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T INTRODUCTION

. The work of the geophysics team at the idtomic Energy Research
Establishment (AGE.R¢E°>, Harwell, is to develop squipment for prospect-
ing for radiocactive ores, geological mapping, mine control, and the
radiometric assay of samples. & current descriptive list of equipment
available as a result of this work is available on request 0 A.B.R.E.

The development of agsay eguipnent includes the development of
methods: of assay which are applicable to the various types of ore and
conditions of working, and the purpose of this report is to describe
some of ‘these methods. Users of the assay equlpments should be able

“to plan the methods of working most suitable to their applications with
the help of this report; and prospective users should find it useful,
in conjunction with equipment lists, in deciding what type of -apparatus
to obtain,  Some of the techniques and equipment described may be of
interest to those faced with radiocactivity assay problems concerning
materials other than ores or minerals.

Jhe aim has been to provide purely radiometric methods of ‘assaying
ore samples in the. form of dry, untreated, powders. Such methods avoid
the work invelved in dissolving the samples and carrying out lengthy
chemical analyses, hence if the nimber of samples is very large the
_saving is considerable. ~In some cases, with heterogeneous low grade
samiples, the consisterncy of the resulits ils superior to that given by
chenical analysise  Thig is probably due partly to the difficulties in
obtaining strictly representative saiples of the snaller size usually
used for chemical analysis.

It is proposed to describe first of 21l the methods arrived at for
assaying ores of -which the radicactive content is made up either
entirely of uUranium and 1ts decay products or entirely of thorium and
its decay products, the decay products being present in equilibrium
proportions in both cases. Methods appropriate to mixed uranium and
thorium ores will then be discussed, and, finally, proposals made for
dealing with ores in which the radioactive materials are not in secular
equilibriume A method of assaying uranium ores having the radium content
in disequilibrium, but in which thorium is known to be absent, is dcs-
cribed in AJE.R.E. Memo No. EL/M.76. The present report, particularly
its appendices, contains material concerned with the statistics of
nuclcar counting, on which subject a written leccturc is also available
(AeB+ReEs Locturc No. EL/L7)e

2 LETHODS FOR UNMIXED EQUILIBRIUMN ORES

2.1 Choice of the Type of Radiation to be Measured

In - general, when choosing: the typec of radiation to measure, we
have two conflicting requirements to welgh against cach other. Ve
want the radiation detector to have a high cfficiency, so that the
time required to meke the measurcaents is as snall as possible, and
we want the radiation to be sufficlently penetrating to eilerge from a
sample of noderate size without appreciable absorption by the saaple
material dtself,  ubsorption in the sample decreases: the amount of
radiation available for the measurement and therefore cuts down the
sensitivity of  the neasureaent, and it also introduces errors of

o) 4

measureiiont which have to be allowed for in some way.
Considering the three types of natural radiocsctivity in turni-

2161 Carma~Ray lieagurenents

For a given sarple size and activity, the self-absorption
of ‘the sample is much less for gamla-rays than for alpha- and
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betoasrays. Unfortunately the efficiencies of all existing types
of gamma~roy counter are extremely low, being only about 1/3% for
the nomal Geiger Muller counter, over the range of gorma=ray
encrgics of intorest in ore assay work. This nakes it necessary
to use a rwch larger sample than would otherwisc be required,
which is often inconvenient, and nay sometimes be impossible to
produces. The larger sample also has greater self-absorption, and,
since gorma-ray absorption effects are nore complicated and niore
~difficult to estinate or allow for empirically than beba~ray
absorption effects, garma-roy methods generally tend Ho compare
unfavourably with betoa-ray nmethods where low grade ores are
concerned. For richer ores containing more then say 0.2% of
ureniun or 0.5% of thoriun, gamnma-ray neasurements are probably pre-
ferable, provided that a sample of the order of 50 c.c. is available.

2a0w2  Beta~lay Measurements

In generaly beta~ray counters have efficiencies very close
to 100%, which represents a very big advantage over gama=-ray
counters. This advantage is only partly outbalanced by the -
greater self-absorpbion which occurs with betea radiation, and far
greater sensitivity is attainsble by beta counting than is

#

possible with germa counters of the G.lL tube type.

The greater self-absorption provides a greater error which
has to be corrected for, but, due to the nore simple nature of
beta~ray absorption effects, the error is more accurately
calculables

2ele 5 Adpha~Roy Measurements

Here again we have-counting efficlencies in the wvegion of
100%, but the self-cbsorption which occurs in the sarple is
extrene,  The ranges of the alpha particles in a sanple of -the
atonic nurber and density of aluminium (the sample grain will
generally be denser than this) vary from about 0.0015 to 0,0048 cris.
Grinding the sample to a finecr mesh than 200 would be laborious
and inconvenient for roubtine work, and even this gives grains of
about 0.006 cms in dia,

Thusg, even if the sample were only one grain thick, it
would in general act as a very thick source for alpha particles,
and would present an extremely difficult problen in self=
absorption correction, quite apart from the problem of producing
a sample which wag represéentative of the whole mass of ore, 1If
all the grains of such a sanple were exactly similar chenically
and physically, an approximate correction could be nade for gelf-
absorption on the basis of the mean density and cstimated nmean
atomic number of the whole sample. Generally, however, the sanple
is a collection of dissinilor grains and, in order to make a
satisfactory correction, a considerable amount would have to be
knovm about the distribution of the active content between grains
and their relative nurbers and densities. If a thin sanple were
preparcd by cvaporation of the dissolved ore, the errors duec to
dissinilar grains could be elinminated, but solution of an unknown
ore is often o tedious and tine consuning process, and the snall
anount of maberial in the sample would make counting times
excessively long for any bubt the richest samples.

i further objection to alpha~ray counting for uraniun arises
from the relatively ropid rate of diffusion of radon from the
surface layers of the sanple into the atiosphere and the conse-
quent loss of the alpha~ray activity of radon and its disintegra-
tion products. The effect is of the order of 105, but is very
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variable with the type of naterial and the temperature at which
the sample has been kept (see appendix I). The effect is not so
serious with thorium, since the rapid rate of decay of thoron
(half-1life 545 secs, as compared with 3.83 days for radon) does
not give time for any serious loss by diffusion.

2e1 el Conclusions

For fairly high grade ores, i.c., those containing 0.2% of
uranium or 0.5% of thorium or more, the low self-absorption with
garma~rays gives a convernient and accurate measurement provided
that a sample of about 50 c.6. is availables For ores:of lower
grade and in cases where only a small-amount of mabterial is avail-
able, beta~ray counting gives better results.

Alpha~ray measurenents on powdered sarples are in general
unreliable, and thin sanples prepared by evaporation of -a solution
of the ore gives very low sensitivity. - There are special cases,
however, where alpha~ray counting is valuable and one or two of
these will be mentioned.

Garia~Ray Method

2.2+ General Precautions Necessary in Gouma and Beta=-Ray

Assay Vork

2+ 2¢71s1 Disturbance of ‘Secular KFquilibrium by Grinding

Fine grinding of the ore leads to a loss of radon, thoron;
and actinon gases to an- extent which is determined by the
fineness of grinding and the amount by which the grinding
raises the tetiperature of the ore. The rate of diffusion of
the gases out of the material increases rapidly with increase
of temperature and it ls difficult to dssess the armount of
disturbance likely to arise for a practical grinder. It can
eaglly cause a ‘change. of count rate of several per cent and,
in the case of radon, recovery of equilibrium requires a
period of several times the four day half-life of radon.

Disturbance of the powlered ore subsequent to-grinding
for the purpose of making samples does not cause such large
effects; but it 18 desirable to seal the sample holder
agoinst the loss of radon, particularly when counting
beto=particles.

The effects of loss of thoron or actinon in -this way
are unlikely to be found troublesome owing to thelr very
short decay periods (54.5 secs and 3.9 secs half-life,
respectively.

Pelelel Grain Distribution

The distribution of different types of grain affects
the neasured count rate, particularly when counting beta-
particles. The sample should therefore be thoroughly mixed
and pressed into the sample holder rather than shalken down
by tapping or vibration. The larger and the less dense
grains tend to rise with shakinge

When beta or garma-roy somples are required in a fairly
pernonent form, 1t is often convenient to rould the powder
into a solid block with some form of plastic, such as distrenc.
The grain distribution is then fixed, and the saple also is
senled against the escape of radon. The powder is mixed with

(&)
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a solution of the plastic in a solvent such as acetone, the
whole dried, reground coarsely, nixed and moulded into the
required shape at about 240°C,

The suitability of any procedure of mixing can be
checked by re-nixing and re-counting a sanple o few tines,
to see if any statistically significant variation occurs in
the count rate observed.

24247143 Reliability of Geiger Miller Tubes

Measurements nade with Geiger Miller counting tubes ax
always linble to errors resulting fron spurious counts pro=
duced by the tubes themselves. It is found that one of the
chief causes of plateau slope in Geiger Mldler tubes is th
variation in the rate of spurious count production with
seupply voltage, and that variations of apparent sensitivity
with time and temperature also are largely spurilous count
effects. A large proportion of these spurious counts arise
from conditions left in the tubes by previous counts, and it
is therefore found that they tend to occuir within a few
hundred nicroseconds after & genuline count(1). It is to Dbe
expected therefore that they can be largely elininofed by
rendering the tube inoperative during such periods, ond it 1s
found that great dimprovement can be effected by reducing the
applied: voltage to a value lower than the threshold voltage
for three or four hundred microseconds after each pulsc.

This is therefore now standard practice, the facility being
provided by a standard "quench' probe unit (Probe Unit Type
101L) designed to operate fror the power pack of the scaling
unit used for counting. i

(&)

[¢

Cf the various types of tubes used, the end window beta
counters have been found to exhibit the greatest temperature
effectse This is to be expected, of course, in view of the
much greater end effects in this kind of tube. These have
temperature coefficients which may be as high as 1% per ©C.,
or more, when the full supply voltage is applied continually,
but a reduction to about 0.2% per ©C. results when the quench
probe unit is used. The tcemperature coefficients ol the
cylindrical beta= and gemma~-ray counters vary from type t
type but generally speaking are about 0.06 = 0s1% per ©Ce,
when the quench probe is used. :

L

Apart fron voriations with tenperature and applied
voltage, two other types of sensitivity change occur. As
the tube ages, a gradual reduction of sensitivity begins to
appear, slowly at first but rapidly towards the cnd of the
tubels lifes Superimposed on this we have a randonl varia=
tion of & few per cent, with no epparent cause. The latter
type of variation is almost entirely eliminated by use of the
guench probe, or its onset considerably delayed, but the
former type is not affected, However, voriations of this
kind are slow, and thelr effect on assay results can be
effectively elininated by o sultable sequence of countinge
A complete series of counts is nade on the unknown sample,
the standard sample and background, if this is not nepgligible,
the time for each count being sone short period, of the ordex
of ten minutes. The vwhole sequence of three measurcrents is
then repeated over and over again until the total count for
cach is at least that required to give the required statistical
accuracy (standaxd deviation =/ nunber of counts), the
division of time between the three being chosen for maxirun
overall accuracy (see appendix VII). Any sensitivity changes
vhich occur tend to affect all readings of cach set to rnuch
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the same extent, as the time per set is short, and the
process of averaging to obtaln the mean rates sutonatically
allovis for driftse '

2.2+2 The Apparatus (Assay Unit Type 10L5A)

The powdered ore sample to be assayed is poured into a
standard sample bottle to a standaxrd level, being pressed down
gently with a flat ended instrument sufficiently to prevent any
appreciable change of level during subsequent normael handling, i
The results given apply to bottles of 2.3 cms diameter, with
047 1. thick glass walls, filled to a height of 8 cmse A
serewed cap provides sealing. :

Four Cinena Television Type G.M.L4B Geiger Miller tubes are
used, these having cathodes of 2.2 cns dia, and length 11 cms.
They are arranged at the corners of a square of side 6 cms and o .
stand is provided in the middle of the square for the sample bottles
An annular tray surrounds the sample bottle stand, and this is used
to support annular radiation absorbers between sample and tubes,
when rich samples are being assayeds =~ The fixed shielding cylinder
to which the clips supporting the G.lM. tubes are attached ensures
that no beta~particles from the sample are counted. The position-
ing of the sample bottle with respect to the GM, tubeées is not
ceritical; since it is at the centre of an equidistant set of four
and any slisht change of position nearer to the tubes on one side
is fairly accurately compensated for by the increase in distance
from those on the other side.

The assay unit fits into a lead box (or castle, as it is
generally called) and can be swung out on a pivot for changing
santples, absorbers or G.Me tubes, or for noking adjustments.  The
lead castle (Type 1065) is 53" x 58" x 9" high inside and has 14"
thick walls which eliminate most of the garma-ray background. The
back of the castle hag fittings to take the standard quench probe
unit Type 1014 and this connects into standard. counting equipment
by a 6=uny screened cable. The assay unit and lead castle are
illustrated in Plate 5,

The standard counting eguipment congists of  the following
units, which can be fitted conveniently onto a stondard 3 ft.
enclosed rock:=

(i) Scaling Unit Type 200 (or Type 1009)

(ii) Power Unit Type 1007 with Potentiometer Type 1007.
(or Power Unit Type 1082)

(iii) Timing Unit Type 1003.

The scaling unit consists of an electronic scale of a hundred,
with neon indicators to indicate the count, followed by a mechanical
counter which counts the hundreds on four digits. Six figure
nunbers can therefore be registered. The resolving tine of the
-electronic circuits is 5 microseconds,; but, when used with G.M.
tubes, it can be increased artificially to a time which is variable
between 300 microseconds and 1000 microseconds. It is normally set
10 300 microseconds, while the length of the quenching pulse fromn
the Probe Unit Type 1014 is set to the maximun of 500 microseconds.
The paralysis time of the equipnment is therefore defined solely by
the quench probe unit and, when this has been determined accurately,
paralysis tine corrections to count rates observed can be made on
the basis of the curve showm in Fig. 9 (see also oppendix 11).

Power Unit Type 1007 provides a stabilised supply of high
voltage for operating the G.M. tubese. The power unit gives a
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fixed potential of 2200 volts, and this is reduced to that
required by the tubes by the Potentiometer Type 1007. Up to ten

petentiometer units can be supplied from one power unit if several
sets of equipments are to be operated at once. Power Unit Type
1082 can be used alternatively to supply an individual counting
sete

Timing Unit Type 1003 can be set to do one of two things.
It can switch on the scaling unit for a preset time and record
the number of operations of the mechanical counter in the scaling
unit, or it can measure the time required for a preset nunber of
counts to be registered by the scaling units The preset tines
are varioble fron 0:5 secs to 100 mins, and the preset counts
from 10 to 10,000, If required, of course, counts can be timed
by means of o stop watche :

A general view of a three channel counting system 1s shown
in Plate 1.

26265 Bxperimental Procedure

o

Before cormencing assoy neasurenents the stability of th
equipnient is first checked by taking a series of about ten one-
tinute counts with o rich samples If the fluctuations are
entirely statistical and not contributed to by defects in the
equipment, then the probability that the sw of thie sguares of
the differences of the readings from their average shall differ
from the sum of the readings thenselves by a ratio of nore than
L to 1 either woy is only Le6j%e. If the ratio is greater than A
this, or if the background reading with the four tubes inside the
lead castle is greater than 200 per ninute, some fault is suspected
in the G.Me tubes or din the counting equipmente.: Any variation of
sensitivity of the tubes or intermittent missing of the counting
equipnent would tend to make the sum of the squares of deviations
from the nean too greaty while any regularising effect, such as
multiple pulsing of the G.l, tubes or mwltiple triggering of the
counting equipnent, would tend to nake 1t too lowe :

If the equipnent is found to be operating satisfactorily,

meagurenents are commenced on the unknown sarple, o suitable
 standard sorple (prepared in the same vay as the unknown), and
background, if this is not negligible. The series of readings
is repeated until the sun of counts in each one is sufficiently
high to give the required statistical accuracy, and the mean rates
are then calculateds It is then necessary to apply density :
corrections to the readings, as described in the next scction, if
the best available accuracy is requireds

2e2e L. Density Corrections

Self-absorption of the garma~rays in the sample has the
effect of reducing the count rate by a variasble anount which nay
be up to 15% and it is therefore necessary to make a correction
for this, if the weights of the unknown sample and of the standard
sample are differents This can be done by means of a correction
curve such as that shovm in Fig. 10, which gives the counting rate
per per-cent uranium or thorium as the case nay be, plotted as a
function of the weight of sample filling the bottles. The curve
wos obtained by use of a series of samples of various densities

“vhich were produced by diluting a rich sample of pitchblende, in
the case of uranium, and of monazite sand, in the case of thoriun,
with materials of various densities. The diluants used werc the
oxides of lead, iron, copper, silicon and nagnesiunle

The use of this rethod elininates the effect of differences
in closeness of packing, provided that the bottles are always
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filled to the some height. The bottles used for samples, both
unknown and stondard, nust be similer as regards cross—-seéction
and wall thickness and must be filled to a standard height,
otherwise corrections for radiation geometry nust be nade.

The density correction is not a perfect one, since self-
absorption is a function not only of density and packing, butb
also of the atomic mumbers of the naterials present.  This is
due to the superposition upon: the Compton recoil sbsorptiocn,
of photo~electric absorption and pair production, which take
place to a disproportionate extent in elements of high atomic
nuber. This modifies the self=-absorption from that to be
expected by consideration of density alone and results inan
ultinmate indeterminacy which may be as high as + 3% of the count
rate for the sample and G.M. tube disposition used.  The effect
was checked: by combining two diluants in each sample to give a
series of 'somples of constant richness and congtant density, but
with varying atomic numbers  The error can be reduced 0 o miniimm
by using o gtondard made up of an ore of the ‘sane general type as
the unknown. :

Having determined the mean count rates for the unknown
sample, the standard sanple and the background; and read off the
density correction ordinates appropriate to the weights of the

two samples, the uwraniuwi or thorium content of the unknow somple
is given agis=

count rote with unknowm = background
count rate

count rate with standard - background
count rate

Percentage in standard sample - x

density correction for the sbandard
density correction for the uhknown

X

2+2s5 “Accurocy and Sensitivity Attainable

The norial background counting rate is about 100 per ninute.
This is equal to the increase of count rate obtained with a saple:
containing 0s1% of uronium or 0,25% of thoriune

If we allow an hour for completing all counting, including
unknovm sanple, standard and background, an ore containing X% of
uroniun con be assayed as containing [x + (0.03 x + 0.02)]%, €.z.
(10 + 043)%, (1 + 0.05)% or (0«1 + 0.02)%. The coefficient of x
in the error represents the 3% error in density correction and
the 0.02% constant error is the statistical error. The latter
error could be reduced by increasing the counting time, but the
tine reguired increases rapidly when the error gets down to a
g1l fraction of background. For thorium, ar x% ore can be
assayed as [x + (0,03 x + 0.05)1% in one hour.

. These figures apply to the particular geometry described
and would vary considercbly with tube and sample shape.

2e2.6 Possibilities of Improvenent

Since the mean efficiency of G.lls tubes for detecting
ganma~rays of the uranium and thorium series is only about 1/3%,
there are very considerable possibilities for improving the
sensitivity of gamma~vay assay methods by improvement in detectlon
efficiency.

Ganma~ray scintillation counters, using naphthalene,
anthracene, or some other type of scintillating medium, give
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efficiencies of the order of 10~20/%. This would represent an

qprovament of 30~60 times in senglt1v1oy, or, alternatively,
would give an improvement by this ratio in the fixed component
of the crrors given for an ore of given richness within the sanme
time 1imit,.

The Beta=Ray Method, using Fnd Window G. M. Tubes

2+ 3«1 Apparatus

Views of the lead castle (Type 1100) used for this work
appear in Plates 1 and 2.  The lead box is divided into horimntal
sections for ease cf carrying, each section weighing about 20 1bs.
Each section is recessed into the one below to prevent any relative
sliding during normal: use,

The Gells tube used is the standard G.E.C. type G.M.2 with an
argon and alcohol filling. The circular end window of slightly
under onc inch diameter is of 0.001" copper foil which will pass
beta~particles of energies in excess of 200 KeV, - ‘

The sanple holder screws into o slide which ean bb slid into
one of the pairs of slots in the compartment under the G.lle tube,
and is arronged to come to rest imediately below the G.l. tube
window. ' : '

A quench probe unit is attached to the back of the lsad
castle, as before, and connection made to the G.l. tube by neans
of o flexible polythene insulated wire passing through a hole in
the lead walle. The remainder of the counting equipment uscd, 1le€e,
scaling unit, power unit and tining unit, are exactly the sane as
those described for gamnas~ray countinge

2e 362 Cholce of PForm of Sanple

x

In the argunents which follow, o sample whose depth i
greater  than the maxinum range of uhe hichest energy beta=particles
cidtted 1s referred to as a deep saiple, Such & saple is equivalent
to one of infinite depth, as far as the beta~particles are concerncd.
A sample vhose depth is so small that the loss of beta-particles by
internal aobsorption is negligible is called a thin sample. Ve are
free to choose the depth of our swple at either of these extreucs,
or at any intermediate value, in relation to its effect on the
accuracy and sensitivity attainables

The accuracy  attainoble deperids upon the cxtent to which the
beta count rates per per—cent uraniun or thoriun are liable to be
varied by factors which cannot be easily neasured or taken into
account. 4As nentioned when describing the gaima—~ray nethod, one
of the rost irportant of these is the fact that the absorption
propertics of the sanple do not depend sinply on density, but also
on-atonic nuiber distribution.

It can be shown that, if the nass absorption coefficient of
the sample mnterial is constant, the count rate per per-ceant of
active material is independent of density, 1f a deep sample is
used (see appendix IV). Hovwever, the mass absorption coefficient
toes vary slisghtly with atorlc nwiber and this results Ina count-
ing ervore. The error could be largely eliminated by talking
neasurenents on o range of samples of different thicknesses, but
the length of time to obtain a result would then be very consider—
ably increased. '

¢ that for a thick saple, or for a sample of an

It
rediate uepuh sufficient to give a reasonsble gensitivity,

is
intermedia
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the error caused by variation of mass absorption coefficient is
about + 5%. Thisg dis the same in magnitude as that found in the
gorme~ray assay work, but it is made up in a different way. The
fractional change of mass absorption coefficient is far less in
the beta=~ray case but it occurs as an error on o nuch larger self-
absorption correction than occurs in the garma-ray case.

A further factor which is affected by sample depth is the
nodification of count rate resulting from non~uniformity of mixing
of either the constituents of an artificially produced standard
sample- or of the constituent parts of an ore sample.  This effect
wag neasured by repeated counts and remixing of a few typical
samples. It was found that the mixing was wnsatisfactory for
thin samples, giving a standard deviation of about + 10% in count
rate, but quite satisfactory in deep and intermedicte samples,

In view of this, and also of the very long counting periods
reguired with thin samples; the cholce is narrowed down to one
between thick and intermediate ones, There is 1ittle tc choose
between these two as far as straight beta assay is concerned, but
the deep somple has been used as being more suiltable for measure-
nent of uranium/thorium ratio by the beto/garma ratic method
described in section 3.2. The sample depth ilsg 2.5k ¢ns and the
holder volume ig 13 ceCe The holders are made in the form of
light anodised alunminium cups to facilitate accurate weighing of
the sample and are sealed by a 04001" aluminium foil disc laid on
top of the povder and held in place by a screwed bezel ring.  The
presence of ~this oluminiu foil between the sample and the GeMe
tiube reduces the count rate only very slightly.

2e3s5  Density Correction

, Density effects were neasured here in the same woy as for
sormlosray assay oand curves of nean density effect plotted against
sarpple-welght were obtainede. s dlready mentioned, deviations of
up to 3% from these curves occur dus to variations of mass
absorption coefficient. Curves a and b of Pig. € show the varia-
tion of count rate per per=~cent uraniwi and per per-cent thorium
plotted as o function of density. The curve norked "Monazite!
gives sinmilor fipures for ronazite sand contoining 9% of thoriun
and 0436% uraniune  Curve b for thoriun was derived from this by
subtracting the appropriste count rate for the uraniun content by
the ald of curve e :

2.3 Bxperinental Procedure

A standard sample having an active content fairly near to that
of the unknowm saiple 1s selected ond the welshts of standard and
unknovmn £illing the holders are measured., 4 sequence of counts,
unknown, standard, and background, is made, taking about 5-10
ninutes for each count and the sequence is repeated until the total
counts for each nuriber adds up to the value appropriate to the
statistical accuracy required. The average count rates for the
unknovn and standard are then corrected for background and probe
unit paralysis bine (Fig. 9) and the apparent uraniua or thorium
contents of the two samples determined from the calibration
curves (Fig. 6)e  The wvolue of the active content of the unknown
is then adjusted by the ratio by which the apparent content
deterined Tor the standord differs fron the known content. This
last step allows for the choange of sensitivity since calibrotion.

2¢%«5  Sensitivity dnd Lcouracy

The background counting rate of the G.lL tube with no sarple
present is about 8 or 9 per minute and this is gquivalent to the

G
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increase in count rate produced by an ore sample containing 0,017
of uranium or 0,05% of thoriu,

£ we allow up to about 3 hours to complete all counting,
including unknovm sample, standard sample and background, we can
asgay an ore containing x7 of uranium to an accuracy of + (3.03 X
0.005)%. A thoriun ore assayed in the same time would be subject
to an error of + (0.03 x + 0.025)%.

3

The Beta~Ray Method Using Cylindrical Thin Walled G.M. Tubes

2.he1  Apparatus  (Assay Unit Type 104JA)

As can be seen from section 2.3%.5, the sensitivity of the
end window beta-ray nethod is very little greater thin that of the
garma~ray nethod, owing to ‘the very poor geometry of the sample dnd
Gsll tube arrangerent used.

Very great improvement in sensitivity and reduction of count-—
ing tiies can be obtained by the use of a cylindrical thin walled
Gelle tube surrounded by an annular holder containing the sample
(see Fige 5). The G.l tube used is the BE6E tube made by liessrse
20th Century Electronics. It has a cathode of 1.6 cns dias with
a sensitive length of 6 cms. The glass wall has a thickness of 2k
ngs/sqe e, and the cathode is formed by an-aguadag coating on
the inside surface.

The sariple holder and tube assenbly are designed to it into
a standard lead castle (Type 1065) and can be swung out on a pivot
for sample changing, etce (see Plate 4). Two sizes of annular
sample holder are used, one having a volune of 90 c.ce,and the
other a volurie of 413 cuc. (sane volure as the end window deep
sanple holder) (sce appendix IIT frr notes on choice of shape of
saple and GJi. tube). The snall holders are zenerally used and
the large ones reserved for the weakest samples, The snall holders
are placed oh a carrier which rests inside one of the large holders
retained for the purpose. A cylinder of 0,001" thick copper foil
soldered down the seam, forns the window for beta-particles on the
ingide of the annuluse. Diagonally slotted phosphor-bronze split -
rings seal the copper foil against the ‘ends of the holders. ' The
Joints are water=tight wwithout sealing and can be taped with peveCs
tape to give a mas~tisht seal. The holders have been designed for
sasy cleaming, but diffcrent ones are generdlly used for saiples of
very different orders of richness. A specially shaped funnel is
used for filling, the centre being filled in soras to gulde the
powdered ore into the annulsr opening of the holder.  An open nesh
guard round the tube cathode protects the thin wall when with-
draving frow the asserbly and acts as a guide for re-insertion.

el 2 Lxperivental Procedure

Shaking or tapping down of the powdered saiple has been found
pernissible in the case of the annular sample. This is undoubtedly
due to the fact that the window is vertical, and therefore the tube
views a vertical cross-section of all layers made dissimilar by
gravitational separation.

The experinental procedure, density corrections, etce, are
exactly sinilar to those for the end window ‘equipnent.

2elie 3 Sensitivity and Accuracy

The normal background count rate inside the lead castle with
no active sanple present 1s about 412 per ninutes This is equal to
the increase of count rate produced by an ore containing 0.0005%
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of uraniun or 0,002% of thorium when the 90 c.c. sample holder is
used, and 0,001% of uranium or 0.005% of thorium when the 13 CeCa
sample is used. The effect of tube and sarple shape on sensitivity
ig-discussed in appendix IIT,

If we again allow up to 3 hours for completing all neasure-
rents, we can assayi- '

an x% uranium ore as X% + (0.03x %OﬁOOOQBX%Q'using the 90 CeCe
or " x% thorium " " x% + (0.03x +0.001)% . holder.

and an x% uraniunm sample as‘x%‘i (0.03x +0.0005%é2using the 13 CeCe
or " x% thoriuwm " " x%+ (0.03x% +0.0025ﬁé$ holder.

2.5 Alpha~Ray Counting Methods

2+5e1 Introduction

No methods of assay depending on straight alpha~ray counting
have been developed, owing to the difficulties set out in section
24713 However; a number of possible special applications of alpha~-
ray counting suggest themselves, and a certain arount of work has
been carried:out cnther.

All alpha-ray counting is at present done with the scintillo-
tion counter, This consists essentially of a transparent screen,
coated on one side with a phosphor, such as silver activated zinc

“sulphide, with & photo~electric cell and electron rultiplier
nounted on the other sidee The alpha-particles strike the coated
side of the screen and cause scintillations in the phosphor, and
these are detected and amplified by the photo~multiplier to-a
pulse of a suitable size To feed into the standard counting
equipnente

2ebal Examihation of Thin Slices of Rocks

By cutting thin sections from a rock of such a thickness as
to be transparent, the general structure of the rock can be
exanined. - It would often be useful to measure the distribution of
uraniun or thorium in a relation to the visible features of the
section and this may be done by neans of a scintillation counter
with a very snall phosphor screen. The technique of autoradioc-
graphy<53, vhereby alpha particle sensitive enulsions are exposed
against a polished rock surface and an enlargement of the result
conpared with a microphotograph, gives far greater definition,
however,

245435 Measurenent of Locking Factor

- ~ ‘ In the process of ninersl dressing a property of the ground
ore which it would often be useful to know ls the so=called ;
"locking fhctor® of the particles of the active mineral concerned,

= , i.6es the extent to which the particles of the uraniun or thoriun
bearing constituents of the ore are enclosed by inactive materiale
This can sometines be detemined by niicroscopic examination of a
muriber of grains, but the method would be tedious, as a routine
practice. :

The rotio of beta~ray counts to alpha-ray counts would give
on indication of the active area of the average grain, as o
function of the volure or total area, since the beta-particles
would not be appreciably stopped by the enclosing inactive
naterial but the alpha~count would come mainly fron those parts
‘of the grains which arc active on the surface.

i
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METHODS FOR MIXED URANTUM AND THORIUM ORES

3e1 o Introduction

In order to determine the amounts of both the uranium an
in a mixed ore, at least two measurements rust be made and th
ditions must be such that the two readings are contributed to
different proportions by the uranium and thorium content.

In such a case, the accuracy is ultimately limited by th
to which the ratio of readings is varied by the ratio of uran
thoriun, in relation to the extent by which it is modified by

d-thorium
& con-
in

e extent
iur to
factors

which cannot easily be eliminated or allowed for. Among these may be

mentioned inaccuracies in density corrections, statistical f£1
etcs :

uctuations,

If the response of the measuring equipment varies linearly with
radiation intensity and the geometry of the systen is standardised,

the two readings can be expressed in the formi=

No=al+ bT v neand P =cl+dT + F

where N and ¥ are the two count rates observed, U and T are the per-

centages of uroniun and thorium present, a, b, ¢, and d are £

gnctions

of geometry, sample density, etc., and n and f are background count

roatess

The constant a, b, ¢ and d can be plotted as functions o
by neasurements on a number of known samples and the simultan
equations can then be solved for U and Ta.

A number of pcssible radiometric methods providing pairs
readings, N and I, offer themselves for consideration and som
are described below, in the order in which they have been inv

£ density
cous

of
e of these
estigated.

The caloulation of errvors arising from statistical errors in N
and F and fron unpredictable errors in a, b, c and d are dealt with in

appendix Va

3.2 Beta/Garma Ratio Methcd

3.2,1' Introduotion

The nethod consists essentially of measuring the ar
beta and gamma radiation from the sample under standard

wunts of
conditions.

The beta radiation is measured by the normal process described in

sections 2.3 or 2.4 and then a nmeasure of the goima-ray
1s obtained by inserting an absorber between the sauple
counter to eliminate the beto~rays,

enission
and the

The apparatus used is the same as that used for the straight

beta~ray assay nethods of sections 2.5 and 2.4, and the
precautions are needed to avold errors. The method was
using the  end window counting equipnent and most of the

same
developed
figures

given refer to this, but the use of the cylindrical thin walled
tube and annular sample gives much improved sensitivity, or

alternatively, nuch inproved accurccy in a given tile.

When considering this method, constants o and b (see above)
represent beta plus gorwa counts per second per per—=cent of

uraniun or thoriun, respectively, and ¢ and d represent

garma

counts alone per per—cent of uraniun or thoriwi. DBach of these
constants is subject to variations due to self-absorption, and
those are corrected for by toking the values of the constants
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appropriate to the sample density, ise., weight bf material £illing
the sample holder (see Figs. 6 and 7).

Jeale2 Density Correction

The effect of density on the constants a, b, ¢ and d was
determined by making measurements on a series of synthetic samples
of different densities and constant richness. The active component
of the samples was pitchblende in the case of uranium and monazite
sand. in-the case of thorium, and the diluants used were the oxides
of lead, iron, copper, silicon and magnesium. These gave a wide
range of distribution on the atomic number scale and were therefore
useful in indicating the error to be expected due to variation of
mass absorption coefficient, i.e., srrors not correctable on the
basis of sample density. Such errors were investigated by combine-
ing two diluants in each saiple o give o range of sarples with
constont richness and constant density, the densities chiosen being
0.6,y 145, 2ok ond 3.3, (Density here means welght of sample packed
sinto - the holdey divided by its wolume. The nmicroscopic density of
the powder would be greater.) ' :

The results of these tests showed variations of a, b, ¢ and 4
due to changes of mass absorption coefficient at constant density
of + 3%, + 3%, + 5% and + 5%, respectively, errors of this order
being observed over the whole range of densities. Mean curves of
a, b, ¢ and d plotted against density are given in Figs 6 and 7, for
the end window counter, the values of b and d being corrected for:
the knowm uranium content of the nonazite sand, on the Dasis of the
curves of a and ¢ obtained with the pitchblende samples,

It was found that by use of a source of only one tenth of the
thicknegs of the deep holder normally used with the end window
counter, the variation of ¢ and d (the garma ray constonts) due to
varistion in nmass absorption coefficient was reduced 0 + 1%.
However, the gomma~ray count rate was then reduced to an dmpractic-
ably low level, and therefore the deep sample was retaineds

The coefficients of correlation between the variations in the
values of a, b, c and 4 (Gue %o nmass absorption coefficient vari-
ations) were reasurede. Variations of o and b showed 80% correlation
and those of ¢ and d sbout 5C%. Virtually no correlation was dis=
played between any other pairs of the four variabless

In order to reduce the amount of calculation during an assay,
the coefficients A, B, C and D in equations

iy
and T

AN = BF
-CN +DF

I

it

are calculated from &, b, ¢ and d according to the following
relations:=

; .
pand o wa P oL 0 g 8
ad=bc ad=bc ad=be ad~bc

These coefficients are plotted against semple weight in Fige. 8.

Fela s Bxperimental: Procedure

A standard somple is chosen to represent the unknowm ore as
closely as possible, and the weights of the standard and unknown
£i11ing the holders are neasured. DBach is counted for an interval
of not rore than 10 minutes, with and without a filter, and the
sequence of four neasurenents is continued until the total for
ench meriber is sufficiently high for the required statistical
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accuracy (probably about 5000). Average count rates are then
determined and the appropriate corrections applied for paralysis
time losses and background, and the apparent uranium and thorium
contents determined by the aid of the calibration curves (A, B, C
and D). The values for the unknown are then adjusted by the ratio
by which the apparent contents of the standard differ from the
known contents. This last stop allows for change of sensitivity
since calibrations '

Se2al - Accuracy and Sensitivity

5+ 2+0%1 Using the End-Window Counting Tube

Using this equipment, with samples of density 24k, the
values of a, b, ¢ and d at the time of calibration were 807,
158, 73 and 3L nett counts/min. per per-cent, respectively.
If we insert these values into equatioq 10y appendix V,

. a2, ; .
together with those of the errors, - s-etey, taking into
&

account the mean effect of different pogsible sign combinations,
where -indicated by the lack of correlation, we have:-

Uwl]! ) i 2 27 :
w1008 = [ | 2727 9) + 260,85 F) | %, eeenn(it)

U and T being the uranium and thorium contents per cent and U’
the apparent uranium content.

This equation gives the accuracy to which the uranium
content can be determined for any given value of uranium/
thorium ratio, provided that the uranium content is not less
than 0e1%, and that sufficient counting time is available for
the effect of statistical fluctuaticns to be overshadowed, Sub-
stituting‘T/U = 25, the accuracy is given as 50%, indicating
that the uranium is Just detectable when twenty-five times as
much thorium is presents  In a similar way it can be shown
that thorium is just detectable when U/T = 10.

Por practical purposes, the sensitivity limit for
ranium in the presence of thorium can be taken as 0.1%,
when the gamma-ray count rate due to uranium is equal to
background count rates

If thorium is known to be gbsent, or present in
negligible proportions, no gamma-ray count is required and
the sensitivity is then that obtainable with straight beta~
ray counting, ise., Oe01%. It may be observed in this
connection that, if T/U is put equal to zero in squation (11),
the accuracy for the uranium determination is given as 6%,
whereas the accuracy in the case where thorium is known to
be obsent is 3% (see Section 2.3). This difference is due
to the fact that, in one case, thorium is knowmn to be absent,
while, in the other case, it has to be established by experi~-
ment that it is present only to an extent not greater than o
certain proportion. Its possible presence to a smaller
extent adds to the ultimate uncertainty in the estimation of
the uranium- content.

If the counting time is limited; as it must be for
practical purposes, we must add statistical errors given by
equation (11). Assuming that the total counting time is
limited to five hours (including counts on standerds and
background), an ore containing U% of uranium can be assayed
as béing: -
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U% + (0.06U + 0.015T + 0,05)%,

while an ore containing T% of thorium can be assayed as
ccontainingi= ‘

% + (0.1U + 0.06T + 0.1)%

3e2e e 2 Using the Thin-Walled Cylindrical G.M. Tube

The ultimate accuracy attainable with this equipment is
the same as that attainable with the end-window equipment,
but the accuracy and sensitivity attainable in a limited time
is far superior. This can be judged by consideration of the
richness of ore required to give an increase in beta or gamma
count rate equal to the background rate:-

Richness for increase equal to
background

Beta counting - Gamms counting
90 c.c. annular (Uranium  0.0005% 0..005%
sample holder (Thorium  0,002% 0.01%
13 c.c, annular (Uranium  0.001% ‘ 0.02%
sample holder (Thorium 0.005% A 0.05%
13 cuc. end~ (Uranium  0.01% 0.1%
window holder (Thorium 0.05% 0.2%

For practical purposes, the sensitivity limit is set by
the richness of ore required to give an increase cf gamma
count equal to background, and this is twenty timegs better
for the 90 c.c. annular sample holder than for the end-window
ONEw :

 Thus for reasonable counting times (up to about 5 hours,
including unknown, standard and background counts), the.
accuracies obtainable with the wvarious forms of counting
equipment can be summarised as follows:i- '

End~window tube with 1% CuCs Samples holderi= :

With thorium known absent; tranium can be assayed as
U% + (0,030 4 0,0005)%.

With uranium known absent, thorium can be assayed as

T% + (0037 + 0.025)%.

In mixed ores uranium can be assayed as
U% + (0.06U + 0.015T + 0.05)%.

Tn mixed ores thorium can be assayed . as
T% + (041U + 0.06T + 0.1)%.

Thin Walled Cylindrical Tube with 13 cec. Annular Sample
Holder:~

With thorium Knotn ébsent, uranium can be assayed as
U + (0,030 + 0,0005)é.

With urenium known absent, thorium can be assayed as
T% + (0.03T + 0.0025)%.

In mixed ores, uranium can be assayed as
U% + (0,060 + 0.015T + 0.01)%.
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In mixed ores, thorium can be assayed as
1% + (01U + 0.06T + 0.025)%.

Thin Walled Cylindrical Tube with 90 c;o‘ Anmlar Sarpla
Holder s~ -

With thorium known absent, uranium can be assoyed as
U% + (003U + 0.00025)%.

With wranium known absent, thorium can be assayed as
% + (0.03T + 0.001)f%.

In mixed ores, uranium can be assayed as : ,
U% + (0.06U + 0.015T + 0,0025)%.

In mixed ores; thorium can be assayed as :
T% + (01U + 0.06T + 0.005)%.

“Be3 ”AbsorptionfMethods

3.3.1  The Gamma~Ray Absorption Method

The method depends on the difference in mean hardness of the
gamma~reys of ~the traniuvm series and the thorium series, as
exhibited by the ratio of two gamma~ray counts, one without an
absorber and cne with a brass absorber of about 6.5 gms per sde
¢m. placed between sample and G.ll. tubess The measurements are
made with the apparatus described under Section 2.2.

The filter is made of brass in preference to lead, since
experimental results show that it gives a greater change of
absorption for a -given change of mean energye This is due to -the

wonping €ffect of the photo-electric absorption of the lower
energy ‘components of the radiation which occurs in leads: The
thickness of the filter is such ag to give a 5Q% reduction of
count rate, dpproximately. A greater thickness would have given
a greater discrimination between uranium and thoritm radiations,
but would have reduced the count rate obtained with weak sauples
to an impracticably low level.

The constants a; b, ¢ and d (see Section 3.71) appropriate to
this method represent the count rates per per=-cent of uranium or
thoriun, with and without a filter (a and b with, ¢ and d without)e

The variation of coefficients a, by, ¢ and d due to mass
absorption coefficient were fcund to be about + 3%, the total
magnitude of self~absorption being 8%. The coefficient of
correlation between the variations of a and b was 507 and
similarly for ¢ and d, the variations Dbeing almost invariably of
the same sign. Less correlation was found between o and ¢ and
between b and d, the coefficient being only 25%. The values of
the constonts for a typical sample weréi-

o= 1000, b =367, ¢ =L4h] and d =196, : e , -
kand therefore by applying equation (10) of Appendix V, we obtain:=

71 . bnd 2
S x 1007 = 67 + % x 8/

Thus, if thorium is absent (but not known to be absent) the
accuracy of uranium detemmination is 6/, and the maximum value of
the thorium to wranium ratio for which uranium can just be
satablished og being present is about 5-to 1.
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If we take an ore containing 1% of uranium and 5% thorium,
we obtain a value for U-U! of 0.5/, l.ee the ultimate indeter~
minacy is Q.5%. If we allow the statistical error to be about
one third of this, a counting time of 90 minutes is given by
equation (8) of Appendix V, and, allowing for counts on a standard

“sample and background, a total counting time of about 4 hours is

required.

The sensitivity limit is set by the proportion of active
material required to give an increase of count rate equal to the
background rate of 100 per minute. HFor uranium, thig is O0¢1%
without the absorber and 0,24 with it.

From these Tigures, it is clear that the goma-ray absorption
method is inferior 1o the beta~gamma ratio methode

3.3.2 The Beta~Ray Absorption Method

Since, in general, beta-ray measurements provide much higher
count rates in relation to background and amount of sample than do
garma=ray measurciments, it would appear advantageous to use a
method of uranium/thorium determination in which the two measure=
ments involve beta counting. A method involving the measurement
of beta~ray absorption was therefore investigated, using the end~
window typé of Gelle tube. For reasons alyeady discussed, the sample
depth was again chosen to be effectively infinite, as for as beta
particles were concerned. L '

The contribution of ~gamma~raysy even from the lower layers of
the sample, is not greatly affected by self=absorption, and we can
therefore not neglect their effect on the total count ratée, The
gamma~ray contribution must therefore be deducted from the beta-
ray contribution or it must be regarded as an intrinsic part of
the total effect.

Figure 11 shows the logarithm of the count rate plotted against
filter thickness, the ursnium and thorium curves being made to

~coincide at zero filter thickness by choosing samples of different

richness. The samples were made up for the nost part with the
same diluant and equal weilghts used to f£ill the containers. By

Textravolating the gamma-ray section of each curve and deductin
i g

from the combined beta and gamne séction, the graph of Fig. 12 1s
obtained. - This shows beta or gamma counts only, whichever pre=
ponderates for the particular filter thickness concerned. It will
be seen that the slopes of the beta sections of the curves differ
by only about 2%, The slopes of the gamia-ray portions also appear

“nearly equal when drawn on the same ‘scale, but their difference is

a much larger percentage. The difference between the beta/garma
ratios is reflected in the difference between the filter thick-
nesses for which the gamma-rays preponderate,

The difference between the slopes of the combined beta and
gorna sections of the curves of Fig. 12 is scen to be due mainly
to the difference in proportion of gammna rays, and the discrimina-
tion between thorium and uroniun provided by beta~ray obsorption
alone is inferior to that obtainable by neasurement of beta-gorma
ratio.

Deleyed Coincidence lethod

Zoliat Basis of Ilethod

If an isotope A degenerates by emission of some forn of
radistion into an isotope B, which is itself radioacctive and
of half-life %, then the probability of a radiated particle
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from A being followed by a particle from B within a time of the
order of t, is very high. This provides a possible method of
reoogn1s1ng the radiation from isotope A, and, therefore, of
estimating the amount of it which is present in a sample.

Obviously, for the method to be practicable, the time t nust
be short, i.e., & small fraction of a second, otherwise the chance
of o particle of the type emitted by B arising from some other
source than the *recently degenerated atom of A within the sare
period becomes high, unless the total counting rate is extrenely
low. Such low count rates would make the tine of measurement
excessively long. : :

3.L4.2 Possible Applications

There are four examples of this phenomena in the natural
radiocactive series, in which the half-life of ‘the isotope B is
sufflglently short-to nehe the method appllo oble (see Figs 1, 2
and- 3.

(2) In the actinium series, actinon decays by alpha=ray
emission (7.3 MeV,) to actinium Ay which is also an
alpha-ray enditter (6.8 MeV.) of half-life 1.83
milliseconds.

() In the thorlun series, thoron decays by alpho=-ray
enission (6.8 MeV.) to thorium A, vhich is an alpha=
oy enitter (643 MBV ) of half-life 158 milliseconds.

f(c) In the uranium 238 series, radiun C decays by beta=
ray emnission (3.1 MeVe) to radium C!, which is an alpha=~
ray eritter (7.7 MeV.) of half-life 145 nicroseconds.

(d) In the thorium scries, 66.3/ of the thoriu C decays by
beto-roy enission (2.2 Mevy) to thorium C!' which is an
alpha-roy emitter (8.7 MGV.) of half=1ife 0,3 nicroseconds.

No other correlated pairg of parhlcles are connected by
sufficiently short lives to produce any significant interfercnce
with observed deloyced coincidences from these fours :

Since alpha=ray measurenents are involved, it ds undesirable
to ke o single measurement of one type of delayed coincidence in
order to measure merely uraniun or thorium concentration in the
ores It dis much better to nmeke simultancous measturenents involving
one type of coincidence from the thorium series and another from
the uraniun sceries, and compare their ratios, with a view to
determining the ratio of thoriun to uranium in the ore. Sone
other neasurement, such as a total beta~ray count, could then be
used to determine the actual afnoints of each.  This procedure
also eliminates the unknovm registration factors of the counting
equipient for alpha and beta radiations, except in as for as they -
avre different for the different ernergy pﬁrtlcles eniitted by
uraniun and thorlun,

Suitable: pairs of -delayed couincidences would be ( a.) combined
with (b) or (o) corbined with (a), and the choicé betweon the two
poirs depends mainly on a consideration of the lengths of the
half=lives concerneda : '

3.ks3 Description of Equipnment

The equipinent which is being used to investigate this method
is shovm schenatically in Fige 13« The saaple is deposited in
pouder forn with the aid of an adhesive, on the outer surface of a

18 =




‘eylinder of copper £oil, This is slid oveéer a thin walled
cylindrical G.M. tube and is surrounded by on outer transparent
cylinder having the fluorescent screen for alpha=particle
detection deposited on the inside surface. The beta particles
are detected by the G.M. tube and the scintillations produced
in the screen by the alpha—partlcles are detected by -a ring. of
six photo-multiplier tubes.

The apparatus was later rearranged so that the powdered
ore can be carried in a flat tray, so as to simplify sample
preparation. The screen and photo-multipliers will be mount.d
above the tray, and a row of G.M. tubes below.

The pulses from all photo-multipliers are fed into o single
amplifier, and then intc o discriminator, which is so adjusted as
to eliminate most of the pulses produced by noise in the photo-
multiplier, but to pass most of those produced by#alpha=-particle
scintillations.

The pulses from the G.M. tube pass via a quench probe unit
into three channelg:~

(1) They pass into a scaling unit, and are counted.

(ii) Thcy pass into a coinecidence circuit, which is . so
arranged that any pulses coming from the alpha~ray
dlsorlmlnator between the arrival of the G.M. tube
pulse and o predeterminable time later are allowed
to pass to the mechanical counter,. This time is
variable up to 5 microsecs for delayed coincidences
type (d) and is norally set to about 3 microsecs.

(i1i) They pass through a delay circuit, which is so arvanged
that it triggers the square wave generator 5 microsecs
after the arrival of the puldes  The triggered square
wove generator opens the gate circuit for a period, which
is variable up to 300 nicrosecs (for delayed coincidencss

£ the type (c)), so that any pulses from the alpha-r
discriminator occurring during this period are passed
onto a second mechanical counter.

Besides being fed to the coincidence circuit and the delayed
coincidence circuit, the alpho-ray pulgses are fed to a scaling
unit for couniing.

We thus get sinultaneous counts of total alpha-rays, total
beta~rays, alpha~rays occurring within 3 microsecs af'ter a beta
particle and alpha~raysococlrring between 5 nicrosecs and 300
microsecg after o beta particle.

3.lely Accuracy and Sensitivity

Since, in both pairs of delayed coincidences (o and b, or
& and &), the two half-lives concerned are very different, the
two neasurenents for uraniun and thorium con be looked upon as

carly independent. The accuracy of determination of the ratio

of uraniw to thorium is therefore not very dependent upon the
ratio itself, as it is with the differential nethods discussed
in sections 3.2 and 3.3%. The nethod is therefore likely to give
greatly improved results when the ratio of the two active contents.
is highe

This is the real advantage of the method over those already

discussed. The accuracy is not likely to be greater in cases
where the ratio of the fwo active contents is such that their
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activities are of the Same order, owing to eryors arising from
dissinmilarity of self-absorption, counting efficiency, etc., for
the different energy particles from uranium and thoriua,. Errors
due to self-absorption of alpha-particles would be particularly
high in cases where the uranium and thorium contents of the ore
occurred in grains of different densities, '

A further error which would arise in the case of the pair
(c) and (d) is the effect of diffusion of radon from the surface
of the sample. This error would be of the order of 1CGl. It
could be calibrated out, to a certain extent, but a fair fraction
of it would remain; due to the variation of the diffusion coefficient
of radon with sample material and temperatures '

A little consideration will show that, for a given geometrical
arrangement and given counting efficiencies, there exists an optinunm
value for the %@ight of ractive material in the ssmple for which the
counting time required for a given statistical accuracy is mininum.
If a wvery small amount of active material is present, the count
rate is very low, and therefore the required time is long., If a
very large amount is present, the coincidence rates (short and long)
are high, but so also is the probability of the random occurrence of
extraneous pulses from other atoms within the open time of the short
and long delayed coincidence circuits after a given beta particle.
This means that a very large number of counts have to be obtained,
in:order to correct the observed coincideérice rate accurately for
these extraneous occurrences. DBetween these extrene amounts, &
quantity of material can be chosen to give a shorter counting tine.

The method of calculation of this optinum mass of material
and the minimun tinme required for a given accuracy is shown in
Appendix VI, and the following are a few examples of the accuracies
obtainable under various conditions:= ' :

Tor the purposes of these estimations, the registratidn :
'ooafficients for both beta~- and alpha~particles is taken as 30/
Alpha-alphe Delayed Colncidences (a) and (b):=

Uraniun Content |Mean Error Allowed  {Optimmum Mass of |Counting Tine
Bxpressed as . a 'Qf of Total Radio- Radiocactive - Required
- of Total active Content) Content
Radioactive ’
Content
30% 10% 0.07 ngie 1% hours
10% 3% 0017 1igrts 28 hours
5% 14 5% 0.07 ngiie 69 hours

Beta~alpha Delayed Coincidences (¢) and (a):~

Uraniwa as % of | Mean Error as % of | lMass of Radio- Counting Tine
Radioactive Total Radiocactive active Content Required
Content Content : '
5% Ou5% heb Tignm gOptimum) 20 mins
5% 0.5 1.1 nga (not " 1 hour
1% 015 4 ngn (Optiru) % hours
19, 0427 Lhonga (0" L5 nins

The seccond exariple for beta~alpha delayed coincidences is
given so as to indicate the order of increass of counting time

required if the mass of radicactive material differs from the

OPTIIW TSs.
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It will De seen from these results that the second method
involving beta-alpha coincidences is superior to the first, except
for the errors introduced by radon diffusion from the sample.
These were not included in the calculations.

The neasureinent of gate width and coincidence discrimination
is not critical. Tolerances of + 6 nicrosecs on the 300 nicrosecs
gate and * 1 microsec. on the 3 nmicrosecs coincidence period do
not affect the accuracy of the results to any detectable extent.

3.5 Other Tinmc Spectrim Methods

A nuwmber of “othor methods depending on the time distribution of-
particle and photon enigsions are possible.

The detection of high speed electrons produced by internal con-
version of  garma~rays following a beta~particle emission is one
posgibility.  The literature on. the subject is wvery incomplete, but
uraniun X4 is generally quoted as exhibiting a high conversion efficiency,
and, 1f this is so, the neasurcient of uraniua in ores which are not in
secular equilibriun Yecomes fairly sinple.  Since uranium X4 is the
direct &isintcération product of Uraniu 238 and is itself short-lived,
such - a neasurenent would be independent of the:equilibriun unbalance
produced by normal geologlcal effccts, and even in cases of very recent
leaching, a ueasurenent taken after a delay of a few weeks would be
accurateés

Even 1f the UX4 conversion electrons do not predominate,  such
nedsurenients may give a useful indication-of equilibrium unbalance,
which could be used to correct other assay results,

snother method which suggests itself: for neasuring the thoriun
content is the neasurenent of gaima-gaima coincidences which occur in
the thoriwi seriess This would require o gammasray detector of high
efficiency, and again the garmia-ray scintillation counter is a
possibility.

3.6 lMethods Involving Separation Processcs

ilethods involving chemical separation have not been investigated
by the i.B.R.E. geophysics team, but brief mention is made of them here
Tcr. cotipletenesss : :

One of the rost sensitive methods for determining uranium and
thoriu is by neasurenent of the gases radon, thoron and actinon.
These gases can be driven fron the sample by grinding and heating and
neasured by the aid of an ionisation chariber and electroscope.
lieasurenent of thoron and actinon by this method is.only very approx-
inate, dus to their very short half-lives (5l secs. and 3.9 secs.
reSpcctively), but the neasurenent of radon is nuich more satisfactory.
The radon neasurenent is a very sensitive one, having been used to
estinate the uraniua content of ordinary rocks and ninerals, not
nornally considered radioactive, but is not very accurate. FErrors
arige also fron any lack of equilibriua occurring in the sanple,

In connection with the neasureinent of extrenely weak sonples 1t
should be nentioned that the presence of potassiun could provide an
additional source of interference, if a purely radionetric method of
- sufficient sensitivity were used. The naturally radioactive isotope,
K40, is present to an_extent of 0,012y in natural potassiun. It has a
nalf life of 108 - 10 yeors and euits ernergetic beta and goima
radintions. Thus 0,001, of uraniun could be equalled by obout 5% of
potassivn in the iineral.

s riethod has been Suggested(6> involving: chenical precipitation,
followed by a radionetric neasurenent, which will give a neasure of the
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uraniun content of an ore, independently of its thorium content or the
presence of any lack of secular equilibriun.

4o quantity of the powdered mineral expected to contain aboubt one
nilligran of uraniun is put into solution, and the uraniua X4 is then
precipitated by the iodate process or the hypophosphate process. The
beta activity of the wraniun Xp which builds up to the equilibriun
proportion in a few minutes (see Fig. 1) is then counted. The thoriunm
isotopes of uronium Xq, ie.e, thoriun and radio=-thoriun (see Fig. 3),
are precipitated with it and therefore additional beta activity builds
up with approximately the 3.6 day half-life period of thorium X. A
further count after a few days, therefore, gives an estimate of the
thoriun content of the ore alsos

Activation analysis (using an atomic pile), and the use of a
fluorineter, are two other methods involving chemnical separations.

METHODS FOR CRES NOT IN SECULLR EQUILIBRIUM

Lot llethods of Reducing Errors due to Bguilibrium Disturbance in
Normal Radiometric Measurements

Lack of equilibriuz in an unknown sample produces errors in. the
uranium - and thoriun estimations. only in so far as the egquilibriui
unbalance differs from that in the standard sample.  This arises from
the fact that the equilibriun unbalance changes the mean energy of the
radiations and also the activity per unit welght of uraniui-or-thoriur.

Thus, if we use a standard which is of similar geological origin
“to the unknown, the errors due to equilibrium unbalance will be to a
large extent elininated, Such a standard may be very different froi
those used for the coriginal calibration of the counting equipnent and
o neasure of re-calibration is required. The form of this re-
calibration will be described for the beta/gamma ratio method of
uraniuy/thoriun ratio determination, and its application to other
nethods will then be cbvious.

Since, in the thoriun series, only thorium itself has a long half-
life, the likelihood of an equilibrium umbalance of the thorium series
in minerals is generally small. Ingencral,only the uranium series will
be affected, and this will have the effect of modifying the constants
o and ce Liet this modification be guch that the congtonts beconie ah
and ¢k, The procedure 1s then as follows. '

The stendard chosen for its sinilarity with the unknown will be
called the comparison standard, and the standard similar to those used
for calibration will be called the calibration standord.

The average count rates are calculated and the paralysis tine
losses and background allowed fore. The count rates obscrved for the
unknown saple and the comparison standard are then adjusted by the
ratio by which the readings for the calibration standard differ fron
those at the time of calibration. This allows for any change of
sensitivity since calibration. Four figures are now obtained, nerely,
N4 and Fq for the compnrison standard without and with a filter, and \
Wy ond ¥y for the unknown. Fron the calibration curves (Figs 6 and 7/?
the values aq, by, ¢4, dy for the comparison standard and ap, bo, Co
and ds for the unknown are read off. The factors h and k are then
calculated from the equations:- '

Ny =Dy oy By =4y I
h = 5 k =
24 Uy 1 Ug
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which are- derived from the equationsi-
N o= ahl + b7, and F = ckU + 4aT.
Uy and Ty are the known percentage contents of the comparison standard.

Finally the contents of the unknown are calculated from the
equations - :

w

d‘ZNZ - bZFZ ! athZ - CZkNZ
= it gl T o=
a2d2h—b202k‘ ; azhdz e bzczk

ha 2 Other Purely Radionetric Methods

A nethod, developed at AsE.R.B., using (a) chenically separated
uraniumn oxide and (b) an-ore sample known to be thorium free and to
have its uranium decay pyoducts in.equilibrium, as conparison standards
ils described elsewhere(z), Thig is limited to equilibrium determinations
of thoriun free samples.

Another method, using a beta/garma scintillation counter has also
been developeds This -takes into account the thoriun content but is
limited to -high grade ores.

A further powsibility is provided by counting U235 fission
particles emltted while the sample is exposed to a source of neutrons.

EﬁgﬁEEﬂﬂﬁCﬂﬂS
1s  AsB./T.R.E. lemo. W3/M3/JLP "Analyser for Irregular Pulse Intervals",

2¢  AB/TiRB. lMetio. W3/M8/JLP "Elimination of Spurious Counts by
Reduction of the Wire Potential in Gelger Counters.

3. A.E.R.E. Meno. FL/K76 "The Use of an Annular Sample Assay Unit
for the Measurerent of Bquilibrium in Uranium Ores".

i AsH.RaE . Liecture EL/L? "Brror and Correction in Counter Work,
' Counter Efficiency, and Source Geometry".

5« Report by S. H. U. Bowie, Geological Survey & Museun, London,
entitled "The Geological Applications of alpha-Particle Emulsions".

6 Report by J. V. Po Long, Chenical Research Laboratory, Teddington,

entitled "The Determination of Uraniun by Radiometric Measurement
of UX1".
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CAPPENDIX I

ERRORS ARISING FROM THE DIFFUSION OF RADON FROM THE
SURFACE OF A SANMPLE

Let R be the number of grams of radon formed per unit volume of ore
per second, and let u be the radon concentration at a depth z after a
steady state has been reached. Then the nett number of grams of radon
gained per second due to radioactive processes alone, in an elementary
volume S0z at depth z
= (R = Au) 88z,
where A is the disintegration constant of radon.

This must be equal to the nett loss by diffusion.

The amount diffusing out of the elementary volume “towdrds the surface

=8D du
\42/

where D is the coefficient of diffusion, and the amount entering

o (2
B \dz/ 546z

Therefore, the nett loss by diffusion

2
o EU 5,
az®
2
: el
Therefore ~D-£~E = Ro= AU
dz2

of which the solution is

Hence, the variation with depth in a grain of the powder is exponential,

' /D
the variation constant being -X .

For . alpha=ray assay the distance /2 nust be siall as compared with
A
e

the alpha=-ray range, otherwise a large proportion of the alpha-rays counted
will come from depths at which the radon concentration is noticeably lower
than normal, due to diffusion losses.

The coefficient of diffusion of radon through solids is of the order
of 10”ﬂh‘cms§/sec., at roon temperature, and the disintegration constont
is 2,1 x 1070 disintegrations per second. Therefore, by substitution, we

have ,/D/N = 0.0001 cu,
The range of the alpha particles in a typical minersl is of the order
of 0,002 cnis., and this has to be compored with the depth JD/N = 0.0001 cri.
- -




If we take into account the fact that part of the alpha track must be out-
side the grain if it is to be counted, and also that some loss occurs from
the other sides of the grain, the error involved is of the order of 10%.

This value is very variable with the type of material and its bemperature.

When measuring beta~ or gamma-rays, we are concerned with asctivity of
the whole wvolume of all of the grains, or a large proportion of them, and
we nust therefore consider the total loss of yadon from the whole grain.

If we considey that all radon diffusing to the outside surface of any grain
is lost, we can calculate the minimum grain size allowable for a given
required accuracy.

The contribution of radon and the short life products following it
might be estimated roughly as about onc half of the total.

Therefore, if the volume effect is to be 1%, we hove

. L FYB [ Dy3 1
5 > =
L

% 100
RO 4 rj
3

Hence, the mean grain radius r = about 0,015 cms.
CCy g

In practice, unless the sample is very thin, we shall not lose all the
yadon diffusing to the outside of every grain, but if the grinding is very
fine it would be advisable to use the sample in a sealed container. This is
also advisable from the point of view of contamination of measuring apparatuse




APPENDIX IL

MEASUREMENT OF  CIRCULT PARALYSIS TIME

In order to cut down the tinme required to make this neasurement, high
counting rates arc used, and, therefore, since the nechanical counter which
counts the hundreds in the scaling unit will not operate reliably more than
tivice per second, two scaling units are run in series, The mechanical
counter in the second unit therefore operates once for every ten thousand
counts fed into the first scaling unit.

Two samples are selected which will each give count rates of 25,000 to
504000 per minute, when suitably positioned near the G.M. tube. The count
rate is first measured vith one sample in position, then with both, without
disturbing the position of the first, and finally with the second one only.
Snall powerful sources should be used, and they nust be so arranged that the
rodiation frem one is not affected by scatter or absorption in the other.

I P, @ ant R are the throe readings obtained, in that order, then the
cffeoctive parnlysis tine con be shown to be given by

Ttz

[1»/\/1-'%(?»@—@) )
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APPENDIX  TII

CHOICE OF SHAPE OF SAMPLE  AND  G.M, ~ TUBE

These corments apply to the cylindrical thin-walled tube and annular
sample holder, :

The choice of sample thickness depends on such consideratlons ag self=
absorption, groin size, etce As discussed in section 2.3.2, the sample
should be either of intermediate or effectively infinite thickness for beta-
particles, whilst for garma=-ray measurenents it should -be asg thin or shallow
as possible without reduction of volumes It is most convenient to use the
same holder for both measurenents, if this can be done without serious
disadvantage, and o choice of thickness between 0.3 and 1.0 cmse. has been
found to satisfy these requirenentss ’

, The “beta~particle count rate is approximately proportional to. the
window ares.and to the solid angle subtended by the sensitive volune of the
tube at o point on the window. The second factor is sensibly constant for
tubes having o length equal to about three tinmes thelr dianmeter, or nore,
assuning that no large gap is left between the window and the tube.
Variation of the window area, which mny be taken as the cathode area, if
the vhole length of the tube is surrounded by the holder, also has a
directly proportional effect on the background count rate. We cannot,
therefore, gain in sample count/background count by change of window orea,
but, if Doth are increased, the counting time required is correspondingly
reduced. 2

Taking the sample volune fixed at sone wvalue 'V and the thickness at X,
the tube diaricter, d, and the length, 1, are then related by the equation

Ve anlad+ X)X 1

The windeow area is given by « d 1, and, if we substitute the value of
1 given by the equation obove, this becones :

y,o_4_
X d+ X

Hence, the window aren increases rapidly as the tube diameter increases,
until the dicneter is about twice the sample thickness, and then continues
to dincrease grodually (asyuptotically). The required counting tine is there-
fore reduced by choosing a G.l. tube with the largest dianeter which gives
the required sample depth and volune, without making the length less than
about three tinmes the diancter (this linitation to the moxinum value of
@/l is desirable also fron the polnt of view of G.He tube charaoteristios).

The goima~rey count rate is approximately proportional to the sample
volurie and the cathode area, and inversely to the square of the mean distance
between elenentary sections of the sample and the cathode. Again, it nay
be shovm that the best geometrical arrengenent is sinilar to that for beta-
particle counting, provided agoin that the same sample volume and depth are
pre~gelected on other grounds. o

The 1arger of the two annular holder sizes gives the maximum sensitivity
available with the B6E G.M. tube, whilst the 13 cece holder is more con-
venient for general usec.




APPENDIX = IV

DEPENDENCE  OF  SANMPLE SELF-ABSORPTION ON  DENSITY AND MASS

ABSORPTION COEFFICIENT

Figure 4 shows the variation of the logarithm of the count rate with
thickness of absorber placed in front of a thin pitchblende sample. The
part corresponding mainly to beta-~ray absorption is approximately straight,
which indicates that the absorption is exponential.

Considering an elementary layer at a depth x, its contribution to the
count rate is given approximately by

n, 6x = s 8~HX bx

where  is the absorption coefficient, and n, is the value which the count
rate would have per unit layer without self-absorption.

n, is proportional to the activity per unit volume, l.e., to U, where
U is the pecrcentage of uranium (or thorium) and p.the density. If m is the
mass absorption coefficient; M/P: we therefore have

‘ ~T1X.
ne o0x = I Upe ox

Integrating for o thick sample, the total count rate is given by

f ® =100X
n = KUp € ax

o

[e}

KO (2)

Hence the approxinate expression for the count rate shows it to be
independent of density for a thick (infinite) sanple. The expression is
only approxinate since the effect of the gamma rays present, the back
scatter from successive layers and the change of 'solid angle of acceptance
with depth of sample are all neglected. It shows, however, that changes
of mass absorption coefficient have a direct effect on the count rate.
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APPENDIX V

CALCUTATION OF ERRORS ARISING 1IN IIXED ORE ASSAY

“Statistical Brrors

Let N and F be the two count rate readings obtained (see Section
3.1), then we have :

N=al+DbT + n, F =cU+ dl « f ‘ .,qnu(E) andV(A)

where U-and T are the percentages by weight of uvranium and thorium,
asb,c and d are functions of sample density, geometry, etc. and n and f
arc background count rates.

Solv1ng these equations simultaneocusly, we have

U ::d.(N - Il) - b(F - f) ) T ,_»—: a‘<F ~f) = C(N e n>o'~;o(5> and. <6>
ad. - be . ’ ad = Dbc .

When statistical fluctuations are dominant, the errors in U and T
are due to the mean errors in count rate

- i) e
A\/——-— A /-»— s /'EL y ond | -
‘t«l N ,\[ ‘b3 tlp

where t1 and t, are the times for thc two counts N and F, and t3 and t,
are ﬁhose for n and f.

The rean error in the sun or difference of two uncorrelated
guantities is equal to the square root of the sum of the squares of the
two individual mean errors. Therefors, the mean error in U is given by

w = [jz &

and a sinilar expression con be deduced for the error in Te

~
o+ ___._) + 'b (———-— I ——--> (&d - bC) »0-00(7)
F oo

If the background is negligible, we can re-cxpress this error in
terms of the active contents as follows:-
W

2 o
AU L (CU + dT) ad s bC oaooo(8>
t ,

It
K\
._\.d } pJ[\)

o

[

..!..
g

e

N

+
N

|

2 2
AT = = (aU + BT) + &~ (cU + 4T) ad =~ be ceeee(9)
5, 5

Non=Statistical Errors

Let us suppose that the counting times allowed are such that
statistical errors becoie negligible, but that unknown factors introduce
unsuspeeted modifications to a, b, ¢ and d, such that they take up new
values aq, by, ¢4 and dy. ‘




We then have N = a,U + b, T + nand F = ¢,U + 4,7 + 1.
Hence, by substitution in equations,(5) and (6), we have

_ A(aqU + bqT) = bleqU + 447)
ad - bo

a(eqU + 4,7) - o(ayU + b, T)

ad = be

Toking the case of uranitm snd re~expressing in terms of wrel
percentage errors

Uy e v bt aed |
(_;.ix,lfo oy A (Y 4 L 2 LTy
U > o 1 be ( a ) ad ( (6] ) ac U ( b d o

1 ]
LI ap o 100%
(bo ad) ‘ * :

atbive

/
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CAPPENDIN VI

CALCULATION OF OPTIMUM MASS OF RADIOACTIVE MLTERIAL {ND

MININUM  COUNTING TIME FOR THE DELAYED COINCIDENCE METHOD

dsan example, let us taﬁe the case of the pair of ulpha-alpha
coincidences; (a) and (b)a of Section 3.k.2; the exten31on to other cases
will be obvious.

Let the total number of alpha=particles produced per gram of uranium
per second -be a and that produced per gram of thoritm per sccond be b,
4lso, let the nmasses of uranium and thorium present in the sample be x and
y, respectively. ' :

Then the ftotal nunber of alpha=rays counted will Dbe (axr1 + byrz),
where ry and ro are the nmean registration elfficiencies of the counting
systen for: the alpha-rays from uranium and thorium, respectively.

Suppose the delayed coincidences (s) are counted through a gate circuit
vihich is opened at tinme ty and closed at time to after the initiating alpha~-
ray, and the corresponding times for the delayed coincidences (b) are t3z and
th’ I the total time during which the gate circults are open is small as
compared with the total closed tine, the number of - chance occurrences of
rondeon pulecs during open periods during a counting tine t will be

: 2 N2
(axry + byrz) ,(t2 = tq)t and. (axr1 + byrz) (th - t3>t

Let M, and M, be the two decay constents appropriate to the coincidence
delays in cases (= ) and (b), and let the number of genuine delayed coincident
pulscs for the two cases per gronm of uranium or thorium per second be ¢ and d.

The nurber of delnyed: coincident pulses counted 1n the 1ty to tg gatb in
time bt will berequal to

oxtrsry, X probability of the second pulse lying between the gate limitse
; : ,
3 [‘1 2 _7\‘1 't .
oxtrar) } Me at
Jp o

i

1

=n;t “Nat
ﬂ 1% Mo
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where r; and v, arc the registration factors for the first and second alpha-
rays of the correlated pairs, respectively. '

Tor case (b) the number counted

oty =Nt
= dytr5r6 (8 25 . € z 4)

Since the alpha=-ray encrgies concerned are very comparable we can.
probably put rB': r) =Tp =Yg without introducing sany serious error.
1£, therelore, we obtain three rcwdlngs A, and C for the total alpha-

ray oounu, the totol count in the (t1 - tg) gate and the total count in the
(t~ - th) gate, we will have

= (O.Xr¢] “+ byr2> T \ o¢¢oo(12>




2 =hat <Nt

B = (axry + byry) (5 €1) Lo+ GXb”} (g L s
s - x Sk =

C = (axr1 + byrz) (t4 = tj) £ dyt13 2t3_ 2Ly aieaa 1)

From vwhich we obtain the uraniuny/thoriun ratio
Bt (t5 = %4) ( - ~7X2%)
= - i (e - €

X/yh“ : ; < : 1 X"C'L'O Nt 7\+~ o'co.<15)

Ct = 4% (%) = t3) (o 171 T2y |
The absence of r,, r, and r, from this expression inplies that, if all

o

three readings are available, no knowledge of solid angle of accept
efficicncy of the counter, or of the alpha-ray absorption is requir
However, these factors affeot the ninimmu tine of experinent requir
particular casc.

It will be noted also, that if the background can be consider
randofi, and thus nerely an addition to the total randon count, it i

tance or
<1679
edy din a

d as
g glso

autonatically taken into account as part of A and does not affect the result.

If vwe cannot assue Ty = 1) =Ty =Tg, We merely have the rest

nultlpllcd by a faCuOr-5- This ds
3%,

all ratios ¥/y, but is varied to sone

distribution. - The inportant thing is

constant for a given geometry

11t

roand for

extent by change of atomic number
to clininate those registration factors

~hich copear as coefficicnts of x and y and this is scen to be possible when

the total alpha count L is available.
coincidences (c¢) and (d) of Scction 3.4.2, it would be neccssary 1
a total beta count, in order to elininate these factors.

. i : . X
In order to calculate the error introduced into the ratio /y
statistical errors in uy Bland Oy the following statistical laws al
use ofs=

(1)

A

1 The standard deviation (i.c., the I R.ILS. value of thc den

fror the mean) occurring in the ﬂumber of randon eccurre:
a given tine is cqual to the square root of the ncan nunl
occurring in the sane tinc.

The stondard deviation in the sun or difference of two g
is cqual to the squarce root of the sum of the squares of
standard deviations in the individual quantitics.

) -

The relative standard deviation (standard deviation divi
quantity conocrned) in the product or guoticnt of two qu
is cqual to the square root of the sum of the squarcs of
rclative standard deviations of the two quantitics.

» (3)

The rclative standard deviation crror in the squarc of a
cqual to twice the nean standard deviation in the gquanti
The casc of a squarc is not of coursc covered by the cas
product of two quantitics carrying independent crrors, s
crrors in the two factors of a squarc vary together.

;<4)

. : .X
Liet us assune that we wish to determine the ratio /y to an

. : . x
i.0. to dotermine the ratio as being (= + p) 100%
, 5=

If we used the beta~alpha delayed

take also

by
roomade

viation
ces in
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Referring to equation (15), z will have its required relative standard
y ‘
deviation (£X>, if
: x
o Bt w0 (tpmty)? OtF w ki (8)-t5)°

(%{X) = : + - .a‘oo(16>
[Bt - ﬁ? (t2-t1)]2 [0t = 4° (),~t3)]

Substituting for 4, B and C from equations (12), (13) and (14), and
writing ky for x, this nay be revwritten in the form

Jy2 + €y +n

't' el A aocos(17>
N
2 2
: ook (emty)T (6ymts)
wherce Jo= , +
: , p2 2 h
L B Pt Bt
= \
pz 82 hz
24y
= k (4 s
< g
:p =
. ‘ 2, vty ~Nto
in which £ :«(aqu + brz),‘g = ckrs (e - ),
-‘7\ +-v “7\/ t
W 2
h = dr52 (8 e € 4)

Differentiating (17), the counting time is mininum when

_[E
g

or when the total active content is

(x + y) =1+ k)/\[%?

Im . i : . . . .
Substituting y'ij'f in (47), the ninimun counting time is given by
o

to= 4 2 Jyin’




LAPPENDIX  VIT

- DIVISION OF COUNTING TINVE BETWEEN INDIVIDUAL COUNTS 1IN AN ASSAY

Case 1, When Only‘a~Sample and Background. axe to be: Counted

Let N be the total count obtained with somple. and background in tinme to
Let B be count obtained with background only in time ty. ‘
‘Let n be the Qount rate per sccond for éamplo and baékgroundyz N/t
Let b be fhc.oount rate por sccond for background only = B/tpe
The radioactive content of the sample is then obtaired in the form
(n - D)0
where C is o constant depending on apparatus, ctc.
The standard deviation of the count N will chfﬁ; or,; ‘expressed as a

: 1
proportlon of N,;ﬁ§-. .
The standard deviatibn of countmréte will therefore be
1 E
S
Similarly, the standard deviation of b will be “/:E;

.

.*. Standard deviation of (n = b)

b
ty

+

I
S8 B

Lot T be the total time allownble for both counts, N and B, then

f’b+’b~b=T

k 't'b

fl

Therefore, if k7

t

1

Tk/(d-gk) and t, = T/(1+k)

The squarc of the stondard deviation of (n = b) nay therefore be
re~cxpregsed ag

§1 ; k) Q% . b)

We now requirc to find the value of k for which this is mininun.

Differcntiating the expression with respect to k and equating to zero
for a nininunm, we have

1 (n oo (k)
TG +D) ey =0




& e k = “I‘E
| b
Or ?/tb = [0/

Tbus, the smaller the background oount the snaller dis the praportlon

of tine for which it should be counted, in order to give naxinun st
LCCUracys :

Case 2, Bample and Standard to be Counted

Here, the snswer appears in the Lorm O/nz, where C again is
and nq and n, are the count rates obtained with the unknown sample
standard sarple, respectively. :

If the tinmes for the two counts ﬁre, rCSPGQtlvcly, tqand to,
standard deviation of n, is

o
: t
nl ]
or, the relative standard deviation is
{
. }
n, ~;j

Sinmilarly, the relative standord deviation of Ny is

t

4 ny 'ty

1

PO

ooty

If 4 + t5, = T, and %y = kt,, then we have

t, = Tie/(1+k) and %5 = T/(1+k)
Therefore
(Total Rolative Standard Deviation)® = .
' n,t nst
4 Tobp
Uk o1 1y

Differentiating this expression with respect to k and equatio
Zero, we hove

atistical

a constant
and the

the

n - to

1,1 (41+k 1
, “f('““‘* —_ )“ : ) ( ; 2) =
T nqk n, T n1k
Therefore L=t
A~y
1 n
or L. ja
) ny




In this case, therefore, we give a longer time to the slower count rate.

If Ny and Np are the total counts obtained in times Ty and tp

N 1 ny ty ny [no
T UL S L s
NZ no t2 112 . Il,l
X
B

Case 3, Sanple, Standard and Background

Here the result for the sample‘strength relative to the standard is
obtained in the form :

n1~b
(nz—b> C

and we reguire to find the values of ty, %y, andktb to give the minirum
relative standard deviation (R;S.D.) of this expression, if allowed a total
count tine T, ~

The standard deviation (8.D.) of (nﬂwb) is again

;
[GL + 2)
Mt

and 1ts R.S.D.o ig therefore

o i B g
(t1 + tb) (ny=b)

Similarly, the S.D. of (n,~b) is

e

»

and its R.S.D. is

R S NAyeb

The S.D. of the background count rate alone is,J O%/tb)' In the
present case account nust be taken of the fact that the numerator and
denominator of the quotient whose R.S.D. is required, namely (nqnb)/(ng—b),
are corrclated with one another by virtue of the fact that a common back-
ground reading has been deducted from both.

If the coefficient of rectilinecar correlation between any two quantities
is r and their respective R.S.Ds. are R, and R, then the R.S.D. of the
guotient isﬁj(qu + RQZ + 2r Ry )e  The coefficient, r, expresses the
proportion of variation in the two quentities which is cormon to both. In
the case of two quantities which are correlated by virtue of the fact that
they have had o cormon quantity deducted from then, and which were

e




uncorreglated prior to such deduction, the applicable forrwla giving r is

T = 53 /Sq Sp, vhere Sy and S5 are the S.Ds. of the two quantitics concerncd
and Sz is the 5.D, of the common qu%ntity deducted from both.  Therefore the
R.B.Ds of the quotient "becomesr\[(l%.} + R22 + 2332 R RZ/S1 Sz).

In the casc in point we have scon that

n B
Ry = b (0 “] Rr =
1 (t1 ty / e :
n, et
4 b 2 BH b
g (-—..... + -——-u) Qe (..._.... e et and By o= ; -—-—)
1 < by th 2 J to T | b J ‘t-b

Substituting thesc volues for Ry, Ry, Sy, 8y and S, and putting
Ty = Kyty, to = Koty and tyy = To-(t,l + ’c2> the R.S:D. of the gquotient
(n1 =D ) / (112-13 becones

ky + ko 1 nq/kq+b  np/ko+b 2b )
+ +
T (n«l wb)z (nz--b)z (n1 ~b) (ng-'b) |

N

By partial differentiation with respect to k4 and ks, it is found that this
is a nininun when

Na=D n n,~b | 1o
k, i J (71) and ky = ] J (=

n1+n2-2b o) n1+n2—~2b b

Hence the optimun subdivision of the total available counting time, T,
between the unknown sample, the standard, and the background is given by

J—g'(n,} + 1y = 2b)
ty = T

D

,\/_1:):{ (Ilz“;b) \ l ns5 (1’11 "‘b)
= ML e T4, e ML
1 D o D

where D = '{n,{ (np=b) + ii’lz (1'11»-"[3) ¥ i b (n1 + ny ~ 2b)
It is useful to note that if ny = n, then -%g = % =t
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