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SUMMARY

ii} A study is made of the applicaiion of the method of
ﬁon—&isporsive X-Ray fluorescence spectroscopy tc problens

of chémical analysis. The use of two types of radiocactive
scuﬁée, i.e..Pml47 - alunminiun brehmostrakluag and CodTlow
energy goons rays,itO'excite fluoreécent X-Rays is described.

The methcd is epplied to systens consisting of a single

Heavy element, or binary cixtures of heavy ele:enfs (niobium

- tantalum and zirconium - hafniun). disnersed in zedia of

low average atomic number. Calibraticn curves ¢f fluoresceace
intensityAagainst element ccacentration for a wide raage of
‘elements are presented. Deteetion limits for these cleuents
are established, and suggestions nade for further work in

this field.
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CHAPTER 1

INTRODUCTION

Historical Introduction.

.Following the discovery of Xbrays by “oentgen, Barkla
and hin co-workers showed that an element exposed to the
..radiation.gmitted fluoreﬂcent'x—rays having a characteristic
wavelength which was longer tian that of the execiting
radiation. . The relation between the frequency of tae _
charapteriétic radiation and the atomie number of the element
was shown by lieseley (1913) to be of the form; S

‘ljz = A(2 - S?

vhere U .= the freouancy of the characterintic radiation.
% = -the 2tomic number of the element. '
A ‘and S are conatanta. : e
This direct relation between the frequency of the
'fluorescent X-ray and the atomic nunber of the emitting
element provides the baais of a nethod of chemical analysis
" for the elenonto S :
In the yeara 1Jmed1ately followinb this discovery -the

-

- rethed of analysis consisted of placing tge,sample to be -

'analyéed on the target of on X-ray tube. The resulting
-fluo?oscent radiations were dispersed ueing a flat calcite
crystal, the spectra produced being detected photographie-.
ally. DBarly notable sucecesses of. the methodlwere the '
dimeovery of the elenent hafni by von Hevesey and Coster(l),
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and of the clement rhenium by Hoddack (1). However the
nethod of producing the fluorescent radiation was cumbersone,
and its detection relatively inmsensitive. The difficulties
in application are illuystrated by Noddacks clain to the
discov@ry of masuriun (Z = 43, technetium) which in the light
of later evidence mugt be regarded as erroneous. (2). |
The development of the modern X-ray tube with stable high
intensity emission has removed the nesd to place the sample to
be analysed on the tube target. ILarge single crystal
dispersion gystems allow more efficient collection of the
fluorescent X-rays, and ithe use of modernm nucleonie instrumentis
ie. geiger, proprtional, and scintillation c¢ounters, greatly
increases the sehsitivity of detsction. - X-ray floureacence
analysis is now. g powerful method for trace slement analysis{3).
Development in the field co’ntinues9 recent advances being the
use of wall~focused electron beans to gxeite the fluorescent
?A—faya, -3 nethod now referred to as Electron probe
‘mieroanalysis. (4) |
3 In 1955 reports first appeared on the uss of radxation
from radiocetive isotopes to excite the fluoresecent X-rays
(5,6,7). The systems based on this method dispense wWith
eryetal dispersion elements, the radiation being detected:
.directly by proportional or scintillation counters; and snergy
resclution of the'fluoresceht X~rays is made by énalysis of
- the pulse height spectrun fron these detectors. The nethod
iz gererally referred to as non~dispersive Ie-ray fluorsseenece
analysis. . :
Diecussion of the methods of xagAszluoreecence

 analysis.

One ‘of the main tasks of Y-ray fluorescence analysis
48 to establish the relationship between the fluorescence
intenoities of the characteristie X-rays of an element and
the éoncentration of that element in sample to be analysed.
Although the present work is concerned with the eztablishment




of the above relatien for the non-dispersive mathod, a
disoussion of the dispersive nethod is inecluded for purposes

of conparison.
Disnersive nethod.

A. Instrunents:

X-ray tubes of the Coolidge type (8) with a tungstan or
nolybdenun target are 1n comnon use as 3 source of primary
T-radiation. Power supplies to the tube are required to be
of high stability. to enaure reproducible enission intensity
fron the tube. Dispersibn of the fluorescent radiations is
usuélly achieved with the use of calecite erystals. The
érystals usad are of two types, nlane and curved surfaces (9).
In the caoss of plane surface cfystals a paralléi bean of Z-
rays is required and a eollimation system usually of the
Soller slit type (C)- is used.  Detection of the fluorescent

X-ray is aehieved by the use of Gelge; counters.
B. Calibration. '

e relation baetween fluorescent intensity and
‘congentration of an clement can be derived (See eppendix I)
Tor a sample having infinite thickness exposed to monochromatie
¥X-ray the relation is: '

AL, ©

Ig = . .
_ o (Mp ¢+ A p)P cosecd
.waere A = a constant.

I, = intensity of primary X-radiation.
Ir = intenﬁity of fluoreascent X-radiztion.
c = elgment concentration in the sanple.
My =z mass abaorption coefficient of the sample

o for the primary radiation.

'}Lf = mnass absorption coefficient of the sample

for the fluorescent radiation.

f’ ® density of the sample.

® = angle subtended by the I-ray boay at the
sanple. ' '
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Tor a ~iven sanple M. andi , ore tho resultant of contributione
from all co")onents of the sample, i.e. -

/Mp Pl l fiufa ocoo‘?‘@%ﬂgpi iPiovoo(l"2)

| Mg & Mgy Wlm, 4 ooeet = iﬁv Wifi“w(l—.’)) ,
wyere,ubi = mas® absorption coefflcient oZ eomponent i forxr
the primary radiation.
= nass absorptiocn coefficient of comgonent i for
the primary radiation.
= welght fraetion of component i.
Py density of component 4. |
From relations l-2 and 1-3 1t cen be geen that the quantity -
. Lué”+ﬂbf%o of equation l=1 is dependcnt on the sample
eonposition this dspendence being complex for a nulticonponent

Hogy

‘r'sample. A two component mixture consisting of a heavy elsment |

dispersed in a matrix of low density represents a simple forn
‘of scnple. Tor such & sample the quantity Uub + ﬂk)f:will
inerease with the conecentration of the heavy element, and the
curve relating fluorescenge intensity to ccneentration will
be convex upwards. Only when the concentration is low and
varies over a snall ranze is linear relation obtained (10,
11,12,13). .

ror-udlticbmponent samples a2 further complication ecan
oééu: ﬁhiéh is readily illustrated by econsidering 2 aixture
of iron, cobalt, and nickel (see figure 1-1). In figure 1-1,
the‘wavelan“the of the Km,radiation of iron, cobalt, and -
' nickel are plotted togetLer uith their respective absorption
eurves. From this it can be secn that i K« radiation ie ‘
strongly absorbed by iron with the cons @qusnco that the
~ fluorescence inteasity of Mi Ket will Gecrease with 1ncreaein5
_iron concentration in the samnle. On the other hand the
fluoresecence intensity of Fe Il will increase with increasing
concontration of nickel in the sanmple because of the increase
in the effective Io fox iron. The fluor reseence intensity of
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T Nify,  (CeKy  {Feka
Mass Po edgh
absorption : f

‘coefficient (n)

2 )

4 v i %
1.2 1.4 1.6 1.8 2.0 2:2
Wavelengzth (4)

¥ig. I-1 Spactral data to illustrate sbsorpiion and enkancement
effect( viriation of Wy ol and effective Ig)
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Co K, will however be littls affected by nickel ox iroa
eoncentration. In a situzation of this kind severzal different
values of the fluorescent intensity of an element may be -
obtained without zltering the conceatration of the elemant -
ia the sample. A straightforward ecalibration of fluorescent
intensity aszainst element concentration is then of little
value. Sueh on effect is referred to as the enhancement -
ahsorntion or matrix effect (14, 15).

'0f the many ways in which to counter the enhancement -
absorption effect the most widely used is the internal atandard
nethod. A Becond elenent is chosen whose characterigtic line
is affected by the infering element or elements in a similar
way to that of the element whose concentration is to be
determined. The characteristie energy of this second element
should be of roughly the sane energy as that of the element
to bé defermined. and sinee they are affected similarly dy
interfering elements the ratio of their intensities will be
independant of the variation in concentration of the
interfering elenments. A calibration curve can then be
obtained by plotting this ratio against the concentration of
‘the element to be determincd. If the effect of the |
interferingz element is one of absorption taen the characteristic
lines of the internal standard and of the element to be
deternined must lie in the sane side of the absorption edge
of the interfering element. If the interference is one of
enhancexent both absorption edses of the element and interanal -
‘standard must be overlapped on the aamé side by tae interfering
line {see fig. 1=2). A further consideration is that element
chosen as internal atandard must readily nix with the material
of the sanple (16,17,18,19.20,21,22,23924;25,26,27,28,29,30).

+ 'The use of this nethod will in gensral require a'knowledge
of the conposition of the natrix in whieh the element to be
determined is dispersed., There this knowledge is not
available the choice of an element as internal staadard is
difficult, 2nd cannot be made if the conditions are such
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‘Eh:terwmf-a fnergy =9
4. Suitable internsl standaxd B. Uneuitable internal standard
(@bszorptiod) (absorption)

:[ . - | I E\\\\";
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[

E
Inergy b knergy <P
Co Sulitsble internal standard D, Unzmuitable internal standard
{ enhancement) { enhancement)

Fig, l1=2 Relations ameng absorption edges, characteriastic lines of
the element, internzl standsrd sad interfering element.
E represents the element whose concentration ia to be
estimated,
I is the interfering element,
S is the internal standard
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that the matrix eompoaition varies from sample tqQ secmple.
It ie possible that ean intorfering line falls betwsen the
absorption edze of the elenent and that of the internal
standard, or that the absorption edsze of the interfering
~ element lieq between the fluorescent lines of the eleuent
to be emtimated and the internal stamdard. A reliable
calibration curvs connot then be obtained, In such cases
the addition of an apdpropriate quantities of the element to
be estimated can prove useful. - The fluorescence intensity
of the element is first determined on the sample. A known
axsount of the element is then added to the sanmple, and the
fluorescent intensity again'determined‘ Let ‘ '
X = goncentration of element in original sample
_ & = concentration of element added
I, = fluorescence intensity of original sample
.'I2 = fluorescence intaﬁsity of doped sample.
. X = oproportional constent. |
Then from equation (1<1).

Il & K IQ X
(F'f T %)1101 o
I, = _. K Io(x+a)

Mg B )op

If the ammounf added is small enough that vre can assume

e + po)in = (i +”Nb)2fb

then‘

Il b <

Iz X - o
we have'

x = xIa
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This nethod has been appliel to the analysia of nixtures
of tantalum and niobium oxides (ref. 31). The nethod just
described has relied on peglecting enanues in the value of
Mo p 20d 4 pdue to the aldition. A consideration of equation
1.2 and 1.3 shows that the veriation in)ufﬁundJuP can be made
enall by other means. One method is ta dilute the sample
for examination in 2 light natrix so that variationse 1nJ&ff
and;upp with variation of the weight fraction of heavy elenents
are small. ,The light matrix should be transparent to I-rays,
and neterials chosen have been such things as starch, water,
sodium borate, and aluminium powder (32). Sueh a teghmique
would also reduce absorption -~ enhancenent effect. _ A further
nethod is to stabilise the value oflp by the addivion of
heavy elements such as barium. This has the disadvantage
of oonsiderably redueing the fluorescent intensity with
consequent loss in semsitivity. (33). Seattered I-rays
(background) of suitable energies have also been used to
correet for snhancement — absorption effect (30,34,37).
These ore chosen empirically and are usually near to the
“fluorescent lines of the elenments being estinated.
Arithmatieal end nathematical nethods have been used bj other
workers (38, 40, 41). :

‘ Unny types of sanple are suitable for analysis by . the
w=Tay fluorescence nothod. The method has the advantage
over conventionsl methods of chemical analysis thaﬁ it need
not involve destruction of the sample. Samples in the form .
of metal and alloy turnings can be used for the estimation
of elements present by conmpressing thenm into a regular shape
of reproducible density., Problems arising from the
inhomogeneeus distribution of elements, and from variation
in particle size in the sample can be elininated by preparing
the sample in the form of a liquid or sblid solution (30,37).
Samples of solild solution can be achieved by fusion with
lithuin or sodium borate until the melt is homogeneous then
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the melt is poured onto 2 pre-héated aluninium plate. On
slow cooling, the sanple is obtained in the form of a flat
dise (33,39,). The X-ray fluorescence nethod has also been
used to measure the thickness of metal films (42,43). The
method has been applied to the analysis of the impurity of
elenents having atonic aunbers greater than 19, by calibration
of the fluorescent intensities of X X-rays against element
concentration. When the atomic number of the element is high
L X-rays are used insitead of X e.g. Ta({z = 23) (37).'- Tor
‘analyais of elements of atorie number less than that of caleiun
the X X-ray energy is low and absorption of the X-raya by air
bepomes'aerious. By the use of vacuum, or displacement of
air in the X-ray path by helium or hydrogen, it is possible-
to do fluorescence analysis with elements of atomic number
lescs -than 20, the limit being reached at sodium or magnesium,
Necause of the longer wavelength of these radiations it is
also nedessary to use orystals with ldrge lattice spacing e.g.
ethylenediomine ditartrate (d = 4. 404 A) (44,45).

Continuous flow counters with very thin windows have been
used to minimise losses due to absofption in the counter
wiadow. Attempts have been made to adopt windowless flow
counter for X-ray fluorescénce cnalysis (46). '

C. Statistics and Detection Limit.

The measure of the nrecision of the results of an
analysis by X-ray fluorescence methods is commonly given in
torms of the standard deviation expresgssed in percentage ie.

1 b4 100
it

where N = +total observed count.

N% = 8tandard deviation of the copnt.
1

w

fractional standard deviation.
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- Taen a background correction is involved the clternative
form{47,48).

(Mfmﬁ‘.“
. x . 100

| (g, - Ng)
is uaed; where N1, = ~ total . obeerved count
| NB = background count
1"eres:s;ec’i in this way, the precision is éood but 1s found to

vmry from element to element due to the different energies of
the Fluorescent Y-fajs. An inportent question is that of

'tae deflnltlon of the linit of detection, and several

&1f¢erent criteria for this deflnition have been adopted by

work erd in this field. O0f these, the nost satisfacuory

woﬁld appear to ve thet wilch defines the ninimum detectable

‘goncentration as that concentration which gives a value of

the fluorescent intensity three times the utandurd deviation
of the background. The mlnimum detectable concentration .
defined in this way gives a confidence of ninety nine per cent
with & stdndard deviation approaching fifty per cent. The
ﬂ~ree;ent between the results cbta;ned by wet chemlcal nethods

and Y—ruy fluorescence unalvs1o is good (49).

anydisnersive ‘method.

The ncn-dis:eroive metgcd of A-raj flao*escence analeig

'.'uues a radloucbive naterial as the source of the prlmarj
'V‘I-radlation° . A adicactive _source: with Ladlaclon enission

 .eﬂ*1va1ent to ‘the radiation ouunau of a modern T -ra; tube,
'such o9 used in the dispc;81ve method, weuld have a stength

fron 10 kilocuries up t6 1 megacurie (1 curie = 3.7 x 1010

disintesration per second). & Work with radioactive materials:
at such activity levels is exuremely hazardous requiring
sjecial shielding and remote hendling facilities. . On the
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other hand it is possible to do analysis by the non-dispersive
nethod with as little as 100 microcuries of radioactive
-nmaterial, although the sensitivity with such 2 sample is very
nuch lower than can be zchieved in the dispersive method.
In the dispersive method nmuch of the nrimary radiations and
flucrescent radiations is lost in the collimation and
dispersion systems, and so with the much lower prinary
intensity available from usable radioisotope sources such
collimation and dispersion sysitems cannot be used. Inatead
the fluorescent radiation 1s detected by making use of the
property of a proportional or seintillation counter whereby

. the voltage outyut from the ecounter is proportional to the

- energy of the radiation incident upon it. The resolution

of such counters is very nuch inferior to that of crystal
dispersion systems which are capable of iesolving the Kgl
Doty Lny 2and X, fluorescent I-radiations from an element.

In view of the lower primary intensity and poorer energy
regolution available in the non-dispersive method it is not
to be expected that it can compete on equal terms with the
‘dispersive method. There are however a wide variety of
‘possible applications of the non-dispersive method for which

 some knowledge of its sensitivity in analysis would be
~useful. The present investigation sets out to examine this
for a wide variety of elements, and alsc its'application to
the onalysis of mixtures of niobium and tantaelun.
A.Source of Primary Radiation ‘ ,

The radioactive sources used are of throe main types.

(a). ILow energy ¥ - emitters. :

(b). Compact combinations of a beta,---emittinb
-radionuclide with a target element, which
give rise to bremgstrahlung and characteristic
X-rays of the elements present. - ' |

(e). B - enitters; a magnetie field is usually used
with such sources to prevent scattered B -
radiation entering the detector.
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The use of QL -particle sources has been attempted (50)
‘but the production of fluorescent X-rays is found to be nany
tines less efficient than that of £ -varticles. A suamary
of the various types of source is given in tables I, II, and
III. . B
Table I (51, 53)

Brémssfrahlung, Sources
Isctope [Half-life | Target Element!TzEe of Radiation | Useful
' photon
energy
3 12.3 years 71 Biemsstrahlung 4=3 Tev
zr ~ |Bremsstrahlung 5-9 Kev
o =
147Pm 2. 6 years Ag KAg X-rays -
' . -{Bremsstrahlung | 20-40Fev
A1 Brenastrahlung 10-40Kav
85Kr 10.7 years C i Bremsstrahlung 30-80Kev
90 vSr / - ' .
/90¥|28 years Al Bremsstrahlung | 70-150
| ' Eev
N ~ Dable II
Electromggnetiq radiation from radio isotope without
the uge of target (50, 53).
Isotope Half—iz%e  Pype of .Radiation Energy
13103' 9.7 days '_ effectively monochromatic [29.6 Lev
' X~-ray : '
55Pe 2.9 years ‘Monochronatic E -1 5,9 Kev
la%w 140 days | Monochromatiec N 156.9 rev
241lym 470 years e x raya nainly
' : ' - 160 Xev




| Table IIX

‘Radioisotope provides beta narticles to.excite characteristic

- X-rays from elements in sanple (52, 53, 54, 55).

Isotope animuﬁ veta energy half life
.143Pr 930 Kev ‘ ' 13.8 days

204py 770 Zev : ' 4 years
14Ty 220 Rev 2.6 years
9035/ 540 and 2240 Kev 28 years

20Y
L 100 Rev _ | "~ 10.6 years

" B. Detection and resclution of the Fluorescent Radiations.

. The choice of a suitable detection system depends upon
a nunber of factors notably the detection sensitivity and
enerszy reeolutaon required 2s well as the energy of the
flucrescent radiation.  The. propoLtionul counter has superior.
resolution to a scintillation counter. for low enexgy radiation
but its detection effieciency falls off for radiotion of encrsy
greater than 25 kev (56). The low intensity of the primary
. radiation and the even lower intensity of the fluorescent
radiction require that source, sample and detector should be
a8 close together as possible in oxrder to. achieve the
maximum sensitivity. Typical of the . geonmetrical ar;anbenents
chosen by moat workers are those ‘'shovm ia fig. 1-3, 1-4.
The voliaze »pulse from the detector after suitable
amplification by means of & linear anplifier is fed to a
pulse height analyser whieh records the spectrun of radiation
fron the sanple. :
Attenpts to improve the resolution of the systen have
boen nade by using the balanced filter iéchnique, which also
serves to reduce errors due to.lnatibility in the associated
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Ssmple in holder

T Sample support

Counter

N\

Counter window
e Source in holder

Mg, 1-3 Geometrical arrangemsnt

Source in holder

Counter vindoy

- Counter

| -

Fig, 1-4 Geometrical arrangement




~13-

electronic circuits. The balanced filter technique takes
advantage of the difference in energy of the absorption edges
of elements with a small difference Betreen their respective
atomic numbers. Two such elements give a filter systen.

The transmission of egeh filter for J-rzys is made eqgual over
the ole energy range except inbetween their absorption
elges. (See fig. 1-5). In actual experiment, one filter is
placed upon the counter window, then count rate is taken.
With the filter replaced by the other filter, the count rate
ie talten again. The difference in transmission then. -
represents the intensities of fluorescent X-rays whose
energies lies between the twe absorption edges e.g. Co Kk
radiation (6.93 kev) can be isolated using the Iin Kst
absorption edge {6.54 kev) together with the Fe Ko
abgorption (7.1l kev). -

.' - In case where the nelchbouring fluorescent peaks are
only partially resolved the individusl fluorescent intensities
 can be determined by a method due to Dolby (58). |
Let Y4 = resultant peak intensity for element A

Y8 = resultant peak intensity for element B

Ip = actual peak intensity for element A
Ig = actual peak intensity for element B
a% = contrlbution constant for element B at peak
R position A
aﬁ = contribution constant for element A at peak
position B
Then

. ' B
Yo = Ip 4 ap IB
- YB = a.% Iae 1
Hence the constants can be evaluated and all Iy, Iy
for nixtures of elements A and B calculated.
"7ith the exception of the methods adopted to counter
the absorption -~ enhancement effeet, the discussion given
in the section of dispersive systens can be carried over to




Transmissicn

(™,

= Energy

Fig, 1-$ Transmisaion of filters when tuey are made dbalsnced

The shadowed portien represents the intangitioes of tae
salected radiations
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the non » dispersive method. The low resolution of the
dotection systen i3 such that the requirenment for the
oharzcteristic radiation of the intermal standard to be
eloge to that of the element to be determined cannot be
. net, and this i3 true also for the use of scattered
radiation. The low intemsity of the fluovescent radiation
" pneans that the amount of the same element which must be
added to produce sigmificant change in the observed -
fluorescent intensity is such that one can no longer regard
(A?F +xupf ) as beinz constant. These faclors resirict the
- use of the mon-dispersive method to simple aystems, ot the
208t binary miztures of elements. ~For binary systenms, the
 fluorescont intensity is calibrated against the respective

waight percentage or weight fractions of the elenents rather
" than their eoncentrations.’
C. AMvantages of non=dispersive method and some of the.
cesults obtained, .

~ In spite of the afore mentioned limitations, the non-
dispersive nothod can achicve useful resul’is ot considerably
leas cost than the ddepersive methed. The scurce is robust,
portable znd eompact and lends itself readily to e wide
variety of arrangenent. The emission of -Yerays from 2 given
source is Stable and reproducible over long periods, its only
. variation being that of the decay cof the radicactive isotope
for which eorrection can readily and accurctely be nade. |
The use of. the proportional counter nakes the resolution of
- long wavelonzth radiations easier than by using crystals
. whieh are difficult to obtain with the large lattice spacing
required. i
The nethod has been applied to alloy composition

amalysis (54,59) iron ore (60), glasa (54), solution containing
uraniun (61) and cobalt in hydroearbon (62). Large samples

- ‘ ' ‘



"'15"

have been examined by moving a sp&ciaily designed detection

'pystenm over the sample surface (63) the concentration either

being expressed as on averaze, or as individual analysis for
each part of the surfacae.
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SN CHAPTER 2
| Introduetion- o tho Technique
of Isotope method

sourees

‘Mhese icotopes whiel emit alpha, betz, low energy gamma,
and monochromatie Iwrays can be used to excite the
chargcteriatic X-rays of elenments. DNonochromatie X-rcys from
these isotopes which decay by electrom capture (e3. Fe55, ’
W’lBl) ean excite very efficiently tho chargeteristie X«rays
of elements whose abscrption edze ensrgies lie at slizhtly
lower'énergy than that of fhe nonochronatic X-ray.. For the
excitation of the characteristic Z-rays of 2 wider range of
elencnts a'bremsstrahlung_saurce i3 mere-suitable.
Bremsgtrahlung scurces are readily prenared by forming
suitable combinations of a bete emitting isotope with a
targe’t elerent, the deceleration of the beta particles.in
the ta8rget matrix giving rise to bremsstrahlung. Suitable
corbinations are formed by mechenical mixtures eg. Pu 147
and aluninium powder; by adsorpiion eg. Kras on 2ctive
gharéoal; or hy chenical eombination, eg. H3 with titaniun
or zireonium netal. ’ . o

The choice of a suitable source depends upon the energies
‘of the charagteriotic Xerays which it is required to exeite.
The energies of the primary I-rays fron the source shculd not
e very mﬁch higher than vequired to bring about th
excitation of ihe fluorescent Ierays, since higher eaergy
‘radiation will cause an increase in background due to Compton
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. merimeter of the counter window scince this pernits the

«1F

seactering and eseaje peék producfion without any increase
in the inténsity of the fluorescent Ioray. In analytieal

nplications it is usual to excite the I X-rays of elenents
of low atomic nunber. TMor elements of tigh atomic nunber
¥ha fluorescent yield for X I-rays increases slowly with
atonic nurber (64) whilst the phoitoeleetric cross section
for K electrons decreases rapidly (65) with the result that
the fluoreseence efficiency for X X-rays is‘not nuch batter
than that for elezents of low atonie number. The avzilable
data on I X-ray fluorescent v2elds (66), and L electiron
aho'toeleetrice eross sections (67) showus that for elements
of higaer atomic aumber the flucrescence efiiciencies for |
both ¥ and I J=rays are gimilar. In such cases the use of
2 source wiieh excites only the L X-rays is therefore . '
preferable since it will result in a lower background due to
less Compton secattering and elimination of escape peak

.produdtidn. A smeller btiolcgical hazard will alsc rasult .

with the use of lower energy source. Therefcre the source

chosen to exeite i-rays over 2 wide ranze of elements should

have o maximun enerzy mo greater than 60 kev, sufficient to
exeite L X=rays firon all elements,'and X X-rays fron elexents
lizhiter than thulium. : ‘ | ) '

4 A ﬁgdo ehoice exist in ‘he physical size and shéps of
the source. The besi shape is one designed to Tit the
zoximim amount of {luorescent radiation from the sample to
enter the counter, but unfortunately teclinical difficultles
in the preparation of such socurces greatly inerease their
cost. - A more usual arrangemeant is thai of a dise shaped
scurge placed =2t the centre of the scunter window. The
source is nmounted on @ baecking material of high atomic number
of sufficient thiecineas to'prevent aceess of primdry i-rays

0 the coudiLer.
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C OU.V‘—LUJ .
Gei*er counterd ¢an be uged to detect the fluwoieseent

radiation. However sinee they are unable to discrininate
betireen phuctons of different energies, Geiger counters nust
e ‘used in combination with balanced filter systems for
eneryy aeleetion° The lenz "dead time"” of such couniers
also makes them lesa suitable for hisgh intensitice of Z Z=rays.

”rqutlonal and seintillation couﬂte~s can bo used for
direet energy scelection since in beth cases the voltage
output ie proportional to the energy of the incident photon.
J=ray propcrtional counsers are generally filled with Argon-
pethane or Tenon-nethane gas mixtures the choice of Filling
veing determined by the photon emerzy it is required to detect
» the positions of esecape peaks if they should oceur. The
counter is fitted with a2 thin berylliur window with as large
an active area ss is possible consistent with mechanical
stabilityr. Tc minimiée loss by absorption in the case of
low @nergy X-rays 2 gas flow »roportional counter which
nermite the use of extremely thin windows is ueed. A
"~ hydrogen or helium ¢ptical path betveen the sample and counter
- window io also used to further reduce absorpiion losses.

Thé seintillation ecunter 10e3 a erystal of sodiun iodide
setivated with thallium, and optically coupled to a suitable
nhohomululalie; toe. The window consists of a thin layer
of beryllium netal to minimise absorption of the X-rays.
LNERGY SELECPION

- The selection of +he flao:eacent'&-rgys is nade by
‘measurenent of the cutput pulse fron a-proportional or
geintillation ecomater.

In the case of the proporiional counter the size of tae
output pulse is determined dy the energy deposition within
the couuter_this latber being determined by the energy of
the X-ray photon. The size of the outpuf pulse from the
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counter is stroasly dependent om the hish voltage -applied to
the amode, and this voltage pulse from the counter is small
and nust be amplified coasidexrably before deteetion. In
order to avoid attenuation and distortion of the pulse in
éonnocting cables a pre-caplifier with cathode follower
outm»ut is placed as closec to the counter as possible, the .
pulse being then fed o 2 high zain amplifier. It ia
desirable that amplification of the output »ulse should de
linear in crder to differontiate pulses arising from X-ray
phovons of different energies. After amplification selection
cf-pu&sesvia nade electircnically by means of a pulse-iheight
analyser whick hes one or mocre chammels of voriable threshold
anersgy. The number of pulses'in a given voliage raage is
then recorded by neans of a scaler or ratsucter.

The requirements for the secintillation counter ore
similar to those of the pronortional counter, except that
the initial amplification is provided by the photomultiplier
tube, the pulsecs being'fed via a2 cathode follower ontput
directly to the linear amplifior. o |

-~ The fluetuation in the total nunber of ion pairs formed

in the proportional counter by absorption of photons of the
‘ éame.enérgy gives rise to Gaussian pulse height distribution
with a standard deviation nearly equal to L.6 times the
square root of the number of electrons in the initial
ionisaidon (63). This eombined with the fluctuations in
'the associnted electronic eircuita zives an overall otandard
deviation considerably greater. Por the scintillation
counter -the distribution in palse height arises fron

'flﬁctuation in fluorescent yield in the erystal, in amplifiedticn

by the photomuliiplier, together with thst of the asscciated
electronic eireuits.. = -
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A poasure of the extent 6f the fludtuation is given by
the ratio ' '
id th at nalf heizht of distrfbution = bV
Mean amplitude of pulse I
_ This ratio is referred to as the resciution of the -
countier. The behaviour of different sysiems can be compared
| by examinlnr thelr regsolution for a given :adlation 088, Cu Iss

(65)
Detector ) Resolution
'ﬂropoLtional counter .’ 209
Scintillation counter - 50%
Li T systen (dispersive) 1.5%

A further mothod of energy-solectadn is that using
filters. In practice it is difficult +o make filters
conpletely balanced over the whcle energy range (69)
especially that far away from the abzorption edges of the
filters. Thus one finds that energy diseriminaticn ﬁ;th a
'propgftional counter is still neeessary, but the use of sueh
filters allows an increése_in the chaunel width of the pulse
cnalyses with a consequent increase ia sensitivity and
'résolatibn° It has recently been clulmed that selective
filbters can be made balanced over the whole ener gy range ma“ing
further energzy selection with a pr ono““lon,l counter unnecessary
(70). In suck case a geiger counter can be used as & detector.

!




CHADPTER
relininary @ Vork

Jources . .
In the present work the use of two different types of
pouree was investigated °
- (a) 3Premsstrahlung sourcs.
 (b) Y-emitting source.
" The radioisotope aoures used tc produce bremsstr“blunb
was the pure B - emitting isotope Pm 147 (71), ’

QP « 0.225mev

Pa¥47 (2.6y)

3147

'Tho'séurce, prepared by the ladicchemical Centre,
Amershati, .consisted of 1 curie of Pm 147 bonded in aluniniun
ag tarzet eiement‘ﬁlaced on o backing of netallic zold (eee
iz 3.1). Two sueh sources were obtained the first besing '
conslderdbly contaninated with Iu : A58 . qpgg laster isotope °
h..a a half life of sixteen years a.nd gives high eneray S—rayﬂ (72)

»
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- 1,723

1.400

1,130
0,998

0,371
0,123

s 0,000

-

The ¥ -~ emitting source consisted of Co3T (72)

A1 epergy level inm sV

CooT (2704) .

T EC
T 0.136
agb 10k |

- 0.0144
& |
0.0000°
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1 asllicurte of 0077 ns cobalt chloride in dilute hydrochlorde
acid was obtained from the Radiochemical Centre, Anmershan.

Tae sowree was yrepared br evaporation of the solution in a

platinum eup 0.4 om. in dianeter after which the deposit was
covered with a thin layor of vinylite resin, the latter being

propared by aidition of a dilute solution of V.Y.N.S. (1 part
resin: 30 parts solvent) resin in cyclohexunoua and allowing
the solvent to evaporate.

Instrunents .

A ocomnereially available nrovortional counter was used
tprougnout this work. Ilanufzetured by 20th Century Zlectronies -
linited, the counter (type Px 130B/XE) wes filled with a Xenon -
. nethane mixture and fitted with a thin beryllium window 3.5 cms
in dianeter. The remaining units ¢f the 3sgenbly were
standard nucleonic instrunments manufactured by Dynctron Radio
Lta. A olocL schemabie diagram of the layout is shovm in
fig. 3-2.

- Instrament Settings
Optimun instrument settings were selected. Tihe most

f'importaut of thege wewre the high voltage 2applied to the - .

oountor end the pulse intesration ond differentiation time
eonatanis of the limear amplifier. . |
"~ (2) Counter.voliage .

. Y4ith both amplifier time constants arbitrarily set at
' ﬂ0.32 microseconds and the pulse analyser discriminator
| threshold set at 10 voltis, observation of the backgrouad
"neise lovel of the counter was nade for various applied
voliages: A noticozbla incwez2se in noise level besen ab an
 2pplied field of 2500 volts and ‘increased rapidly for applied

volinzes in oxcess of 2900 volts (aeé fig. 3=3). The
bdhnting officiency for a fixed sowrce counter - geometry .-
(selected so that the counting lewvel was nc’ too high) was
determined a8 a funciion of counter voltage (see fig. 3-4).
Thaé best ‘ecndition was feund for an applied voltage of 2000

volts.




Scaling wnit
Type I1OOSE

i

Pulse analyser
Type B 102B

A

Fover unit
Type N 103

Lineer amplifier
Type 14304 Gain 86dB

&

[N
3

dmplifier
head Type
14304

Gain 31dB

) Pot 237 plug Pet 201 socket
P, 7. 770 cable

Proportional counter
Type PX 130B/X&

Mg. 32 Scheantic disgram of instruuments
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Fig. =4 Counting efficiency and B.M,T.
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Mecsurenents were also nade of the variation in pealk
nosdtion of the Cu X radiations with applied eomnter volilje
(fiz. 3-5). The hizh voltase supply unit was said Ly the
neanfacturers to have a stability cf 0.0 5% for a varizsiion
in madins voliage of 10%. Sueh 2 vardation would shif% the
neak pesition by 0.35 with the spplied voltage at 2000 volis,
and in order Yo avoid this a msin stabiliscr (Servemex Conircls
Ltd., type 4.C. 2 Mark II A) was used to supply the H.T. wnit.

(v) Amplifier time constants. /

- Using Cu ¥ Xerays as standard the resclution of the
ingtrunent was determined as a funciion of the 1ntafv"tion
and differentiation time constants of the linear anplifier.
W1t4 instrunant settings;

Counter voltage : 2000 v
Amplifier attenuation: 13 dB,

. Palse analyssr ohannel width 1.0 woli the results were
a3 follcws. -

Dirf", time comatant (fasecs) 0.08 0.16 0,32 0.50 1,60
Int®. time eonstant (3 secs) 0.08 0.16 0.32 0.30 1.60
Resolution in percentage - 50 33 26 32.4 42.5 .

The best resolution was obtained with bothk tTime constants
atA0°32 3ecs. A percentage'resolution of 20/ az2a been
elained by Parish and Xohler (73) using Cu K radiction, but
in the wnresent work no attempt has been made to separate the
X and Kg radiations which may uccoaut for the lower
resolution.

Calibration.
‘The fluorescent A-“"J of an elenent is Jete:nzqed br

~observing the ecunter resjonse for a fixed pulse analyser
.chagéel width with variztion of the channel “Lreshcld volsaze.
The chaangel threshold voliage at the Maximam of the mezk is

" eharacteristic of the elenment. ~of1les of eccunier recponse
for a punmber of ‘elements are siovm in fig. 3=6. It will be
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Fig. 3-5 Variation of pesk{ CuK) position wita E.H.,T. Tae slope value
is 0.268V tuareshold per vold change in B.H.T.
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obaerved that the distortion is not of the zausgian forn
expected the profilés teing digtorted on tae lower energy
pide. Trom the observation that this disuvortion appecred
tg move with the element®s peak it was at first thought to be
due to e"e"ne nexk production.  As moye results were -obtained
aawever it becanme clear'that this apparent move:rent ‘7as due to

18 ehonging shove of the nroefile, and that the dzsuo ~tion wae
a foauure of the »rimary I-ray spectrum, the geparaitlon ' '
vetveen the fluorsscent peal and the disturition ifnereasing
vith atomie nyuber. o

Tho mean ampliiude of tae pulses Trom the counter should
be po ono-tional to the energy of the X-ray »heion nircdueing
the »nulses. “h13 was ecnfirmed by ploiting the peak oosition
in volts azainst LLe knowa enerzy of the cha¢ucteri°tic L=r2y9
(sece fi;n 3«7) Mrom these grapins thie approxinate meéﬂ pulbe
anplitude ih volis can be determined for X-rays of any energy,
and’ soaversely the energy of Y-rays can be determined from the
mean pulse annliuude.
Some commanl is necessary on the choico of energy value

for the fluorescent X-ray peak. The lew resolution of tke
. eounter doem no% allow the I X=rays to be split into the
- conponentsigy, Kw2, Fgl, and Xgo radiaﬁionsg'and so 211 will
make - econtribution to the obsexrved peak. The relative
1nteﬁsit1es of the eomponent radiations are (74): B

Kl . 100 .
] T2 50 3 ‘
' X8y 21 | :
kg2 3

In.assigninz an enerzy value to the fluorescent peak that
of the Tl radiation has been chosen since it makes the
~eatest contribution to the resulian’ peak height.

The nean pulse aunlltude for a given Xeray ean 2lsc be
varied by variation of the pulse attenuation, 2 control for
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Fig. 3-7 Calibration of the instruments at 18dB
Energy in kev against threanold voltage
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~ whieh ie a feature of %he amplifier. Provided that the
‘dnput and output impedances of the amplifier oxre equal, the
pulse amplitude neasured at different attenuation can be
selated to @ standard aftenuation using the relatioa.
Attenuation value in daelbels s 20 log.(V1)
| (v2)
Where Vi « Dpulse amolitade at attenuation value 1
" Vo = vulse amplitude at attenuation value 2
. After correction to a siandard attenuation value the

 square root of meen pulse amplitude fcor X Z-rays was plotted
28 a function of atomic number, the relation being linear as
expected from the Moseley relation (fig. 3-8). Fron such o
graph tae peak position for X X-rays for any element can be
deternined for the standard attenuation value.
-Betanmination of ceunter "Dead timg" _

. .'"ne "dead time" of a p:oaortional counter is no~mally
only-& few nicroseeonds and can be neglected for all but very
high values of ¢ount rate. It was considered however that
the associated eleetronie circuits might nake a signifieant
contribution %o "dead time" end so a determinaticn wds nade
by the method of Mertin (75). This is based on the equation

| ne M. o No - n qu’
where n = observed count rate.
N = disintegration constant of 1sotope obaerved.
o = True count rate.
T = "dead time".
t. = tinme

A samnle ef Mhss (¢% & 2.576 hrs), was prepared by the |
reaction Fe36 (np) Mn5®, and after allowing cne hour for the
decay of short lived species the decay wags obgerved with tho_ "
eounting set. A’plot of et n gives a linear relation for
whieh the slope is HoT. The intercept then gives Wo and T
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Fig. 3-8 Atomic number &4 agzainsi sgquare root of mecu auplitude of pulses
produced by K X-rays (after correction for attenuation)
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is deternined. Results are shown in fig. 3-9, and Zive a
value for dead time of 10l av seconds. This value was used
to correct the observed data where necegsary. '
Zrimary X-ray spectra of Sources.

(a) o957 syectrun.

The spectrum of the Co?7 source measured with the
proportional counter is shown in fiz. 3-10, aad is considerably
different from that expected on the basis of its decay schense
{page .22 ).  Assuming linearity of the energy scale above
the highest enetgy of fluorescent T=ray measured (Ce X:- 34.7
kev) no peak iz found.for the ¥ -ray of 122 kev energy, but
instazd a broad distribution is obtained. Sone factors
ecaiributing to Bhe observed spectrun may be:e

"{1) the low photoelectric cross section of Xenon (the
principal component of the ecounier filliag gan) for

- radiation of 122 kev energy. '

(2)  the high energy photoeléctrons arising within ‘the

' .couhter from the phcioelectric interzetion are

neutralised by the ecuntér wall before losing 21l their
energy by ionisation of the ccunter gas. . Sueh an
effect would give rise to a lower pulse .output than
wouid be expected for 122 kev enerzy, and a broad

| distribution of pulse heights would be obtained.

{3) at an energy cf 122 kev the Compton scattering cross
pection will be comparable with the photoelectrie
cross section, again giving-continuoﬁa pulse i:eight
distribution. :

(4) since the source decays by én electron ecapture process
the asgocizted inner breéusstrahlung effect would make

o a condribution te tLe apectrum,
(b) Pnl4T spectrum ' ‘

Two sources (I and II) were Jurcﬂ“sed from the
Radioehienical Centre, Amershar, both’ nOQLnally eontaining 1
eurie of Pml47, The spectra of the sources measured with
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1 is comnts/300secands from OMn % is equal to time
3 the decay constant



- 27b Xy

20 40 60 80 100 120 140
M L A [if ) Kl A §
Relative Energy in kov
intensity %O
® in kev
ol width 5 Channel widt#;

D

£ in threshold voltage

20 40

20 30 40 50 60
E in threshold voltage
Pig.3-10 Primary spectrum of Co°! Relative intensity against thresiold
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the proporiional eounter sre shown in fig. 3-11, and #ere
obtained by exposing the e¢ounter to the direet radiation fron
the sowree which was Ptaced at a sufficient distance from the

- counter to jive 2 reasonable value of the count rate. fThe
~spectia showa are similar in shape to the published speetruan
(76). . However there i3 some doubt 28 to whether these |

. spectra truly record tae treamsstrahilung intensity as o funetion
- of ‘energy. The experience with the Co37 souree shows that

the counter iz loss sensitive tp the higher snergy rediation:
end spme a2t least of the f2ll off at high energies must be
attributed to this cause. Again, with the geometry adopted

. %o ~ive reascnable values c¢f the count rate, a ¢isproportionate
nttenuation cf the lower energy bramﬂstrahlunﬂ 18 to be
axpected due to air absorption.

‘Althouzh nominally of the Bame strength it ean be seen
- fronm £ig. 3-11 that the intensity of radiation from the sources
~ is not the same. - Thiz could be duwe to 2 difference in the
' degres of ﬂixinr ¢f the Pnd47 with the aluminium matrix. - Wien
" the sources vere oxamined with a ~ezgar counier ualnu a lead

absorber t0 remove bremastrahlung both sources showed the
vresenee of high energy Y -rays. A consultation with the
makers of the sourcese confiimed the presence of radioagiive
: isowopeé of europiun. The level of contamination ¢f the two
sources 1s different, a lead;absorbér exveriment using a geiger
eounter as'detector showing that one source had 50 tines as
great a contamination (see Mig. 3-12).

.The preasence of the hilgh energy X’qra> coatam;nation will
ﬁlso'make.g contribution to the observed snectra of the sources.
,JB"”the method used to measure the specira t he effect of the
'%wray contumin@tlon will be Ja;nmfled by the fact that . the
whole body of the proportional eounter will be en31ulve‘to
the ¥erays waereas only tﬁe relatively small windows will
edlow the bremssiralhlung t9 enterx. A further measurement of
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the source speotra was nade in which tde body of the ocouater

o8 ocovered in layers of lead sheet to ntop the¥ -rays, the
counter windowa beins left free. The results are shown in

£is. 3-13, and indicate that the ¥ ~vays hLave made = comsiderable
scntribution te the prinary spectrun ia the bremsstrzhlung region.
The feregoing diseussion suggests that for the present

cnly valid nethod for eomparison of the two sowrcos is one

of combaring the i"lte"mluj of fluorescent radiation wiich they
produece in the same ga ple ¢f poterizal. In the present case
beeq.uoe of tho very mueh higher Y-ray level in one of the
soureces it was not possidble to do h.;.s comparison in the

Sane geouetry.
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CHAPTER 4

 The use of solutions has the advanuage of p;ov1d;n a

. readily renroducible homo"eneous sample form, thus reducing
the number of varicbles. tp be conside:ed° The. liquid
solutions uSed in the »resent work usually involved. water or

. dilute acid as the solvent.

Because a wide range of elements was to be investiga ted
for whieh the optimum conditions (e,u, sanple-source distance)

... required -to give the hlunest raulo of neak fluorescent

' intensity to. background intensity are not always identical,

it was decided to select these conditions for one element
whose'characteristic X—fey energy'fepreeented an average valus,
and then use the same conditions for all elements. The

element chosen was bromine, solutions of the elemeht being
vrepured by dissolving pOuGSSIQD bromide in water°

Experimental arrangement A - :

_ Three different arrangements of source; sanple and counter .
‘!9‘0 1nvest1gated, these beinb depicted in fig 4-1 and labelled
A, B, and C. : .

' " QAi= .. . In this erranoement the senple eell consisted of

a plastic cup whicl: was fllled to & meauared volume with the
gsclution to be determined. - A nurber of shel? nositions were
ava1lable to alter the source sample distance.. In nractice-
the ar_angement gave a 1ower ‘fluorescent neak to background

ratio than could be achieved with other arrangements.  This
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eould be attributed to scattered radiction, from the sample
éupport and bench, entering the counter. The fluorescent
igtensity was found to be very sensitive to small changes in
level of the sample surface such as might occur through
inaccuracies in the measurément'of sample volume. Tor the
cbove reasons A was replaced by the arrangements B and C.
- B:- ~ The sample cell consisted of a polytheﬁe cylinder
‘one end of whiech was closed with 2 thin film of polythene.

The polythene film was stretched over the end of the c¢cjylinder
and then held 1n,place by a ring of »clythene. . The cell was
;QUnported over the source'and'counter window on two
. aluninium rods. L B S

'~ C:= " This was adopted when using the source with the
highér europium contamlnatlon (source I), the counter window
'beiﬁg-shielded fron direct radiation by a shield of hizh ,
'&ensity tungsten - copper alloy (mallory metal). The cell
arrangenent was identical with that in B. '

' The arranzements B and C gave bettier reproducibilitJ

und were also much more tolerant to small displacenents of'
She sample cell. However B is to be preferred when possible.
oample size o R : .

According to equation 1.1 the fluoreseent 1nuen51ty from

" the sample varies with concentration and witkh the factor (ﬂ- T
X° for a sample having an infinite thickness. Deuermination
_ of the fluorescent intensity a2s a funetion of sanmple depth '
. ‘for various concentrations of reference sanple are given in

. fig. 4-2, and show that the condition of infinite thickness
‘is“satisfied_for sanple depths of a few centimetres. A
'consideration-of:the results for a sample concentration of
10 gns. KBr/ litre shous a rise of fluorescent intensity with
'iﬁcreasing depth up to a maximum at a sample depth of 2.4 cms.
and is constant at higher values of the depth. The
background level, &ncreases with increasing depth. - A sanmple
depth of 2.8 cms. was chosen_és providing an adequate
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fluorescent intensity with an accepuable background level,
and fqr the cell dianeter available gave a sample size of
90 e.cs.
Bockground Correction

Tne correciiocn of the obaserved results for bacikground
level presents a difficult problem partieularly for
mlisicomponent samples. If the background were ccastant
with resnect tc coacentration the correction could readily
Le made using o blank devermination. For sanmples coataining

‘o sinzle heswvy element it seemed reasonazble to cssuue that
the radiation intensity at sone position higher in energy
thon the fluorescent radiation from the sample would be due
0 bac*ground only, and that its variation would be similar
to o ehaet of the baclkground radiation at the fluorescent peak
pesition. For an arbitrarily chosen off-peak position the

sriation of intensity was atudied as a funetion of
ecnceatraticn for o range ¢f elements. The resulis, expressed
a8 the matic of intensity at concentration x (B.Gx) ¥c
" intensity at zero coacentration (B.Go) nlotted against
coneeniraticn, arc shown in figs 4-3 and 4-4 and in Wdicate
shat the baclkzround level varies ﬂlb- coneentration. 4

f With the assumpiion sha’ the variztion in background Jas

~inly due o cbsorption by the only heavy element present a
gomewhat less arbitrary method of correction was arrived at.
Pigure 4.5 shows a typical plot of the mass zbsorpiion
cocfficient cf an elenent &s fuhction of X-ray energy, the
nosiftion of the characte: istie Aw~qg of thes eleuent also beiny
showa (@), It can be seen that there exists a second energy
valae (b) for which the mass z2bsorption coefficient is the
gsame a3 that of the characteristic energy. “hos at (a) and
(v) the  variation in intensity due to 2bscrption by the -
elemcnt should be identical. The bac“ground intensity as &
function of energy determined on & blani sample allows the
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intensity ratio R = A/B o be obtained (see rig. 4-5). If
e initial assumpiion is correct R should be constant, =nd
Lience the vackground conitributicn tc thebobserved fluorescent
Dezlr can be deternined fron observation of the inceasity of
»adiation at the referenée positica (b). ‘

. In yractice'the'heavy elerent will alweys be associated
with other elemenis in the soluticn, and their. presence
.sheld be taken inte ceecunt when choosing the tackground
reference position. A first ehoice ¢f reference positicn
wes made from the mass absorption curves for the heavy element.
Consileration of the absorpiion of the cther elements ab this

.energy allo s a semi-guantitative correction to be applied to

the first choice %o give a finel reference position.

v -

Ccanting time. , : .
The choice of ccunting time is imevitably a compromise.

Zong cownting times reduce the fractional statistieal erior,
but rely on a long term stability of the counting -systeit..
On the other hand shoxi oun%ing times reduce the tine
fequired'for analysis, but with saerifice in precision.
.. In this particular work no aztomatic timing device was
used, and in oxder to minimise errors arising from manaal |
control a relatively loag counting time of 5 minutes wes
. adopted. Three or four observations were rade at each
congentration. | | -
Results. h | |

‘Calibraticn curves cof fludrescence intensity'agaiﬁst
element concentration for solutionsAcoﬁﬁaining one heavy
elenent were prepdred Tor a wide range of elenents, the results -
being illnstrated in Tigures 4-7,4-8,4~9,4=10,4~11,4-12,4-13,
4-14. A1l measufeme;ts were made with a pulse analysex
ciiannel wi&th of one volt, and for the purpose of conparison
were converted to a standard amplifier attenuation of 26
decibels. . All bbse;ved counts were correcsed for counter
' dead time, and fer Lackground by the method outlined. Due
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to the high baeclromnd aal low fluorescent intensity ia the
region of 6 kev energy, no regulis were ovtained for elementis
cf atonic number lower than iron with ar:angement C (source I),
cr Tor elemeats of atonic nunver lower than niciel fecr a
dvransenent B (souree IT). The calibraticn cavves gshow the
expected coavex upwards shape dae tc,self-absorption of ‘tL
characteristic radiotion of the sample ot the higher eleuent
cvicenbrations. Sume curves show a slighit ccacove apwards
shap2 at low concent:ation dae o erro: in the choice of .
velerence nositicn For the backsround. - As reantioned saclier
shic cholice ¢f refereince positica is onlf'seﬁi-quantitative‘

ALl C"llL raticn curves were draym by the methed of east .
squared. - .
- The minimum uebecuaole concentratlon wras defined as that
concentration which zave a count &t least thuee timcs the
stondard d rietion of the backgriund avove the baciground.
All coace ntrations wewe expressed in d_am ﬂto_s/llt“e of
solvent° ) The mindmuan detectzblc ccneceniration as a fulcblon
Lof atonic number is illastrated in Figure 4-15 for both I and
Lz -“a“s; and for both arranzenents L and C. In Figure 4-16
tae peak to baclkaround ratio for a fixed concentration of 0.01
e “toms ‘litre of solveat are glven in a similar way as a
“Funetion of atcizic nuaber. U S
he count rateé per 0.0l gran atoms/l at the concentration
Roxd 3rum.wtom3/1 is given as a funetion of atomic number in
Tigare -4-17; In generel better results ave achieved with
the geometrical arransement B (solurce II) than with ar*anwement
¢ (source I) The best resulis are obtained for those elements
with characteristic neaks in the rezion of I (16.6 Lkev),
and for heavy clements those with ch"““cte;iatlc Deaks near
to UL (13.5 kev). '

?he expected standerd deviation of a deternmination

Q

expressed as @ percentase is givean by, .
g = v 4 T
N, - QB»

T
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‘and will hove a maximun value of 407 for the ninimum detectable
coaceniration using. the eriterion Hp = 3NB% 4+ Ng. The value
of ¢ varies with atoaie nusber as well as with concentration,
the variasion with atormic namber at a2 fixed coneentration (sece
75, 4-18) being similar to the variation of the detection
limit. = Tor a concenitrasicn of 0.01 gm atowr/litre the value

- of o has a minimws value for Fb (1 to 2j2) and approaches its

- maydimuam value for iren where this value is almost equal to
1055, . The value of o/ is found to be 10-207% better for

' arranzment B than for srrangenent C.

Having rezerd to the small nwiber of observations taken
for 2ach element anl concentration value (3 or 4) the actuzl
soread of results is in good sceord with o ; with the
excepiion of some resulis for higher values of the atonic
numb‘ro This exception for higher 2tomic nuwber elerents
iz almost certoinly due o the criterion adopted for background
correction. - As the atonde nunber increzscs the baeciground
refereace position (b) (see FPig 4-5, 4-6) rnoves further away
from the fluorescent peak position (2) with the result that
whe ratio R increases duc to the rapid fall off of the
primary spedtrum with enersy. Tor the element cerium R has
the vexry unfavourcble value of 40, which means that the
 stgtistical'fluctuaticné in intensity at the reference'position
(b) are multiplied by this factor ia the baclground correction.
Thus’large'errors nay éppear in the backsround correctiocn.

T4 would .seem in such eases that better results would be
achieved by adopting as baeckground correction the intensity
level for zero concentration. _ '

Rinary mixtures of heavy elements in solution.

For a binary nixture of elements the flucrescent intensity
of a particular elemeat will vary nct oaly with the anount
of *hat element present, but also with its percentage ratio
to the second element. One or other of these quantities must
be.fikéd in order to set up a calibration curve. The ncst
covenient method is %so study the variation in fluorescent
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Fig.4-19 Oxides of niobium and tantalum in diluted HF.
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intensity as & funetion of the weisht percentage ond this
requires that a fixed total quantity of the =ixture be taken.
In this particular case the flucoresceant intensity of the
elements was stiadicd as a fuaction of the weight perceantage
of the mixed oxides, the binary mixtures of interest bLeing
niobiun-tantalum and hafniun - zirconiun.

Mixtures of the appropricte exides were prepared by
' weishing and then dissolved in dilute hydrofluorie aecid, the
resulting solutions being further diluted to give =2 series
of samples containing ten grams of the mixed oxides per litre.
The fluorescent intensity of the elements was measured the
resulta being given in table. |

.Teble 4-1

_ ‘ .

Arrangerent B Arrangemnent C Arrangenent C
Yixture with source II |  with source I | with source I
¥ | 10g Mb,0; and 10g M 05 + | 10g Zr0, +

Ta 205/11t?e Tazos/litre : Hf 02/1itre
IDetection | O.4wt. of 1.6wt.% of 2.66 wt. %
limit .nb205 szos of Zr 02
{Error at 2.8 % | 34 145
20 wh.% '

~ The shapes of 21l the calibration curves for niobjum in
tantalum and zirconium in hafnium are more or less concave
upwards (see figs 4-20, 4-21) irrespective of the particular
geoneirical arrangement adopted in the detérmination. This
is to be expected since the absorption of Wb K and Zr K by
~ tantalun and hafnium respectively is very serious according

- to the data available (77), hence the term.(FT +/bp) in

equation 1.1 decreases as the weight percentage of niobiun
or zirconium increases. Ho reliable calibration cculd be
,obta;ﬁed foxr hafniumjin'zirconium or tantalum in niobium due
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to the low intensitiés of Hf L and Ta L. In addition the
background was hizh and varied a great deal beca.se of
variaticn in the compositicn of the mixtures, and the fact

that suitable background reference positions for Lafnium 2nd
~Gantalum were occupied by Zr K and M K respectively (See

Pig 4=22). The attempt o célibrate the nixtures at lower
‘total‘eoncentr;ticn to reduce the gbsorpiion effect gave poox
results. Methods %o counter the abscrption effect such as
calibrating the péak to background ratio against concéntraﬁion,
o device commcnlj'used in the dispersive nethod (30, 34)., were
also investizated but met with little success due to diffieulty
in the choice of vacksround reference position.
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CHAPTER 5 . | .

Solid  Samnles ' o

. The use of two different solid sample systems for the
andlyais of nicbiua - tantalum mixtures was investigated.

One systeii consisted of a homogeneous sclubtion of téntalum
and nisbium oxides in anhydrous sodium berate, and the second
a suspenolon o7 tle finely ground oxides in perspex.
Dorate solution Bystem.: ‘

Samples'were nrepared in the folléwing way. 0.2 grams
of cxide ow niixed oxides and 20 gruus of anhydroua borax were

s haated in a platinam dish at 1000°C until COLpleue solution

wes attained. Tuis process usudlly required about one houxr
for eompletion. A moulg mede from & pleee of thiek alwziniunm
plate with a circular depfession 0.15 cms. ian depth aand
dicmeter .4 ems was placed in the furnace for 2 few secunds.

The fused borax was powred inte the mould which was then moved
%o the mouih of the furnece %0 prevent melting o¢f the aluninium
plate. ~The berax was allowed to cool slowly over & period of
' minutes tc aveid era cina of the solid.s The sample as
obtained as a tr angparent disc naving one face flat znd the
cther face curved. - - " .

| The freahly O”GD&?B& sample was iLraasparent, but

evelopeu a nilicy aypearance on uhe_uurface after a few days.
TThip effect could oe'prevented‘by storing the samnle in a
deésieatcr, but in practice had nc observable effect on the
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fluworescence intensity £irom. the sangle. lleasurement of the

flacreacence intensity of tho sample was always made on the

flat surface. :

(a) Semple repreducibility

. Tour sauples each containing 0.2 gms of niobium oxide

_per 20 gms of anhydrous-borax (setI), and three oziples each

conteining 0.16 &ns of niobium oxide, 0.04 gus of tantelun

cxide, per 20 s of anhyd:rous borax (set II) were prepared.

3everal deterninations of the fluorrescence intensity of oK

- and TalL were mede together with observations of the intenaity
2% the'appropyiate background roference positions. In Table

5.1 the percentage standard deviation from the mean fluorescence

intensity (6ob) is compared with the appropriate value of the

" expected standard deviation (o exp).

' Table 5.1 '

Sample set Line ; ob. oxp |
1 WK | 0.96 | 0.4 |
CIX NbK 0.60 0.5

- - .+ Tal 7;8 ‘6.6

Tae renulté sugzest that the sample reproducibility is
‘good having regard to the fact that ‘they will include errozrs
in pining of the count ana the instrumental atabilitJ.

gbz Calibration -

. A range of sanples at various concantrationa ¢f niobiun
and teatalun were prepared in order o set up calibration

. euirves.

A:- Niobium oxide in borax
t= Tontalun oxide in borax
C:~ Mixture of niobium and tantalunm oxides 0.2 srama
. of nmixture in 20 gms of borax)
_ The sample concentrations used were of the sane order
as those uaeq in the hydrofluoric¢ aecid solutions. The spectra




o

obtained on the samples of mixture are shown in Figurs 5-1,
and the calibration curves for all sanples in Figures 5-2 and
5-3. -Compared to the sample solutions ia hydrofiuoric acid

a reduction in background of approximately 305 for niobium
and 405 for tantalum is obtained.. This res ults in a more

favou:able pealr to backzround ratzo anl hence bebueL

calilration curves for the nixed oziae syatens.
' The calibration curve fo niobium in fused borax (T 1gaf

5—2) end for taatalwn in borax (Figure 5-2) have the expected
convex upwards shapé.; That for niobium in the niobimm -
santalua mixture (Figure 5-3) shows a linear relationship
which can be explained in terms of the efficient absorption
of I radiction by'“untalum at low concentration of aiobiun.
This can be seoen by conparina the fluorescence intensities at
ou1valen+ coaceauratlons in Pigures 5-2 and 5-3, eg. the

fluorescence intensity at ZON weight of niobium oxide in

Tiguce 5-3, and at 0.04 gms of niobium oxide in Tigure 5-2.

. 2he convex upwards shape of the ecalibration curve for ‘tantalun
1n,niobium oxide (Tigure 5-3) is in part ‘due to the enhancement
effect.(Chapter I) espeecially when the.pefcentage of tantalunm
iz low, and also to the choice of background reference position

‘whieh ouat lie at a higher energy value due i¢ the ideal position
being oceupied by TbZ. _ ' .

‘The observed péfcentage standard deviation (gob) waé

within the expected standerd deviaticn (sexp) with the
exception_of'those results obtained at low element conceantrations
for the single'species (sample types A aand B) and low percentage
~atio for the mixtures of eleinents (sample type c). The latter
results, representing the worst situaticn observed, are shown '
‘in Table 5-2 where they are compared with the expeccea gtandard
deviation.
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Table 5.2.

Sanple type A | B C
Hb205 Ta205 . | Tbo0g Ta205
| 2 /1000 am 2 gn/1000zm 1 20% . 20%wt.
o exp 1.5 4.8 1.3 4.4
o obs . 4.5 - 3.5 3.7 - 18

The results for tantalum show a greater deviation' than
oge for niobium. This erises in part from the diffieulty
Cinc selecting a suitable baekground ‘reference . JOSltlon, and
_also from the fach. that the concentraticn used represents a

cwer atom concentraticn thaa that of nicbium teczude of the
higher atomic weight of tantalum.
(¢) Detection limit '

The detection linit deflned thOfdlno %0 siue ecriterion
alrealdy auopue& is exprecssed in terns - of zrams of oxide in
1000 gus of ‘anhydrous borax for the 31ngle elcnent systemns,
cad in terms of the mininum wcight percentage ¢f the eleumeant
oxide in e system coantainiag 0.2 graus of nixtuve in 20 groms
df anﬁydrous borax in the case of mixtures. Thece values
are siven.in nable 5.3, '

Table 5.3.

Sample A 3 c
_Tlenent’ N | ?a Wb. Ta
Detection . '
limit - " 0.08 0.31 | 0.67 | 2.87

(a) Element leburea in vnknown matrix

When the nmixture to be wnalyseq coasists of tnc cxides
of niobiun and tontdlum Sogether with cnme or move other
coﬁpcnents she above metiod is no‘longer‘applicable{ A study
was therefore made of the method of o2ddition described earlier
(pagé 6, chapter I). Tn this method ve have the relation:




Ila
X = B (l).
I - 11 |
vhere X = eleneant concentration to be deternmined.

& = coacentration of element added. ,
Il = Zfluoresecent intensity for original sample.
I2. = fluorescent intensity from "doped sample.

A set of four samples was preparéd in the usual ray with
the addition of & quantity of sodium silicate ¢o simulate an
unknown matrix.  Detvails ¢f the sanples are givén in Table 5.4.

| ?able 5.4. . .

Sample | Ta 0 (gms) Eb 0 (gms) - |Scdiunz silicate(gms)
1 ©0.08 . [ - 0.12 0.1058

2 Q.03 - 0.14 0,1058 °
3 0.10 0.12 © 0.1000
4 0.08 0.13 ~ 0.1000

The fluorescence‘intensity froin each -sanple was neasured.
If the samples are vhen considered in sets of two, omne of the -
| samples being regarded as the uakihown and the second as the
*doped" sample, sufficient data is availzble to use equation
-1 to estimate the "unlkncwn", and allow an assessment of the
 method to be made. '
" The résults‘of this exeamination are given in Table 5.5, and
represent the nean valiues of several determinations. Variations
2bout thée mean values were of the order of 1i

' ~ Toble 5.5.

Bample =sets 4 1«2 l1+4 1+3
(by weight) | 0.12 guNbp05 | 0.12gmlax05 | 0.08 gn Tag0s
a (by weight) 0.02 gnNb205 0.01lgulNb205 | 0.02 gm Ta205

e (caleulated) | 0.1145 © 0.1296 | 0.065

(x, _=x | |
| o —- W) x100 | _ 4 6 + 8.3% - 18

“«r . -

“w
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. The deviation from the true value can Le explained os
being due to two effects.

(1). ©The assumption of-a linear *elutzonship between
fluoreucence intensity and concentraticn is not
valid when the weight fraeticn, a, is large (coupace

 sample sets 1 + 2 with 1 « 3).

(2) When the weight fraction a is small the quantity
I2 = I3, in equation 1 becomes a small difference
between two large quantities with a resultin@’
inerease in ervor (compare sample sets 1 + 2 with

Tl e 4).
These two effects will work against one another.
Perspex system ' . ' '

This nmethod repmeents an oLtemjt to extend the zgplication
¢f a standard technique for the exanination of metallurgical
spéeimens to samples for I~-ray fluorescence analysis. = The
sanple in thq form of a fine powder is dispersed in a metallurgical
mounting powder which is then compressed into a standard shape
in a nounting press. The mounting powder is melted under
predsure to form a coherent mass. |

(a) Samvle preparatiaon :

0.1 gram cf oxide o mixed ox ides was weighed accurately
and bnen uogetaer with 10 grms of a perspex nountinb powder
(1385 AB Transoptic powder) was transferred to a grinding mill
(410 electriec mill, Janke and Kunbel). The nixture was vround
‘and thorcughly mixed in the mill, after which it was transferre
$0 2 metallurgical nocunting press. All remaining residue in
_ the mill was carefully transferred to the press using a small
camel hair brush. The :ixture was heated to 170°C under a
pressure of 2000 lvs/sq. inch, and then allowed to cool to
40°C when the sample was removed. .

Samples prepared in this way were cyliadrical in shape
with o diameter of 3.2 cms and a thiclmess of 1.03 cma.
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'After several Hreparations a thin deposic on the boitcon of
she nill becane noticeable. A% the saué time za inerease
.in fluo*eocence intensiiy fron sanples with the sane nonminal
clenent concentratvion was obscrved in order of sample preparaticn.
This was thought to be due to the elcment oxide adhering to
the swurface of the mill more readily than the nounting'nQWder
thus altering the .eight ratio in the sanple. As che devosit
thiekened the properties of the nill surface changed so tvhat
elcnent oxide cdhered less readily, and increased its weignt
rafic in the sample. . This view was strengtaenad by the great

cprovement in sample reproducibility which occurred when the
- 2111 was cleaned between each preparaiion with npewiered glass.
Tails nractice was adonted for all subseduent sanple preparatie.
(b) 3omple reproducibility o |

,The‘sample reproducibility expressed as the percentage
standard deviation on the mean fluorescent intensity of several
scnples, for samnles containing niobium oxide only, and tantalun
oxiie only is given in Table 5.6
Dzble. 5.6.

Sanmpnle : 73 age Standard
deviation

Nb 205 . D.65 %

Ta 205 ' 1.86 55 ]

(¢) Sample thickness .

Samples prena-ed a5 cbove had o thickness of 1.08 cms.
Tn order to determine whether this thickness represcnted 2
value near to the critical thiclmess (see Page 31) the following
experinent was perforned. o

A sanple wos prepqre¢'containing 0.1 gns of niobiun oxide
in 10 grs of mounting powder° Successive layers of 1 mn
4thicknescs were removed fiom the gample by %Turning in a lathe,
2ad determinations of the fluorescence insensity made et each
sample‘thiokness. Boch determination was accompanied by a
sinilar determination on 2 blank sample of the sane thieikness
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. for background correction. The plot of fluorescence intensity
: against sample taicimess (Figure 5-4) shows a marked levelling
off above 0.9 cms thickness. The value of 10.8 cms obtained
with the sample quantities used iy the preparation thewfore
represents a suitable sanple size.
(4) Calibration:
| COmparative measurenments of fluoreseence intensity taken
on both faces of the sanple were found to differ, in some cases
e difference beinz quiie considerable. This was thought to
re due.to graviﬁation&l settling of the oxides in the molten
_perspex mounting powder during the fornma tion of the s“nvles
since that surface which was lower in the mountlng Dress gave
_the higher fluoiescence intensity. The effect was nost sericus
with samples coﬁtaining tantalum oxide wiiich hes & higher
" density than niobium oxide, and in the worst case obhserved the
‘fladrescence'intensity fron the two suwfaces of the same sample
differed from their mean value by T 445 (2 5% for sanples
containing niobiﬁm oxide). In the ecalibration of the fluorescent
intensity of tantalum oxide samples the nean value of the results
ron both'surfaces was taken (Pigure 5-6). TFor samdles
containlng a nixtige of niocbjium and tantalun oxides the Nb K.
fluorescent intensity was smaller for the lower . surfuce.onan
for the ﬁpper surface.  This could be due to a higher tantalum
cOncentration at the lower surfcce with a consequent higher.
2bsorption of NbK radiation.
 The ecalibration curves are illustrated in Tigs. 5-6; 5-T,
and in general have the éame shape as for the corresponding
osaizples in borax. An assessment of the ervors is rendered
difficult by the inhericgeneity of the samples, and it is clear
:ou a conside*atlon of the ercor lindts ¢a the calibratvion
curves that these arise fron ilie sonple preparation. This
point will e discugsed further in ‘Chapiter 6.
(¢ ) Detecyion limit
The detection limit is expressed in the same ray as for
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the boxrax samples'(page 431 ), the results being given in Table
A.5°7.' . ’ o N . " .
» Table 5.7.

) " pracamass

Sample A B c

Tlement . m 7a m - Ta
| Detection | e | ‘- |

limit 1. 0.07 0.42 0.8 2.4

A:=  Fiobium oxide in perspex (10 gns)

B:~ Tantalum oxide in perspex (10 gns)

C:- Mixture of tantalum and niobium oxides (Q.1 gram
of mixture in 10 gums h'df perspex). '




In Table 6.1 the collected
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CHAPTER 6

Sunriary of results

for the three sample 'systems studied ere presented.
are given in the case of the single element systems in terms of
gaams” of element oxide ih 1000 g'ams of solvenﬁ anéd in tae
case of mixtures in terms of the weight percentage of the
elemgnt oxide in the suandard_sample system (sec before).

6‘1.

Table

Single element systems.

rosults of the deteciion lirits

The values

Dilute HF Borax Perspex

| sojution sample | sample.
. Nb2054 0.1l 0.08 0.07
Ta205 ~ 0.20 0.31 0.42
‘ - Wixtures of clements '
No20g - 0.4s. 0.67 0.8

Tan0sg - ' 2.67 2.4
It is clear from these results that the detection limits

for the three systems .are very similer, the small variations
being probably due to. ihe nethod adopted fou bac cground
A choice between the three srstems must depend

' upon grounds other than sen31b1vity,_

correction.
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Some brief corments on the sample systems are given belowr-
A. TLiguid solution

Where the materizl fo be analysed is in o scluble form
this nethod represents 2 rapid and sinple farn of preparation
wi.ieh results in & homogenecus systen. A comparatively large
¥clume of sample is required to approach the eritical thickness
vaiue, but this is of some advantaze in that the system is very
sclevant to small displocenents of the sample cell. The systex
has 2 much higher baclkground level and scattering of rodiation
is siznificantly higher than for the other sample systems, and
tlis results a broader flucrescent pezk (see Mizures 4-19).
Dceause of the diffieulty involved in backgoréund correction
a volue for the detection limit of tantalum oxide in the
rixed oxide semple caanot be obtained.

B. 3odiun borate sanple .
4A The solubility of metal oxides in sodium borate 1is
generally low, but with the sample concentrations of inucrsst
this is not a great vestrlction. The time required for sample
nrepcration is long, and varies WldelJ (45 to 90 minutes), but
it nay ve possible to reduce this by the use of specially
desizned burners for forming the nelt (78). Being & solution
the resulting sample is hoirogeunecus, but variaticas ia wei ht
cT the stondard éample inevitably occur Jhen pouring the viscousd
nelt from the erucible to the sacple nould. Sach variations
oppear nevever to have liittle effect on the fliorcscence
intensity (c.f. samplé reproducibility). The fluorescent peak
sbtoined with these samples is sharp (see TFigs. 5-1).
C. nbuntlnn_ﬁowder (nerspex) samples | '

This method is not restricted by tae soldbllltj cf tae
ooterial to be anclysed, but as the resulting sample is not
a”sélution honegeneity i3 a problen. The results obtained 4
strCngly'suggest shat the method adopted for sanple preparation
is largely responsible fcr the errors observeﬁ. It is believed
giat this situatiocn could be improved.

-
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In the methcd of nreparation previously described 2
,.mixture of the oxide and perspex mounting powder -7as heated
to 170°C in a mounting press. At such a tenmperature the
perspex would be liquid and sravisational settling of <he
" mueh heavier oxide is inevitadle. If hosever the mixiure
wag heated tc such & semperature that the verspex was only
softened a coherent mass could be obitained without sebttling,
21d 2 hemogencous. sysienm cbiained. Apart from redicing errors
$his would also brins cbout a considerable ireduction in the
time required for preparation. |
- The nossibility of wvariasticn in the flucrescence intensity
with particle size alsc exists in this_method;’but tiis eculd
te overcome by careful milling ol the material.
4 fixed and repreducible size of sample is obtained in

a mobrix lighter then that of sidium borate (density cf perspex
iz 2.1 gns/ec as as2iast 3.1 gns/ce for borate), and sharp
fluorescent pealts cre obtained. 0f the three sample systens
studied the"perspex nethod also requires the least guantity
- of material. The background is lower for the solid samples,

and correction can ke made more acéurately.v On these grounds
the solid sample systems are to be sreferred tc the liquid

solution.
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CHAPTER 7T

Jectra of Elenents Excltedéfy 0057

. Before enteringz on a disecussion cf the Spectra cf elements
using the cod3T gource, a2 consideration of some features of the
detection process within the )“O?O“Eion&l counter will pircve
useful. _ ’ ‘

An I-ray photon entering fthe counter transfers lLS energy
to an orbital electrcn of one of the atoms of the counter
filling gas, the electron being ejeéted from that atom. The
energy of this phoicelectron, which is equal to that of the
'initial'X-réy nheton less the orbital electron bihding energy,
is then used up in ionisation of the comnter f£illing gas. An
orbital vacancy will be left in the residual aton fron which
'tne photon was ejected, and tLe fillinz of this wvacancy will
glve rise to emission of a characteri tic X-ray of that aton.
Two processes can then occur:-

' {a) The characteristic X”laJ is absorbed Jithln the
counte; giving rise to further ionisation which
supplenents the initial ionisation. The whole of
the initial photon enefgy is thus available within
the counter.~

.(b) The characteristie Z-ray is not 2bsorbed within the

countér, znd hence the energy svailable foir iondsation
is lower than the initial photon energy.
Thus in the spectrun of the initial X-ray photon two peaks
night be expecued to ceccur. - When 2 scintillation couater
is used o detect I-ray phOLOﬂa two peaks are indeed observed
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in the spectrum, the high density of the detecting crystal
ensuring a substantial coatribution from process (a). The
lower energy pez2k arising from process (b) is referred to
28 the “"egeape peak". The peaks =re characterised by their
- ecastant enefgy_separation, this separation being cqual bo
hat of the charccterisiic I-ray of the scintillation material.
In tke case of the Hroportionzl couater the relatively low
aenslty of the filling gad, and the tronsparency of atoms %o
their owa charseteristic rodiations ensures little coatribution
from process (&) only ome peak teing observed, the "escane peak".
In the present .werk the f£illing gas of the proportional

cou:ter was the eleizent Xeanon. This has a further consequenée
in %hat fluorescent X X-rays of enersy lower than the X
abéorption edge of Xenon 'rill have insufficient enerzy tc eject
naccelectrens fron ihe K shell of Xenon, and thoe »srineipal
ph:teeleétron erxissica will be produced from: the I shell.

The flucrescent I-rays haoving energy grezter than the Tenon
a2bsorpiion edge caa ejees X electrons from Xeaon. This mean3s
that-a bigher »roportion of the enerzy ¢f the fluorescent -
ray -photon is available for ionisation within bthe ecouater foo
eleneats of 2tcmic number lower than ceriun (Ce T = 34.7 Xkev)
shen is the case for heavier elemenis. The net result of this
ia thdt the fluorescent peaks of the heavier elements appear

a% lower apparen’ onergies thom would be expected on the basis
of their characteristic I-ray enerzies. Thus .the ¥ flucrescens
'péak»for tantalum (2 = 73) appears at rcughly the same ener:zy

as that for silver (Z = 47) - see Figure 7-3.

lement Spectra
The seccndary spectra of the elements in the fornm of pure
mecals or compounds in the solid state, obtained usiag cu37
as the primary X-ray source are similar to those using PaldT
brexsstrahlung (ef. Figures 3-6 7-1). There are slight
differences being more obvious in the higher energy regions
of the L spectra~(cf; Pizares 3-62 and T7-2). A number of
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représentativc spectra are illustrated in Figure T=-3. The
energzies of the peaks were assigned using the silver peak as
reference, the energy of the latter being vaken as that of
Ac ¥ (22.13 xev), and cssuning linearity of the instrument
pegponse over this ener reglon. In Table 7.1 the observed
enersy id'compared with that of the knova K radiation of the

eleuent.
Table 7.1.
ﬁﬁlement Atomic J Ly emergy Observed energy | Differcace
nunmber (kev) (kev) (kev)
Ag 47 22.15 22.18 0.
sn | 50 1 25.21 1 25.5 . 0.3
1 1 53 23.6 30.2 1 1.6
"Ba | 56 32.2 Co33a 0.9
Ta 73 - 57.6 24.2 o 33.4
v 74 ' 5¢.4 3 26.2 33.2
Pt .1 18 5.6 . 34.2 32.4
P ] 82 . 40.3 E 34.7

4 The energy difference in tie last eclumn of Tabvle 7.1
is small o %hose elements whose cha:acberistic X Xeray ensr
iz below thai of the aCscrpt;on edge of Zeacn (34.57 zev) and
con be explained Ly the difficulty in deciding the peak energy
_aeeur rately. . The jifference in the ease of Gthe heavier clements
- 15 sensibly constant, the variaticns from the meon value bveing
- probably cauased by the peak enengy cosigament ns befcre.
Howewrer the mean dlffereace is lawrger shan the characteristice
X energy ¢f Xenon (2¢.3 kev), and must be due tv a sysitematie
rror in the pesk energy ascignment.




Table 7.2

Material s, /end Atoms/cﬁzi Zlect_ons, cad
. | (x5,02 x 1023) (x6.02 x 1025)
FS B .71 6.34 - 32.4 ‘

Ca 0.072 c.11 3.28

Az 0.1505. | C.14 6.56

5n '0.033 0.07 | 3.7

Ta 0.166 0.092 6.7

1 a2l 0.085 | 2.3

Pt | 0.69 0.38 27.5

c b : 3.0 .06 ‘ 316

In 7cble 7.2 sone details ~ce Fiven of she netol sannles
a3el te cbiaia the sneetra illustrated in Tigure T-3.  These
sectos weve chtzined v a high omplifier assenaasion of 36
g3 12 order S¢ inelude o wile range of elenents on bie szne
eacrgy scile. Tiie specira ¢f copper, tin, and tzngstenAare
105 illusi-ated in Pigrre 7-3 fer tize sake of elarity:

Conper: nc necks, tabt a bread speetrum ol low-iatensit,.
Tin: siziler tc e syectims foo silver,but disnlaced

to higher eaergy.
Tangsten : sirdilayr Lo tantzlum shectrunm Tus with the
' displacement o higher energy.ﬂ' L
Tor e ranse of elemen’s sivea e spectra &L not have a

mifornm shaje, =2nd 45 is. @iffieals with the data ovailzble to
deci&o'ﬁhe caase of tuis. Aluniniun for which no flacrescent
peakc‘arc exnected showa .tro distines pe;&s of relatirely higH
1ntenaitj; cne of waiclh cverlaps the tantalua spectran.  This
cverlaplsuggest the »nos3ibility tiat the aluminiun sonectrun
15 Sae Lo scatteriag of she primary X-ra;s fron the source,
wiiell should, be aronersicanl e tae nucs e of eleetrcas er
unit aven. Towever the wren dsnsity of electrcns footle
cilre comle is similar to thst for tantalan (see mbla 7.2),
bgf ailver shews no evrsesyoading neax at the nesitiia whese
ne aluminiJmﬁanﬁ antalian sadetig overlap. Moreove:r platinam
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‘aad lead with higher area density of eleetrons show no
proginent features in this region. +t iz clear that scattering
alone cannct account for the variaticn in shape of +ie spectra.

The sample of alunminium used was a % inelz plate formed
Ly a rolling preceess which gives rise tc preferred crientotion
of the erystels. Sinee a2luniniam is well kncwn %6 have o
-nigh refleeting pewer fer X-rays'the two pealrs observed ecnld
well be due tc¢ IDrags reflecticns Trem the exrysials. Phis
might»héll have bLeen checked using a sample ¢If cast aluminium
whiech weuld not show preferred orientaticn of the crystals,
‘but sueh a sample was not cvailoble. ' A

The spectrum ¢f santalum (and tungsten) shews a subsidiary
peak,onfﬁﬁe high energy side cf the main peak. The &ifference~
in energy bebween the two peaké, allowing for the inevitable
errcrs in location of the peak pcsitions, ccrresbonds tc the
energy of the Xenon characteristic K X-ray (29.8 kev). Such
a situaticn would arise when the. tantalum (cx tungsten)
fluorescent K X-ray ejects an electron from the L shell of
Xenon with the result that a higher proportion of the '
fluorescent X-ray energy is available for ionisation in the
counter. We second pealk would be expected for silver and
tin since their flucrescent X X-rays have insufficient eneryy
to remove electrons from the Xenon ¥ shell. The second peal
wonld hemever be expected in the platinum =nd lead spectra, but
ney not te desectable for these elements owing itc the lcwer
intensity of ihe peaks.  This wculd appecr tc Le the mest

-

gatisfactory explanaticn - of the shape of ihe cbserved spectra.
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cmA>Ts 8

-

Liguid solutjons e Co57 source

Geometricol arrmgsient 3 (Figure 4-1) was adopted, the
cu-7 aource'being'mqunted on 2 9.5 rm colunm of lead to reducs
direct access to the counter of the 122 kev gamma ray.  The
aample'to window disianee was 1.5 cao. All othei parcmeters
ere the sanms 58 desgerited in Chapter 4, e.gz. the volume of
Boiution. pulse cnalyser chonmel width, coynter voltage, =2ad

he time constonts of the amplifier. '
spestra of elenents in selusion

Fcr the elemenis exanined the spectira vere ginilar to
tloge obitained 7vith ilhe Dn 1f7 source excedt for the wvery ueca

hijher Lagkgroaad lozel (see Pizwes J-1, 8~2). On both sides
of’the charceterigtic peck Uile sjectrun ol tne solution meets
that of the blen: with the excepiicn of ke soluticn of
taatalum oxide in hydroflugrie ceid. In this laiter case :he
charagteriotic X-riy observed was Ta L, cad the higher than
bocloround intoxoity on the high energy sile of this peak can
‘be considered as duc to Conanton geotterins of the Ta K esecpe
peak (see fig.re 3-2). '
Calibrations -

The constructicn of a ecdlitratiocn curve cf fluorescence
intensity acceinot element coacentrotion was nmode in the sane
xtasr as for the Pml47 source (see Chapter 4). The ealibration
curves are given in Tiguwes (-3, 3~4, ond 3-5. For tantalun
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oxide solutioas the usual method of background coriection (page
32) could hot be used owing to the interference of the Ta X
escape peak in the background reference position, and the count
rote ob zero concentration wos therefore zdopiéd as the
tackground eoyrrecticn for z2ll concentration. Tre presenca of
the Ta X éscape veak at the peal nosition for I X nade
im»ossible the ccasitructicn of a2 calibrzticn curve for niobium
in tantz2lun - niotium mixtures. A calibration curve for
feartalun in the mixtuares was obtained.

Fesults ‘

The detection limits (in gram atcams per litre of soluticn)

+ for a number oFf elements are given in Tehle 3.1.

J.atb-ly.e ‘Jll.

Elcment Atomie | Characteristiz | Absorption |Detection limit
nugber L-ray Edge (kev) (x 10°°)
Cu 29 X 3.978 . 0.0
74 30 b 9.657 5.6
bi o 35 K 13.471 3.4
b 41 r 23,981 - | - 6.24
Ag 47 K 25.5 4.0
ca 43 X 26,704 3.5
Ba . 56 X 37,399 ¢.0
Ta 73 L 11.631 - 2.7

The detection limit falls with increase in z%omic nuober
a minimun value being obtained at bronine. This i3 to be
expected since the 14.4 kev ganma ray of Co’v is anproaehing
the clement absorptlon edge. Above bromine the X abacyption
edge will be higher in energy than 14.4 kev end the mass’
absorption coefficient will £z21l in value. Wlcte the lower
detection limit of tantolum ccempared to niobium, the Ta L
aboorption edge veing lower than 14.4 kev and ¥b K greater.
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This:is tile roverse of the gsituation observed with the 3m147

. soureo.

Taere the elenents absorption edge is greater than 14.4
Lev the principal excltation will arise from the 122 kev gabna
roy. The photoelectiie eross section of elements for a gamma
ray energy of 122 kev will incorease with the atomic number of
' the element (65), 23 also will ' the fluoresscence yield. Thus
a decrease of detection limit will te expacied with inc-'eaeinD
‘atomic number. The depeadence will be more scmplicated nowever
cince tiie higher the energy cf the fluorescens X-ray, the
-;omaller will be the efficieney of jhe eco.ntesr. This latter
effect will arise ‘since the mass zbsorptioan coefficient of Xenon
7311 decresse the further cne moves away I{rom the Xe L absorption
gage.

‘The detection limit for tantalum oxide in a mixture of .
fantalum end niobium oxides is 3.2 weight per cent in the
. nixture. ' '
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CHAPTER 9

- {

"50Xid Sanples - co37 source

The £01id scmples were prepared &2 desgribed earlier.
teometrieal arrangement B (pdge 30 a) was adopted for the
soures, sample, and counver, the Co57 souree being mounted
The sample

e o lead coluin ©.5 nms in o window

~distance was sei at 1.7 cms

heights
for the borate gsamples and at
1.2 cme for the samples bonded in persreX.

Snectia

The specire cbserved f£or aickiun oxide and santolum oxide

1.
5

in the two sanmple systéns are showa ia figares 9-1,6~2. The
background intensity is high giving 2 low peak tc backgrsund -
rasio value. of whiei: cre given in Table 9.1,

Table C.1.

!'wt of a6xide in Eorax systen Perspex systen
100 gns cf sample; ¥b20s 72205 205 | Pa205
0.2 “10.021 0.050 | 0.056 | 0.031
Q.4 - 0,066 <059 0,095 0.17
1.0 0.13 10.17 0,17 0.36 -

Tor sanples contaiaing tantolum oxide - niobium oxide
pixture the background correction applied o the b K peak
was cgain complicated by the preseace of the Ta K eseape peak
(see Chapter 3). '
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6 N

Tal. after background correction

__TaK escape peak
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Enerszy in threshold voltage

Pig.9~-2 Single oxide in perspex (Co97 source used)
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Gz1idration
Thae calibratilon curves for tantalum and anictiun ia tae
gingle 2ad mixed oxile systems =wre chown in Pisures 9+«3,95-4,

-5 cnd G-6. The resaliés cn the nerspexz samnles agein reveal
the imndequacy of ke methed of preparaticn (see Chapter 5).
The detection limits, exﬁressed for the sinzle oxide systens
in grans of cxzile per 1000 grams of matrixz, and for the umixed
oxifes as weight %.in O.1 gms of mikture per 10 gms of perspex,

-

or in 0.2 gns per 20 gns of borax, are given in Teble 5.2.

fable 9,2.
. i ugiﬁgIQJOxides
1 Borax A-'m?erSPex
- Mb205 . L34 053
0.84

Ta205 4.75

Mizged oxidaes

" Borex |  Perspex
| o205 Tod .10

T.’:1205 ' 40.8 : .5.3-
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8 23
6 p
4 Nb205in perspex
]
- 2\
oxide in 7/10g of perspex
O & A ) Iy I
0002 . 0004 0006 OO% Oﬂ lo

Fig.9-3 Count ageinst concentration of single oxide in perspex
(Cob'Z gource used)
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Oclz of mixture of niobium and
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¥t % of one oxide in Q.13 wixture of oxides
r A 4 2

4
20 40 60 380 100
#ig.9-4 Count against wt % of oxide in mixture of okides
(0057 source used)




n‘:}gc:n

> eJ&?L(J3
cts/Sain

Ta205m borate

Nb2051n borate

" | fl a b Y

0,04 .06 0,12 2,16 0.20
g oxide/20g borate

Fig.9-5 Single oxide in borate sample (0957 source used)
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CHAPTER 10

Sumpary of results and conclusion.

Jetection limits _
In Toble 10.1 the colleeted results of the detection
linits for the single elenent systens containing niobium

ond tantalum oxides ore presented. The velues are expressed
in terms of the grams of &lement oxide per 1000 grams of the
sanple notrix.

Table 10.1.

Source Elenent Iatrix -
detected  dilute H.F.| Boreox Perspex
Pmdd4T | mp 0.11 0.08 | 0.07
cod7 T 0.83 1.34 | 0.53
P=id? | rfa 7 0.20 0.31 | 0.42
0057 - Ta 0,60 4.75 | 0.84

For the borax matrix and Co57 source a greaier source
to scaple Jdistance was used (see Chapters 5 cnd 9) and this
accounts for tie nciiceably higher values obteined.
Otherwise, for the same elezent and source, the detection
lirits are essenticlly the same for the tiree sanple forms
used. The resulis for the Pnl4l soarce sre somewhat lower
tian the cor:esyondiﬁg resalts using 0057, ana tais is
ceriorkable when their relcotive source strengths are ccusidered,
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i.e. one curie of Pmd47 in the brehmssirahlung source acsainst
ono millicurie of Co57. A similar situation exists for other
elenents using these sources (cf. Figure 4-15 and Table 8.1).

The detection limits for the individual elements in nixtures
of nicbhbium and tantalunm oxides are given in Table 10.2. The
values are expressed as weight per cent of the element oxide
ia the stondard sanple fornma. The weight concentrations pf
thie mixture in the sanple natrix are

Dilute I F: 10 gms of mixture/1000 gms of matrix

Dorex . 10 ¢gms of mixture,/1000 gns of matrix

Perspex : 10 gns of nixture/1000 gms of matrix

Table 10.2.

Source Elenent Iatrix
detected | dilute HI Torax - Perapex
347 o 0.4 0.67 0.3
co>7 b ' - T.4 10.0
Pnld7 Ta - | 2,67 2.4
co37 Ta 3.2 4.0 5.3 -
Errors

The errors associated with the insvrument stability and
timing of the count are similar to ‘those expected in nucleanic
work.  Statisticzal errors in the couating have staandard
deviations from the mean of not greater than one per cent since
the total counts observed in a determination were generally in
éxcess of 10,000. The lorgest sources of error are those
arising from sample,preparation, particularly in the case o:
saniples bonded in perspex, and in the background correction.
For the latter case the difficulties in establisaing a definite
eriterion for backsround correction have been discussed, and
in »ractice the correction method has to be considered for each
individuel case. This correction probdbly represents the




nojor souree of error.

In gemeral the eryore observed are vithin the expected
gtondard deviaticn, the only marked exoception from this being
that of the samples bonded in perspex. This exception couald
well be removel by improvexents in the nethod of sanple
preparation.

Further woxrk

It i3 considered that improvenent ia the samples bonded
i1 percpex could be eehicved, and sassestions o achieve uhis
have alrcady becn outlined In Chapter 6. The sanplc form
has a aurter of attractive features not least ¢f these being
its indepencence of occlubility consideraticns. '

Zhe rosulis cbtained with Cod7 suggest that radioactive
sources giving low éner@y gomme rays or nonochromatic X-rays
would give uaeful results, particklarly if they could be so
cicsen that the energy cf phé‘photons eriited was just above
the absorption edge of the eleizent to be determiged.- Sources
2t millicurie levels cf cctivity could be used. A further
advantage night be thaet 2 definite eriterion for backgrouwad
correction cculd be anplied. :

In situations .here a suitable source of low energy
gerna rays or nonochromatic X-rays was not available, another
Ho3sibility is werthy of further study. This involves
excitation of the fluorescent X-rays cf an elenent by neans
cf a radioactive source, the X-rays produced being used to
excite the fluorescent radiation of the element to be
deternined. "he first slement could be so chosen as to give
a fluorescent X-ray of energy just above the absorption edge
. of ‘the second element.
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ATPENDIX

Derivation of equzation (1-1) in Chanter 1

T:e deriveiion follows the method used by Hamos (79) and
Birks (30). '

After penetrating o distance x through the sample, the
intensic" of the primar X-ray will be reduced by absorption
(See Figure). '

Primafy radigstion Characteristic rudiation
striking the sample QAL ’ 85 emerging out of the sample
- t
x
+
Ax
T

Ipl = Ipo exp. ( -,lo P X cosecG ) = « = - (1)

where Gl = anzle at which the prlmarj radiation strilkes the
: sanple.

eé = angle at which the fluorescent line energes.

Ipo = intensity of the primary radiation before
absorption

Ipi w intensity of the primary radistion after

' absorption

/ub = 1ass absorntion coefficient of the primary .
: radiation.
density of the sample. 4

-
n




B4

I,3 Will excite the characteristic line of element i in

the layer dx. The intensity will be
dIfoalrprldx - - - (2)

vthere K 48 a proportionality constant and C the conecentration
of the elemeat i in the layer.

Wien this radiation emergés from the sample, it will
Lave undergone absorption by the sample and the intensity
will be ‘

£, XD (-,wfﬁx' cosec&z) - = =(3)

substituting (1), (2) inte-(3)
S ad Ifl m XCTX

po (exD(=p cosecs, -/ué cosec &,)Px)dx - <(4.

Tasesirating eguation (4) from zero to x

Ipn = - . ECI
Tl o o (1 - exp(-ppcoaecsl-/»fcosecea )fx]
(p, coseco; + cosecs,)f

lot x » infinity

I ¢ Ipo

£1 =

(/wpco secoy + tupcosectd, )f’

e'l and 92 are always constant and in most cases equal.

Therefore Ifl - K c Ipo

(,tup + ,wf)f" cosec &

The derivation of this equation is based .on the assumption
that the primary radiastion is monochromatic.
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