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ABSTRACT

Part I of the thesis describes development of a new
scintillation counter technique, permitting the simultaneous
determination of concentrations of all three measurable com-
ponents of airborne radioactivity. Details of the design and
construction of mechanical and electronic apparatus involved
are given, with emphasis upon automatic data-recording
features. Data yields for the concentrations of airborns
activities values of the order of ld'ﬁpc/cc of air for
radium activevdeposit,vand 101240/00 of air for thorium
active deposit and for fallout. Daily and long-term varig-
tions of these concentrations are compared with related
phenomena and possible correlations suggested.

Part II of the thesis describes the construction and
calibration of a fixed-field semicircular g -ray spectrograph
for photographic recording of the internal conversion spectra
of ¥~rays emitted by radionuclides., Design considerations ang
operational techniques are outlined. Alignment and calibra-
tion of the spectrograph, to permit measurements at high
resolving power of electron momenta and conversion-line
intensities using accepted values for Irlgg as a standard,
are discussed in detail. Resolution of 0.l per cent has been .

obtained.
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PART I



CHAPTER I
INTRODUCTION

In each of the three chains of natural radio-

. 2
activity which descend from the long-lived parents U’38,

U255, and Th233 there occurs an isotope of an element
with Z=86, which is gaseous at normal temperatures.
Initially recorded in the radium series as radium eman-
ation, it received the name radon. With the discovery of
Corresponding isotopes in the actinium and thorium series,
this element received the more general symbol Em, for
emanation, Isotopes Emgzz, Emgzo, and Emglg now bear the
names radon, thoron, and actinon respectively.

Studies indicate the presence in soil of one part
in 1012 of radium and verying amounts of thorium and
actinium, from which evolve these three Em isotopes, which
diffuse upward through the socil. Radon has a half-life of
3.8 days, thoron one of 54,5 seconds, and actinon one of
3.9 seconds; thus a radon atom has a much higher probability
than a thoron or actinon atom of diffusing into the open air
before decaying, Indeed actinon has not yet been success-
fully determined in the atmosphere,

The elements resulting from the decay of emanation
are solids at normal temperatures, and so are adsorbed onto
aerosols, primarily those with disasmeters 0,001 to 0,04
microns (W52). These solids, known as radium, thorium, and

actinium active deposit respectively, are also of course



active; thus there is present in the air a distribution
of radioactive particles having their origin in natural
activity in the soil,

Since the first large-scale open-air fission of
heavy elements bcgan in 1945, a measurable amount of arti-
ficial activity in the form of 8-active isotopes of the
medium~mass elements has accumu}lated in the atmosphers.

The long-lived man-made radioactive fission products thus
generéted have been christened "fallout" by the popular
press. Thus a given volume of the atmosphere contains
radioactive material of both natural and artificial origin,
whose concentrations may vary with height, terrain, meteor-
ological conditions, and the occurrence of recent nuclear
weapons tests.

Previous investigators since the turn of the century
concerned themselves with airborne radioactivity and
related phenomena. They were confronted however with two
interacting difficulties. If the active solids were to be
removed from the air for analysis, the low specific activity
of air necessitated the processing of large volumes to get
usefully measurable amounts of radioactivity. However the
short half-lives of the natural components meant that if
time~-consuming radiochemical separations were made, large
initial amounts of these activities were required to com-
bensate for decay during processing. This in turn called

for large-scale_processing of huge volumes of air,
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This report describes development of a new technique
for examination of airborne radioactivity, by means of which
it is possible with apparatus of small dimensions to dig-
tinguish between and measure simultaneously the concentra-
tions of radium active deposit, thorium active deposit,
and fallout., Radiocactive aerosols are collected on a small
filter paper whose activity is them monitored in a scint-
illation counter and recorded continuously, giving a decay
curve for the activity on the filter whioch can be analysed
into three components identified by their half-lives as
radium active deposit, thorium active deposit, and fallout,
each of whose concentration in the air can then be

calculated.,



CHAPTER IT
DESCRIPTION OF THE APPARATUS
I. SAMPLING UNIT

The unit used to obtain samples of airborne activity
was initially installed at the University of Manitoba by
the X-Rays and Nuclear Radiations Group of the National
Research Council as part of Canada's contribution to the
International Geophysical Year. The IGY Project was inter-
ested exclusively in monitoring long-lived activities
remaining in measurable quantities on samples which were
to be sent to Ottawa for processing. It was decided to
attempt to measure the short-lived natural radiocactivitics
also present initially, by a non-destructive technique in
order to avoid interference with the Otbawa group’'s deter-‘
minations. The form of the sample suggested the technique
described herein.

Plate I shows the sampler installation on the Toof
of the Science building, at a height above ground level of
approximately sixty-five feet. 411 data listed refers to
air at this location. The sampler was a commercial unit,
manufactured by the Staplex Co., New York, under the desig-
nation Type TFlA. It was essentially a vacuum cleaner
assembly able to draw air at an average rate of about
twenty cubic feet per minute through a five-inch filter

supported on a wire grid mounted over its air intake, &



PLATE 1
éi@ Qamplaf‘imﬁ%
Seience bullding, University
In operation the hi
sampler proper swings forw:
through ninety degrees and is lock
place with the bolt visible just above
cénter, completely enclosing the input end
of the unit, shown here, Air enteras t
the narrow spaces around the housing into
which the Dexion frame extends; this

rain, snow, and other macrosco)

from depositing on the filter,
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pitot gauge on the outlet side calibrated in cubic feet per
minute monitored the instantaneous air flow rate.

The filter used was manufactured by H. Reeve Angel
and Cos. Ltd., New York, designated Glass Fibre 934~4H,
10,5 cm. circle, and rated at better than ninety-eight per
cent efficiency for asrosols in the activity-bearing size
range.

In use, a clean filter was exposed for approximately
twenty-four hours, removed in the early afternoon and
inserted within three minutes of removal into the detector
head of the filter-activity counter described below. The
alrflow rate at the beginning and end of eXposure was Iew
cordedy, to yield an average flow rate over the exposure
The time of beginning and end of an exposure was also noted;
thus the total volume of air processed in a given run could

be calculated.
II. DETECTOR HEAD

Fig. 1 shows a cross-section of the detector head of
the filter-activity counter. It consisted of a 1/8" thick
disc of polyvinyl toluene NE102 plastic scintillator
optically coupled with Dow-Corning 106 centistoke silicone
vfluid‘to the photocathoie of a Dumont 6364 5" photomultiplie
tube mounted in an upright position on a weighted cathode~
follower base and enclosed in a large light-tight box (see

Plate II).
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The filter sample was placed active side down on
the scintillator disc and covered with a glass disc to
ensure uniform positive contaet., The box was closed and
high tension (1150 volts) applied to the photomultiplier.,
The resulting pulses were fed through a standard cathode
follower to standard electronic equipment described below.
Prior to each filter-count tests were run t0 measure
background and system donstants (gain and timer stability).,
The background counting rate was recorded with no sample
on the scintillator but all other settings as usual. This
background was later subtracted from the tohal measured
counting rate to give the actual rate due to filter activity.
» Sydbem galn test was run by placing a standard CslB? sour ce
in a prearranged geometry atop the scintillator and noting

the resulting counting rate, which would show variations if_

system gain changed. The other test will be described below,
ITTI. ELECTRONICS

Pulses from the cathode follower were fed to a
standard pulse amplifier, Technical Measurements Corporation
Model AL-2A, and thence to the input of a three-decade
electronic scaler, TMC Model SG-3.. 4L selection switch
made 1t possible to use one, two or all three neon decades
before the mechanical register on the scaler. The pulse
normally used to kick over the mechanical register was fed
to the input of a second exactly similar scaler. The

register pulge from this scaler was employed to close a
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relay actuating the print-out unit described below, The
use of two scalers in cascade thus permitted actuation of
the print-out unit at any power - of ten counts received,
from one hundred to one million, to suit the counting rate
from the detector. Plate II shows the scalers, the amplifier,
and the print-out unit as arrayed for operation. Bias
levels were set high enough to exclude almost all spurious
counts, the high gain of the amplifier permitting this

without undue discrimination against actual counts.,
IIT. PRINT-QUT UNIT

4 feature of the technique that called for cone-
giderable thought was the means of recording data and the
final form in which it would be produced for processing
and storage. ifter several avenues were explored and .
discarded it was decided to employ a commercial printing
timer, Simplex Model WDG-28 CPR.

In this unit the chronometer is an AC motor, which
by a ratchet assembly drives a row of coaxial discs with
raised numerals on their circumferences, similar to a common
odometer but actuated in steps of one hundredth of a minute,
When a solenoid circuit is closed, a rubber hammer moving
upward forces a strip of paper tape against an inked ribbon,
and so against the odometer numerals, leaving on the tape
the imprint of the time setting of the odometer at the
instant of actuation of the solenoid. For the purpose of

this present application, leads from this "print" circuit
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of the timer were run to a heavy-duty relay actuated by

the register pulse from the seccond scaler,.as referred to
in section III above. Thus at the instant the mechanical
register of the second scaler would normally have kicked
over, the "print" circuit was closed and the time recorded.

In use, the timer was started from zero at the
instant the count was begun. With for example four decades
lit the ten-thousandth pulse tripped the timer which
stamped the time per ten thousand pulses on the paper tape.
The filter activity was counted thus for forty-eight (later
twenty-four) hours, giving a record of the filter's activity
in the form of a succession of times samped on a paper tape
(see Plate II). Subtraction of each time from the follow-
ing gave a series of time increments, each of whose recip-
rocal times the appropriate power of ten represented the
average counting rate in the corresponding time interval.
This counting rate was related by a constant factor to the
average activity of the filter in the time interveael; the
filter-activity counter thus monitored the decay of the
activity on the filter,

A8 @ test of the timer, the sixty-cycle test input
of the first scaler was used to provide a constant pulsc
rate. With this pulse generator the time interval taken
t0 record ten thousand pulses is 2.79 minutes. .ny recorded
departure from this interval served to pinpoint timer |

trouble,
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V. TECHNICAL PROBLEMS AND SOLUTIONS

At one time or another every stage and unit in the
counter presented prqblems. At this point it seems approp-
riate to discuss their occurrence and solutions, with refer-
ence to the previous sections of this chapter.

It is felt that specific reference to troubles
arising merely from flaws in apparatus employed in this
investigation can be confined to mention of potential
trouble spots; their elimination is in most cases obvbus.
It was necessary to guard against high voltage shorting
in the dynode resistor chain, ungrounded cable shields,
loss of emission in electron tubes (especially important
for comparison of data over many months when the instal—'
lation has a twenty-four-hour per day duty cycle), and
microphonics in input stages (because of the mechanical
jar from the timer punch). Problems peculiar to this type
of experimental array will now be discussed in detail.

The first difficulty arose at an early stage when -

it was attempted to use a shallow clear dish of liquid

scintillator as the primary detector, placing the filter

disc in this dish which was in the position in the detector
head later occupied by the plastic scintillator. The liquid
scintillator was replaced by the plastic disc when it was
found impossible to get consistent and reasonable results
because of the uncertain depehdence of the liquid's efficiency

on moisture, temperature, optical clouding et cetera. The
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plastic substitue proved a most satisfactory replacement,
fulfilling experimental requircments with unexpected
simplicity and reproducibility.,

It was found necessary to avoid as much as possible
exposing the photmathode of the photomultiplier to light.
after such exposure, even to the low level of illumination
provided by the pilot lights and heaters of the electronic
equipment, the resulting photelectric excitation of the
photocathode contributed many spurious pulses to the count
immediately following. This threatened distortion of the
beginning of a filter-count decay curve, immediately prior
to which the light-tight box had of course t0 be opened,

The filter-counter was therefore installed in a small closet;
the closet light was turned off and an opaque plastic sheet
was used to cover the relay rack during any interval when
the light-tight box was open.

4 baffling problem arose at one stage, when apparent
Jumps in counting rate began to occur. It was then fortuit-
ously noted that on the instant the timer punched, the first
decade on the second scaler frequently rscorded up to five
"oounts® (usually of course as the "thousands® digit for a
given count), which resulted in a much too short interval
before the following punch, i. e. a "jump® in counting
rate. The input bias was raised to fifteen volts, and this
Seemled successful in excluding what was apparently radiative
pickup from the hot spark at the mains relay actuating the

timer punch.
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The timer itself gave more trouble than all other

units. Thec general standard of workmanship in its construc-
tion was disszppointing; and electrical and mechanical
difficulties occurred repeatedly. There is little point
in cataloguing them, since almost every subassembly in
the unit developed malfunctions. At length it became
possible to expect no further trouble, principally because
all these subassemblies had beecn serviceq and their weak-

nesses minimized,



CHLPTER IIX
DATA PROGESSING

4 given filter sample produced a tape record of
i1 a short sixty-cycle test; ii a sensitivity or system
galn test; iii a background test; iv the activity-count
proper, The further processing of this data will now be
deseribed, with reference to Plate III.

Tests i and ii did not call for further processing,
merely for comparison to see that the time sequence in
each case was approximately the same as that of previous
runs. Test 1ii was processed in the same fashion as the
activity-count proper, as the following example deron-
strates.

Plate IIT shows a sample page of processed tape. Bach
stamped time was subtracted from the one following, yield-
ing the series of time intervals that are listed in the
second column here. The tape shown was produced with a
total of four decades on the two scalers lit; each time
interval therefore rcpresented the time in minutes per
ten thousand counts. Inverting this rclation by taking
reciprocals and multiplying by ten thousang gave the number
of counts per minute., These average counting rates are
listed in the third column.

However, they include as well as genuline counts
from filter activity also those from background. When

therefore the above procedure had been carried out on the
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background test record (;;;) to yield an average back-
ground counting rate (constant within a few per cent) this
background counting rate was subtracted from the total to
vield a series of figures dependent only on filter activity,
the fourth column in Plate III.

Since the average counting rate thus obtained
referred to an interval betwesn two punched times it scemed
reasonable to assign it to the midpoint of the interval;
(it was always arranged that intervals be much smaller than
the half-lives of the activities being measured). These
midpoints were .listed in the fifth column for convenience.
The data in this form was then transferred to a graph in
the form of a long semilog grid with abscissa a linear time
axis and ordinate a logarbhmic activity axis. The resulting
activity curve qualitatively resembled Fig. 2.

~8 indicated in the figure, the long-lived tail was
produced to t=0 and subtracted from the remaining activity.
The straight tail of this new curve was then produced to
t=0 and subtracted, leaving one more curve which also appear
ed straight. In order, the three straight-line curves
represented the long-lived component of activity on the
filter, the thorium active deposit, and the radium active
deposit. (The latter two could be identified by their half=-
lives.) The t=0 intercopts of these three curves gave the
counting rate duc to each component at the instant the
count was begun. Since this time was usually about three

minutes aftoer mmoval of the filter from the sampler, the
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curve for the short-half-life radium active deposit had to
be produced to a point three minutes before t=0 to give its
initial activity on the filter; the decay of the other two
components during this interval could be considered neg-
ligible. These initial counting rates could now be related
to airborne concentrations of the components.

It would be well at this point to observe that a
considerable improvement in statistical quality of results
took place after changeover to the amplifier specified, in

“ midMey 1959. i major breakdown at this time resulted in
several changes and replacements; all descriptions are of
the new, more satisfactory equipment. Results prior to this
changeover ars also listed, but though calibration tests
gave the same results with the chosen settings on the new
equipment comparison of the old and new data must be made
with caution,

Further, the quality or decay curves given by the
new equipment was so high as to permit twenty-four-hour

counts. Forty-eight-hour counts had been taken to allow

the natural components to die away, leaving a flat long=-
lived tail which could be extrapolated to t=0, Now, however,
it became possible to find the long-lived constant counting
rate arithmetically, without plotting, by applying the
definition of half-life to the thorium active dsposit region, -
Two points from this region, total counting rates C1 and

Co at times 10.6 hours apart, were taken; a long-lived count-

ing rate X was assumed. Since C;-X was the thorium active
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deposit counting rate at time t, and Co=X that 10.6 hours
or one half-life later,

2*(C,X)= ¢,- X
or K= 202— Cl
allowing arithmetical determination of X; This value could
then be subtracted from the total filter-activity counting-
rate points before plotting, specding up Jata processing
considerably,

When initial counting rates from the filter sanple
due to cach of the three components had been determined,
the final step was to rclate these couhting rates to air-
borne concertrations of the components over the time in-
terval of sampling. The diffoerential equation for a single
airborne activity being collected on = filbter is

A= n - )N
at

where N is the number of active atoms cun the filter, n the
number of active atoms in the volume of air processed per
second, and A the decay constant of the activity. Therefore

aN = dt
n -~ N

and integrating gives
~1fn (n=-2N) =%t +o0
¢c & constant, At tQO N=0 and therefore
cC = = ;,Qn n
A

With this substitution the equation becomes
-At
In ! n ) = At or n ~=AN=n e
n -AN
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=1 ’ 1

1 =@

Eventually

=B

For X very small, i. e. activity long-lived,
expansion of the exponential leads to0 n = N/t as might
be expecteds Also, for A large, 9—4 vanishes after a
reasonable time and n = AN. The activity in the volume of
air processed per second is An. These considerations give
the three equations used herc to relate filter activity
to airborne activitys The equations are listed in Table I.

These relations aske it possible to deduce airborne
concentrations of the three components from their activities
as collected on a filter. But before this deduction can be
made it is necessary to know the relation between the filter
activity (see Table I) and the counting rate which this
activity produces in the filter-counter. The detsctor
geometry of &K meant that only one-hzalf of the emitted
particles struck the detector, introducing a factor of
two. More difficult to deteraine however, was the overall
detection éfficiency apart froi the geouetric factor. It
Wi necessary to.astimate what fraction of the total nuwaber
Of particles euitted from the sample and striking the
scintillator qctually appeared as counts in the final
record.

By the time the active filter wes placed in the
counter it was reasonsble tO asswae that the Ra. and the
Th.. would rapidly become negligible becsuse of their short

helf-~lives. Hence the natural components would consist of
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the B+ C + C' or B + C « C" chains, in each of which one x
and two &'s are emitted before the nucleus arrives at a
relatively stable state. Thus one radon or thoron atom
initially present in the sampled air would give rise to
three theoretically detectable particles plus a certain
number of conversion electrons. In practice, experimental
conditions, in particular the input bias, impose a lower
limit on the energy of particles detectable; this lower
1limit had here to be determined to estimate the fraction
- of the total number of emitted particles lost,

Nuclear Enterprises' NE102 plastic scintillator has
an efficiency of approximately one hundred per cent for &'s
above 0.025 Mev, and the response of the scintillator in-
creases linearly with energy for such @'s. A 6-Mev x-particle
produces the same pulse height in N&l02 as a 0,025 Mev gi-par-
ticle., With reference to this information, a filter was treat-

L

ed with a drop of solution containing C7", a pure &-emitter
with end-point 0,158 Mev, allowed to dry, and placed in the
detector head of the counter: The resulting counting rate

was determined as a function of the bias setting on the first
scaler, after subtraction of background at each bias setting.
Extranolation of the resulting curve allowed identification

il

of the cut-off bias with the end-point of the C spectrum,
establishing an approximately linear energy-bias correspond-
ence., With the working bias used it w's determined that all
/@'s above 0,040 Mev were recorded, In the S-spectrum of thor-

ium active deposit according to Flammersfeld (F39) about

ninety per cent of the total continuum lies above 0.0L0 Mev,
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No radium active deposit spectrum was readily available in the
literature, but the similarity of the decays suggested the as-
sunption of the same figures for both radium and thorium active
deposits, i.e. about 1.8 recorded B-particles per radon or thor-
on parent., Since the &fs from the natural C' daughters are
greater than & Mev they were recorded one hundred per cent, In-
terposition of a 1/ Perspex disc between Tilter and scintilla-
tor discs, thereby intercepting all but a very few of the high-
est energy &'s and all the «'s, reduced the recorded counting
rate to less than one per cent of its original value., The X
contribution to the recorded counting rate was therfore negli-
gible, because of the low stopping power of the thin detector.

It was noted that in the radium active deposit could
be expected a total conversion electron intensity of about
0,15 electrons per parent, and in the thorium active deposit
one of 0,35 (since the 0,02l Mev A-line was not detected),

Thus each radon parent gave rise to 1,3 « 1 « 0,15 = 2.95
detected particles, and each thoron parent 1,8 « 1 + 0.35

= 3,15 detected particles. Consequently to get the radon
and thoron concentrations in the sampled alr it was necess-~
ary to divide the recorded counting rate by the correspond-
ing correction factor as derived here.

Because of its uncertain composition the long-lived
activity had to be considered purely on the basis of one
emitted particle per initial atom, and no correction for
chain decay was made to arrive at a figure for airborne

concentration of this activity.



Component n An Airborne Activity
radium setive ‘

deposit AN A(AN) A(filter activity)
thorium active

deposit AN A(AN) A(filter activity)

e s

long-lived . .

activity N (an) 1(filter activity)

t t » t
TABLE TII

COLVERSION FACTORS FROM RAW DATA TO AIRBORNE CONCENTRATION

L 2Cab (X)
Component ) sec, Conversion Factor

redium active =l =7 (2;_) 3
deposit 308210 © | 2,95 | 2.45x107 'R’ ppcuries/em

thorium active at mg(g) 3
deposit 1.8x10 3.15 1.39x10 'R HM curies/em-

| -8(%) « 3

long=lived s 2,21x10 'R’ upcuries/cm

activity ' i

waprspgvtionality constant from Table I
fw==factor correcting for chain decay

a==conversion factor from disintegraﬁions/minuﬁe‘t&}ggaawi@@

Uy . a 3 . 3
b==conversion factor from cubic feet/minute to cem” /secongd

s . Hge B g B o o o . = b
s=~recorded Initial counting rate in counts/minute

alrfilow during sampling, in cubie feet/minute

i

o

LI L .
+ above) time of sampling in seconds
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With these considerctions it followed that the
activity on the filter wes twice the recorded initial
counting rete divided by the chzin-dccay factor for each
component. Using the sppropricte Z\'s and these values for
filter activity in the relations listed in Table I, the
proportionality constants listed in Table II were derived,
by which it was possible to convert fron counting rate to
airborne concentration in one nultiplicative step. The
concentration, so far derived in terns of the voluue
brocessed per second, weas divided by this volume to give
the concentration 2s zctivity per unit volwie.Using the
definition of the curie as S.VXlOlO disintegrations per
second, the final constants in Table IT include a factor
to make the airborne concentrations appenr as mieromicro-
curies per cubic centimeter of air. It should here be
emphasized that the above procedure yields the actual
airborne concentrations of the gaseous thoron and radon
activities (not of their solid daughter products), under
the assumption that the gaseous parent and the solid

daughter products are in radioactive equilibrium.



CHLPTER IV
RESULTS 4AND TABULALTION OF RELATED DTl

The following pages are o tabulation of figures ob-
tained by asnalysis of dats as desceribed in Chapter IIL. as
well os giving the concentrations of the three components
of airborne activity for each dsy listed, the table includes
a coded breckdown of meteorologicszl conditions prevailing
during the time of szipling. This latter data was prepared
by tht Basic Wesnther section of the Doiiinidn Public Weather
Office at Winnipeg International .irport. The Key to the
code is given in Table III which reproduces the salient part
of the report form filled in by the Weathor O0ffice.

The asterisks in May indicate the major overhaul
nentioned in Chapter .IT, zfter which the data becaue iuch
more satisfactory. (Brrors will be discussed below.) Fronm
this point F, T, and R will be used to designate the compon-
ents due to long-liwed activity, thorium active deposit,
and radiun azcetive deposit respectively. The figures in col-
wuns F and T zre given in 10-6 nieromicrocuriss per cubic
centineter of zir, and those in column R in 1074 micromicro-~
curiss per cubic centimeter of air. The dztes listed are
those on which sampling bogan and ended, in sach csse shortly
after noon loc=l tine. Note oceasionul 48-hour samples, with
the corresponding double weather renorts. "WNeg,® implies a
negligible n~mnount of the component in the period, "uctn." an

2s0unt not necoss:rily negligible but of uncortain .znitude.
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TABLE IV
DaILY D.T.

" DATES | .IRBORNE CONGENTR.TIONS | METEOROLOGIOAL DiTa

B T | = LiBlolp|=m
Dec. 14-15  1.37 115 .56 7 2 13 18 4
Dec. 16-17  1.23 J110 1,42 7 41234 18 3
Dec. 24-25 1,67 ViB2 4,58 3 2 4 18 4
Dec. 26-27  2.12 389 1,52 7 2 234 36 3
Dec. 28-29  2.47 240 4.13 7 2 4 36 5
Dece 30-31 2.57 1,00  5.20 1 1 - 18 4
Jan. 1-2 2.17 136,884 7 4 2 32 &
Jan. 3-4 3.44  neg. 3.82 1 1 - 99 4
Jan. 5-6 2.92  neg. 1.54 2 2 4 14 4
Jan. 7-8 2.65 L117 1,18 1 2 134 99 3
Jan. 9-10 3.30 nege 2876 2 1 - 14 4
Jan. 11-12  2.54 324 1.84 7 2 2 18 5
Jan. 13-14 4,01  neg.  1.37 7 2 134 32 4
Jen. 15-16 3,09 neg. 1.62 7 2 3 32 3
Jan. 18-19° 4.68  neg. 1,69 1 1 - 27 4
Jan. 20-21 3,77 405 2.76 7 2 4 27 3
Jun. 22-23  2.30  neg. 235 1 2 1 32 5
Feb. 4-5 5.14  uctn. 804 7 3 13 99 3
Feb. 6=7 5.27  neg. 1.00 1 1 « 32 3
Feb. 8-9 5.33  uctn. 4.91 1 4 23 18 3
Feb. 10-11 3,74 .935 1,76 4 1 - 18 5
Febe 12-13  4.07  neg. 3.87 1 1 -~ 32 4
Feb., 14-15 5,00 neg. 3.40 2 1 - 18 &6



Feb. 16-17
Fab. 18-19
Feb. 20-21
Feb. 22-23
Feb. 24-25%
Fab. 26-27
Febe.28~kar.l
Mar, 23
Mare. 4-5
Mar. 6-7
Mar. 8-9
Mar. 10-11
Moar. 14-~15
Mer. 16-17%
More. 24-25
Mar. 26-27
M:r. 28-29
Mar. 30-31
Apre 1-2
APTe B=4
ADTe 8-9°
Apre 14-15%
aHpre 18-19
&pre 20-21

May 13-14
May 15-16

5407
S5.32

4,03
4oscd

uctn.
« 600
1.29
nege.
uctn,
284
3.63

« 092
4.35

1,34
5.87
5,62
2.45
4.48
2,45
2.76
.534
»850
.756
2408
. 970

uctne.
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May

May3l-dJunel

June
June
June
June
June
June
June
June
June
June
June
June
June
June
June
June
June

June

17-18
19-20
21-22
23-24
25-26
27-28
29-30

2=-3
4-5
6-7
8-9
10-11
13-14
16-17
19-20
20-21
21-22
22-23

24-20
25-26
26-27
27-~28
28-89
29-30

0123
o575
2.02

June30~-Julyl 1.66

2.10
1.86
1.73
4,91
2618
0194
1.05
3.67
1.54
3.72
3.83
777
2e29
509
S9.41
749
3.89
5.00
6.67
24
6.66
O.64
2.01
2.16
2.16
6.18
6.26

234

14
134

99
36

23
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05
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32
99
36
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18
14
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36
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23
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July
July
July
July
July
July
July

July ¢

July
July
July
July
July
July
July
July
July
July
July
July
July
July
duly
July
dJuly
July
July

1.58
1l.64
1.986
1.23
1.77
1.14
1.43
1.47
1.30
0729
1.02
973
.598
. 736
568
837
931

10.5
7.31

2,86
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July3l-_ug.l

HUgs
AUE.
HUE.
HUgs
AUZe
AUZ.
HUZ e
aUZe
AUZ.
HUE e
HUE.
alZe
HUE.
AHUZ .
alg.
SUE e
alge
Alg.
LUZ.
alge
AUEe
AUE.
LUge
sUE e
AU
HUE.

Al e

o774
« 640
0045
«390
« 316
216
0225
+ 385
<454
447
221
o291
0163
794
« 349
e277
804
.109
uctn.
«130
099
.0804
« 172
e 136
« 100
.102
.108
« 100

l.14
373
»092
844
e295

1.08
757

1.85
621

2.56
« 948

1 1
1 1
8/1 5/1
8 2
9 4
1 1
1 1
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9 6
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1 1
6 3
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CHAPTER V

ANALYSIS OF DATA AWD COWCLUSIORS

In Table IV three significant figures are given for
almost all days. (Starred days indicate instrumental or other
difficulties widening the error limits indefinitely for these
days. lowever they are included for completeness.) The com-
ments to follow refer to Table IV and histograms included at
the thesis!' end. A sample of the semilog plot used to arrive
at the initial counting rates for the F, T, and R components
will be found at the baclk of this thesis,

Two experimental values, X and R in Table IT, estab~
lish the error limits bn the final figures for airborne con-
centration, The initial counting rates X can usually be de-~
termined to better than two significant Tigures, about three
per cent. The pitot gauge measuring airflow rate could be
read with fair certainty only to about one cubic foot per
minute in about twenty-five, or about four per cent, Other
errors are negligible compared to these, and the total per=
centage error in an average concentration obtained by this
technique is of the order of seven per cent,

Perhaps the most obvious feabtureof all three com-
ponents is the large day-to-day variation they exhibit, The
immediate suggestion is that this variation is at least
partially the result of local meteorological conditions and
their variation. A cursory survey of the data on hand shows

however that the day~to-day variation of the F component is
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much smaller than that of thse natural components, which vary
Over an order Of magnitude, ag has been previocusly observed.
The F component settles to ground level from an accunulation
of nuecleur-explosion debris:zbove the tropopause, while the
natural components diffuse upward fromn the ground zs gases.
The settling process can be regarded as proceeding at a uni-
form rate, but the diffusion process is strongly influenced
by the type of terrsin, local winds and vertical mixing. The
present findings are thus in accord with these proposed
Dechanisms.

In presenting a wore detailed onalysis of the present
data with regard to meteorological influences, attention should
be drawn to the fact that whereas desultory experimental work
Of this nature has continued for hilf o oenturj no satisfatory
correlation of weather and airborne activity has ever been
achieved. This is not surprising, for the meteorological sit-
uation on any given day is a complex interaction of nuaerous
Pparameters, and the airborne activity is = function of nany of
them. The installation at Winnipeg has the definite advantage
of being situated in a region of relatively flat and unvarying
terrain, mininizing the purely geographiccl aspects of weather
&s regards its influence on airborne activity, and enhancing
the possibility of uncovering true meteorological influences,

Several of these short-term effects have been documented
by this investigation. The threce histograms at the back of the
thesis display the dete in a form which reveals both short and
long-tern trends. The most effective short-term influence on

the levels of all three components is the scavenging effect of
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heavy snowfall, e. g. some fifteen inches during Feb. 24-27;
the levels of all fzll rapidly innediately following this pre-
cipitotion. Rainfall, particularly if it extends over several
days, while not as effective as snowfoll in sweeping the air
clean of activity, causes marked decre-ses in the R level, c.g.
Mcy 25-288, June 6-27, July 4-5, July 8-10, Aug. 5-6, and .ug.
17-20. Most of these reductions are paralleled by similar drops
in T levels but it will be noted that the offect on # levels is
much less marked. Whereas it is known that the natural activi-
ties are adsorbed on asrosols of diameter 0.001 +o 0.04f4(w52),
little if anything is known of the n~ture of the fallout par-
ticles =s reazards cherge and size. The ineffectivenes of any
scavengers except snow and heavy rain (Meay 23-26) suggests that
fallout may consist of mush smaller particles than those carry-
ing the T and R components, possibly even atomic in naturej the
smaller particles would hove a correspondingly lower cross-sec-
tion for precipitative scavenging, leading to the results noted.

The T and F activities on a given sanple are a more or
less representative average over the Sanpling period; however
because of the short (v32-minute) half-life of the R component
the R activity on the filter is charscteristic only of the few
hours prior to cessatizn of sampling. .8 this would suggest,
the days on which it rained or snowed in this period show drops
in the R level, Of the seven dzys exhibiting the lowest R level
only one had measursble precipitation and this occurred in the
period mentioned. On three days the winds were veriable, on
three northerly ond on omeoccasion from the southwegt. Wingd

direction is not therefore an important factor; but with only
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two exceptions each of these low days was preceded by a day
with relatively he=vy precipitation. The lowest neasured values
of the T component occur on days with rain, particularly thun-
derstorus; the hichest occur prcdominantly on doys free of
precipitation, without correlstion with wind direction.

Each of the components demonstrates a charscteristic
long-term veriation. Data on hand is of course not yet adequate
to establish a definite yearly fluctusztion for the natural com-
ponents, but some re:sonable interim conclusions can be drawn.
The thoron concentration in the winter months appesrs almost
hegligible, 2 not unexpected development in view of the faet
that the heavy snow cover in these months would prove a2 severe
barrier to the 59.5-second half-life thoron gas. When the
spring break-up occurred the T eonponent increased more than an
order of magnitude, as would therefore be expeoted.

The radon concentration however was significsntly higher
in the winter months thin in the suiuuer, i possible explunation
for this relitively unexpected phenomenon lies in the fact that
the low ground-level temperstures in winter cause frequent
temperature inversions, which m-intein o Stable layer of air
close to the ground, allowing the radon concentration in a given
air mass to reach considerable size before atmospheric disturb-
ances shift it away from the source of the radon. However, in
the swamer nonths repidly ascending thermals creste continual
turbulence and sweep radon-benring air mosses upward before a
substantial concentrstion of the £as can build up. Since»the
winter snow cover provides only =2 token barrier tc the longer

(3.82-day) half-life radon, this ugrees with facts observed,
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The F level rises systematically through December and
January, remains approximately stable until nearly the end of
liays then falls steadily, a true decrease (not noted in the
other components'! records) which is now (early November)
being mentioned by Government agencies; the present study
shows the trend continuing beyond their dates, and will be
continued until mid-1960 to obtain further information on the
important phenomenon of fallout, and correlate it with nuc-
lear tests. (None occurred during the study to date,)

The small-scale convenient technique herein described
for simultaneous monitoring of F, T, and R components of air-
borne rrdiocactivity has as yet received onlv limited applica-
tion, in this installation. Many possible lines of investiga-
tion suggest themselves, for which the new technique is more or
less ideally suited: 1. simultaneous monitoring of the F, T,
and R components by samplers at several different heights at
the same location, to investigate the instantaneous vertical
distributions of the three components; 2. detalled examination
of the air at various locations, including indoors with and
without air conditioning, below ground level, in open residen-
tial and industrial. areas, et cetera; 3. short-term sampling
(of the order of one hour per filter) on a continuous basis to
monitor the diurnal variation of the R component (which would be
the dominant component, near equilibrium on such a sample). |
Other applications are no doubt conceivable; results of these
investigations would add materially to the available data on the

increasingly interesting phenomena of airborne radioactivity.



PART IX



CHAPTER I
INTRODUCTION

Classical experiments before 1900 demonstrated the
intoraction betwsen a moving chargec and a magnetic. field,
whereby the chargc was subjected to a velocity~dependent
force perpcendicular to the charge's direction of motion.
This effect became the basis of one of the first instru-
ments used to iﬁvestigate the radiations from active nuclei,
the fixed-field photographic-recording g-ray spectrograph.
If a particle with charge ¢ and mass m describes with
velocity v a circular orbit .of radiuS/G in a plane perpen-
dicular to a magnetic field H, the following relation -
between nagnetic and centripetal forces must hold:

He v = m.v240
Therefore ‘ mv=eHo
Thus the momentum of the particle is directly proportional
to the product of the magnetic field and the radius of the
orbit deseribed. If a particlc with charge e and momsntum
unknown traverses such an cxperimental array, and if the
field H and the radius £ of the resulting orbit can bec
measured, the momentum of the particlc can be determined.
If the field H is fixcd, particles of different momenta
will traverse orbits of difforent/O; if a photographic
rlate is interposed, the particles of differcnt momenta
will strike it at different places, producing a spectro-

graphic record of the momentum distribution,
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By 1912 B-rays had been identified as high-energy
electrons and von Baeyer, Hahn, and Meitner (V1l, V12) had
obtained photographic records of the differential magnetic
deflection of radiation fronm natural G-ecnitters, Danysz
(D12, D13} improved their crude design, using defining
slits and baffles to select a narrow sheaf of S~rays, and
enclosing source, slit, baffles, and photographic plates in
a vacuun chamber to reduce air scattering of the electron
beam (see Fige 3 )}, With additional photographic plates
perpendiculer to the uniform magnetie field of his simple
instrument he traced the orbits of clectrons from a line
source parallel to the field, and proposed that the 8~
particles be made to travel a full semicircle and impinge
approximately perpendicularly upon the detecting photo~-
graphic plate, This made use of a first-order radial
focusing property of this geometry, a consegquence of the
fact that if a semicircular arc is rotatsd through a small
angle about one end, the other end noves tangentially, as
can be seen from the limiting orbits sketched in Fig, 3 .
If a monoenergetic electron source is used, the electrons
traversing the central orbit strike the plate at the largest
radius, and those whose orbits diverge initially from the
central‘orbit strike at a slightly smaller radius, producing
a line with a clearly-defined high energy edge correspond-
ing to the electrons from the central orbit. This design is
thus admirably suited for analysis of a nmixture of nono=-

energetic electron groups, which appear as a collection
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of lines with characteristic positions on the detecting
plate.

The earliest spectroscopic analysis of G-radiation,
by the above-mentioned and others, notably Rutherford and
Robinson (R13) revealed such a line structure, which
theoreticians immediately interpreted as analogous to the
line structure of optical spectra and arising from energy
leﬁel structures in the decaying nuclei. However discovery
of a continuous component of every&~spectrun led to the
assignnent of a different origin to the lines in the
spectrun, Examination disclosed line-spacing energetically
equal to the atomic shell spacing for any given atom. At First
it was thought that a nonoenergetic electron group or.line
arose by photoeledtric collisions, each involving a nuclear
X-ray and one of its own atomic electrons, Further inves-
tigation led to a more suttle interpretation, which suggest
ed that after ag-transition to an excited state some
daughter nuclei gave up part or all of their excitation
energy not by enission of a g-ray but by a direct inter-
action between the nucleus and one of its atoniec electrons,
which was ejected with an energy E determined by the
corresponding X-ray energy hy and the ionization energy W
of the shell in question thus:

E=hy =W
Detection of the X~-rays emitted during reorgenizition of the
atomic shells after such en interaction supported this

theory, Experiments, notably that of Bainbridge et al. (B53)
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on technetium, which decays by electron capture, disclosed
that varying the chemical combination (changing the orbital
wave functions) changed the decay constant; this, as well as
instances of electron emission where the “parent” ¥=ray is
of a multipolarity which would make the transition probabil-
ity vanishingly small, serves as evidence of a direct nuc-
lear-orbital interaction, christened '"internal conversion',.

The semicircular focusing method had been in use for
fifteen years before an examination of the shape of an indiv-
idual conversion line from a semicircular machine was under=-
taken., Wooster (W27) in 1927 offered a semi~empirical method
for line-shape analysis. Ten years later Li (L37) presented an
exhaustive theoretical description of the conversion-line shape
produced by a semicircular machine, Papers by Lawson and Tyler
(1j0) and Campbell and Kyles (K52) distilled the essentials
regarding line-gshape from semicircular spectroscopes, invaluable
for high=~resolution work with these machines,

The relative intensities of conversion lines in a
given spectrum provide information as to the energy-level
spins and parities of the nuclide whose de-excitation gives
rise to the lines. The theoretical material involved is
beyond the scope of this thesis, but useful references in-
clude Rose (R58) Part I, and Siegbahn (S55), Chapter XIV
(also written by Rose).

The fixed-field photographic~-recording g~ray spectro-
graph was extensively employed in investigations of the

conversion-line spectra of the ¥-rays from radionuclides.

The development of magnetic-lens g-ray spectrometers and
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scintillation spectroneters for ¥-rays led to a temporary
loss of interest in the fixed-field instrument, but recent
yoers have seen it rise agaln to proaziinence in nuclear
physics. It is now frequently used in conjunction with a
lens-type S-ray spectroxeter, since the fixed-field instru-
ment can attein better resolution than any lens-type machine.
Furthermore, although the seaicircular spectrograph has a
relatively low transmission, an entire spectrun 1is scanned
at once =nd the exposure tinme czn be extended to coupensate
for the low transaission. Messurcment of lino intensities
with the photographic-recording instruuient is not as straight-
forward as that with a lens-type machine, but results ob-
tained by the former method cen be uscd to suppleaent -nd
confirii those of the lens-type aiachine at = higher resolving
power. Coxments on resolving power of the prescnt aachine
are included in the approPriate following sections, when

cptinal conditions and ~djustiients are discussoed.




CHAPTER II
DESCRIPTION OF THE SPECTROGR.PH
I. MAGNET

Several years before the present study was under-
taken a group at the University of Manitoba constructed
a semicircular @~ray spectrometer of a fixed-orbit design
employing a scintillation detector. The magnetic field
was provided by a pernanent magnet wound with denagnet-
izing coils, by which the residual field on the nagnet
could be varied; by varying the field in small steps an
entire spectrua could be scanned., The n2chine was constructe
ed and tested, but difficulties in maintaining stability in
the dexagnetizgtion process proved insurmountable, and
the spectrometer design was abandoned, The various compon- °
ents remained on hand unused until it was decided to
utilize the magnet in the construction of a photographic-
recording fixed-field 8-ray spectrograph. (Initially it
was planned also to use the vacuun box from the previous
design, but its vacuun properties had deteriorated severely;
it was eventually discarded and one of a new design was
constructed as described below, )

Necessarily, since the magnet was in final mech-
anical form at the commencement of this project, discussion
here will be confined to a description of this form, with a
few additional details drawn from the manufacturer's nanual,

It is regrettable but possible that thess manufacturer's
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specifications have a degree of uncertainty in that the
history of the magnet involves sea voyages between Britain,
Canada, and sustralia, and is not fully known. Intentional
or accldental alterations may not be accounted for in the
information presently on hand.

Plates IV and V show front and rear views of the
spectrograph fully assembled. The magnet sat on a concrete
Pedestal, and the vacuun box fitted snugly between its pole
piedes as shown. 4lso shown are the leads to the demagnet-
izing coils whose use will be described below. Fig, 4
gives the three elevations of the magnet, showing actusal
dimensions, Table V¥ gives the manufacturer's listed
specifications (subject to the qualification referred to
above),

In use, the magnet's field wes adjusted to a desired
epproximate value by brief energizing of the denagnetizing
coilss Bach of the coils had a resistance of about ten ohms
direct current at a few amps was led from a heavy-duty
potentiometer chain in the appropriate direction through
the coils in parallel for a few scoonds at a time, until
fluxnmeter measurements in the air gap indicated that the
desired field strength had been obtained. Precise knowledge
of this field strength was unnecessary, since the spectro-
graph was te be calibrated at any given field setting by
comparing positions of lines of known and anknown Ho i. e,
nomentun, on plates from the instrument, as discussed below,

The field setting chosen was of course dictated by the H
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TiBLE V

MaNUF4CTURER'S SPECIFICALTIONS FOR MaGNET

Weight: armeco iron yoke 270 1bs.
ATMGO iron ploe tips 60 1lbs.
sleom.x II blocks 100 1bs,

AGoils 100 lbs.

Maxisum perdanent field strength:
1600 oersteds

Meon non-unifornity of field in central

area 12x24 oris.: 2.2 per cent
Coils: each 1440 turns 16 S. W. G. wire
Bolts: 1/2% non-nognetic stuinless steel

Maenufaoeturer: Willium Jessop & Sons Ltd.,
Sheffield, England

48
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range of interest. Equipment for precise field measurement
was unavailable, so the uniforuiity of the field was not
known to better than a few per cent; since therefore no
corrections of the Hartree type could be applied, field
nonuniforaity was considered an indeterminate liniting

factor on resolution obtainecd.
IT. VACUUM CH:IMBER A4ND SYSTEM

The vacuum systecm of the spectrograph consisted of
a rectangular brass box which fitted between the nagnet
‘pole faces and was coupled by an L-shaped pipe to a diff-
usion puap, Distillation Products nodel MC275.01, backed
by a W, M. Welch Duo-Seal rotary forepump. The arrangement
of pumps and L-pipe can be seen in Plate V .

~4ll dinensions of the brass box sre indicated in
Fige © which shows three elevations of the box, whose
internal fittings will be described in a following section.
The box was made from sheet brass, gilver-soldered at all
Joints. The access panel was held in place by eight wing-
nuts on fixed bolts, and sealed by an O-ring seated in s
rectangular well on the panel; these details wmay be noted
in Plate VI , On the other end of the box was an aperture
with an annular faceplate, which was bolted to & similar
blate on the L-pipe. This joint was sealcd by a rubber
gasket seated between the faceplates. The lower end of the
L-pipe was coupled by a similar joint to the top of the

diffusion pump, which was mounted on a Dexion rack as shown,



Mlge 5o Vacuum box, thres
elevationsy approx-
imately to scale,

with 17 = 349,

o1 1e

) .

N

\. &y d :
-
A =
- Ik
e
(A1l dimensions in inches) 1 13/16
T
S |
/L > b q|
™ “/TT\“ [T
»e 11 5/8 » |
. % -
X T
5

¢ 15 3/8

wowe: }

: 15 5/8 :
s ol
T
\"‘\_ ;%‘ o .
= [
/; ::?
L~ : O




PLATE VI
h access panel removed: 1, semi-

wit

cuum box

fova

Had o

ip (s

socl

s

Orses

43




58

The diffusion pump was coupled to the forepump by a joint
with smaller faceplates sealed by an O=-ring and connected
by & short length of vacuun hose to the forepump as shown,
Also visible are the waber jackets around L-pipe and diff-
usion pump, which led to a special outlet and through which
cold water was continually circulated when punping was in
progress. an:dditional jacket allowed quenching of the
diffusion pump if fast ccoling was desired, by adjustment
of the proper valves in the water circuit. 411 vaocuum
Joints were coated with Apiezon M grease before coupling.

It was felt that precise knowledge of the vacuun
level was unnecessary, and that a pressure low enough to
allow no discharge in a simple d¢igcharge tube would be
adequate to nminimize air scattering, agcordingly the Le
pipe was fitted with such a small discharge tube, visible
on the ascending coluwan in Plate V¥V , ifter punlping was
comrlenced a Tesla~coil high-voltage tester was energized
and toushed to an electrode projecting beyond the glass
envelope; when no further discharge was seen in the tube
between the internal end of this electrode and the metal
wall of the L-pipe, a sufficiently low air pressure was
assumed to exist in the system for operation of the

spectrograph,
III. SOURCE ASSEMBLY

Several forms of source have been employed in this

type of B-ray spectrograph with varying degrees of success.
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Bach form has advantages discussed analytically by Li (L37),
but simplicity and ready availability led to the choice for
this project of a source in the form of a layer of iridium
250 micrograms per square centimeter thick sputtered onto one
side of an aluminum wire of circular cross-section and dia-
meter 0.0037 inches by Messrs., Barr & Stroud Ltd. Glasgow.

After much thought it was decided to mount this wire
in a small holder milled from pure aluminum, as shown in
Plate VII and Fig. 6, a method which subsequently proved to
have serious shortcomings. One inactive wire was mounted
thus and irradiated at a high pile factor location in the
Harwell reactor, On the source's return the mount was found
to have warped under the acute thermal stress imnosed,
relaxing the tension on the active wire, which then devel-
oped sufficient curvature to 1imit possible resolution with
this source to about one per cent,

A second similar source was prepared and irradiated
at Brookhaven at 1013 n/cme/sec. for three weeks; when it

arrived broken beyond salvaging the first source was

straightened by trial and error and fitted with .a small
brass collimator (see Plate VII), a satisfactory interim
arrangement. The aluminum mount with the active wire was
affixed with two screwsto a brass plug as shown in Fig, 6.
The entire source assembly was then inserted into the
cylindrical port on top of the vacuum box, Fig. 5 shows
the geometry of the source assembly in operating position,

The brass plug was fitted with two O-rings to serve as



PLATE VII

Source mounting plug (upside down with respect to

-

operating position): l. O=-ring seals; 2, aluminum

I

mount (barely visible are heads of mounting bolts);
3. brass collimator (black vertical lins visible

through hole is space between aluminum supports;

k]

barely visible across it is source wirs),

2
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vacuun seals. The various dimensions as indicated in Fig.5
were chosen to give a satisfactory source-slit-plate
geometry, and the assembly design assured reproducibility
of this geometry. It will be noted that the slit, not the
source, was in the plane of the photographic plate; further
discussion of this point is included below. Optimal azi-
mathal position of the brass plug was found by trial and
error, so that the lines produced were clearly transverse
to the long dimension of the plate; marks were scratched
into the flanges of plug and port and aligned to duplicate

this azimuthal position for succeeding plates.
IV. PLATE HOLDER AND ASSEMBLY

Two avenues are open to the designer of s semi=
circular g-ray spectrograph: the instrument can be intended
for use for absolute Ey)measurementé or comparative Ho
measurements. In the first case provision must be made for
measurenent of the magnetic field strength H and for
deduction of © from the geometry of source, slit, and
recorded line. This latter requirement makes it preferable
to have source and plate in the same plene. In the second
case spectrographic records are made with two different
sources, one whose spectrun is known and the other whose
spectrum is to be analysed, under the same conditions of
field and geometry, which need not however be precisely
known. The resulting known and unknown spectra are compared,

and the H;s's of the unknown lines inferred frorm those of
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the known lines. To serve as a baseline for comparison an
index which locates each spectrographic record positively
with respect to the fixed geoaetry of the instrument is
usually provided.

The present instrument is of this second type. Since
absolute geometrical measurements did not need to be made
it was accordingly possible to take advantage of the prop-
erty of the sourcc-slit-plate geometry shown (Fig. 5 )
which gives a fixed shape to the conversion line no matter
what its position on the plate, making comparison of line
intensities more strgightforward.

The design of the plate holder wos essentially
simple; it is shown in detail in Fig. 7 . The plate was
placed in a shallow well, and a brass cover seorewed into
place. The plate rested on a rectangular aperture into whose
long sides weré milled regularly-spaced rectangular notches
as scen in Plate VIII.These notches served as the index
referrzed to above, and appocared as a square-cut sawtooth
‘pattern on the edges of each recorded spectrum (see e, g.
Plate IX ). 4 1/8" brass plate sliding snoothly in a
channel below the notched aperture served as a shutter.

48 the end-view cross-section indicates, the plate
holder was shaped to slide snugly into a brass sleeve
permanently mounted with solder-sealed screws to the inside
top of the vacuum box, as shown in Fig. 5 ., Aftor the
loaded plate holder was slid into operating position in the

sleeve, a small brass yoke was affixed with two SCrews
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PLATE VITT |

Plate holder components: 1, shutter (upside

frame): 2, main frame (npte noteheg along g
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to the end of the sleeve, overlapping the end of the plate
holder and locking it in place (see Plute VI }.

The slit mechanisn was rigidly attached to the end of
the plate holder proper, to assure fixed geometry from slit
to notches. Its width could be chosen by adjusting the nov-
able jaw parallel to itself by means of a knurled screw
projecting beyond the end of the unit. The screw is visible
in Plate VIII.

Since the plate was not to be exposed until the
vacuuinl system had been evacuated to operating level, the
means whereby the shutter could be Opened under vacuum gave
rise to much discussion beforc the presgcnt quite satisgfactory
method evolved. Since the access panel had to be casily
removable, and since the shutter was to be withdrawn through
a port situated at the upper end of the access banel, it was
necessary to incorporatec a coupling between the shutter
proper and the panel-mounted withdrawal mechanism, which
coupling could be engaged under vacuun prior to withdrawal
of the the shutter. It wés finally decided to accomnplish
expdsure of the plate by withdrawing the shutter into a
tubular extension of the vacuunm chamber long enough to
accomnodate the withdrawn shutter. 4 thin rectangular
supporting guide on the extrerc outer end of the plate
holder, beyond the slit, assured that the shutter would
return easily into the closed position after exposurs. To
withdraw the shutter a short solid brass cylinder riding

on two greased O-ring seals was thrust into the long tube
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until a solid semicircle projecting beyond its inner end
could be meshed by rotation of the solid cylinder through
180O about its axis into a hollow semicircular trough on
the outer end of the shutter broper. in extension handle
of light brass, hinged for convenience, was used to slide
the solid coupling eylinder into place, engage the shutter,
and withdraw the coupled unit, exposing the plate. To keep
the solid cylinder from being driven back into the long
tube by external air pressure while the chanber was
evacuated, a horseshoe-shaped piece of thin brass of
larger diameter than the long tube was clipped into a
groove on the outer end of the solid cylinder. This
prevented it fronm sliding into the tube beyond the groove,
which was so positioned ds to aasure that the shutter
would in this position be withdrawn beyond plate and slit
and yet remain in the outer supporting guide, to allow
closing the shutter without difficulty. The various features

described above can be seen in Plates IV and VI cnd Fig. 5.



CH-PTER IIT
OPER..TION OF THE SPECTROGR.PH
I. PREP.RATION OF THE PL.TE

The plateholder was originzlly designed to -ccou~
zodate glass-brcked photogrephic plates, 10 7/8"X1X1/16;
hOWGVQT, it was subsequently lesrned thot plates of these
diiensions could not be obtzined with the desired eiulsion,
except by special order. .fter some inguiriss =nd tests it
was declded to exploy Ilford Ilfex No-Screen X-Rzy Fila,
cut into strips of appropriste size with = paper shear. For
brovity such a strip will be referred to as = mlate®. 511
hendling of unexposed Film was dons in total d-rkness after
it w.s found that unacccotable fogging resulted from any
but the briefest exposurc even to indirect light fron a
Wratten 6B safelight. s plate was cut and 1lzid into the
well in the opencd plateholder. Several strips of peper
were laid on top of the plate to serve -s p=cking to hold
the plate in position. The top bross cover wes pressed into
the well and screwed into plsmcc. The slit was adjusted to
the desired width. The pl=tcholder wss slipped into the
brass sleeve in the vacuum box, and the sasil yoke bolted

into place, fixing the holder in position.
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II. EXPOSURE OF THE PLATE

The access panel was fitted over the bolts on the
Open end of.the vicuus box and fastened tightly in place
with eight wingnuts. The sourcs plug was pressed down into
the cylindrical port on the cend of the top of the vacuun
box, =nd twisted about its vertical axis until the aarks
mentioned in Chapter II Section IIT were =2ligned, bringing
the source wire perallel with the siagnetic fisld. The fore-
puip and diffusion puap wers turned on. Initinlly tests of
vacuuil were aade as discussed in Chapter II Seetion 11,
using 2 Tesla coil; it later msteriszlized that the cner-
gized Teslz coil was contributing spurious pulses to sev-
eral nearby clectronic units, =nd 2ls0 fogging exposed
plates inside the speotfogr:ph by light from the bright
discharge in the vacuun chazber. The Tesla coil was laid
aside, sincc the vacuum level was not critical =2nd since

the necesssry pumping time had now been determined. When

this time had elapsed the shutter wns withdrawn as described

in Chapter II Section IV.

»fter the required exposure time had elepscd the
Shutter was ugein closed, and the withdrswal mechanism
uncoupled and left in the position seen in Plate IV. The
diffusion pump was unplugged and gucnched; when it had
coolod the forepuwp was turned off and a glass stopcock on
2 side oxtension of the discharge tube was opened tou bring
the interior of the Spectrograph to ataospheric pressure.

The source plug was reaoved and set agide. The wingnuts
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holding the ccecess pancl were removed =nd the panel lifted

off.
III. PROCESSING OF THE PL.TE

The yoke was unbolted and the plateholder reuoved
from the sleeve. In the darkrooi the top cover of ths plate-
holder was unscrewed and pricd out with = scrowdriver in c
slot milled in the end of the platecholder between the cover
and the frame. The plate wes lifted out of the well, devel-
oped for eight udnutes in DuPont Liguid X-Ray Developer,
washed for twenty seconds in running water, fixed for ten
ainutes in DuPont Ligquid X-Ray Fixer, and washed for an hour
Oor dore in running wster. _fter drying the plate was ready

for analysis.



CHiPTER IV
C..LIBR..-TION OF THE SrECTROGR..’H
1. THEORETIC.L Bi.CKGROUND

In order to discuss the calibration of the spectro-
graph it will be necessary first to discuss the analysis of
photographic records of conversion lines with respect to rel-
ative intensity and resolution, as follows.

Chotographic density D as defined as

D = logyg %0 (1)
where I, is light trensmitted through the unexposed part of
the film and I light trensmitted through the exposed part.
Silberstein (S23) showed also

D = 0 log), (XE + 1) (2)
where C and X are constants and B is exposure and is propor-
tional to the total nuaber of electrons received at the point

in gquestion. (For 1192

a day's exposure results in & decay
of the source of one per cent.)
Let XE = e, the "electron density". Then
logijp Io = © logig (e + 1) {3)
Now consider miorophotome%er traces of a line and of the sharp
blackening edge or step function produced on 5 plate by an
index notch (see Fig. 8 for definitions of symbols to be used) .

Because different light strengths may have been used for (a)

and (b) Ry is not necessarily equal to R} nor R, = R} .

However Rp = Rp
Ro RS
So log1 Bp = logpg Eé = C logyg (ep + 1) (4)
R R

o)
where e, is the electron density of the continuum ne=ar the line.
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equivalent to R R&

(b)

Fig. 8. Microphotometer traces of (a) conversion line ang

N AN

(b) step function: Ry = deflection corresponding to
continuun near line; R = deflection corresponding

to peak; Ry = deflection corresponding to true widih
at half height; Ré = deflection corresponding to
unexposed part of film; R} = deflection corresponding
to continuun near step function. (The line at oo
representé infinite'bliokening, i. e. no light
tronsmitted. )

4 ¥ *®

4lso | loglO %b = C loglo (e + 1) (5)

where e is the electron density at the peak. Combining

(4) and (5) gives SR
| logyg By = C logy, (e + l)

R 8o+
= 0 log 8 - o + l)
10 | z—=°

= C log, (g'+ 1) (6)

where €' = ¢ - e,
et L
Thus log. R = (O log (gw 1)_ (7)
10 Ri 10 5

The true relative intensity Iofs line is given by

I =4ap
i

where I} is the encryy scnsitivity 5f the e1ulsion,© is the

solid angle correction factor, and 4 is the area
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under the line of radius /2. Because the evaluation of 4 is
in some cases rather difficult, it is approximcted by the
product of the height of the line and its width at half-
height, substituting this rectangle for the integrated =res
of the line. .lthough the rectzngle 1s cighteen per cent
sitnller then s for circular wire sources, the rotio of the
various rectangles are closely the ratio of the areas of the
corresponding lines to within the experimental errordSH4).

So I=W(e—eo)/~2=wg(eo+l),_0_ (8)

y n

where w L5 the wilth of the line at half-heigsht Rl. Since
the relative intensities for *use conversion lines of Irl93
have been determined elsewhere, equation (8) can be used to
plot a curve for 3 28 = function of the en~rgies of the
lines in a wiven spectrum, effectively calibrating the
photographic plate as to the ‘~n-nicnce of its sensitivity
on the energy of the S -particle striking it.

Before (8) can be employed values of €' and w must
be determined, using.equatiod.(8). The first requirement is
a value of C, obtained as follows. Experimental values of
Ré/Ré zt the same points on plates exposed different lengths
of time =re takenf Now D = ¢ loglO (xE + 1) and |

D = log,, %O = log RR’;B = C logyo (XE + 1)

For the first plete therefore

Rﬁ'=(€><tl~:—l) £ D

R?
0

where t; is the tiue of eXposure, and & « constent with the
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appropriate units. For the second plate

R} - [eg('u.99)dt2 . 1}05 q

where d equals the nuimber of days between the exposure of
the first and second plates, to correct for source decay.
Let t§ = (0.99)dt2, the effective exposure ticie. Then

(ox % +l)0=p

1
(X té + l)C =q
Then log p = ¢ log @xtl + 1) (9)
log ¢ = ¢ log (Qté + 1)
and log p=log (dt., + 1) g m
Tog q 1Iog (a5 + 1)
50 by + 1= (xtr 4 1) (10)

where 11 is a decimal fraction which can be determined from
the microphotometer trace. The author is indebted to Prof.
S. M. Neamtan of the Department of Mathematical Physics at
the University of Manitoba for the following numerical iethod
of solving equation (10) for o, Lot X =ixt. and k = té/tl.

1
Equation (10) becomes 1 + x = (1 + kx)*, with O<n<l, k>1,

and nk >1. The root sought satisfies the inequality
1 o

(mk) - 1« x‘((k'.I:E - 1)
k

and will ordinarily lie closer to the sbove upper bound.

To cpproximate to the root use the iterative relation

)I‘.-l

(l+er -1

X =
r+ 1
Starting with some value of X, near the upper bound, success-
ive values X1, xg, XZ et cetera can be calculated until a
value X, is found such that Xp o1 = X This is the desired

root.
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Solving then for ¢ in (10) allows determination of
C in (9); different pairs of plates can be used to get sev-
eral values of C, whose mes=n can be used as the required
constant in (6). With Rg/Ré from experimental data {(meas-
ured near the line of interest), oquation (4) leads to

R =Rl =a3 = (e,+1 ) C
RS

R3
and so g/gz =e 4 1
Taking Ro from the data, equation (6) leads to
R
Ro = ag = (g' +1)°
R
and vy 1= g/a or ¢' = g/a -1
€ 2 12 2
Now, knowing g' it is possible to get Rl from equation (7)
C
thus R, =/¢& + 1
R ('2' )
-C
R, =R /&' + 1
1 O('g— )

Knowing Rl it is then possible to me~sure w from the data,
in arbitrary units.

| The only value now required before (8) c=n be solved
for )7 is/o for the line of interest. In Fig. 9 distances
x and d are not known with any gre=t aceuracy; it is however
possible to measure dl and d2 with satisfactory accuracy
from a recorded spectrum and its microphotonmeter trace. Since
the Ho values of the recorded lines ure known froa other

work, it 1is possible to set up equations from which thg/o

values of the various lines can be determined. Let

Hep = k3 /,’g‘=/°1§2
1

Hf% = kz (11)
_ /0:3:/01 .l_{.s
Bpg = kg ky
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source

%\
lsllt R \\\\;:f\\‘\\\. photoHruphlc plate

< d < dl ¢ d2

Fige 9. Geometry of the source-slit-plate arrange-

ment, indicsting three conversion lines with
radii/Ol,/C%,fGB, between which the spacings

dl and dg can be neasured.

% b i

Using the Pythagoras theoren gives

2 2
4f32 =x #d
2
4/% = xR 4 (a + dl)z
2 - 4R 2
4/% x4+ (4 4+ d, + dz)

Combining yields 4 (/<2>2 -/<‘13) = 2dd; + ;%
and 4 (/?JZ -/ = del+8dd2+8dld2+dlg+d22
from which 4 %35 - J}fﬁg = 2d1d2'+ dlg + d22 +

1

a(dl+a2){4/°l { -)-dl}

Zdl

This equation can be solved fox*fﬂ_in terms of known or
measurable values for the other Parameters, and 2ll other
required radii c=n be obtained from ratics of their known
He's such as equations (11).

The application of this theory to practical analysis
of photographic records of conversion lines will be outlined
in the following secﬁion, a8 1t is used to effect a calibra-

tion of the present instruaent.
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2. CALIBRATION PROCLDURES

After many trial exposures were made as described in
Chapter III using the source described on page 53, the four
spectrum plates pictured actual size in Plate IX were selected,
taken to Ottawa, and processed on a Leeds and Northrup record-
ing microphotometer belonging to the Pure Chemistry section of
the National Research Council. Each plabe was scanned end to
end six times, once along the notches and five times along the
continuum by different parallel paths. A sample of one of
These traces and a sample plate can be found at the back of
the thesis. The microphotometer traces were then analyzed as
follows, to calibrate the spectrograph and the film employed.

The simplest calibration to be made was that of the
index notches (page 57) with respect to electron momentum He.

he trace along the notches was taken, and the average dis-
fance between successive sharp (high-enecrgy) edgés was meas-
ured. Since this distance along the trace corresponded to one
centimeter on the plate, it was then possible to measure dis-
tances from a given notch to the peas of the various lines on
the trace, calculate their actual spacing on the plate, and
plot a graph of distance from a given notch versus Q%J(Fig. 10).
If now an unknown spectrum were recorded with the same magnetic
field, the positions of the lines could be converted directly
to their He-values by use of this graph. Table VI gives the
resolution (full width &t half height divided by momentum

value of the line) for the K-conversion line of the 316 Kev

,X" raye
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TABLE VI

PERFORMANCE OF THE SPECTROGRAPH

Plate Number S1lit Width BExposure Time Resolution

1 2,28 mm, 117 hours - 55%
2 1.58 mm., 1,8 hours L1%
3 0.95 mm, 60 hours L1%
Iy 2.28 mm, l0 hours .39%

These values indicate the performance of the spectro-

graph as demonstrated in its records of the K-con-

version line of the 316 Kev ¥-ray in Irt72,
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The more intricate calibration procedure for the photo
plates, involving the intensities of the conversion lines,
employed the analytic techniques detailed in section 1 above.
First, using the method outlined on pages 68-70 and three pair-
ings of the chosen plates, an average value of the constant C

was obtained. The three trials and the resulting constants

are shown here: Plates 1&2=-- x = 0,0132 C = 2,45
Plates 1&3-- < = 0,0182 ¢ = 2,08

Plates 1&l-- < = 0,0126 C = 2,70

Average C = 2,41

Table VII gives the electron energies and momenta for the five

conversion lines of Ir192

used in this work, Table VIII gives
absolute conversion line intensities with the references from
which they have been taken., Using the method of pages 70-71

the £-values of the lines were calculated, as listed here:

205K line-- &= 5,8l cms,

296K line~- A = 7,94 cms,
308K line-- = 8,22 cms,
316K line-- /A = 8,38 cms.

11.35 cms.

i

L68K line--
Table IX gives the experimental values for log Ry/R and
log Rg/Ré and the mean log Ry,/R for the four plates examined.
Antilogging vielded Rg/Ré and the procedure described in the
first paragraph of page 70 w:g carried out, yielding the factors
w,g', and (e, + 1) in equation (8) page 68, With these values

for w, ¢!, (eo + 1), and & for each line, plus the known rel-

ative intensity I from Table VIII, equation (8) was rewritten

P=weley + l)/ff
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TABLE VII

ENERGIES AMD MOMENTA OF Irl92

CONVERSION LINES USED I TEIS WORK

Eg (Kev) | E of K-Line (Kev) | Momentum Hao (gauss-cm, )
205,k 127.0 127k
295.8 217.L 1732
308,10 230,0 1791
316,5 238.1 1827
167.8 389.L 2,76

A1l values from Johns and Nablo (J5l),
TABLE VIII

ABSOLUTE INTENSITIES OF Ipt79

CONVERSION LIN&ZS U38D IN THIS WORK

Ex (Kev) | Absolute Intensity of K-Line x 10°
205, - ha15

295.8 16

308.0 15

316.5 33.8

1678 9.1

The values for intensity here given represent the
a average of values given by Bachilov (B52), Bagger-
ley (B55), and unpublished work of Kyles and Camp-

bell, and Connor and PFairweather.



MICROPHOTOMETER DATA

TABLE IX

77

Line Trace Los fe/T Tean log RY/RY
1 2 3 I 5
PLATE 1
68K | ,135 .130 .13 .1l .140{.135 335
316K ue® .51 .65 uc  uc |.58 975
308K | .37 .30 .38 L0 Lo |.37 1.025
296K | .37 .32 .37 JL2 .38 [.37 1.045
PLATE 2
L68K | ,05 .04 ,055 ,055 .,055|.051 .115
316K | 348 3L 3L W34 .335].340 355
308K | .1l W1 .1l .135 .1L5).140 .37
296K | .155 145 145 .1l L1l |J145 375
205K | .055 .055 .035 .ol .oL5|.oL6 L35
PIATE 3
L68x | 035 .025 0k0o .05 ,0LO|.038 .085
316K | .285 .295 ,275 .275 .29 .28 285
308K | .12 .13 ,130 .13 .12 {.126 .30
206K | .13 .15 .14k .120 ,125),133 31
205K | .065 .0L2 ,033 .OL5 .0l3|.0LS5 355
PLATE |,
168K | ,060 050 ,053 ,055 .05 |.05L .115
316K | o435 L2 Wl L5 435 .36 105
308K | ,175 .18 .20 ,185 ,17 |,182 L3
296K | .19 ,19 .195 .20 ,20 |.195 NN
205K | .05 .08 ,05 ,L06 ,05 |.058 53

*indicabes value uncertaine,
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and used to calculate n for each line on the chosen plate,
Table X gives the consolidated data for each of the four plates,
Note the line giving ”ﬁ'”, This is a corrected value of J),
when the finite thickness of the source is taken into account.
The source used in this work was 250 micrograms per square
centimeter in thickness. Investigations in HEdinburgh using
similar sputtered sources had revealed that the low energy
portion of fthe Ir/g—spectrum_and its conversion lines were
attenuated by source absorption effects. An empirical correc-
tion function was determined by Fairweather for a source Lo
micrograms per square centimeter in thickness (thesis, I. L.
Fairweather, University of Edinburgh 1958, page 62 et seq.).
Pro-rating this function for 250 micrograms per square centi-
meter yields the following correction factors which when multi-
plied by‘ﬁ correct }? for source thickness. This corrected
value is shown in Table X as)7'. The correction factors are
shown here:

Line { 205K 296K 308K 316K L68K

Factor ! 1.308 0.96 0.95 0.9h 0,88

The graphs of)?' against §f>values fér the lines, as
determined from the four plates of different exposures, should
differ only by a constant factor from one another, The values
of)?‘ have therefore been normalized together to yield the
best curve through all four sebts of data, by plotting all four
sets of data on semilog paper and moving each by a vertical
distance to give best overlap. The resulting graph is PFig. 11,
For most films)7‘ has a maximum at about @p = 1000, correspond-

ing to momenta of electrons with range equal to emulsion thickness,



TABLE X

CONSOLIDATED DATA

19

Line |(eg + 1)| g' |wxl0®| o [Ix107| p s
PLATE 1
L68K | 1.377 0.138 ]10.0 |11.35| 9.1 ]0.237 | 0.210
316K | 2.541 0.742 | 10.5 | 8.38]33.8] 0,491 | 0,461
308K | 2,667 0.2l 7.5 | 8.221 15 0.1465 | 0.4h2
296K | 2,716 0.L2l 9.0 | 7.9l 16 0.51L | 0.495
PLATE 2
W68k | 1,116 0,050 8,0 |11.35| 9.1 ]0.557 | 0.49
316K | 1.403 0,38l 8.0 | 8,381} 33.8]1.,07 0.935
308K | 1.h2lL 0,103 7.0 | 8,22 15 0,781 | 0.823
296K | 1,l32 0,149 8.0 | 7.9L | 16 0,847 | 0.816
205K | 1.51l 0,0L5 7.5 | 5.8 | k.15 0,721 | 0.9Ll;
PLATE 3
468K | 1,085 0,037 8.0 |11.35| 9.1 | 0.4 0.352
316K | 1,31k 0,312 7e5 | 8,38133.8]0.,766 | 0.72
308K |1.332 0,128 7.5 | 8.22 115 0,70 0.665
296K | 1,3L6 0,136 7.5 | 7.9L4 1| 16 0,681 | 0.655
205K | 1.405 0,0L); 7.0 | 5.0l | L.15|0.6% 0.795
PLATE
468K | 1.116 0,053 |11.0 |11.35| 9.1 |0.,815 | 0.715
316K | 1.h7h  |0.517 | 7.0 | 8.,38]33.8|1.32 | 1.240
308K | 1.509 0,196 9.0 | 8,221 15 1.455 | 1.380
296K | 1.523 0,205 8.0 | 7.9 16 1.245 | 1,195
205K | 1,660 0.057 8.0 | 5.8 Lhe15{1,065 | 1.39
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CH..PTER V
CONCLUSIONS

The calibration described in the previous chapter
also yielded values for the resolution achieved by the
instrument, in tefms Of true width at half-height of a
given line as a percentage of the Hp-value for the line.
These figures for the resolution aohieved with the settings
used for the different plates are listed in Table VIT. It
must be emphasized at this point however that the nressnt
performence of the sgpectrogrsph is considerably below its
botential capabilities. It will be recalled that the data
used herein was tcken using a source of relatively low
quality as regards both mechanical forn (straightness et

cetera) and microphysical characteristics. The comparatively

192
low specific activity of Ir necessitated a thick (0.25mg/on?)

layer of source on the supporting wire, militating further
against zood energy resolution of the lines. & future in-
tention is to employ a source of thoriun active deposit
plated on a streight support wire; this material has such =
high specific activity it can be used successfully in a
layer of effectively infinitesimal thickness, eli.inating
the line broadening due to the lowered senergy of those par-
ticles which must traverse the thick source to reach its
surfzce and escape.

»S can be seen from the sample mierophotometer trace

2t the back, the graininess of the filn used in this work



is so considerable as to obscure low-intensity lines and
distort even those of relatively high intensity. A~ray film
has been used almost exclusively as the recording agent in
this type of spectrograph in previously reported work and
it seemed not unreasonable to attempt to use Ilford Ilfex
for it is a widely-used X-ray film. However an attempt must
be made to find an emulsion sufficiently fine~grained to
minimize these difficulties. The graininess of the present
film would have been detected earlier had a microphotometer
been available locally, and the attempt would have been
made to obtain fine-grain film, although this is not the

customarv grade for X~ray emulsions.

82
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