PEAK DATA 

LOW SIDE AVERAGE BACXGRCUP.D(C S)
HIGH SIDE AVERAGE BACKGRDIJNO(CCL:\TS)

1 TOTAL AREA IPLJDER FEAKCCOLP,TS) = 10842 

NET AREA UNDER PEAKICCUNTS1 = 4785 
STATISTICAL COUNTING ERRCR = 129 
COEFFICIENT OF vaRIATICN(x) = 2.72 

137 
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APPENDIX E 

£.1, Programme LXRAY . 

The main programme used to obtain the initial peak intensity data 

for the L X-ray experimental work, LXRAY, is presented ill listing E.1. 

The general features of the programme routine have been previously out-

lined in appendix D. Both the U La, peak and the composite (U LO2 + Mo ) 

Ka Compton) peak areas are measured. With the instrumental settings for 

the L X-ray work, table 9, the appropriate control file, CONTOLL, is: 

3250338032703380 20110 20 

3450378034703780 20310 20 
0 

All control constants perform the same fulIction as in program KXRAY. 

Typic l output from LXRAY is shown an listing E.2 

4ar 

N \ 
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Listing E.1. 

C - 
C PRCGRAP*-E LxciAy 
C 
C 
C 7)4IS PROGRAPTE 'EASURr S TT-E CBSERvED INTENSITIES OF 
C THE LRANIUm L.ALpHA ANA THE (URANIUM 1_.•BETEA2 + P;OLYBOENUm 
C K-ALP COmPTch) FEAKs. 
C

OIMENS/ch 1.C\TSC1C00, 
DATA NChTS/IOCO,-1,

C 
C SET SrECTRLm NLmBER A0.0 PEAK NumBER COUNTERS TO ZERO 
C 

JCPKutO 
10 IC' =C 

C 
C REAL' IN ONE CuPPLETE SPECTRUM 
C' 

REAC4E/1000,EN01280)RT,NCi-AN,(NCNTSCI),Im1 
DC 2C T=10,1000/1.10 
K;--1+9 
REAC(5.2000,ENC.30)I2,(NCNTS(J),J=I/K1 
IF CIZ.NE.0,GC 10 20 
BACKSPACE 5 
C,f3 TO 30 

23 CCNTINUE 
30 JCi4K %I.:04K+1 

6RILIE(6,3000)..IChK 
40 /CilKsICI-X+1 
C 
c )ETER?'IhE ;44ICi. PEAK IS To BE ANALYZED 
C 

IF (IC,-4K.E0.21GC TO 50 
IF (ICHK.EC•3)Ge TO 70 
ARITE(6$4000) 

09) 
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Listing E.1. (continued) 

GC IC 6C 
50 kRITE(6,41.00) 

GC TC 60 
C 
C .REAE5 IN CCNTRCL FILE 
C 
60 REAC(4,71CO,NCPLNIsNCI-LN2ANCHLN4,NCHLNSANCIPN02,NC3 
C 

- % C EVALUATE NET PEAK AREA !NC THE STATISTICAL PRECISION 
C 

CALL LCABKGRD(NCLNT,NCl/SUM1,AVE1,NCNTS,NCHAN, 
CALL FEAK(NCilLN4,NCHL*IS/SLm2,NCNTS/NCHA%) 
CALL hI6KGRO(NCHLN3,NOS SLM3,AvL3ANCNTS,NCHAN) 
CALL AREA4AVElkSU!"2/AvE-/NCHLNIANCHLN3,NCHLN4,NCHLN5, 

V%02,NAREAsERRCF) 
GC TC 40

70 RED INC 4 
C 
C PRCCESS NEXT SPECTRW" 
C 

GC TC 10 
80 STCP

1000 FCRPATC5X,I6/I4,9(1X.I6), 
2300 FORrAT(I4,1017) 
3000 FCRPAT(,1 1. 'SPECTRIP" ,I,I2) 
4030 FeRt*AT(10/,50X,'LRANIL" L-APL},A PEAK DATA',/) 
4:00 FORMAT(////38WLRANIUM LwBETA2 + reLYHDENU" K-ALPHA CO'PTCA. PEAK 

4 DATAI II) 
7:00 _FeRrAT(414,SI3) 

END 

I 
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N

8 , 
Q 
C 
C) 
m

* 7.: = 
-0 Listing E.2. 

3 R. SPECTRW # 1 
5 A i 
7 
O ,-

5 
m 
C) 
0 
-0 ''''' 

a 
(0 
7 -

O ? 

7 
m 

m UR4N/Um L-APLHA PEAK DATA'
C 
a. = Lqh SIDE AVERAGE BACXGROuND(aWNTS) = 145 
ED, I 

...,3 
HIGH SIDE AVERAGE BACKGRNIND(COUNTS) = 573 

-0 __. TOTAL AREA Uk.DE; PEAK(COUNTS) a 30020 
8 tn 

2a NET AREA UNDER PEA<(COUNTS) = 296 

. 
STATISTICAL COUNTING ERROR = 174 

5 
3 

CoEFFIC/ENT OF vARIATIChty) = .59

-0 
8= 
7.: m 
a 

URANIUM L-BETA2 + MCLYBDENUm K-ALPHA Ce"Pin PEAK * . 
7.: = 
c0 LC;4 SIDE AVERAGE BACKGROUNDICOUNTS] =  163 , 
-0 iIG SIDE AVERAGE BACKGRouNOCCOUNTS, = 26 

3 TOTAL AREa U'IDER PEAK(CeUNTS) • 
W NET AREA UNDER PEAK(CCUNTS) = 23433

7C6

(A. 
5 STATISTICAL COUt.TING ERROR = 154 

_ COEFFICIE'IT IF VARIATION(v) m .66 

'BATA 
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APPENDIX F 

F.I. Programme MXRAY 

Programme MKRAY, listing F.1, was written to analyze the net U Ma,13 

and the La La peak areas as observed in the Ii X-ray spectrum. The basic 

routine is analogous to that previously described in programmes KXRAY 

and LXRAY.' Using the instrumental settings listed in table 10, the 

control file,, CONTOLM,, is: 

3151393132323359 30138 25 

3151393136623727 10 66 25 

\ 

For a description of the purpose of the control file, see appendix 0. . 
a .., :.... 

In the M X-ray case, it was observed that La L-shell fluorescence, 

probably mostly La LI, i.e L
III 

M
I 
transition,, contributes to tie 

measured U Ma,6 peak area. This interference was measured and) the total

contribution to the uranium fluorescence amounted to 3.359, of the La La 

peak area. The main programme MXRAY also evaluates this correction. 

ilsting F.2 contains the typical output from MXRAY showing both the 

measured data and the corrected data for the U Mqo peak area. 

\ 

I 
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Listing 1.1. 

C 
C PRCCRA""E °YRAY 
C 
C 
C THIS PQCGRAM-t4E r'EASURES -THE INTENSITIES CF THE 
C URANILM M-ALPHAIdETA ANP THE LANTHANUM LwALPHA 
C PEAKS AS RECUIRED BY TI E X..RAY EXPER/tTNT. 

C 
DIvENSICN NCNTSC:000) 
DATA NCNTS/10004-1/ 

C 
C SET SPECTRUM NI7BER AND PEAK Nlit4BER CCUNTERS ZERO; 
C 

JCHK-0 
10 ICHKm0 

C 
C REAC' IN CNE CCPPLETE SePECTRUF 
C 

REAC(5/-1-000/ENC=SORT,NCHAN,(NCNTSCI,,I=1,9, 
00 20 Y=10,1.000,10 
K=I+9 
READ(5,20C0rEN0=2.0)IZ/OCNTS(J),J=I,K) 
IF (IZ.NE.0)GC TC 20 
BACKSPACE 5 
GC TC 30 

20 CCNTINUE 
30 JCHK nJCPK+1 

.RITE(6,3000)JCFK 
40 ICFK=ICFK+2 

C 
C CETERt.'/NE V.4ICH PEAK IS TC BE £'4ALYZED 
C 

IF CICIIKIEC.2100 IC 50 
IF (ICHK.E013)Ge TO 70 

' WRITE(6,4000) 
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Listing F.1. (continued) 

GC TO 6C 
50 b.RITE(6,4100) 

UVA1=NAREA 
LERRgERROR 
GC TO 6C 

C 
C READ IN CONTROL FILE 
C 
60 REA0(4,7100)NCI..LNi/NCI..LN3,N,CPLN4ANCHLN5,N01,NO2,NO3 
C 
C EVALUATE NET PEAK ARrn tNE; THE STATISTICAL PRCCISICP. 

C 
CALL LO•NEKGRO(NCf4CN1/NC1ISUM1 N AvEl.,NCNTS,NCHAN) 
CALL PEAK(NCHLN4/NCHLN5,SLm2,NCNTS.NCHAN) 
CALL N 113KGROINCHLN3AN33,SLm3,A0-3,NCNTS,NCgAN) 
CALL AREA(AlrE1JSUN2,AVE3,NCHLtil.NCHLN3.NCHLN4,qCHLN5, 
iNO2/NAREAJERROR) 
GO TO 40 

C 
C CALCULATE CORRECTIC% FCR t.RANIUM PEAK 
C 
70 LALA1=NAREA 

LAERR=ERROR 
WRITE(6,4200) 

CORU=UVA10•0335*LALAt 
UST0=S0RT(UERR**2 + C.023',54LALA1) 
RLSTO= 100*USTDICCRU 
6RITE(6,5000)CORL 
wRITE(6,5100)USTC 

;.(RITE(615200)RLSTC 
REWIND 4 

C 
C 
C 

PROCESS NEXT SoECTRUV . 

GO TO 10 
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X 
CD -c, 
8 
a 
c 
o 
m 
a 

= = -0 
5 Listing 1.1. (continued) 

ro' 
(A. 
o 80 STCP 
m 1000 FCRMAT4SX/I6/I4/9(1X,/#01 
0 

2000 FCRMAT(I4/10I7) 
5-' 
0 5000 FCRP,AT( 1 1 1 / ISPECTRUm o 1/12) 
0 0 4000 .FCRVAT(5//50X,It/RAN/Um M.ALPHAJBETA PEAK DATA',/} 
-0 4100 FORt'AT(///50X,ILANTNAWs 1-ALPHA PEAK DATA 1/// s.‹ m 
= 4200 F0RIJAT(///50XI ICCRRECTEC IRAN/Um PEAK OATA 1,/7 
0- 5000 F0RrAT(40WCCPRECTED UPAK.IUM e-ALPHA,BETA PEA<(CCUNTS} - 1,15) 

5100 FCReATOOWSTATISTICAL CCUNTING ERRORICCUNTS) 10 1/I6) 

m 5e0o FeReAT(4owceEFFICIENJ CF VARIATICN(x) • 1 /F6.2) 

7100 FCR1dA/(414,3I3) 
m 
c END 
m m-
(11 
8 1 

, 

-o 
8 (a,
a
c ko 
cl. 
0
m 
-0 N.-.-
8 
7 
Er % 

(6:
a 

g
0 
c 
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SPECTRLV t 

Listing F.2. 

r 

A• 

,---2
uRANIUrt MwALPH ' BETA PEAK DATA 

LO K SIDE AVERAGE BACKGRei_INDtCOUNTS) is 23 
HIGH SIDE AVERAGE BACKGROuND(COUNTS) = , 4 
TOTAL AREA UNDER PEAK(COUNTS1 m 1460 
NET AREA UNDER PEAK(COUNTS) = 11855 
STATISTICAL COUNTING ERROR = 131 
COEFFICIENT OF VARIATION(X) m 1.11 

LANTHANUM L..ALPHA PEAK DATA 

L0',.. SIDE AVERAGE BACKGROUND(CCUNTS) = 
HIGH SIDE AVERAGE BACKGROuNU(COUNTS) = 
TOTAL AREA U)ER PEAK(COUNTS) = 383F4 
NET AREA UNDER PEAKCCOuNTS) 0 37717 
STATISTICAL COUNTING ERROR = 197 
CeEFFICIENT OF VARIATION(x) IP .52 

CORRECTED LRANIUM PEAK DATA 

23 
4 

CORRECTED URANIUu ALPHA, BETA PEAK(C"uNTS) w 1^c91 
STATISTLCAL CCUNTING ERRCRICOUNTS) = 136 
COEFFICIENT '3F VARIATICN(X) 0 1.29 
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I 

APPENDIX G 

--. 

r 

G.l. Programme GAMARAY 

The programme GAMARAY, listing G.l, measures the 0.186 MeV 235U 

and the 0.0925 MeV doublet 2"Th peak areas as required by the y-spectro-

scopy experiment. As written in the listing, the programme produced the 

data presented in tables 5',)-56. A total of six peaks were unfolded re-

quiring 18 iteration parameters. The background was measured at a con-

venient location adjacent to the 714Th peaks. Once shown, that Cauchy 

functions could approximate the spectrum, the number of iteration para-

meters were reduced to 10 by fixing all peak locations and some relative 

intensities to constant values. No changes are required for GAMARAY 

except that the number of initial iteration parameters read in must be 

reduced. 

Because the 734Th intensity is approximated by a series of Cauchy 

functions, the data are read in a different manner. In the 14ev1ous 

three appendices, three spectra were taken from each specimen, analyzed 

and the results averaged. In this case, three spectra were taken from 

each specimen, averaged and then analyzed. Accordingly, two internal 

counters are employed, JCHK and JEND. JCHK, as before keeps count of 

the spectrum number and JEND labels each specimen. The programme 

analyzes the net 235U area first in the fashion used for the X-ray 
% \ 

experiments. The first record of the control file, 1SOCTL, contains 

:' 
the required peak area calculation constants. 

The averaged data are then smoothed by a nine paint best least 

squares smoothing subroutine, SMOOTH, to remove much of the random 
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c.

listing G.1. 

C 
C PRCGRAMmE G/MtRAY 

C 
C 
C THIS PROGRAMrE mEASURES NET INTENSITIES OF THE 
C OF THE C.:86 'Elf 235-URANIUM ANU THE 0.0925 mEV DOUBLET 

C 234-TCRIUP GAemA.RAys AS 0ESCP.IBED BY THE GAmmA 
SPECTROSCOrY ExPERI1ENT. 

•EXTERNAL FUF.:CT 
INTEGER THBACK 
DIMENSION NCNTS(/000),eCNT5(len0),MCHANt10001,'1ARRAY[1000) 

DIMENSION ARG(1.8),GRAD(1F1,,4(225) 
CovreN t,cNTs.rckAN, THaAcK 
DATA NCNTS/1000*-1/,NARtzAy/1.00040/ 

C 
C INITIALIZE SPECIrEN NUNEER AND SPECTRUr NUMBER 
C 

,IEND=0 
10 JCHK=1 

JEN0a...END+1 
C 
C READ. IN ONE CeePLETE aPECTRW' 
C 
15 READ(5,2000,END7.190)RT,NCHAN,(NCNTSCI),Im1,9) 

DC 20 IG10.:000/10 

READ(5,3100,END=30)I7,0.CNTS(J),J*I,K, 
IF 11Z.NE.03Ge TO 20 
BACKSPACE 
GO To 34 

20 CONTINLE 
30 CONTINLE 

C 
C TAKE THE AVERAGE CF THREE SPECTRA 
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X 

8 
a 
C)

= 
LIsting 6.1. (contInutd) 

(7i 
(A. 

DC,35 K=1,N 
35 N•ARRAY(K)=NARRAY(K)4-NCNISIK) 0 

5 4 IF (JCV4K.EOL3)GC IC 4C. 
JCI-1101j0-.16-1 -4 

0 
00 GC TC 15 

.*0 CC 50 L=1,N 
50 NCNTS(L)=NAPRAYILUJCHK 

o 
READ 7. CCNTRCL RILE FOR 235-1J PEAK AREA DETERHINATI0N 

CD 
• 

m 
c C a-m- C EVALLATE THE NET 235-U PEAK APIA AND ITS STATISTICAL PRECISIC% gi 1 C 

tv w ....R/TE(6,5e00) 
8 

o a CALL LCAEKGRD(NCF'01/NCl/SUM1,AVEliNCNIS,NCHAN) t 
c I 

Cl. 
CALL PEAK(NCilLt444,NCWLN5/StM2ONCNI.TS,NCHAN) 

0 CALL KgLi(tXMLN 3 ,NC3OSIJ 1 3,AVE3/NCNTS,NCHAN) 

8 = 
"-0 •1_ ARCA(AvE1,,SW12,AvE3,NCHL 1,NCHLN3,NCHLN4,NCHLN5, 

.W.f,42,NAREA,EfioRCQ) ' 
Ei C v
7.: 
Q __------ c st-Tcri-. CATA PRIOR "Ft' mIP,P 1IiING FUNCT/eN 
* C 1 
7.: m- RttC(4,1000)N 0 c CALL SVCCININ, CNTS,m,VCNTS, 
-0 C m 
] C RrAD IN INITIAL ITEATIeN ARGLeENTS AND DEFINE 

, C RE0LIREC CC\TCCL CCNSTATS• 0111 
(0. 
o  C m 

READ(4,4DOC)NCFLINIINCI.LN3oNCHLN4oNCHLNSINC1,%02,NO3 

READI.1,60.00(ARG(I),I=2/1.F.) 
EST=O 
EPS=10**( 6) 
Lit'IT=5C 
NARC18 
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Listing G.I. (continued) 

C 
C CREATE LINEAR APRAY ET CH,N4EL NW4BERS 

C 

60 
c 
C 
C 

C 
C 
C 

e 
C 
C 
C 

C 
C . 
c 

P.THAN(1)=0 
DC 60 Im2,130 
mCHAN(I)=rCPAN(I-1)+1 

ETII..ATr BACKGRCUND 1 . TI-E vIC!NITY OF T'E 234-TH PEAKS 

CALL eiveK(NU2) 

eINI!'IZE FuNeTION AND eLTruT c(INvERGENCE /NtFeWiATIeN 

CALL FeFP(F(JNCT.NARG,ARG,YtL,GRAD,EST.EPso LlmIT,IER,H) 
IF(IER.N2.0)0uTPUT /ER
wRITE(6,621.0)(ARC(I), I=1,18) 
eRITE(6,6220)1141. \ 

,a 

-EVALUATE THE NET 234-TH DrUBLET PEAK AREA BY INTEGRATIcN 

CF THE Tme ASSIGNED CAUCHY FUNCTIONS 

CALL GA:'rt.i(ARG,NINTP.) 

EVALUATE THE PRECISIoN. CF THE 234-TH PEAKS 

U23E=NAREA 
U22ELTNINTEN-5C#THBACK 
EINTEN.SCRTININTEN ) 
RINTEN=100*EINTEN/U238 

C 
C CUTPUT UNFCLDEC PcAK AREAS &No PREcrsieN 
C 

6RITEt6,6100) 
i,RITE(6,6110)711BACK 
TBACK=504TI-TBAck
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Listing G.1. (continued) 

V 

WRITE(6,6120)TEACK 
1.RITEC6,6130)L238 

wRITE(6,6140)EINTEN 
IARITE(6,6150)P1' TEN 

RE'r4INC 4 
00 70 L=1,N 

70 NARRAY(L)=0 
C 
C PROCESS NEXT SpECImEN 
C 

F
urther reproduction prohibited w

ithout perm
ission. 

GC TC IC 
90 STCP 

1000 FCRMAT(13) 
3000 FORMAT(5X,I6/I4,9(1X,I6)) 
3100 FORMAT(I4,10I7) 
4000 FCRVAT(4I4,313) 
5000 FCRNAT( 1 1 1,50WL-235 PECK DATA(AT 185 KEV1',//) 
6000 FORMAT(10F/SP) 
6100 FCRMAT(////,50,1 TH-234 PEAK DATA(AT 2•25 Aka) 92;70 KEv),,//) 

6110 FORmAT(4OWBACKGROQN0 CCLNTS PER CHANNEL - 1,14) 
6120 FOPMAT(40X4 I TCTAL BACKG ,TNE) UNDER pEAKS,,w 1,I6) 
6130 FCRVAT(4CX,'NET PEAK AREA = ,,I6) 
6140 FCRM4T(40X,'STATISTICAL PrECISIUN(CTS) r 1,161 
6150 FCRMAT(40WRELATIVE STATISTICAL ERPOR(y) = ',16.2) 
6210 Ft!RVAT( 11,,40WITERATIrN PAPAmETERS ARE: 1,/(52X,FI0i3)) 
6220 FCRrAT(///////40WFUNCTIrN VALUE IS: 1,19.4) 

END 
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statistical fluctuations present in the spectrum data. The background 

in the vicinity of the 0.0925 'MeV 234Th peaks was estimated using the 

subroutine BACK, listing G.2. The portion of the spectrum neighbouring 

the Th doublet was then subjected to the function minimization subrou-

tine  FMFP. Appendix H contains a listing and description of both SMOOTH 

and FMFP. Subroutine GAMMA1, listing G.3, evaluates the net 234Th peak 

area by numerically integrating the two Cauchy functions assigned to the 

doublet. 

The starts iteration parameters were read in through the same 

control file as the peak area calculation constants. The second record 

contains the number of points to be smoothed and the following records 

contain the initial 18 iteration parameters. The complete control file 

is as follows: 

3870394038903929 10 40 10 

809 

158.,55.6,6.6,1950.,78 40 612,282.,80.2;5.,1908., 

74.4,5.3,483.,91.7,6.8,834.,119.,7.1, / 

Listing G.4 presents typical output from GAMARAY. The statistical pre-

cision data listed for the 234Th peaks are the SN' values discussed in 

the gamma ray results and discussions section 
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listing G.2. 

C 
SUBRCUTINE BACK(NC2) 

C
C THIS PRCGRO'NE ESTIMATES THE BACKGRCUND IN THE VICINITY 
C CF THE 234-THCRIUt." PEAKS, 
C' 

INTEGER ThBACK 
DIVENSICN MCNTSI1000)1VCHtN(1000) 
cemreN rCNTS/tACHAN,THaACK 
TOTAL-0 
DO 10 I=139/158 

10 TOTAL=TCTAL+rCNTSCI) 
THBACK=TCTALINC24, 5 
RETURN 
E%0 

—,.._,1

4-.....r 
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Listing 0.3. 

C 
SUB RCUTINE GArrAl(ARG,N/NTEN) 

C 
C THIS SUBROUTINE EVALUATES THr NET 234..THCRIU4 PEAK 

C AREA BY INTEGRATION e' THr Tde ASSIGNED CAUCHY FUNCTIO',S. 

C 
INTEGER THBACK 
olmENsIeN mcNTs(icoo),pcHANcl000),ARG(1) 
cerveN vcNTsIrcHAN,TveAcK 

NINTEN=c 
pc lo i.5c,loo
NINTEN...INTEN+ARG(4)/(14.(2*(rcHAN(I).ARG(5))/ARG(6) 

&)**2)+ARG(10)/(11•(24P'CwAN(I)-ARG(11))/ARG(t12)) 
24, 1 4-THBACK 

10 CONTINUE 
RETURN 
ENV 

,-

/ 
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:' 

1 

List-ing G.4. 

ITERATION. PARAt'ETERS ARE: 
2256.801 
56,505. 
4.690 

3365.373 
780.27 
5.233 

2538,722 
81.138 
4.731 

3266.694 
75,127 
5,546 

7033.730 
32.790 
6.096 

15114.250 
119.742 
6.965 

ii• 

FUNCTICN VALUE IS: 1212.7390 

1. 
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fD 

Q 

= LIsting G.4. (continued) 

-0 

. 

0 

U-235 PEAK DATA(AT 185 <Ev; 

co 

o LOW SIDE TOTAL BACKGRoUND(COONTS) = 9665 
NIGH SIDE TOTAL RACKGROuND(COUTSY = 2639 
TOTAL AREA UNDER PEAK (CVUNTS) = 853,474 
-NET AREA U);DER PEAK (COUNTS) = 530221 
STATISTICAL ERR"R(CCUNTS) = 924 
RELATIVE STATISICAL ERROR(x) = .11 

A 

@ w 

3 
Q 

TR-234 PEAK DATA(AT 92,25 AND 92.70 KEv) 
-0 

8 

7 
BACKGROUND CqUNTS PER CRA\NEL = 2292 = 
TOTAL BACKGROuNr) UP.DER PEAKS = 64600 a 

* NET PEAK ARIA 53473 
STATISTICAL PRECI-SICA(CTS) = 343 

0 
RELATIVE STATISTICAL ERROR(X) = .64 
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O APPENDIX ri 

H.1. Spectrum approximation by Cauchy'functions 

Three basic steps are required to fit a series of Cauchy, functions 

to the spectrum (1) the data must be smoothed to remove randO statis-

tical fluctuations, (ii) a function must be designed such that is mini-

mum value will yield the best fit of the Cauchy functions to 4.11 smoothed 

data, and OW minimization of this function. 

The first step was performecNsing the nine point best least 

squares cubic polynomial smoothing subroutine, SMOOTH,, as shown in 

listing H.1. Best results are ob6ined if several spectra are taken 

andAhe results averaged prior to smoothing. The averaged spectrum can 

then be subjected to consecutive smoothing operations if desirable. 

The smoother the data, the easier and faster the function can be 

minimized 

The function to be minimized was defined by equation 3x.11 such 

that the sum of the squares of the differences between the initial data 

and the series of Cauchy functions be a minimum,, i.e. 

M 1 M 

) 2.

M(P1, P2, P3, ..., P3m.,' ID) = r 1, (c + b)-y 
1.-41 1=1 4 J 

1 

All parameters are defined in section 3 6.2. The minimization procedure 

requires a subroutine to evaluate this function and the gradients of 

this function with respect to each one of the iteration parameters in 

order to find the function minimum. The gradient calculations required 

are: (1) with respect to the P3J.2 parameter, 

4 - 331 - 
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E + b)..y 

3=1 13 1 

n M (C
13 

b yi,
= 2 E E 

1=1 j ri--7-+ T257 :- P33 - VP-372) 

Di) with respect to the Pad-1 parameter, 

am a n m c b) 2 
Vari W33- 1 i=1 j=1( 13 + -y.

  H.1 

n m (c b - y1)(x1 - P43 -1)P33  3 2=16E E "- 
1=1 j=1 P332{1 + [2(x1 P3J. 1)/P3J)2}2

(111) with respect to the P3.)' parameter, 

aM - a 
m (c b). j=i .Y1

n m (c„ b - y1)(n1 - P3J-02P3J-2
= l6 E 

I=1 j=1 p333(1 [2(x1 - P3i.1)/P3,02)2

,and (iv) with respect to the background parameter, b. 

am517 .7. 2 E E (C . + b - y.) 
u 1

n 
 j= 

M
1 13 1 

. H.2 

. 1.3 

if  4 

Subroutine FUNCT, listing H.2, evaluates the function and the gradients 

necessary to approximate six peaks by Cauchy functions. The background 

parameter was replaced by a constant hence only eighteen gradients are 

Included. Generally it is wise to use as few iteration parameters as 
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, Listing H.2. 

C 
SUVRCUTINE FUNCT(NARG/A°G,VALAqA0)

C 
C THIS SUERCUTINE CALCULATES,THr FUNCTION VALUE ANO THE 
C . GRADIENT VALUE .,ITN RESPECT Te EACH CF THE /TrRtT/eN 
C PARMIETERS FCR THE MINIrI7ATIO\ FuNcrieN As tEscRIEIED 
C FCR THE CAVHA RAY SPECTPCSCIPY EXPERIMENT, 
C 

INTEGER THBACK 
0IMENSIC7', 1 CNTS(1C0Q),APC(18),GRA0(28) 
DIMENS/CN rCHANC1D00) . 
CUVrCN t'CNTS/rCi,AN'THBACK 
DC 10 g=1,NARG 
GRAD (K

10 CCNIINLE 
VAL-0 
CO 30 1=45/130 
X=0 
LEXP=NARG 

C 
C rALCULATE THE FUNCTION VALUE 
C 

DC 20 ja3/LEXP/3 
FC ,.!.'2 
ASLMARG(K)/(1+(2*(MCAA%CI) APG(K+1))/ARG(K+2))*42) 

20 X=X+ASUI4
F=1X+THSACK
DEV=F..14CNTS(I) 
VAL=VALI.ADEV*42)4110"("5) . 

C 
C CALCULATE THE GRACIENT VALUES 
C 

dEN1=1/(1.+(24(VCFAN(II-ARC(2))/AP03))*42) 
DEN2221/(14.(2*(eChAN(I)..ARG(5))/ARG(6))**2) 
DEN3=1/(1+(2*(t-CHANt1)-IRG(8))/ARG(91)442) 
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Listing H.2. (contfiied) 

CEN.4=1/(14.(2*(reHANCI)-tRCC11))/ARG(12))*42) 
DEN5=1/C14.(24(mCHAN(I)-ARG(14))/ARG(15))*42) 
DEN6=1/(1+(24(KHANW-ARC (17 )1/ARG(18) )442) 
Z=16*CEv 
GRAC(!)=CRAD(1)+240EV*(CEN1) 
GfirC(2)7-CPAD( )+244,ARG(i)4(m0-14%(I)-ARG(2))*(0ENI)**2/(AR,03))**2 
GRAC(5)=CRADC3).+Z*ARG(1)*CMCI4AN(il-ARG(2))**2*(DEh1)**V 

3(APG(3))*43 
CRAC(4)=GRAD(4)+240EV*(CEN2) 
,,RAC(5)=GRA0(5)+24ARG(4)*(mCHAN(I)-ARG(5)14K(DEN2)*42/(ARG(6))**2 
GRAD(6)=GRAD(6)+Z*ARG(41)*(MC0AN(I)-ARG(5))**2*CDEN2,**2/ 

6(ARC(6))**3 

GR4C(7)=CRAD(7)+24CEV*(rEf.3) 
GRAD(8)=GRAD(8)+Z*ARG(7)10,0iCHAu(I)-ARG(8))*(DEN3)**2/(ARG(9))**? 

GRAC(9)=GRAD(9)+2*APG(7)*(mCLA%tI)-ARG(8))**2*IDEN3)**2,
S(ARG(9))4*3 
GRAC(1C)cGRA0(1C)+2*DEv*(rEN4) 

GRAC(X1)=GRAD(11)+Z4ARG(1r)*(mCHAN(I) ARG(11)1*(DEN4,)**2/ 
&CARpre2104*2 
w1=itICkANII).-APG(11))**2 

GRAC(12)=GRAD(12)+Z*ARG(tapliwiv(DEN4)**2/(ARG(121)*43 
GRACIS2cGRAC(12)+Z*ARG(1c)1 /*IDEN4)**2/(ARG(12))**3 
GRAC(13)=GRA0(13)+2*DEv4(rEN5) 

GRAC(14)=GRAD(14)+Z*ARG(15)*(mCHAN(I)-ARG(14))*(DENT5)44,2/ 
&(ARG(15))**2 
W2=tnhAN(I)-ARC(14))**2 
GRANIE)=GRAD(15)+ZIFARG(1S)*w2*(DENS)**2/(ARG(15))**3 
GRA0016)=GRA0(16)+2,4,00t4(CEN6) 
GRAC(17)=SRAD(171+Z*ARG(16)*(PICHANCO-ARG(17))4(DEh6)**2/ 

6(ARG(1E))**2
ft3=WCI-ANII)—ARG(17;3**2 
CFACt1eicGRA0(18)+Z*A 10*ft3*(006)**2/(ARG(18))443 

30 CCNTINUE 
RETURN, 

END 
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possible. if any of the iteration parameters can beweplaced by known 

constants, then convergence is considerably more rapid and less expen-
4% .3, r-,

sive. Major changes in the programming are required only for the sub-

routine FUNCT. 1 

\-----J ' 

The minimization subroutine used is shown in listing H.3. A 

omplete description of the routine can be found in reference (83). 

c 

/ 

a 

..c 
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Listing H.3. 

C 
C 
C 
C SUERCUTINE 
C 
C PuRFCSE 
C TC FIND A LOCAL MINIMUM OF\A FUNCTION OF SEVERAL VARIABLES 
C OY THE 1-ETHCD FLFJCpER AND RowELL 
C 
C &SAGE 
C -CALL FMFP(FLNCT,N,X,FsGoEST,EPS,LIMIT,IER04) 
C 

DESCRIPTION CF PAR ETERS 
FLNCT CSER.6RITTU* SU9ROUT/NE CONCERNI%G THE FUNCTIO% TO 

C BE MINIVIZEDt IT MUST BE CF THE FORM 
C SL, BRuUTINE FUNCT(NIARGAVAL/GRAD) 
C AND MUST SERVE THE FOLLOWING PURPOSE 
C FOR EACH N.DIMENSIONAL ARGUMENT VECTOR ARG, 

FUNCTION VALUE AND GRADIENT VECT€lR MUST BE ComPuTED 
C ANC, ON PETUR%, STORED IN VAL A%D GRAD RE SPECTIZy 

.hurBER CF VAR/MALTS 
C X - VECTOR Or ClmENSIvN N CONTAINING THE INITIAL 
C ARGUmE%T 0t-ERE THE ITERATION STARTS. UN RETURN,, 
C X )-OLDS Ti-g ARGUMENT CORRESPONDING TC THE 
C CemPuTED VINIt'Uv FUNCTICN VALUE 
C F - SINGLE vict/A BLE CONTAINING THE mitlIeum FUNCTIC" 
C VALUE v. RETURN, I.E. F=F(x)* 
C G - VECTOR OF CIMrNsIoN N.COnTAINING.THE 

VECTOR CtRRESFONDING TO THE KINI"Um Gtr ErORN, 
C 10E• G=G(X)• 
C 
C 
C 
C 
C 

EST - IS AN LSTIMATE THE MINIMUM FUNCTION'VALUE, 
EPS TESTVALUE cEPRESENTING THE EXPECTED ABSOLUTE E,/RCR, 

A REAS;;NABLE CPC:CE IS 10#4,(•.6), 
SemEwHAT GREATEP THAN 10**(-01, WHERE D IS THE 
NurBER OF SIGNIF:CANT DIGITS IN FLOATING POINT 
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Listing H.3. (cont)nued) 

C REFRESENTATIO'.. 
C LIM/7 - MAXIM)" r1.0"3C4 eF ITERATIONS. 
-C IER - ERROR PARAMETER 
C IER = c rEANS CeNVERGENCE tv-AS ;!;STAINED 
C IER-= I PEANS M' CONVERGENCE IN LIMIT ITERATIONS 
C IER m-1 mE:NS Eo-RCRS IN GRADIENT CALCULATICN 

C IER = 2 t'EANS LINEAR SEARCH TECHNIQUE INDICATES . - 
C IT IS LIKELY THAT THERE EXISTS Nn 

- AeRKING STCRAGE iF DIMENSION N4(N+7)12,
C 
C RU'ARKS 
C I) THE SUBROUTINE }.Ater REPLACING THE DUMMY ARGUrENT FUNCT 
C VUST SE DECLAREO AS EXTERNAL IN THE CALLING PRCGRAm,

II) IER 13 SET Te 2 IF , STEPPING IN ONE °F THE COMPUTED 
C DIRECTICNS, THE FUNCTIt!N WILL NEVER INCREASE ^ITHIN 
C A TCLERASLE RANGE CF ARGUMENT. 

IER = 2 MAY OCCiR ALS', IF THE INTERVAL -HERE F 
C INCPEASES Is STALL AND THE INITIAL ARnurENT aS 

C RELATIVELY FAc twAY FHOr THE IINIMUr SUCH THAT T1-4-

!AINIVUV WAS OVERLEAPED. THIS IS DUE TO THE SEARCH 
C   TECHNICIgE-4.i.J211_DUBLEs TI;E STEPSIZE UW/IL A POINT 
C -IS FOUND WHERE THE FUNCTION INCREASES. 
C •  

f• 

C SUBRCUTINEs AND FuNCTI^N SUPPROGRAMS REQUIRED 
C FLNCT 

• 

rETHOO 
C THE rETHeD IS DESCRIBED IN THE FeLLoaING ARTICLE 
C k. FLETCHER AND M.J.D. P,_'wELL, A RAPID DESCENT rETHCD FOR 

C COrPUTER JCLRNAL vOL.6, IBS. 2; 1963, PP.163-168. 
C 
C 
C 

SUSROUTINEFrFP(FUNCT.N,X,F,G,FST,EPS.LIVIT.IER,H) 
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Listing H.3. (continued) 

C 
C 

C 
C 

C 
C 

C 
C 

C 
C 

DIVEN IONED CUNKY VeYIABLES 
CIMENSICh H(1),X(1),G(1) 

CCr'FUTE FuNoTicN 

CALL FLNCT(N,X,F,C) 
VALUE AND GPADICNT VECTFiR P!R INrTIAL 

RESET ITERATICN CCUNTEr 
IER=0. 
KOUNTn0 
N2=h+N 
N3=th2.4.N 

N31=NS41 
1 K:=4.31 
DC 4 J=1/h 
FiK)=1. 
h...1 h2,..) 
IFM.1)515/2 

2 CC 3 1.121/NJ 
KL421(.4A. 

3 F-(KL)=C. 
4 )02KL+1 

1-J 

START ITERATIC ‘.CCP 
KCUNT=KCUNT 4.1 

A*.D GENERATE IDENTITY MATRIX 

i 

4." 

ARGUMENT 

SAVE FUNCTIC'. VALUE, APGWIENT VECTOR AND GCADIENT VECTOR 
CLC4'=F 
DC 9 j=1/N 
g=h+j 

1•.(K)=G(J) 
K=Kfh 

C 
C DETEPVINE DIRECTION VECTOR w 
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listing H.3. (continued) 

Kuj4N3 

Tc0+ 
CC 8 L=IYN 
T=T'''G(L)4H(K) 
IF(LJ)6,7,7 

6 K=K+N.iL 
GO TO 8 

7 K°K+1 
8 CONTINUE 
9 HCJ)=T 

C 
C CHECK 

DYCO. 
HNRVoCt 
GNRV=Os 

ItHETHER FUNCTICN WILL DECREASE STEPPI JG ALONG H. 

C 
C CALCLL&TE OIRECTICL.AL CERIVATIVE AND TESTvALUES FUR DIRECTION 
C VECTCR H AND GRADIENT VECTOR G. 

CC 10 .:=14N 
PNRr=HNR!'+ABS(h(j)) 
GNRVeGNRV+ABSCGC,A,

1'0 DY=CY+HCJ)*G(J) 
C 
C 
C 

C 
C 
C 

C 
C 
C 
C 

11 

REPEAT SEARCH IN DIRECT/OR. f'F STEEPEST DESCENT IF DIRECTIONAL 
DERIVATIVE APPEARS Tr rE POSITIVE ap ZERO. 

IF(cy)11,51,51 

REPEAT SEARCH IN DIRECTIO'. CF STEEPEST DESCENT IF DIRECTION 
VECTOR H IS SVALL COvPARED TO GRADIENT VECTOR G. 

/FCHNRV/GNRM.EPS)51,51/12 

SEARCH VINIMU!4 ALCI.G DIRECTION h 

SEARCH ALONG H FOR POSITIVE OIRECTICNAL DERIVATIVE 

12 FY-F 7 

R
eproduced w

ith perm
ission of the copyright ow

ner.  F
urther reproduction prohibited w

ithout perm
ission.



x 

m 

-a 

a a 47 
c 
C) 
m 
a 

a
ListIng 11.3. (continued) 

m 
] ALFA=2.*(EST-F)/CY 
a' AMpCAal• (A. 
o C 

ANO LESS THAN o C USE ESTImATE FCR STEPSIZE ONLy IF IT IS POSITIVE 

5 C 1. CTI1ERwISE TAKE 1. Ac STEPSIZE 
m IFtALFA)15,1 ,13 
o 
o 13 IF(ALFA-AMBOA)14.15,15 

14 AMBCArJALFA 
co 
= 

15 ALFA=0. 

C 
C SAVE FUNCTICN AND DEPIVATIVE VALUES FCR OLD ARGUMENT 

m 16 FX=FY 
DX=CY 

m 
c ,C 
P. c C STEP ARGUMENT ALONG ;-.= 

.a. DO 17 Is=iiN 
Fe 

— 
17 XiIINY(1)+Ame0A*H(/) 

-o 
I 

C 

8

o_ C CCNPUTE FUNCTION VALUE ANO GRADIENT FCR NE4 ARGUMENT c 
(1. CALL FuNCT(NixoF/G) 
o 
m , FYIgF • 
-o C 
2 C CCMPUTE DIRECTIONAL DEcIVA.TIvE DY FCR NE4 ARGUMENT. TERMINATE = ... 
& . C - SEARCH, IF CY IS PCSIT/VE, IF DY IS ZERO THE MINIVUm IS FOW.D 
c6:
a , DY'uO. 

* DC 18 I=1,N
• 18 OY=CY+G(1)4H(/) 

co IF(DY19,36,22 

-o C 
m C TERMINATE SEARCH ALSO IF THE FUNCTION VALUE INDICATES_TRAT 
] 
a' 

C A riNp.um HAS EEEN PASSED 
. 19 IF(FY7FX)20.22.22 
5 
m C 

C REPEAT SEARCH AND DOUBLE STEPSIZE FOR FURTHEF SEARCHES 

2C AMSDA=AMeDA.+ALFA. 
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Listing H.3. (continued) 

ALFAssAMBDA 
C ENC CF SEARCH LOOP 
C 
C TERVINA1E IF THE CHANGF Ir. ARGUMENT GETS VERY LARGE 

IF(HNRMA,AVBDA*.1fE10)15,:6121. 

C 
C LINEAR SEARCH TECHN,ICUE INDICATES THAT NC MINImUri EXISTS 

21 IER=2 
RETURN 

C 
C INTERPOLATE CUBICALLY IN THE INTERVAL DEFP:ED BY THE SEARCH 
C ABCYE ANO COMPUTE THE APGUrirNT X FOP INHICH THE INTEPPOLAT/CN 
C POLYNOMIAL IS VINImI7EC 

22 TwO. 
23 IF(AMBDA)24,36,24 
2'+ 2=3•*(FX-FY)/AVSCA+DX+DY 

ALFA=A1AX1CABS(Z),ABS(DX),ABSCOY)) 
DALFAsZ/ALFA 

DALFA=DALFA*DALFA.DX/ALFA4DY/ALPA 
IF(DALFA)51,25.25 

25 p+ ALFAsSORT(CALFA) 
ALFAmOY..OX+Htt, 

/F(ALFA) 250,251,250 
250 ALFA•cpy..2+ill/ALFA 

GC Tc 252 
251 ALFA0(7+OY^',4)/(Z+DX+Z+CY) 
252 ALFA=ALFA*AVEICA 

DC 26 /=1,N 
26 X(I)=X(I)+(T.-ALFA)*H(I) 

C 
C TERMINATE, IF THE vALUE OF THE ACTUAL FUNCTI1N AT X IS LESS 
C THAN THE FUNCT/eN VALUES AT THE INTERVAL ENOS. OTHEWAISE REDUCE 
C THE INTEr7VAL BY CH SING ONE ENDPOINT EQUAL TO X AND REpEAT 
C THE INTERPOLATION. WHICH END.POINT IS CHCOSEN DEPENDS eN INC 
C VALUE CF THE FUNCTION AND ITS GRADIENT AT x 
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Listing H.3. ,(continued) 

C 
CALL FUNCTCN,X,F,G, 

IF(F-FX)27,27,E8 
27 IF(F.-FY)36,36.28 
28 DALFA=C0 • 

DO 29 I=loN 
29 DALFA=DALFA+G(I)4H4.4) 

IFIDALFA130,33,33 
30 IF(F..FX)32/31,33 

31 IF(CX...CALFA)32,36/22 
32 FX=F 

DX=DALFA 
T=ALFA 
AMBOA0ALFA 
GO TC 23 

• 
33 IFFY-F)35,34,35 
34 IFACY...DALFA,35,36Y35 
35 FY=F 

DY,FDALFA _ 
AMUCAwAfraDA-..ALFA 
GO TC 22 

C 
L TERVIr.ATE, IF FUNCTIVN HAS t.UT DECREASED DURING LAST ITERATI N 

36 IF(OLDF.-F+EPS)51/38038 
C 
C cerpLu DIFFERENCE VECTORS (F ARGUMENT AND GRADIENT FROM 
C :nqC-CeNSECUTIVE ITERAUCNS 

38 DC 37 ,j=1/N 
K=N+J 
H(K)=G(J).H(K) 

KciN+K _ 
37 i-(K)=X(J)..H(K) 

C 
C TEST LENGTH CF ARGUMENT DIFFERENCE VECTOR AND DIRECTION VECr!R 
C IF 'AT LEAST N ITERATICkS HAVE BEEN EXECUTED. TERmINATE, IF 

7/'
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Listing H.3. (continued) 

C BCTh ARC LESS THAN FPS 
IER=0 
IF(KCUNT-N)42,39,39 

39 T=0• 
zmO. 
DC 40 J=1,14 
KmP..+4 
wmH(K) 
K=K+N 
T=T+A8S(HCK)) 

40 Z•Z+1.0th(X1 
IF(HN5M•EPS)41,41,42 

41 IF(TEPS)56056,42 
C 
C TERHINATE, IF NUMBrR CF 

42 IF(KCUNT-LIr'IT)43,50,50 
ITERATIONS WOULD EXCEED LIMIT 

C
C PREPARE UPDATING CF MATRIX H 

43 ALFAm0. 
00 47 JEI,N 
10g,l+N3 
vdm01. 
CC 46 Lml,N 
KL=N+L 
i,,=60-.(KL)*H(K) 
IF(L-J)44,45,45 

44 KmK4N-L. 
GC TC 46 

.4,5 KmK+1 
46 CCNTINLE 

KmN+..1 
ALFA=ALFA+1,4,r(X) 

47 H(J)=6 
C 
C 

1 

i 
REPEAT SEARCH IN DIRECTION (NF STEEPEST DESCE\T IF RESULTS 

t 
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Listing H.3. (continued) 

C ARE NCT SATISFACTORY 
IF(Z*ALFA)48/1,48 

C 
C UPDATE MATRIX 

48 KmN31 
DC 49 Lcl/N 
KLwN2+L 
DC 49 J=LAN 
NJ=N2+,1 
i-.00=H(K)+H(KLI*H(NJ)/Z•44(L)*H(J)/ALFA 

49 Kg1K+1 
GC Tel 5 

C END CF ITERATION Lf,CP 
C 
C NC CONVERGENCE AFTER LIMIT ITERATIONS 

50 IER•1 
RETURN 

C 
C RESTCRE OLD VALUES CF FUNCTION ADD ARGUMENTS 

51 DC 52 J=1/N 
K=N2+J 

52 X(J)=HK) 
CALL FUNCT(NiX,F,G) 

C 
C REPEAT SEARCH IN DIRECTION CF STEEPEST DESCENT IF DERIVATIVE 

C FAILS TC BE SLFFIC/PTLY SMALL 
IF(CNRM.-EfS)55,55,53 

C 
C TEST FOR REPEATED FAILLHE OF ITERATION 

53 IF(ICR)56,54,54 
54 IER=-1 

G,ITC 1 
55 IER=0 
56 RETURN 

END 
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