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INTRODUCTION

Many workergﬂin this laboratory have found that when using
heterogeneous beams of X-rays the results they obtained were
not those anticipated from a knowledge of the behaviour of
homogeneous beams, The experiments described in this work
consist of scattering a heterogeneous beam of X-rays from some
meterial of low atomic number, and comparing the portion of the
beam scattered at 90° to the primary beam with the primary beam
itself under given conditions, These conditions are so chosen
that the sedondary beam does not contain any characteristic
radiation from the atoms of the scatterer,

We shall first consider the case in which the primary
radiation is homogeneous, and discuss the resultg expected from
such experiments, When these scattered rays in any one direction
are examined in an X-ray spectrometer it is known that the beam
now contains two wavelengths, one the original wavelength and
the other somewhat longer, The increase in wavelength depends
only on the angle between the primary and secondary beams,

This is the well<known Compto;”effeot.

The presence in the scattered beam of radiation of the same
wavelength as the primary has been explained by the classical
theory, The quantitative development of the quantum theory
gives that the increase of wavelength on scattering is for free

electrons
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where‘ﬁ is Planck's constant, m the mass of the electron, ¢ the
velocity /
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velocity of electro-magnetic radiation and gﬂ the angle between
the direction of the primary and scattered rays, This result

has been verified by Schrodingegﬁ)from.the standpoint of wave=-

mechanics,

3ince the secondary beam is of longer wavelength than the
primary it must be more easily absorbed, This holds whether
the primary beam contains radiation of one or more wavelengths,
This expected increase of absorption coefficient has not always
been recorded by workers in this laboratory, On many occasions
absolute equality of absorption of the beams has been found,

At other times, equality has been present over a limited range,
until at some definite point the increase of absorption coeffi-
cient reveals itself absuptly. And yet many results are
precisely those expected from the Quantum Theory, Another
feature of their work has been the sudden change in the type of
result obtained, An experiment which one day showed the beams
to be equally absorbed, has on the next given the quantum result
without any alteration being made in the conditions of the
experiment,

The work undertaken by the writer was designed to investigate
these points, The experiments were of two types (a) Filtering
Experiments, (b) Scattering ZExperiments, We shall begin by
considering the former,

In the Filtering or Progressive Absorption experiment a
comparison is made between the primary beam of X-rays and that
scattered at 90°, when both are filtered by equal amounts of
aluminium or other filtering materials, The scatterer is set
at /
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at 45° to the primary beam, This arrangement ensures that both
beams pass through equal thicknesses of the scatterer, Filtere
may be inserted in the beams at A and B, The rays enter the
measuring apparatus after passing through the filters, As the

thickness x of the filters is increased we obtain for each

s
value of > the ratio: Ionisation produced by the secondary
beam/Ionization produced by the primary besm, thus determining
how this ratio varies with x | According to the classical
theory this ratio is independent of x , but on the quantum theory
this relationship does not hold,
If we consider a homogeneous primary beam scattered as

described above, and let

S be the intensity of the secondary beam after filtering,

S'bve the intensity of the secondary beam before filtering,

Ms be the absorption coefficient of the secondary radiation in
aluminium,

%< be the thickness of filtering aluminium,
Then /
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since Ms YMp , Y is positive, Therefore, since the
ionization is nearly related to the intensity of X-rays
producing it, we conclude that the quantum theory predicts that
S/P decreases exponentially as x increases,

It is dirficult to extend the above discussion to the
case of the heterogeneous primary radiation, which is that
actually employed, as the fraction of radiation scattered varies
with wavelengthy but each constituent of the primary beam must
give rise to one of longer wavelength in the secondary, Owing
to the softer nature of the secondary the ratio: Ionization in
the secondary electroscope/Ionization in the primary electroscope
(which will subsequently be referred to as S/P) must decrease
with increasing ,c , The greatest rate of decrease of S/P must
oceur for the first filtering sheets as these absorb the softest
radiation very strongly, meking the beam as a whole more pene-
trating. Thus we are led to expect for the shape of the curve
of 8/P plotted against >< one which decreases with increasing x ’
showing the greatest rate of decrease for small values ofoc |
The precise shape of the curve must depend on the energy
wavelength distribution of the primary beam, as different-
wavelengths are scattered in different proportions,

The performance of this experiment has produced very
interesting results which are described on pages 29-Hh7
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The Scattering Experiment consists of determining how the
ratio S/P varies as the voltage on the tube is altered, This
of course alters the wavelength of the X-rays, Using classical
ideas J, J, Thomaon:paasuming the primary veam to be unpolarised
and of intensity 'o , calculated the intensity 3¢ of the beam
scattered by a single electron in a direction making an angle
with the forward direction of the primary beam to be

Bo~ 1. (Fecordiret [acdmich) =3 [““’]
where & 1s the charge on an electiron in e,s, units, m is the
electronic mass and C the velocity of the radiation, v is the
distance from the scattering e R point where I ¥
is measured, Since in the experiments under consideration ¢=90°

S““/ic i S = euf;lrl,,;-c'r = constant, (2)

Thus in the scattering experiment the graph of S$/P against

A would be a straight line parallel to the \ axis, This
result is independent of whether or not the primary radiation is
homogeneous, as Thomson's formula is not based on any special
assumption as to the form of the electromagnetic pulse, The
scattering coefficient, i,e, the fraction of incident X~-rays
scattered per cm, of the material traversed, can alsc be
calculated, This is found to be constant for various wavelengths,
The mass-scattering coefficient, i,e, the fraction scattered per
unit mass of scattering material per unit cross-section of the
beam, is a quantity in more frequent use, It is also, on this
theory, a constant for varying A for any given scatterer,

Let us now consider the application of the quantum theory

to the scattering experiment, assuming that the primary beam is

homogeneous ,/



homogeneous, Thomson's equation must be corrected for quantum
gcattering and some assumptions must be made in so doing, The
precise nature of these assumptions influences the exact form
of the formula,

An equation was derived by Braitﬁ)and has since been confirme
ed by various types of quantum mechanical calculations by Diracuo
and Schrodinger, It is usually referred to as the Breit-Dirac

formula and may be given as

1 o E R |
——f#{_}u = (l-—t—cl\l'ersq‘) HL';I) (3)
whera'v' is the frequency of the secondary beam and V that of
_ Ay '

the primary, ( 3 and To=x n [le]

A somewhat more exact form has been obtained by Klein and
Nishinanusing the Dirac quantum mechanics which are invariant
to Lorentz transformations, For the normal X-ray region these
formula may be equated,

Therefore, in order to predict the shape of the scattering
curve for a homogeneous primary, it is only necessary to
calculate the wavelength of the X-rays produced by a tube for a
given voltage and, since the change of wavelength at scattering
at right angles is known, the wavelength of the secondary beam
is known, As tpg_wavelength of the primary is increased it is
easily seen that L¢7io increases, This relationship must be
corrected for the different ionixzations produced by different
wavelengths before any conclusions can be drawn as to the shape
of the S/P curve,

The ionization produced in any gas by an X-ray beam of
given intensity is very nearly proportional to its absorption

coefficient /
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coefficient in the gas, Experiment shows that the absorption

coefficient of X-radiation is proportional to the cube of its
wavelength, (There is some divergence of opinion as to the
precise value of this index, The value 3 is the most probable,)
Thus for equal intensities of secondary and primary beams we have
the ratio of the ionizations produced in the respective chambers
Sleiimitsl, (A0 (4)
But equation (3) gives us the actual ratio of the intensities
of the secondary and primary beams in the scattering experiment,

therefore the ratio of ionizations produced in the chambers is

K3 7S
sl® =(¥\ (T) = constant

The extension of these arguments to the case of a hetero-

given Dby

geneous primery introduces many complications, The ionization
in either electroscope is the sum of the ionizations produced by
each component, The intensity of each separate wavelength in
the 'white' radiation of the tube, its scattering coefficient,
its wavelength on scattering must all be known, The resultant
expressions for P and S must be summed over the available range,
The expression thus obtained for S/P must next be corrected for
absorption in the scatterer, for polarization and for any stray
efTects, It is obvious that the complete mathematical treate
ment is impossible unless the X-radiation is examined by an X-ray
spectroscope, Zven with such examination the calculation is a
very complicated one, The extreme simplicity of the experimental
results (see pp, 46-56 ) ig in striking contrast to the elabora-

tion of the mathematical formulae,
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APPARATUS AND THECHNIQURE

As it is very important to discover which (if any) of the
experimental results are influenced by the arrangement of the
apparatus, three separate sets of apparatus with different
arrangements have been used in the course of the experiments
described in this work, The details of these may be seen in
the accompanying plans, While these were slightly different
the main features of each were the sanme, Briefly, they were
these: The X-Ray tube, excited by some high tension source,
was enclosed in a lead box, A narrow beam of X-Rays was
allowed to pass through apertures 1 and 2 and to fall on the
scatterer, This usually consisted of a slab of paraffin wax
or a number of sheets of filter paper, These substances were
chosen as they consist entirely of light atoms which emit only
scattered and not characteristic radiation at the voltages under
consideration, This scatterer was set so that scattered rays
from it entering the secondary measuring apparatus passed
through the same thickness of wax as the primary, This was the
case when the scatterer was set at an angle of 450 with the
primary, and was true for radiation scattered at any point in
the scatterer, Of course, if the secondary was much softer
than the primary, and the slab of wax was thick then equal
thicknesses of wax filtered the secondary more than the primary.
The slab was set so that it wap the radiation from the back face
which entered the secondary chamber,

After penetrating the scatterer the primary radiation then

passed /



passed through aperture 3, This could considt of one or more
holes, but was always very small owing to the great intensity
of the primary radiation, The ionisation chamber, which was
connected to the primary electroscope, then received the radiation
which had passed through aperture 3,

These apertures 2 and 3 could be altered since lead slides
with holes of varying aizé could be inserted there, Aperture 1
was not in general altered in the course of the experiments,
On apparatus I it was 1.6 em,;y on apparatus II, 3.0 cm, and on
apparatus III, 1.0 om, By altering aperture 2 the cone of
radiation from the tube could be altered in solid angle,
When aperture 2 was fully open the angular spread of the beam in
the plane of the diagram was never more than 8% or 10° and
usually considerably less, Apertures 4 and 5 permitted the
scattered rays to enter the secondary ionisation chamber,
Owing to the smaller intensity of the secondary beam these
apertures were wider than aperture 3, Usually the diameter
of these apertures was of the order of ten times the diameter
of aperture 3, Unfortunately this resulted in the inclusion
in the secondary beam of rays scattered at angles of 85° - 95°
with the primary which is rather a large departure from the ideal
of measuring rays scattered at 900, The influence these oblique
rays may be expected to have will be discussed later (pagetos ),
The lead forming the screens and divisions in the apparatus was
in all cases 3 mm, in thickness whigh is fully adequate to

prevent /



prevent the penetration of Xerays of the wavelength employed,

The method of measuring X-ray intensity was in all cases
by ionisation, This has one great disadvantage, ZEqual
intensities of X-rays of different wavelengths have different
ionising powers per ecm, As the X-rays under investigation had
very varied wavelengths this had always to be taken into account,
This point is developed elsewhere,

The chambers consisted of circular brass cylinders covered
with 3 mm, lead to prevent any action of stray radiation, The
dimensions of these were identical for apparatus I and III =
diameter of eylinder = 10 om,, length of cylinder = 5 em, For
apparatus II, the dimensions are diameter = 1l4.5 cm, and length =
10 em, One end of the cylinder was covered with an aluminium
window 0«01 em, thick through which the radiation entered the
chamber, Care was taken that the spread of the beam when it
reached the window was so small that all rays entered through
its central part, The chamber was lined with aluminium 0.0l cm,
in thickness and several thicknesses of filter paper, Inlet
and outlet tubes permitted of the use of any special gas to
fill the chamber,

Pigure 2 will make the electrode arrangements clear, The
electrode itself consisted of an aluminium wing whose diameter
was about 2 em, less than that of the eylinder, Fine cotton
veiling was stretched across it, As this was not a very good

conductor, especially after long exposure to 80y, the cotton

was /
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Figure 2,
was painted with indian ink, It ia essential that all netal
parts should be outside the direct X-ray beam, otherwise the
X-rays would produce secondary rays from them, A metal
gonnecting rod passed through an ebonite plug to the electiroscope,

In order that the measurements of secondary and primary
instruments may be comparable the two ionization chambers on
any one apparatus nust be identical in construction and contain
gases identical in composition, The chambers then absorb equal
proportions of the incident beams, essuming that these are of
similar constitution, The gases used were 302 or air, bvoth at
atmospheric pressure, These were used as over the wavelength
range of Xerays employed there are no critical absorption
wavelengths for these gases, These ionization chambers were
held??nsulating supports and could have & potential applied to
them,

%/



It was, of course, necessary tc make quite certain that
the currents in the chambers were the saturation currents, i.e,
to ensure that all the ions produced were collected by the
electrode before recombination could take place, The way in
which this was frequentily tested was to reduce the intensity
of radiation very considerably and to see whether the relative
values of secondary and primary ionization had altered,
Another way of testing was to alter the values of the potentials
applied to chamber and electroscope and to measure the resulting

ionization currents, If it was found that the values for the

Current.

Volts on chamber.

Figure 3,
system gave a point on the curve to the right of A saturation
was ensured, In all cases it was found that the values of
potential applied were amply more than sufficient to produce
saturation,

The primary ionization current was always measured by the
simple cubical gold leaf air electroscope, as the intensity of
the primary was such that no great sensitivity was needed to
measure it, On apparatus II (in which the primary ionization

chamber /



chamber was charged to 180 volts negative) the electirode of

the electroscope was charged to 180 volts positive, On
apparatus I and III (where the chambers were earthed) the
electrode was in each case charged to 240 voltis positive, The
movement of the gold leaf was measured by a suitably placed
low=power microscope with graduated eye«piece,

For some of the early experiments on apparatus I the
secondary elecircscecpe was precisely the same as the primaxy,
This was rot very satisfactory as the intensity of the secondary
was very small compared with that of the primary. In order to
have deflections in the two electroescopes comparable in size
(to reduce errors in the ratio) it was necessary to open the
secondary apertures (4 and 5) very widely, This meant that
the scattering angle of rays entering the chamber varied from
80° to 100° (epprox,)}. Therefore this cubical electroscope for
the secondary was replaced by & much more sensitive one of the
type described vy C, T, X, Wilson, 'he electrode and hence the
leaf was initially at earth potential, The plate was maintained
at a negative potential of 200 volts, The deflection of the
leaf was also read by a microscope with graduated eye-piece,

The sensitivily could be most easily altered by altering the
potential on the plate, This is the method used in practice,
A slow motion screw attached to the plate made an adjusiment
of its position and, therefore, the sensitivity possible,

The case of the instrument was earthed, On apparatus III the

secondary ionization was also measured by an instrument of this

type /
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type.

On apparatus II the secondary ionization was measured by
an electroscope with two tilted plates of the Bumatea&ntypﬁ.
The two plates were charged to equal and oppesite potentisls
usually 180 volts,

As the determination of the ratio of icnizations, 1i.e,
deflections of the secondary and primary eleciroscopes was the
object in view, one of these was taken as stendard and the
variation of ihe other with regard to it was measured, In the
case of apparatueg II the primary deflection was taken as
gtandard, During any one experiment the standard deflection
wes always taken over precisely the same part of the scale,
This weas usually of the order of 12 divisions, A8 coincidence
between the divisiocn merk and the leaf edge could be judged
very accurately, this deflection was made from cne division
mark to ancther, Thus frections of a division did not have to
be estimated, The error in the determination of primery
deflection (P) must be very small, It wes only in the deter-
rination of secondary deflection (8) that fractions of a
division had to be estimated, It was found that deflections of
the secondary were linear as compared with the primary as long
as the secondary deflection did not exceed sbout 15 divisions
from the zero position, for as the leaf passed that point it
was seen to accelerate very slightly and in fact to lose
stebility, The readings were, therefore, kept smaller than
this, The determinaticn of this ratic /P was repeated three

4
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or four times under identical conditions and the average taken,
before the value was determined for another point,

For apparatus I and III it was found that over no range
are the deflections in the secondary linear, Therefore, one
fixed deflection of the secondary was taken as standard in the
method described above, while variations in P were noted and
the ratio S/P obtained as above, This method was employed on
apparatus II, The results obtained on it were independent of
which electroscope was taken as the standard,

The cubic electroscopes were covered with lead for protec-
tion, The case was earthed and lined in the same way as thé
chambers, i.,e, with Al and filter paper,

Since the rate of deflection of the leaf was measured care
was taken to keep electrical leaks small, The number of
divisions through which the leaf leaks in one hour was frequent-
ly measured, This was done both when the tube was running and
when it was not, In every case these deflections were less
than one division in one hour, Ag the readings were of the
order of 20 divisions in 4 minutes the correction is seen to be
of the order of about 1 in 250, ©Now in certain experiments
with low intensities the readings were longer than this, but
these were taken at times when the leaks were very small,
Corrections were applied to these reafings but in all results
included in this work the corrections were much emaller than
the observational error,

The most important precaution was to ensure that the

sensitivity /



sensitivity of either electroscope did not change throughout the
experiment, To measure the sensitivity of the secondary
electroscope a standard cell was connected directly to it and
the deflection measured, The sensitivity of the cubic electro~
scope did not alter very appreciably and may be left out of
consideration, On several occasions when the sensitivity did
alter the readings were corrected for this, but in general if
conditions were not sufficiently steady to allow repetition of
readings (within experimental error) no results were recorded,
Two different types of high tension source were used in
these experiments:
(a) Alternating Potential,
(v) Direct rotential,
A transformer operated from the a.c, mains provided the

alternating high potential,

Milliammeter

—
7
5
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Figure 4 illustrates the main points, An auto~transformer and
variable resistance R regulated the voltage to the primary coil of
the transformer, One lead from the secondary was earthed and
contained the milli-ammeter which measured the current through
the tube, This transformer gave & maximum of 90 X,V, The
filament of the X-ray tube derived its current from a 12 volt
battery of accumalators, This current was regulated by a series
resistance and measured by an ammeter,

It was, therefore, unrectified potential that was supplied
to the tube which acted as its own rectifier, The values of the
peak voltage were measured by a spark-gap in parallel with the
tube, This gap consisted of two 10 cm, spheres, As this gap
was not permanently connected to the apparatus, a series of
careful readings were taken, measuring the peak voltages for
various values of primary voltage (as measured on the primary
voltmeter V), This was done for each setting of the auto=
transformer and for various currents through the tube (.5 m.,amp,,
2 m,amp,, 3 m,amp,), The resulting calibration curves were than
used to determine peak voltage, when other conditions were known,
These curves were checked against peak-voltage as measured by
spark-gap once or twice in the course of the work, The agr3ement
was such that it was considered that this method of determining
peak voltage was at least as accurate as that by direct use of
sparkegap, It is, of course, obvious that the gap measures the
inverse voltage, not the voltage applied to the tube, The
difference between these is, however, less than the uncertainty
in the determination by the gap,

The /
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The direct high tension was produced by the constant-

potential ~direct-current apparatus which is shown diagrametrically

here,
Ouitbut
|
Milli+
% ! Ammeder
| Inbut HT.
£ % g Trans former
Figure 5,

The primary circuit of the transformer was fed from the a.c,
maing and regulated by a series resistance, The voltage was
read directly as shown, The valve-filaments had current supplied
by step-down transformers which were also fed from the a.,c, maias,
(Their control is not shown above,) These acted as rectifiers
and the resulting series of pulses was smoothed out by the
condensers, This arrangement supplied the X-ray tube with twice
the transformer voltage, The resistances (apart from that in the
primary circuit) were of the order of 50,000 ohms, The maximum

voltage which this instrument could supply was 100 Kilo=volts,
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A sphere-gap in parallel with the tube measured the secondary
voltage, The milliammeter for measuring the current in the

tube was placed, as shown, in the negative lead,

One of the features of this work has been the large and
varied selection of tubes used to supply the X-radiation,
These were of the hot-cathode type and were always used with
the cathode rays horizontal, Some details of these tubes are
given here for future reference:

(1) Coolidge 18710, This had a tungsten anticathode with its
radiating face set at an angle of 45° to the cathode rays,

The tube belonged to the old pattern, having a large glass
bulb, and no special cooling device, The glass wall of the
tube was fairly thin,

(2) Coolidge 43712, ‘There was a molybdenum anticathode set
at a very small angle to the direction of propagation of X-rays,
Otherwise it was similar to above tube,

(3) Coolidge XP3. This was of the modern cylindrical shape,
with an anode of tungsten set at 45° to the cathode stream,
Cooling was by fins, The walls were of glass and over the
part penetrated by the rays it was ground thinner to prevent
severe filtering of the rays, Even so the window was thicker
than the walls of the above tubes,

(4) Siemens 234303, This had an anode of tungsten set at
459, This was cooled by boiling water in a tank behind the

target, The thickness of the window was said to be equivalent
to /
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to 0+7 mm, of aluminium in filtering power,

(5) Siemens VS 1400, Except for the window this tube was
identical with the above Siemens tube, In this case there was
a Lindemann glass window which permitted penetration of all but
the softest rays,

(6) Cuthbert Andrews Tube, The tungsten target was set at

45° %o the cathode rays, Cooling was by boiling water,
During the time this tube was used the maximum voltage it
would take was 70 KV owing to faulty insulation, While the

a2k,

thickness of the window was not sbecified it was less than 0«7 mm,

(7) PEhilips Metalix Tube 362619, There was a tungsten target
set at 45° to the cathode stream, Cooling was by boiling

water, There was & Lindemann window,

(8) Philips lMetalix Tube 382364, This was similar to the

above FPhilips tube, The only point of difference was in the
bull's eye which was larger in Tube 382364,than in Tube 362619,
The radiation from this tube was slightly softer than the

radiation from the previous tube,

The mass~absorption coefficient of the primary beam as
measured in aluminium wes taken as a measure of the penetrating
power of the beam, This was denoted by p(¥),,. Owing to the
lack of homogenity of the beam (as explained on p, 4% ) this
value varies according to the percentage absorbed in the
aluminium as measured by ionization processes, The normal
method of measuring this quantity for homogeneous beams is to

find /



find the fractional loss in intensity when a thickness x of Al
is inserted in the beam, Thus from the equation
Tiu2 e-&‘fe\.q.x.
(Mle)may be calculated, This is of course the quentity _.p(l-’le)m
and the same value is obtained whatever thickness x of Al is
used, Obviously in the heterogeneous case o(Mle), would
vary for any beam according to the thickness x of Al, In order
to obtain one and only one value for & heterogeneous beam we
specified that the quantity of Al used was to be that necessary
to absorb 50 per cent, of the rediation,
From the above equation we deduce
e é“°3ﬁ&)
¢ o

Owing to the finite thickness cf the sheets of aluminium
(,005 em,) it was frequently found impossible to reduce the
intensity by 50 per cent, exadtly, When it was only necessary
to know the approximate value of this quantity, the value was
calculated from data obtained when the absorption was nearly
50 per cent,3 but for accurate work this was insufficient,

In these cases several values mf¢(§9mwere measured for values
of absorption close to 50 per cent, both greater and less,

It was ween that these values lay on a smooth curve when plotted
against percentage absorption, The value for exactly 50 per
cent, could be read off the graph,

This process involwed some considerable expenditure of
time and was not carried out for every point at which this
value was required, Instead a series of values of ?(té)al

for /
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for varying values of potential applied were carefully determined
in this way for a given tube and seatterer, These values when
plotted against the potential were found to lie on & smooth

curve, as shown in Figure 6,

?(H{e\ﬂl and KV, for D[iamens VS 1hoo Tube |
Brm.Paralfin Wax Scaltever.

it P(.HIPJFU .

k-0

@//""'
3-0
R0 80 1o ko e g
< ch.d.e K.V,
Pigure 6,

The required value of .$(ru9)ﬂ, at a given K,V, waa then
read directly off the graph, Ixperiment showed that variations
of tube ourrent and primary aperture within reasonsble limits
did not affect the velue of . (Mela. Por extreme values of
current or aperture ,(Mela. was deterrined again, The values
given by the gruphs were re-checked from time to time, but no
appreciable variation could be detected,

thies procedure was only suitable for the case where there
was no filtering material between the scautterer and the tubve,

In /
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In such cases each value of P(r%)n. had to be found independ-
ently,

Before proceding to discuss the results obtained and to
draw inferences from these, it will be well to have some idea of
the magnitude of the errors involved, In both experiments S/P
was plotted as ordinate, The deflection of either S or P was
used as standard, i,e, the deflection was from the coincidence
of a scale division and an edge of the leaf to another such
coincidence, As these could be judged very accurately, the
error was small, In measuring the other deflection the position
of the leaf was estimated to the tenth of a division, From a
consideration of the magnitudes involved we find the maximum
possible error of any estimation to be of the order of 1 per cent,
The probable error may be calculated from a large number of
estimations, This has been shown in detail by Reekiefaj He
finds the probable error to be less than one-third of 1 per cent,
for a typical experiemtn, Similar calculations have at various
times been made by the writer, On occésion this value has been
obtained, Generally it is about two-thirds of 1 per cent,,
seldom more,

The error in measuring the Kilo-voltage is much larger, as
the sparkegap is not an accurate instrument, Even on the c¢,p.d.c,
apparatus the output voltage was liable to ripple, The maximuam
error of any estimation may be as much as : 3 Ev, under unfavour-
able conditions, Normally, however, the probable error is of
the order of - 2 per cent, The peak voltage was of course

determined /
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determined for the a.,c, transformer output, A very large
number of determinations of voltage was made for each point and
the average taken, tc reduce the error to the dimensions of that

for the ¢.p.d,.c, apparatus,

References
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PROGRESSIVE FILTERING EXPERIMENTS .

It was pointed out on pp. * and 3 that the classical
theory predicts that the ratio Ionisation of Primery/Ionisation of
Secondary remeins constent whatever thickness of filtering material
is inserted intoc the primery and secondary beams provided exactly
equal thicknesses are inserted in the beams. Aluminium or filter
paper are used es absorbers, as-they can be obtained in sheets of
uniform thickness. In all cases after measuring S/P for any given
thickness of filters, the filters in the two besms are interchanged
and S/P measured again. The sverage of these determinations(each
of which is the average of several) is teken as the experimentally
found value of S/P.

The precise prediction of the Quantum Theory has been
seen to depend on the constitution of the beam from the tube. The
spproximate equation derived from this theory is S/P = ce VX"
Where C is & constant, x the thickness of absorber used and y the
difference between the absorption coefficients of the secondary
and primery beams, Thus for homogeneous incident beams the curve
is exponential. Since y varies with x for non-homogeneous beams
the curve will not in this case be strictly exponential but will
depert the more from that shape the less homogeneous the

constitution.
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Figure 7 shows a typical filtering curve. This curve
was obtained when the unfiltered radiation had a mass=-absorption
coefficient of 4°0, and °06 em. of Al produced a 60f absorption
of the primarv beam. This does possess the general appearance of
an exponential curve, i.e. the steepest slope is at the beginning.
The above mentioned curve (and the meny similer to it obtained in
the course of the work) would appear to give support to the Quantum
Theory. But in the course of work certain filtering experiments
yielded totally different results. The difference in type was
not due to feulty appsratus or to observational error. The results
could be, and frequently were, repeated at will. Identical condi-
tions inveriebly produced identical results. Figure 8 shows one
such typical curve.

The difference between this result and the preceding one
is the initiel horizontal portion of the S/P curve. When sufficient
thickness of aluminium is present to reduce the intensity of the
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beem entering the primary electroscope by 187, the ratio begins to
drop in approximately the usual menner. The problem therefore was
to determine what conditions favoured this horizontslity and what

rules governed its behaviour.
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It is important to realise that thls horizontality
indicates that the beams entering the chambers are being equally
absorbed in the respective chambers.

The following factors are those which might be suspected of
influencing the type of the result.

(1) The tube employed.

(2) The current in the tube.

(3) The voltage (A.C. or D.C.) operating the tube.

(4) The material and thickness of the scatterer,

(5) The magnitude and arrangamant of the apertures in the apparatus.

(6) The ionisation chambers, their constitution snd gaseous
content.

The voltage applied to the tube was altered while every
other condition was kept as rigorously constant as possible. The

results of one such experiment are shown in Figure 9.
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This wes carried out on apparatus I with the Coolidge XP3 tube.

The scetterer was 11 mm. Paraffin Wex and the primary aperture a
single circular hole of -6 mm. in diameter. A current of 3 m.amps.
was kept running steadily through the tube. The chambers were
filled with 802. This result was obteined when both electroscopes
were of the simple cubic type. It will be seen that for low
voltages the curve shows no horizontality. As the voltage is
increased the horizontality asppears and increasses with incressing
voltage., This result 1s typleal of many which have not been
included for considerations of space, but all confirm the fact thst
this effect of voltage is not an accidental one in this speclal
case,

Figure 10 shows that precisely the same effect of increas-
ing voltage is found on apperatus II using the cpdc.apparatus. This
series of curves was obtained with the Cuthbert Andrews Tube 33083.
The scetterer wes 8 mm. Paraffin Wax. The primary aperture con-
sisted of 4 holes each *6 mm. in diameter these being situated at
the corners of a square of side 6 mm. A current of 2 m.amps. was
kept running steadily through the tube. Air filled the chambers.

Ae hefore the horizontal region appears and increases with increasing
volﬁage: smphasis must again be laid on the fact that this result

is not an isolated one. A consideration of the Pigures 9 and 10
shows that this effect of voltege can appear whether the high-tension
source is alternating or direct, that it is not restricted to any one
tube of thickness of scatterer, or one area of primary aperture.
(#While the size of the individual holes in each of the above cases
was the same, in one cese there were four holes in the other only

one.)
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The next question to be snswered is whether horizontality
always appears when the voltege is sufficiently raised. Unfortun-
ately we ere not in e condition to give an unqualified reply, as
there is an upper limit to the voltage we can apply to the tube,
Sometimes this limit is set by the tube itself, sometimes it is set
by the high tension supply. Whet would heppen beyond this must
remaein & matter of conjecture. At no time ere we ever in a
position to attempt extrapolation. Figure 11 was obteined with
the Cuthbert Andrews tube which could not be used at a voltage
higher then 70 K.V. with safety. No horizontal portion appears
on any of these curves. As the voltage increases the curves
flatten out gradually but show no sign whatever of initial horizon-
tality. This type of result i.e. what the Quantum Theory predicts,
was rather more frequent then the previously described type. The
explenation will be more evident when further results have been
discussed.
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The experimentslperformed on these lines show that when
wide primary apertures are used in conjunction with thick scatterers,
no horizontality appears at the highest voltages we can employ. If
a very fine slit is used as & primery aperture when a very thin
scatterer is in use, some other effect appesrs to be introduced.

At the lowest voltages the flltering curves show no horizontality,
but & short horizontal portion appears at somewhat higher voltages
es we expect. However as the voltage is farther increased this
portion diminishes in length and finally dissppears, so that under
these conditions the curves for the highest and lowest voltages

show similar shapes. (This point is developed later pp.94-96)

It is thus obvious that factors other then the voltage do influence
the shape of the curve. These must be fully investigated. The
influence of the voltage on the shape of the curve may be summarized
es follows; an initiel horizontal portion of the filtering curve is
found to appear and increasse 28 the voltage operating the tube is
increased. Exceptions are found to this rule with extreme
dimensions of scatterer thickness and aperture diameter.

Experiments were then undertaken, verying only the
thickness of the scatterer. Figure 12 shows the result of a series
of experiments on apperatus I when the primary aperture was & single
circuler hole of 0°6 mm.diemeter. The a.c. pesk voltage was main-
tained at 80 k.V. It will be seen how as the thickness of the
scatterer is incressed the thickness of the filters over which S/P
remains constant decreeses. It is unfortunate that the thinnest
sheet of aluminium available of sufficient uniformity to be used
for filtering is comparable with the thickness for which S/P remains

constant. While both the 8 mm. and the 11 mm. curves depsrt from
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horizontality between the first and second filtering sheets it is
obvious from the positions of their respective points for 0°01 em.
aluminium filters that had finer filters been aveilable the hori-
zontality would have been longer for the 8 mm. curve than for the
11 mm.

This effect of sltering the thickness of the scatterer
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is amply verified by many other experiments.

It was of interest to discover whether the exception
mentioned on page *5 was due to the thinness of the sheet of
radiation entering the primaery ionigation chamber through the slit,
or to the thinness of the scatterer, or the high voltage separately

or whether it was due to a combination of these. We therefore used
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a lower voltage and found the result of combining the other two
factors, i.e. fine slit and thin scatterer. Figure 13 shows that
no abnormality eppears when these two factors are combined. The
result here asgrees with the previous statement, thet the extent of
constant S/P decreeses with increesing thickness of scatterer. Thus
& narrow slit and thin scatterer combined have given no sbnormality.

Nor is such abnormelity due solely to high voltage as the Figure 14

shows .
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These experiments were carried out on apparatus I with Coolidge XP3
tube, excited by sc. transformer. Thus we are led to the conclusion
thet exceptions to the general rules of producing horizontality i.e.
horizontality sppears and incresses with a) increesing voltage.

b) decreasing thickness of scatterer, sare only found when the con-
ditions combine a very high voltage, thin scatterer and fine slit

aperture.
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The effect of altering the primary aperture was fully
investigated. Confining ourselves to circular epertures only, two

alternative primary apertures =- both cleanly drilled cirecular holes,

|}

were much used, owing to the convenient values of S/P they gave. One
was of 1+0 mm. diameter and the other 0°6 mm. Filgure 15 shows that
for the given conditions the horizontality was only produced when

the smaller aperture was used. A very marked difference is obvious
between the curves. This result was obtained on apparatus I when

the tube was excited by a.c. transformer. That this sperture effect
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is independent of method of excitation is shown by Pigure 16 which
gilves the results obtained on epperatus Il when cpde. was applied
to the tube. The difference in slope between the curves on these

two figures may be put down to the different thickneas of scatterer.
Scallering from H-Trmm. Paraftin Wax at Mo K.

Diameter of

S ‘? ﬁrlmurtj 7 perture.
10 ——o——0
N\o C-bmm.
0-9%5

-0
\\\ 10 mm.

S ot §

o9

o ol isEaan a3 erm. Rluminium.
Figure 15

The above experiments show how under certain conditions
when no horizontality appears with one aperture the use of a smeller
aperture will produce it. Experiments however suggest that horie
zontality cennot invariebly be produced merely by diminishing the
size of the primery aperture. A more genersl statement csnnot be
made &8s no eperture finer than s slit of O0°*l mm, x 7 mm. was used.
Horizontality appesred by the use of & finer eaperture when the
values of the voltage and the thickness of the scatterer were favour-
eble to its sppesrance, by the rules stated above.

On p. 3! we specified certain conditions which might
influence our results. So fer it is obvious that the conditions
favourable for the horizontel portion of the $/P ecurve, are high

voltage, thin scatterer and smell aperture. An exception must be
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made in the cese of the narrow slit aperture when sccompanied by a

thin scatterer and high voltage. (This will be discussed later).
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The effects produced by changing the x-ray tube, the current
through the tube, and the sizes of apertures (other than the primary
aperture) must now be considered. The current could be varied over
a wide range, but when small currents are used, the duration of the
experiment must increase thus making the normal electricel leaks more
significeant. Large currents might obviously produce such intense
beams that saturation could not be obtained in the ionisation chambers
under the asctual working conditions. However a 6-fold variation of
current (from O-5Im.ampn. to 3+0 m.amps.) was made without altering
the ratio S/P for any one point. This signifies that over this
range saturation was obtained. Since no value of S/P was varied,
by alteration of the intensity of the current, the latter had no
effect on the shape of the curves over this range.

The epertures between tube and scatterer were varied to
give & bigger or smeller patch of radiation on the scatterer, but in
no case wes any varistion seen in the S/P curve. Similarly no

difference could be seen when the secondery apertures were altered.



The effect produced when the tube was changed is somewhat
more compliceted. A curve taken with the Coolidge XP3 tube at
89 K.V. (peak) end 11 mm. scetterer end 0¢6 mm. primary aperture,
wes repeated with the Siemens VS 1400 tube. These tubes gave
streams of radiation of very different constitution, owing to the
different filtering powers of the windows in the tubes. In both
cases the anti-cathode wes of tungsten Y™t while the Siemens had a
Lindemann window, the Coolidge window was of glass. As Figure 17
shows there is a longer horizontal portion in the curve obtained

Scathe.rmcs 'cfom Womm| "’ParaFFm WG% a"r 3q K \f m\\-h s
3 i o3 bmm '-_‘Pr'tmnr'j n-l:-e\r’l'u(‘e e T T
| Hin Teibe | P

Coolidge KPS | | |

Blamens \ 3 IHrob

. Ig . I..é.‘ ! 4 ._ .“a ‘OIa - ;cm. Inlum"nium ----..  SESEEEEERS 1S4 |

Figure 17
from the Coolidge tube, but the horizontality diseppesars in each when
approximetely the same percentage of primery radistion has been
filtered out. Owing to the much softer beam from the Siemens tube,
a smeller thickness of Al. will suffice for it than for the Coolidge
XP3. This result appesrs to be quite general for different tuﬁes.

The length of the horizontal porticn varies, being longer for tubes
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giving harder beams. Tubes, which give epproximetely the same
beams are indistinguishable in this connection. That this effect
is small is shown by the sbove figure. As these two tubes were
chosen as giving the greatest possible variastion in constitution,
there is very little difference between eny two tubes not having a
Lindemann window.

The result of extreme softening of the primary beam is

shown in Figure 18. Here we have a filtering curve - (a) which is

| Bperture

Figure 18
the result of an experiment done et 75 (peak) Kilo-Volts on apperatus
I with the Siemens VS 1400 Tube, when the scatterer was 3 nm. wax and
the primery sperture 06 mm. in diameter. No horizontality at all
is seen ~ there being a drop of over 2 in S/P when the thinnest
filter is used. From the above conclusions on the effects of

voltage, scatterer and aperture it is obvious thet this is a region
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where horizontality is to be expected. It is however possible that
the radiation is so soft that the first filtering sheet is absorbing
such a large percentage of radistion that the filtering processes
have already passed the extent of the horizontality. Filter paper
wes therefore used to filter the beems instesd of aluminium.
Experiment showed that 30 sheets of filter paper were equivalent in
absorbing power to +1 mm. Al. Thus the curve (b) was obtained.

It can be seen that there is a short horizontal region which dis-
appesrs at about the 10th sheet of paper when 11% of the primary is
absorbed as measured by its ability to ionise. At points where the
number of sheets of paper is a multiple of 15 1.e. is equivalent to
a number of sheets of °*005 cm. Al. it can be seen that there is asgree=-
ment between the curves.

This reises the question of whether by using sufficiently
fine sheets of filtering material horizontality could be shown to be
present, to a greater or less extent in all cases. In order to
inveatigate this point, experiments were carried out in under condi-
tions which had previously shown no horizontality. These showed
thaet when & very small thickness of filter was used the ratio dropped
at once. Neturally for points on the extreme left of the curve for
which the difference between S/P and its initisl value wes smaller
than the error no conclusion can be made. It is however certain
that this horizontal portion (if it exists at all) is extremely short,
and the amount of primary radiation absorbed over this is not more
than 5:. Thus we may aafely.aay that there are combinations of
factors which produce initial horizontality in the filtering curve
and combinstions of factors which do not.

The physical meaning of this horizontal portion of the



Ld.

filtering curves is that the beams are being equally absorbed in

the ionisation chambers. The reality of this horizontality is
discussed leter, but it must be emphasised here, that this appears
under conditions where the greatest negative slope of the curve is
to be expected from theory. Figure 16 shows how very different are
these two types of curves. There is one other effect not already
discussed which must now be mentioned. Seversl of the workers in
this laboratory have found that over a period of time the shape of
an experimentelly found curve would change e.g. conditions which
would on one occasion give & horizontal line in the graph, would on

another give a smooth curve. This indicates the influence of some
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factors, 2t present unknown. In the present work on apparatus I

and II however, results heve always been completely reproducible,



within the limits of error; with one notable exception. This
occurred in the original experiments on the rules governing the
control of the horizontal portion of the filtering curve. These
experiments were made with apparatus I using the Coolidge 18710 tube
eand & tube current of 1+0 m.smps. The values of volteges, thickness
of scatterer and the size of the sperture are marked on the individusal
graphs., These curves agree in principle with those alreedy given
{i.e. the horizontal portion incresses in length with increasing
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Figure 20
voltage, decreasing thickness of scatterer and decreasing size of
individusl apertures. They are shown in Figures 19, 20 and 21.
These curves were all obteined within a period of five weeks. During
that period sny of these curves could be reproduced within nerrow
1imits by the appropriate arrangement of the apparatus. There was

no suggestion of eny change whatever in the shape of the curves at
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thet time. After some twelve months 1t was found that no horizon-
tality wes present at any voltage or with any aperture, when 19 mm.
of wax was used as a scatterer, i.e., the above conditions which
showed merked horizontality originelly were no longer &ble to produce

it, although other conditions did produce 1it.
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Cortain alterations had been made in the apperatus in the interval.
The cubicel secondary electroscope which was used to ohtain the

grephs on Figures 19, 20 and 21 was replaced by one of a Wilson
tilted type. This necessitated the moving of the secondary ionisa-
tion chamber towards the scetterer through a distance of approx. lom.
There is the possibility thet this change in the apparatus may have
influenced the results. It must be recorded at this point that
direet experiments on the influence of the electroscope on the shape
of the curve have ealways given a negastive result. The effect of

the apparatus on the results will be discussed fully later (p.%*""a’6 )e

This suggestion gains weight when the results of filtering
experiments on apparatus III are considered. No initiel horizontal-
ity has ever been observed in any filtering experiment on this
apparatus.

Briefly we may sum up the results of the filtering experi-
ments thus: Under certain conditions the results approximate to
those anticipated by the Quantum Theory. Under other conditions
the greph of S/P ageinst thickness of filter has short initiel
horizontality. The conditions favouring this horizontality are,
within limits -

(1) High Voltage.
(2) Thin scatterer.
(3) Fine primery aperture.
It must be admitted that this horizontelity i.e. the equality of

absorption, depends to some extent on the apparstus employed.
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SCATTERING EXPERIMENT .

In this section it 1s proposed to deal with the results
of the scattering experiment ss mentioned on pp. S5.07, of the
Introduction.

The layout of the apparatus wes the same as that for tha/f
filtering experiment. The radiation passed through a2 scatterer
set at 45° to the besm, the secondery and primary messuring
apparatus were sarranged to compare the ionisation produced by the
scattered rays from the back face of the scatterer with that which
passed without any deviation. The ratio S/P was plotted against
the voltage operating the tube, ss this was varied over the avail-
able range. As the radistions from different tubes operated at
the same voltage are very different, owing to the different filter-
ing powers of the windows, (es indeed sre the radiations from the
same tube operated at the sesme voltage from ac. and dc. sources)
it is often felt that it is unsatisfectory to plot against kilo-
voltage which only specifies the meximum energy of the radistion.
The mass-absorption coefficient of the radiation can be used
instead as this 1s & measure of the average penetrating power of
the beam. This is not entirely satisfactory either, as it is
possible to obtein two beams of identical P(%\n. whose behaviour
in other respects is quite different. Many of the results given
have been plotted both sgainst the kilo-voltage of the tube, and
the mass-sbsorption coefficlent of the primery beam. In some
cases one method is more satisfactory then the other, and the curve
is shown plotted in that way.

The general chesrscter of the curves is unchanged by the
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method of plotting provided, if ('), 1s shown as increasing
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from left to right, the kilo-voltage must be shown as increasing
from right to left, since :P(%)m decreases when KV, increases.
Neturslly the shape of the curved portions of the graphs is
modified by the change since Figure 6 shows that there is a
nonlinear relstion between these two guantities.

Figure 22 shows & typilesal scattering curve plotted in
both ways. It is seen that there is no discontinulity of ratio
or of slope as the tube hes its output varied by varying the

exciting voltage. This smooth type of curve, (concave downwards

when plotted against kilo-voltage, concave upwards when plotted



against mass-absorption coefficient), was that most ususlly

obtained, end may be taken as typiecel.
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Figure 23 however shows that another type of result
may also be obtained. At low voltages an inerease in voltage
{decreaae in p(%}m] produces an inerease in S/P, This
change is approximately a linear one. After a certain critical
voltage, and associsted P(F%)R, the ratio S/P remsins constant
for higher voltages i.e. harder beams. In many ceses the reedings
were sbsolutely constant, over the horizontal part and no change
could be detected at all. (Where very small variations did sppear
these were not systematic, end frequently disappeared entirely on
repetition). Over the region of voltage where the change from

horizontality to the smoocth curve took place, the resdings were
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repeated many times, and in different sequence in order to be
ebsolutely certain of this discontinuity of slope. There seems
no ground for supposing thet this horizontality is unreal - thet
the line is part of a smooth curve of smaell curvature. As stated
above no systematic chenge of S/P with voltage has ever been
noticed. Within the limits of error (which msy be very small
ef. p. 21 ) the curve is certeinly horizontsl. Owing to the
frequent appearance of this type of result, this scattering experie
ment is often referred to &s the Horizontal Line Experiment.

It was necesssry to discover what conditions favoured
the appearance of this horizontality, end whether a systematic
change in these conditions would produce & systematie variation in
the extent of horizontality. The conditions which might influence
this were considered to be -~
(1) The tube employed and its method of excitation.
(2) The current in the tube.
(3) The material and thickness of the scatterer.

(4) The magnitude and arrangement of the apertures in the
epparatus.

(5) The ionization chembers, their constitution and geseous content.
Experiments were performed with the thickness of the
scetterer as the only variabld. The scatterers available were of
peraffin wax of thicknesses, 19 mm., 11 mm., 8 mm., 47 mm., and
3 mm. Any given number of sheets of filter paper could be fitted
into holders and substituted for paraffin wax,
Figure 24 shows the result of a series of experiments on

apparatus I using the Siemens VS8 1400 tube when the primary aperture

was & single hole 0.6 mm. in dlameter, the gas lonlgzed being 30,
arl Yo

s
(e, L]
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at atmospheric pressure, and the tube being excited by an se.
transformer., A change in scatterer is seen to alter the shape of
the curve, the horizontality increasing as the thickness of the
scaetterer is decreased. One interesting result can be deduced
from this series of curves. A graph of the value of the critical
kilo-voltage (i.e. that value above which the ratio is constant)
Plotted egainst the thickness of the scatterer used to obtain the
curve, shows thaet a small chenge in thickness for a thick scatterer
produces & bigger change in the critical voltage then the same
change in thickness for a thin scatterer, i.e. to decrease the
thickness beyond 3 mm. does not result in a mﬁch longer horizontal
liﬁe, if plotted against K.V. There seems to be a limiting K.V.
below which there 1s no horizontality however thin the scatterer.
This is only & tentative suggestion owing to the difficulty of
extrapolation when there is so much uncertainty in the values of the
K.Voltege. But if we plot against ?(%39l instead of kilo-voltage
the length of the horizontel portion increases rapidly with decresase
in the thickness of the scatterer, and this for two reasons.
Firstly, if we change the K.V. by & small amount in the region of
80 K.V., 3(N)a will very by e much larger amount than if the
same change took place et & higher voltage (cf. Figure 6)
Secondly, as the thickness of the scatterer is decressed ?(% ol
is inereased without change of voltage. The thinner the scatterer
the greater the change in :?(ﬁgyﬁ! for the same small change in
scatterer thickness.

This type of investigation wes then carried out on
epparatus II using cpde. to excite the tube. The results shown in
Figure 25 were obteined with the Siemen 234303 tube. The scatterers
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consisted of sheets of filter paper, of verying number; the

primery sperture was of four holes each 0°6 mm. in diameter,
gituated a2t the corners of a square of side 6.0 mm. The gas
ionized wes eir. The conclusions drawn from Figure 24 are come
pletely verified. As the scatterer thickness is decreased the
length of the horizontal portion is increased. Thus both sets of
apparatus sgree as to the effect of changing the thickness of the
scatterer and thaet this holds for both paraffin wax and filter paper
scatterers. In one case the tube was excited by ac., and the gas

ionized SO in the other, cpde. excited the tube, and the gas

o
ionized was air.

The results given so far indicate that horizontal lines
are much more frequent than smooth curves, This is due to the
selection of results to show how the horizontality is affected.
Frequently no horizontality appears at all. Figure 26 makes an
interesting comparison with Figure 24. In both cases results were
obtained on eppereatus I with the Siemens VS 1400 tube, excited by the
a¢. transformer. But in Pigure 24 when the 11 mm. and 8 mm.
scatterers were used horizontal lines were obtained. But as we
see from Figure 26 these scatterers now produced smooth curves.
The factors csusing these differences must have been introduced
by the primary aperture which was the only thing changed when the
second series wes taken. For the experiments recorded in Figure 24
the primary aperture wes 06 mm. in diemeter for those recorded in
Figure 26 it was 1+0 mm. in diesmeter. Thus the rule given above
connecting the horizontality of the S/P and voltage curve with the

thickness of the scatterer, holds for different sizes of primary
aperture, but the thickness of the scatterer for which this

horizontality just appears (or disappears) is seen to depend on the



size of this aperture. The results given above are not isolated

cases, but typical results selected to illustrate the behaviour

of the curves.
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"hen the filtering experiment was discussed it was pointed

out how exceptions were caused by the use of & thin slit as primary

aperture.

Figure 27 shows exceptions are also found in the

scattering experiment when a fine 8lit is used as primery aperture.

These results were obtained on apparatus II with the tube Siemens

234303 when the primary aperture was a fine slit of dimensions 0.2

x 7 mm.

In all cases the velue of S/P deereased for high voltages,
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a result which is entirely new. This wes most marked for very
thin scatterers (3 mm.) and for thick (11 mm.) The behaviour
at the soft end of the curves shows that the rule for the criticsal

voltege is obeyed i.e. 8t low voltages the results are normsl,
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while et high voltages they introduce a2 new phenomenon, where either
S decresses or P increesses in a manner unknown where wider primary

apertures sre considered. Shortly after performing this experiment
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it was discovered thet when the jews of the slit were closed
radiation wes still being received in the primery ionization
chamber, if the primary beem were very penetrating. Thus when the
slit waes being used as an aperture the beam whlich was being measured
must have consisted of two parts, one which had come through the
opening and one which had come through the lead of the jaws. This
was 1°+7 mm. thick. For low voltages the x~ray quanta did not have
sufficient energy to penetrate the Jjaws. This explains the drop

at the left - the penetraeting end of the curve, as being due to the
increase in P when the radiation penetrated the jaws. Whether

this would account for the whole drop waes 2 matter for experimental
verification. Purther experiment showed that not more than 2/ of
the radistion entering the primery chamber at 20 K.V. could have
come through the thin jaws of the slit. When this is applied to
Figure 27 we see that this explains the decresse at the penetrating
end for the curve with the 4°7 mm. scatterer, but cannot explain

the whole of the drop for the thinner scatterer, although it lessens
it. Subsequent experiments with a thicke~jawed slit, showed that

at the penetrating end S/P decreased. Thus the slit does introduce
some other factor.

It is obvious from Figures 24 and 26 that the size of the
primary asperture affected the length of the horizontal portion of
the scettering curve. Considering the curves taken with 4+7 mm.
peraffin wax as scatterer, the critical voltage was 57 K.V. when the
aﬁerture was 0°6 mm. in diameter and 70 K.V. when the aperture was
10 mm. in dismeter. Each of these curves wés determined
seperately, on different days, but the position of the break-away

point on the esrlier curve was found to be unchanged after obtaining
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the other curve. This procedure was frequently adopted, i.e.
obtaining results on sepsrate days and verifying the earlier ones,
but occesionslly the value of S/P at a given voltage was determined
witﬁ é certain primary sperture, and while a constant voltage was
meintained the primery eperture was altered and the new value of
S/P determined. The initial eperture was then restored to check
any veristion. This wes then repeated st another voltage. This
method of approach proves that the change in result is due entirely
to the change in aperture.
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Pigure 28 shows how a curve of the smooth type can be
traﬁ?ormed into one of the horizontal line type merely by using a
smaller primary aperture. These results were obtailned on
apparatus II with a8 epde. source of high tension. The gas ionized
was air; the tube employed Cuthbert Andrews 33983. If a larger

aperture was used, say one of 1l°+5 mm. diameter the curve was still
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of the smooth type, and differed very little from that with the
10 mm. aperture. There would thus appear to be no aperture
effect. It must be made clear thet the change with aperture is
noticed, only when there is horizontality. As the aperture is
inereased the horizontnlity tends to dissppesar, but after it has
disappesred, & further increase of the size of the aperture has
little or no effeet on the shape of the curve.

One further point arose in connection with this change
with eperture, i.e. whether it was the total area of the aperture
which affected the result, or the dimensions of the individual holes.
If one sperture consisting of 4 holes esch 06 mm. in diameter were
used would the result agree with that when one hole of 0°6 mm. is
used, or would it tend to agree with that for 1°0 mm. since the sarees
of the four holes would be only slightly grester than that of the

10 mm. diameter hole?
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In Figure 292 the results of such & comparison are shown.
There is surprising agreement between the curves apart from e slight
change in shape at the soft end. These curves were obtained on
apperatus I with the Siemens V81400 tube, excited by the sc. trens=-
former, the gas ionized weas 332. The result obtained when a 1°0 mm.,
aperture was used, was s smooth curve with no sign of horizontality.
There can be no doubt that it is the dimensions of the individuel
holes that matter, not their totsl erea. The holes in question
were situated at the corners of & 6 mm. square.

The other apertures may be considered here. If the
ﬁperturea which limit the incident beam are altered the patch of the
scatterer which emits scattered rays is also altered, and this
affects the intensity of the secondary beam. If we try to make the
experimental conditions approximete to the theoretical, we should
have to cut down the incident beam into a narrow cylinder. This
would produce such a feeble secoﬁdary beam that the duration of
readings would be impossibly long. Within limits, however, the
apertures between the tube and the scatterer have been altered to
vary the diemeter of pateh of radiaetion on the scatterer by approxi-
mately five-fold. No variastion in the results could be détacted.
This also applies to the apertures limiting the secondary beam.
These apertures, it must be noted, are all very much larger (being
of the order of 2°0 em. diemeter) than the primery spertures which
have been found to influence the results (06 mm. and 10 mm. in
diameter).

The effect of the type of x-ray tube on the results wsas
also the object of experiment. There are marked differences

between the radiation supplied by, say, & Philips Metalix tube and
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a Coolidge tube. Not 81l the work described in the previous pages
has beesn done with one tube. It is therefore obvious that the
phenomene sre not confined to any one tube, but the scele on

mig“ﬂ'
which thev occur =ew vary with the tube.
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Figure 30 records the result of one experiment performed
with three different tubes, Philips 382364, Coolidge XP3, Siemens
V51400. The experiment consisted of scettering from 4°7 mm.

peraffin wax using & single hole of 10 mm. dismeter as primary
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aperture. The gas ionized was air. The experiment was csrried
out on apperatus II. The voltage above which the scattering curve
is horizontal is the seme in each csse (within the limits of error),
although the values of mass-absorption coefficient of the primary
beam are widely different. Obviously the result is the same for
all these tubes. This result is typicel of meny experiments
performed on apparatus I and II in which no affect could be traced
to the tube.

The difference between the output of various tubes of
given anti-cathode materiasl is presumsbly due to the various filter-

ing powers of the windows. Thus it should be possible to meke the
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output of two tubes equal by adjusting the thickness of aluminium

in the incident beams of the tubes. Since two tubes of different
output geve similer experimentel results, we expected that there
would be no difference in result between two scatterering exreriments
conducted with a given tube, one heving no aluminium between the tube
and scatterer, the other having 2 constant thickness of aluminium to
filter the beam falling on the scatterer, all other conditions
remaining constant. This supposition was confirmed when
scattering curves were obtained on spperatus II with Philips 382364
tube which supplied & very soft radiation. Figure 31 shows that
when scettering curves were obtained from 11l mm., wax with & 0+6 mm.
hole &s primary aperture, the curve wes unchanged when 0°*6 mm. of
aluminium were inserted in the primery beam. More sluminium might
couse an slteration in the shape, but the point of the experiment

was only to modify the beam sufficiently to meke it comparable with
thet from another tube. This result has been confirmed under other
conditions and expleins why different tubes give similar results in

the scattering experiment.

It will be well to summarise briefly here the results

of these experiments ss recorded on apparatus I and II,

(1) The graphical result of the scattering experiment when S/P is
rlotted against kilo-voltage conslsts either of a smooth curve
concave downwards, or of a curve with a horizontal portion at
the high voltage end, which diseppesars &t a certain kilo-voltage.
At lower voltages the curve mey be a streight 1ine of negative
slope, and may depart slightly therefrom, 1f the latter the curve

is conceve upwards.



(2) The factors which influence the shape of the curve are
(e) Thickness of scatterer.
(b) Size of the Hole(s) of the primery sperture.

(3) The others factors mentioned on page 5' heve been found to be
without influence on the result.

(4) (2) The influence of the scatterer has been found to be as
fellows - if horizontality is not present it can usuzlly be
produced by deereesing the thickness of the scatterer. Once
horizontality has been produced, it cen be extended to lower
and lower voltages by further decreasing the thickness of the
scetterer.

(b) The influence of the aperture is more complicated: the
smeller the size of the individval holes, the greater the chance
of horizontality (unless the scetterer is very thick). Once
horizontality hes been produced it can be extended to lower and
lower voltages by decreasing the size of the hole(s) of the
aperture. However when & very fine aperture is present results
are found in egreement with the above, et low voltages but not
at high voltages.

(5) The deductions from experiments on apperatus I and II are in
complete agreement. The sc¢asle on which the phenomena occur

is the seme for both sets of apparatus.

Some scattering experiments were performed on epperatus
111, These will be discussed more fully in the next section. The
broken lines of Figures 39, 40 end 41, give the relationship between
S/P and the kilo-voltage values for given combinetion of conditions.

These show the completely different charecter of the results from
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apparatus IIX. Horizontality is much more extensive and appears
under conditions of thickness of scatterer and size of aperture
where no horizontality would show on apparatus I and II.

It has already been mentioned that several of the workers
in this laboratory have found the shape of a given curve to vary,
i.e. seemingly identical conditions would not produce identicsal
results. This phenomenon occurred when the writer was in collabora=-
tion with Mr.Stevens to determine scattering curves on apparatus III,
but was not found on apperatus I or II, This made the results
obtained on apparatus III difficult to classify. Generally speak-
ing the influence of the thickness of the scatterer is the same as
on apparatus I or II, The aperture effect is aslso as stated above,
though this is less certsin. A very wide eperture may produce
horizontality et the lowest voltage we can employ. Therefore we
cannot say the precise nature of the differences produced by & e
smaller aperture.

At this point it is possible only to state that while the
genersl conclusions to be deduced from the different apparatus are
the same, the scale on which the phenomena are recorded on

apperatus III is different from that on either apparatus I or II.
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SCATTERING EXPERIMENT (SECTION B).

The results of the scattering experiments discussed above
have been obtained by altering the voltage on the tube and thus
altering the penetrating power of the radiation. It is of course
possible to alter the penetrating power otherwise, and in the
experiments described below when the ratio S/P is plotted against

PL%§n¢ , the latter may have been altered by voltage changes only,
or by inserting sheets of aluminium between the tube and the
scatterer. It is thus possible to obtain any given value ofP(%\a‘
in verious ways adbording to the arrangement of voltage and alumine
ium herdening the incident radietion. Similarly for a given kilo~-
voltage the value of $4}%\ﬂl depends on the thickness of aluminium
inserted. Thus for every point on the greph two quentities; the
kilo-voltage on the tube and the amount of aluminium in the incident
beam, have to be specified, as well as the ratio S/P and the value
of the mass-absorption coefficient. Unless it can bhe shown that
all beams of given voltage affect the electroscope in the same way,
whatever their penetrating power, or that all beams of one penetrat-
ing power are egquivalent, these two quantities (kilo-voltage and
thickness of aluminium) must be stated in these experiments in which
both are altered.

The first experiments of this series were performed on
epparatus I when the tube was excited by the ac. transformer. The
scatterer was 19 mm. Paraffin Wax and the primary aperture 15 mm.
in diameter. When the voltage only was changed the scsttering
curve showed no horizontality.

The result of such an investigation is given in Figure 32.



The first curve of the figure was obtsined by using the Coolidge

Tube 43712, which had 2 molybdenmum-anticathode. The dotted lines
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Figure 32

on the figure join points for which the thickness of hardening
aluminium is constant. This of course includes the case in which

no aluminium was used, 8s in the experiment under discussion. The
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peints joined by & continuous line represent readings taken at the
same voltage but with varying amounts of aluminium to harden the
incident beam. As can be seen from the figure when the softer
rays are filtered out at 60 kilo-volt? the ratio S/P decreeses with
decreasing ?&%\Rf Thus hardening the beam by filtering out

the soft rays has a markedly different effect from hardening it by
reising the kilo-voltage. In the latter case S/P increases with
decreasing Q(}g)““ Also from this curve we see that there is no
unique value of S/P for one given value of P(J%\Hl , and likewise
8/P may have an infinite number of velues for a given kilo-voltage.
Thus we must always specify both the kilo-voltage and the thickness
of aluminium.

The second curve in the same figure shows a repetition of
this experiment done by the Coolidge 18710 tube which hed a tungsten
anticathode. This wes done to determine the effect (if eny) of the
materiel of the anticathode. The same type of results eppears
once more; &n increase of voltage only, gives an increase in S/P;
an increase of thickness of hardening aluminium at constant voltage
gives a decrease of S/P. This is shown for 60 kilo-volts. and 82
kilo-volts. Both these tubes were of the 0ld Coolidge type where
the rays had to penetrate the glass of the walls of the tube, no
special window being provided. Thus the radietion from these
tubes wes harder than that from & tube with a Lindemann window, e.g.
the Siemens VS 140?. But since these tubes, Coolidge 18710, and
Siemens VS 1400 both hed tungsten anticathodes, their radiations must
have differed only in penetrating power. If sufficient aluminium
is inserted in the incident beam from the Sismens tube to compensate

for the difference in the windows, the beams should be similar.
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Experiments therefore done by these tubes should lead to similar
results especially in the caese in which 2 thick scatterer is used,
es this filters out soft rays. This reasoning suggests that all
tubes with & tungsten anticathode would give similer results.

The third curve in this figure when compsred with the
second bears out this suggestion. The right hend broken line was
obtained when no aluminium wes in the beam. The other broken line
was obtained when 0+6 mm. of Al were in the beam, at various voltages.
This result shows thaet as the voltage is sltered, the shape of the
ecurve is much the same whether sluminium is present or not, (provided
of course the thickness of aluminium is unchanged during the readings).

The fourth curve of this series was obtained by the
Philips Metalix tube 362619, which had a Lindemann window. This
tube gave a2 very different result. For 80 kilo-volts there is
only one velue of S/P no metter how much aluminium is in the beam,
or what the value of mess-absorption coefficient. The same is true
for 60 kilo-volts. This horizontal portion does not seem to be
part of & line of small slope. The variations in S/P are slight
end entirely random over the range investigated; they are all
within the experimentel error. This well-marked horizontality
calls fof further investigation.

Firstly the effect of the thickness of the scatterer wes
examined. The arrangement of apparatus wes kept unchanged, epart
from the substitution of an 11 mm. scatterer for the 19 mm. one.

As can be seen from Figure 33 the horizontality disappears
when a thinner scatterer is used. This is in marked contrast to
the horizontality produced by voltage change only, which is greatest

for thin scatterers, and indeed does not appear at all for 19 mm.Wex.
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Also the voltage produced horizontality is independent of the tube
(p. ©2) whereas the tube is importent in this horizontality pro-
duced by filtering out the softer rays.
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Now different tubes produce beams of differing energy-
wave~-length distribution, owing to the different filtering powers
of the windows. But the seme tube can be made to produce beams of
differing energy wave-length distribution by verying the mpde of
excitation. Normally the tube in apparatus I was excited by an ac.
transformer, but leads from the epdc. apparatus could be connected
to it. This was done in order to investigate the effect of altera=-
tion of the constitution of the beam. A given steady cpdc.voltage
produces & harder beam than the seme (peak) sc. voltage, ss during
most of the cycle the voltage on the tube is very much less then the

peak value. The experiment with 19 mm. Paraffin Wax ss scatterer
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was repeated with the cpde. apparatus exciting the Philips Tube.

It wes found that for 2 given value of kilo-voltage there was one
definite value of 8/P, whatever the value of q{%é)ﬂl' Thus whatever
chenge is produced in the beam by altering the mode of excitation,
thet change 1s such that the factors producing horizontality are

unaffected.
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Pigure 34

All the experiments just deseribed have been performed on
apperatus I. It was considered possible that the arrangement of
the apperatus, especislly the messuring instruments might have some
effect upon the results., The Philips 362619 tube was therefore
transferred to apperatus II, with the 19 mm. scatterer and the 1l+5 mm.
primary aperture. The other apertures were not interchangeable but
were replaced by ones of approximstely the same size. The upper of

the curves in Figure 34 shows the result of this experiment on
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epparstus II. The horizontality is unchenged by the changé of
apparetus. This confirms whet was noted before (p. 60 ) t hat

the results given by espperstus I and II are in agreement. This

curve was obtzined when the cpde. apparatus supplied the high tension.
The agreement between results from both apparatus I and II is inter-
esting in view of the fact thet on apparatus I the gas ionised wss

S0, whereas on apparatus II it was eair. In both caeses the tube

2
currents were of the order of 1 m.amp.

The investigation inte the faectors influencing this hori-
zontality was continued with epparatus II. In other types of
experiment the size of the individual holes of the primary aperture
influenced the result to a marked extent. The experiments just
described were performed with & single circular hole of radius 15 mm.
es primery aperture. This wes now replaced by a fine horizontal
glit 0*1 x 7 mm. The lower curve on Figure 34 shows how the hori-
zontality produced on filtering out the softer rays at 8 given kilo-
voltage is independent of the primary aperture; & result which is
markedly different from our previous experience on the voltage pro-
duced horizontelity, on apparatus I or 1II.

In this connection i.e. influence of sizes of epertures
on the shape of the curve, two series of experiments were conducted
(e) sltering the sizes of the spertures between the tube and the
scatterer and (b) altering the sizes of the apertures between the
scatterer and the secondary measuring apparatus. In neither series
could any influence of these apertures on the results be detected.

It 1s worth noting thet the alteration of these apertures alters the .
energy-wave length distribution of rays entering the secondary |

chamber, end yet this alteration still produces horizontality. This
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is unexpected since we have seen that the energy-wave-length dis-
tribution of the radistion is an important factor in these
experiments. In this case the energye-wave-length distribution of
rays entering the primery electroscope is little changed by the
limitation of the beam, but the rays entering the secondary electro-
scope must have been changed very markedly. These conclusions (a)
That the cross-section of the primery beam when it reaches the
scatterer is without influence end (b) that the crosse-section of
the secondery beam when it enters the ionisation chamber is without
influence on the result, have been verified on other occasions.
These agree with the results of experiments on the filtering curves
and the horizontal lines produced by voltage-change only.

The experiments described sbove in this section have been
performed with thick scatterers and wide apertures. The change of
voltage a2lone does not produce horizontality in the scsttering curve.
In the experiments to be described thin scatterers and small
apertures were used in order to produce horizontality in the scatter-
ing curve. When & high voltage excited the tube aluminium wes
inserted to harden the incident beam. The variation of S/P with

P(té o 1s shown in the following figures. As before the
scattering curve obtained with voltage-change alone is shown by a
broken line while that obtalned by filtering out the soft rays with
eluminium is shown by & full line,

Figure 35 shows the result of an experiment performed on
apparstus I when the Siemens VS 1400 tube was excited by the ac.
trensformer. As the scatterer waees only & mm. of paraffin wax the
primary radietion was very soft. The primary eperture was a single

hole 0+6 mm. in diemeter. As can be seen the scattering curve is of



8.

the ususl type, with S/P constant above a certain kilo-voltage, in
this case 54 kilo-volts. Below this point the curve has a negative
slope. The ratio drops with the insertion of sluminium at a high
kilo~-voltage, end drops more rapidly ss a grester thickness is
inserted. Briefly then, when soft rasys are removed from the beam

the value of S/P decreases.
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Figure 35

A similer experiment was carried out on appsratus II
with the Philips 382364 tube operated on by the e¢pde. apparatus.
The scetterer was 2 mm. of paraffin wex, and the primasry aperture
0°6 mm, in dismeter. The experimental result is shown in Figure 36.
By & comparison with Figure 35 it can be seen that ?(&g)ﬂl= 8+0
for 90 kilo~-volts in both cases. Once again the insertion of
aluminium produces 2 decreese in the value of S/P, although the
percentage drop in S/P over the seme range of mass-absorption=-
co=-efficient is not the same in both cases. The difference in the
left-hand sides of these two curves is the more remarkeble when the

similerity between the right-hand sides is noted. This difference
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may well be due to the difference in the tubes. In the raediation
supplied by the Philips tube there are factors tending to maintain
S/P constant even on removal of soft rays as the experiments with
thick scatterers show. These may well tend to horizontality in

this case too.
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Figure 36

A harder primary radiestion wes supplied by the Coolidge
XP3 tube on epparatus II with a 4.7 mm. paraffin wax scatterer and a
primery eperture of 10 mm. in diemeter. The ratio S/P incressed
with voltage to 756 kilo~volts. From that point to 80 kilo-volts
the value was constant. When aluminium was inserted the ratio
dropped. From Figures 36 and 37 we see that 0°2 mm. aluminium in
the incident beam lowers the vselue of S/P by 1%, in both cases, and
06 mm.Al lowers the vslue by epproximately 2¢5%Z. Owing to the
greater change in mass-a2bsorption coefficient with the softer beam
the slope of the curve as thus drewn is less in the softer than the

harder case. These curves shown are typical of meny others obtained
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on the apparatus I and II. When 2luminium is inserted between the
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scatterer and the tube the ratio decreases, no matter how thin the
aluminium. This refers to experiments where change of voltage only

produces horizontality et high voltage values.

Results have been desceribed above of experiments performed
on apperstus I and II. It has been seen that conclusions drawn
from experiments on one apparatus are in general valid for the other,
in spite of the difference in methods of excitation of the tube, i.e.
eac. transformers eand cpdec. epparatus. But the results obtained on
appaeratus III are not in agreement with these. The accuraecy of

resuvults on this apparatus is ot least as high as on the other two.
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For some years this eppsratus has been used by Mr. Stevens in this
laboratory. Owing to the seeming discrepancy mentioned above it
was decided that he end the author should work in collaboration on
apparatus III to determine what was the éauae of the apparent
discrepancy. Either an ac. transformer of the type mentioned on
P« 2O or a cpde apparatus consisting of two sections esch one
equivalent to that described on p. 24 could be used to excite the
tube.

The first series of experiments was performed with,wide
apertures and thick scatterers. The results are shown graphically
in Figure 38. ' The top curve is the result of an experiment performed
with the Coolidge Tube 43712, excited by the cpde. apparatus, when
19 mm. of paraffin wax were used as scatterer and the primary aperture
was 1°5 mm. in diemeter. The result of filtering out the soft rays
at 80 kilo-volts is to produce a constant value of S/P.

The same experiment was repeeted using the ac. transformer
to excite the tube. The second curve of this figure gives the
result, thet the method of excitation produces no effect on the shape
of the seattering curve, i.e. if when the tube is excited by & de.
source of high tension S/P is unchanged by filtering out soft rays,
it will also be unchanged by the same operation when the tube is
excited by an ac. source of high tension. This conclusion is there=-
fore valid for both apparatus I end III. But the curves obtained
by the Coolidge tube 43712 on apperstus III could not be obtained
with this tube on apperatus I. Figure 32 shows in the top curve
that 8/P decresses when soft reys are filtered from the beam on
apparatus I, under the same conditions.

On apperatus I and II the Phnilips tube 362619 produced hori-



zontelity under these conditions. (Figure 32).
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on Figure 38, shows the result obtained. The voltage-scattering
curve is very much flatter than before and on inserting 2luminium

the value of S/P inereases. In fact it is difficult to see where

any break between the two parts of the experiment occurs. The mass
absorption coefficient seems to be important, and the kilo-voltage
immeteriel. This type of result is quite diffe:ent from any obtained
on apparatus I or II, es S/P has never been found to incresse on
filtering out soft rays with these apparatus. (It should be noted
here that this type of result has frequently been found on apparatus
III by Mr. Stevens, when thick scatterers were used).

The lowest curve on Figure 38 shows that when the primary
aperture was reduced to & slit (other details being unchanged) the
form of the curve was uhchanged. This conclusion was also valid
for apperetus II as shown in Figure 34, (although individuel tubes
behave very differently on appsratus II and III). There 1s @&
systematic difference in this respect. It would seem that there is
some factor which "pushes up" the values of S/P on filtering with
apparatus III compered to apparatus I or II. When filtering causes
horizontality on apparatus III (as top curve of Figure 38) the ratio
drops on filtering on aspperatus I (Figure 32). Tubes which show
this horizontslity on appératua I and II, such es Philips 362619 and
382364, on apparatus III show an increase of S/P on filtering out the
soft reys of the incident beam.

It is difficult to know what csuses this difference between
the results as obtained on different apparatus. In ell cases the
electrodes of the secondary and primary ionisation chambers are at
the same distance from the mid- point of the scatterer, i.e. rays

which resch the chambers in one Case will reach them in sall. Actusally
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there is & pronounced similarity between apparastus I end III, and
little between I and II in dimensions. The ionisation chambers on
I and III ere of the same size, and are usually filled with S0,.

On II the chambers are much larger and are usually filled with air.
The primery and secondary apertures on II are very close to the
ionisation chambers, on I and III they are some cms. distant. But
in spite of these points of difference the results obtained on I and
II ere similar and differ from those obtained on III.- The most
apperent respect in which III differs from I end II is in the cross-
section of the beam falling on the scatterer. This is very small
in III. But this cannot account for the discrepancy in experi-
mental results. We have discussed results of experiments on
apparatus II whieh show that the cross-section of the beam does not
influence the shape of the curve. In the course of these experi-
ments the cross-section of the beam on apparatus II was made equal
to that of III, but this did not appear to slter the results in any
way.

Another possible cause of the diserepancy was the scatter=-
ers employed. The same slab of 19 mm. peraffin wax was transferred
from apperatus I to II as needed. That used on apparatus III
though similar was another specimen. Figure 33 shows how the
occurrence of horizontality on filtering depends on the thickness of
the scatterer. It might be that the scatterer used on apparatus III
wes slightly thicker, or denser or of slightly different constitution
from that used on I and II. An interchange of scatterers however
produced no effect on the results.

One interesting point which arises here is that lines of

positive and negetive slopes are found among these results. One
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apparatus will show horizontelity and either positive or negative
slope, but not both. The horizontal line would seem to be & limit=
ing case and not a compensation effect, produced when the factors
producing increase of S/P with filtering and those producing decrease
of S/P with filtering are egual and opposite. If it were a com-
pensation effect when one set of factors was most in evidence lines
of one sign of slope would be found, and when the other set was
stronger the other sign would be shown. But no apparstus has yet
shown lines of both positive and negetive slope.

To elucidete farther the difference between the sets of
apparatus, experiments were conducted with thin scatterers. A 3 mm.
peraffin wax scatterer was inserted with & primery aperture of 1°5 mm.

in diameter.
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The tube was Philips 362619 excited by cpde. high tension. Although
this was cerried out on apparetus III the ionisation chambers were

those of spparatus II. The results shown in Figure 39 are markedly
different from those shown in Figure 35 which was also obteined with
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g 3 mm. scatterer. On apperstus III there is complete horizontality;

on apparatus I the extent of the horizontasl line is very short.
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Figure 40

The result shown in Figure 40 is 2 very interesting one.
The scatterer, primery aperture and ionisation chambers were those
used for the experiment recocrded in Figure 37. In spite of these
identical conditions the results are very different., The well=-
merked horizontality on espparatus III is in sharp contrast to the
short e x tent of horizontslity on apparatus II.

A further experiment was performed on apparatus III,
The scatterer was 8 mm. paraeffin wax, and the primary sperture 1.5mm.
in diameter. The tube was Philips 362619. The result of this
experiment is shown in Figure 4l. The horizontality in this case
is not S0 marked as in previous experiments, and disappears st both
the penetrating and the soft ends. This must be due to the greater
thickness of the scatterer, as compared with the results given in

Figure 40. This precise experiment was not csrried out on apparatus
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I or II, but from similar experiments it may be argued with con-
siderable certainty that were the voltege increased S/P would
inereese indefinitely. The insertion of sluminium would ceuse the
ratio to drop.

It will be well to summarise briefly the chief differences
between the results as obtained on apperstus III and on apparatus
I or II.
(1) In the filtering experiment no horizontality is found on
apperstus III, whereas under cert2in well-known conditions a hori-
zontal region may be obtained on I or II.
(2) "here the scattering curve is obtained with voltage change only,
greater horizontality is found on apparatus III.
(3) When the scattering curve is horizontasl with voltage, aluminium

inserted in the incident beam of III does not alter S/P in general.



On occasion a large amount of aluminium causes & small decrease of
8/P. When this experiment is done on apparatus I or II the value
of . 8/P decreases with the smallest amount of aluminium inserted.
(4) When a thick scatterer is used so that the voltage-scatterer
ecurve is not horizontal, and aluminium inserted at constant voltage,
horizontality mey appeer on all spparatus (but & tube which produces
it on apparatus III will not do so on I or II). If horizontality
does not appeaer on III, then S/P increases with increasing thickness
of aluminium while on apparatus I or II S/P decreases with increasing
thickness of aluminium.
Meny experiments were csarried out to determine what part,
or parts, of the apparatus were csusing this sydxmatk:diérerenoe.
As has been mentioned sbove the ionisation chambers from apparatus
II were transferred to apperatus III, without in any way altering
the results as obtsined from III. The scatterer and apertures on
apparatus II were also transferred to apparatus III, again with no
effect. These test experiments were carried out with many different
arrangements of thickness of scatterer and size of eperture but in
no case did the results show any resemblance to those obtained on
epparatus II, or any difference from those obtained on apparatus III.
As the layout of apperatus I and III was so similsr and so
different from that of spparatus II, it was difficult to see how
this affected the results. However apertures and screens were added
to apperatus III to meke the cross-section of the beams entering the
chambers the same as on apparatus II where the limiting apertures
were very near the chambers. This agaln produced no effect on the
shape of the curves.

The method of excliting the tubes cannot be held responsible
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for this difference in scale, as the cpde. apparatus on II had
previously been used on III without causing any difference to the
results. The ac. transformers were identical in type. It was
however suggested that perhaps the sctual lead screening as used on
epreratus IIJI might be in some way influencing the results. This
was therefore replaced by an entirely new system of the same
dimensions. The curves were not influenced at all, by this change.
It is unfortunate that this 1nveatigation, into the
factors causing the difference in scale between the results as
obtained from different apparatus, wes initiated £0 near the end of
the period of research. In the time available, only negative
results have been obtained. This problem is one which demands
further research, as its solution would shed much light on to the

processes involved in these experiments.
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THE CONNECTION BETWEEN SCATTERING AND FILTERING EXPERIMENTS .

In preceding peges it has been shown how horizontality may
appear in the grephical results of both filtering and scattering
experiments. In the former case the conditions favourable to its
production are in general, high voltages, thin scatterers and small
primary apertures. In the latter (i.e. scattering) case, thin scst-
terers and small apertures favour the eppesrance of horizontality, i.e.
the conditions which favour the constancy of the S/P value in the one
experiment, fevour it in the other. Also conditions(such as the
intensity end cross-section of the beam) which do not seem to have any
effect on the ratio in the one experiment, are without effect in the
other. It is thus natural to assume that there is some connection
between these results. The following series of ejperimants was under-
teken to determine the exaet nature, (if any) of this connection.

A scattering curve was obtained using, as primary aperture,
a clean drilled hole of 0°65 mm. in diameter, & 4+7 mm. thick slab of
paraffin wa# es scatterer, and Coolidge XP3 tube to supply radietion.
The experiment was performed on apperatus I with the ac. trensformer.
It was found thet the ratio S/P was constant from 90 kilo-volts to
some point between 70 and 65 kilo-volts. The ratio dropped rapidly
with lower voltages. Thereafter under 1dentical conditions filtering
experiments were performed at various voltages ranging from 59 to 86
kilo-volts. The results of these experiments ere shown in Figure 42.
In this figure the kilo-voltage scale belongs both to the filtering
eand the scettering experiment. The scattering curve has been plotted

in the usuasl way, but the axes have been rotated through 90° in a

counter-clockwise direction. Eaech filtering curve has the extreme

left-hand point i.e. the unfiltered ratio plotted on the horizontal
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line which represents the kilo-voltage exciting the tube when that
filtering curve was obtained. (It should be noted that here, as
elsewhere, the retios are expressed in terms of the greatest ratio of
any given curve &s unity). The verticsl scele in all these filtering

curves is the same. 1 em. represents & change of 5% in the initial

ratio.
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The deductions to be drawn from this figure are cleasr. At
low voltages when there 1s no horizontality in the scattering curve,

there is none in any filtering curve. At high voltages horizontality
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appears in scattering end filtering experiments alike. In short to
produce s horizontal portion on the filtering curve we must choose
conditions which belong to 2 point on the horilzontal portion of the
scattering curve. This result is very simple but it must be verified
under all possible circumstances before it can be put forward a2s being
a general result.

On the following pages are discussed scattering and their
associated filtering curves, which were obtained at different times,
with different tubes excited in different ways, with all possible
arrangements of scatterer and apertures. The scatterers varied in
thickness from 11 mm., to 3 mm., the apertures in size from a circulear
hole of 1°2 mm. diameter to a fine slit of 0°*2 x 7 mm. In some cases
the scattering curve was first obtained eand then the filtering curves;
sometimes the order wes reversed. Frequently one or two filtering
curves were obtained, then the scattering curve and finally more fil-
tering curves. Occasionally & certain thickness of saluminium was
inserted in both beams and the voltage varied, thus obtesining points
on different filtering curves in turn. But in no cese did the order
of obtaining the points influence the result.

Firstly we shall consider the results of the combination of
a thick scatterer and wide aperture. FPigure 43 shows that when
x-rays are scattered st 45° from an 11 mm. pesraffin wax slab, and
enter the primary electroscope through 2 hole 1°0 mm. in diameter
neither the scattering nor flltering curves show any horizontality.
These experiments were done on epparatus II with the Cuthbert Andrews
33983 tube excited by ecpde. high voltege. The ges ionised was eir.

The 11 mm. scatterer was repleced by one 8 mm. in thickness

and the series of experiments repeated. No horizontality was found
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in any of the filtering or in the scattering curves.
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If, however, the same scatterers, those of 11 and 8 mm.

thickness be used in conjunction with primary aperture of 0°6 mm. in

dismeter, horizontallity begins to asppesr &8s shown in the next figure.

The Coolidge XP3 tube excited on apparatus I by the ac. transformer,

wag used with the 11 mm. scatterer and & single hole of 0°6 mm. in

diemeter as primery aperture.

be constant for values above 78 kilo-volts.

In the scattering curve S/P is seen to

In the filtering curves

there is a short horizontal portion for those measured at 78 and 89

kilo~-volts, while that et 69 kilo-volts has the greatest slope on the



.

left-hand side. Thus in this case filtering curves heve slight

horizontal regions if they are obtained at volteges where the S/P

value is unchanged by voltage change.
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The rule given in the preceding sentence was found to be
verified also when the 11 mm. scatterer was replsced by one of 8 mm.
The tube used was in this case Siemens VS 1400 excited by ac. trans-
former. Horizontality was found both in the filtering and scattering
curves above 70 K.V, For lower voltages neither experiment showed

the least sign of horizontality.
The next series was performed on apparatus II with the cpde.

source of high tension. The tube was Cuthbert Andrews 33983, the

scatterer 8 mm. of paraffin wax. An "edge effect" was introduced
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into the experiment by lesving the holes of the primery sperture
uncleaned. This consisted of four holes each of 0°6 mm. in diameter.
There were specks of dirt in the holes, and some of the edges were

imperfectly drilled. Figure 45 shows that the scattering curve is
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horizontal for voltages above 58 kilo-volts, and at 62 end 69 kilo~
volts the filtering curves show horizontelity. At 48 kilo-volts
neither curve shows horizontality. Thus even with an edge-effect we
find no exception to the rule connecting the horizontality in these
experiments.

As hes been shown sbove (pp. 3557 ) nerrow slit apertures
introduce exceptional results both in filtering and scattering experi-
ments. These exceptions have been proved to be consistent in the

light of the present work.
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In Figure 46 ere given results obtained by Siemens VS 1400
tube on apparatus II with a2 scatterer of 11 mm. paraffin wax end a
primery aperture of 0¢2 x 7 mm. Horizontality is nowhere to be seen,
even though two of the conditlons favourable to horizontality in the
filtering experiment are present to & maerked degree, high voltage and
fine aperture. Indeed an 11 mm. scatterer used in conjunction with a
0°6 mm. primery aperture shows horizontallty in either experiment. It
is however cleer that both filtering and scattering curves depart

simultaneously from the expected behaviour. Thus in spite of the
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unusual shape of the scattering curves in these experiments we find
no exception to the rule concerning horizontality.

Now we come to experiments carried out using thinner
scatterers. A circuler hole of diemeter 1°2 mm. was used to limit
the primery beem, when radiation from Coolidge XP 3 tube was scattered
by @ 4°7 mm. scatterer. The experiments were done on apparatus I

using the ec. transformer. Ihere was ne horixontalilly in ether
exberiment,
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Figure 47 shows the results of filtering and scattering
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curves performed on apperatus II with Slemens 234303 tube. The

scatterer wes 4.7 mm. in thickness as before, but the primary aperture
was & horigontsl slit 0°2 x 7 mm. At 90 K.V. the scattering curve
departs very slightly from the horizontal. (The depsrture though
slight, is lerger then the observetional error). At low voltages the

ratio 8/P incresses with voltage but is constent between 5C & 85 K.V,
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Pigure 48

The horizontelity in the filtering curve behaves in e similar way,
with well marked horizontelity ineressing with voltaege in the usual

weY. But at 80 K.V, the filtering curve is showing signs of decreas-
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ing horizontality. Thus this experiment also confirms the previous
findings relsting to horizontality in these experiments.

The decrease of S/P at high voltages is shown most clearly
with thin scatterers, and the above series was repeated with a 3 mm.
scatterer. All other conditions were precisely the same. As can be
seen in Figure 48, the horizontal portion of the scattering curve is
mach shorter, extending only from 47 - 68 kilo-volts. The dip at
the left~hand side is very marked. The figure shows quite clearly
that the region in which horizontality in the filtering experiment may
be expected is over precisely the seme range of voltage (46 - 68 kilo=-
volts). This experiment confirms in a8 very marked way the relatione
ship between the scettering and filtering experiments.

The 3 mm. scatterer was used on apparatus I in conjunction
with & primary aperture of 0¢6 mm. in diameter. Siemens tube VS 1400,
excited by the sc. transformer supplied the radletion. Filtering
curves obtained under these conditions are shown in Figure ls’bwing to
the great softness of the primery radiation the thinnest aluminium
filter absorbed a large percentage of it. S8heets of filter paper
were therefore used instead. At 75 eand 83 kilo-volts 2 short initial
horizontsl portion was thus made visible in the filtering curve; at
53 kilo-volts no horizontality could be found. The asssociated scat-
tering curve was horizontal for all values of voltage sbove &5 kilo=-
volts. Below this velue S/P decreased with decreasing kilo-voltage.
Thus even for very soft primary radiastion the relationship under
investigation holds.

Experiments were performed to see if a penetrating primery
radistion would also show agreement with the above. The Philips

Metalix Tube 382364 operated on by cpdc. on apparetus II was used.,



5 Al

As thies tube supplied a soft radietion 0°*6 sm. of sluminium were
inserted between the tube aend the 11 nm. of pereffin wax which was the
scatterer. The primery sperture consisted of 4 holes sach 0°6 mm. in

diemeter. The scattering curve end two filtering curves were
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obtained. At 90 kilo-volts :p(%;§n| z 2.0, '"The upper part of
Tigure 49 gives these results. Above 77 kilo-volts the scattering
curve is horizontal. The filtering curve at 72 kilo-volts shows no
sign of horizontality while that at 90 kilo-volts has & well marked
horizontel portion.

The lower part of this figure shows the results of the same
experiment performed without any eluminium in the incident beam, all
other experimental details being unchanged. At 90 kilo-volts:P(%;)nl
= 3+3. In spite of this merked difference in the quality of the
incident radistion in the two experiments no marked difference can be
seen in the results. From this we deduce that the quality of the
incident radiation does not affect the relationship between the filter-
ing and scattering experiments.

In the sbove comparison between scattering experiments and
horizontal regions in filtering curves, we have only considered cases
of the scattering curve where S/P is constant with varying voltage.
There is however the other, and rarer, type of horizontality in which
S/P is constant for a given voltage on the tube and verying mess-
ebsorption coefficlient of the primsry rediation. This is obtesined by
inserting various thicknesses of aluminium between the tube and the
scatterer. This type of horizontelity is discussed above (pp.To-se )
The behaviour of the filtering curves over the region of voltage and
mess~-absorption coefficient which gives a horizontal scattering curve
was investigated. Philips tube 382364 was operated on by e¢pde. on
epparatus II. The primary aperture was 1°5 mm, in diemeter and the
scatterer was peraffin wax, 19 mm. in thickness. The ges ionised
was air, On the left of Pigur; 50 the scattering curve is shown.

At 70 kilo-volts S/P is constant for all values of msss-absorption
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coefficient. Filtering curves at 70 kilo-volts ere shown for four

velues of mess-absorption coefficient. In every caese a2 smooth slope

was obtained. This result would appear to be at variance with those

given above since horizontality in the scattering experiment is not

associsted here with horizontality in the filtering experiment. This
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discrepancy disappears however if i1t is realised that 2 veriation in
the voltage at each point at which filtering curves are obtained,

results in a varistion in 8/P, i.e. with respeet to voltage the scat-

tering curve is not horizontal 2t any point. (This is indicasted by

short broken lines through the points on the horizontal line). From

this point of view the conclusion is that neither scattering nor
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filtering experiment shows horizontality.

Another apperent exception to the rule connecting the hori-
zontalities is shown in Figure 651. These results were obtained with
Coolidge XP3 tube excited by epde. on apparatus II. The scatterer
was 4.7 mm. Paraffin Wax end the primery asperture 1+0 mm. in dismeter.
Abvove 75 kilo-volts S/P is constant with increasing voltage to 90 kile-
volts. When the softer rays are filtered out with aluminium the ratio
drops. In spite of this non-horizontality of the scattering curve
when.:P(%%)Rl & 1+55 the filtering curve et this point shows an initial
horizontal portion. The discrepancy disappeears however when the
scatterering curve is conaidafed with respect to voltage. The short
broken line on the figure indicates that if the voltage at this point
is varied, keeping the thickness of absorbing sluminium constant the
ratio S/P remeins constant. Thus from the point of view of voltage
change we have horizontality in the filtering curve associasted with
horizontality in the scattering curve. This result is not an isolat-
ed one. In every case where a decrease of S/P is produced by harden=-
ing the incident radiation with aluminium &t constant voltage, the
filtering curve shows horizontelity if the scattering curve is hori-
zontal with voltage. It would seem as 1f the voltage-produced-
horizontality is of grester fundamental importance than the horizontal=-
ity produced by filtering out soft rays. The latter shows no
influence on the results of the filtering experiment, while the former

is, as we have seen, very closely connected with it.

EXPERIMENTS PERFORMED ON APPARATUS TIII.

The experiments described sbove have been performed on

apparatus I or II, The conclusions to be drawn are, it appears,
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valid for both. This investigstion into the relationship between

scattering end filtering experiments wes next extended to epparatus
III. As has been noted sbove (p. o ) results obtained on this
apperatus do not sgree entirely with those obtained on the other two.

In the course of many filtering experiments performed on spperatus III

Mr .Stevens has never found any initiel horizontal portion. Marked

horizontality in the scattering experiment has besn obtailned. The

following experiments were therefore carried out in collebpration
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with Mr.Stevens.

A psraffin wex scatterer 8 mm. thick wes used with a primary
aperture of 1.5 mm. diameter. The tube wes Philips 362619 excited
by the epde. appsratus. This combination of scatterer thickness and
of aperture width would not give eny horizontality in the scattering
or filtering experiments if performed on apparatus I or II, Figure
52 shows the marked horizontelity in the scattering experiment. Three
filtering curves were obtained. ©No sign of horizontality could be
found. A very large number of estimations of S/P were made for the
unfiltered beam, and for the beaps passing thro' the thinnest filters.
At 80 kilo-volts the thinnest filter esbsorbs less than 12 of the
primery radistion. It is quiﬁe definite that there is no horizontal-
ity in the filtering experiment on appaeratus III.

The most obvious difference between the sets of apparstus II
and III lay in the size of the ionisestion chambers (see p. !+ )., Those
of apparatus II were therefore transferred to apparatus III and another
series of experiments was performed. The same tube Philips 362619 was
used, and the same primary aperture 1+5 mm. in diameter. The scatter~
er was changed to one 3 mm. thick. Extreme horizontality on scatter-
ing is seen in Figure 53 but none at all in filtering. From the very
repid drop in S/P in the filtering curve at 53 kilo-volts it is clear
that no horizontelity can be expected there. At 84 kilo=-volts the
initial slope though small is undoubtedly resl.

Thus on apparatus I and II we see thet there is a definite
relationship between horizontelity in the filtering and scattering
experiments, i.e. conditions which give horizontality in the scatter-
ing experiment give initisl horizontelity in the filtering experiment.
On apparatus III no reletionship of this kind holds.
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DISCUSSION.

(a) Filtering Experiment.

In the Introduction, deductions were masde both from
classical end quantum theorles as to the form of the graphical result
of the Filtering Experiment. The results obtained agree with
neither theory in every respect. The horizontality, indicating
equality of sbsorption, es predicted by the classical theory appears
only under certain conditions and then only when thin layers of
matter have been traversed. The approximately exponential curve
predicted by the quantum theory appears under other conditions, and
is indeed that most frequently obtained. But a result which shows
initial horizontality ean be turned into one whose steepest slope is
at the beginning by slight alterations of certain conditions (e.g.
size of primery sperture) which sccording to no accepted theory,
have any influence on the result.

To explaein this initisl horizontality on the classical
theory we nmust assume thet subsequent trensmission through matter is
necessary for the evidence of quantum scattering. According to the
simplest form of the classical theory the rays leéving the scatterer
are identical with the primery rays, and therefore no amount of
aluminium in the beams would alter the ratio. Thus the secondery
rays as they leave the scatterer must be modified in some way since
every graph sooner or later shows change of S/P with x, Some other
explanation of the horizontality must be sought. If waveelength be
changed, yet no change sppears in the absorbesbility, (exeluding the
possibility of eny chance compensation against which there is very
strong evidence) it suggests that absorbability is s meassure of some=

thing more fundamental even than wave-length.
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It has been suggested thaet there is some compensation
effect between factors tending to reduce the value of S/P on filter-
ing end those tending to increase it. This compensation would
therefore produce horizontality when conditions were such thet these
factors balance. Were this so, initial positive and negative slopes
might be expected among the results of filtering experiments accord-
ing to which set of factors was the dominant one in that particular
experiment. An examination of very many results does not show even
one in which S/P inereased on filtering, nor does it show any
evidence of & smell decrease of S/P initially i.e. & small negetive
slope (except under trensition conditions). For smsll thicknesses
of matter traversed the ratio of the secondery and primary ionisations
is either constant (within nerrow limits of accuracy) or else it
decresses rapidly with increasing thickness of matter traversed.
Cesreful experiments have been conducted with the express purpose of
detecting slight deviations from the horizontality (if they exist).
The greater care and accuracy attained only serve to confirm the
horizontality.

It is known that the smaller the primary aperture the
greater the chance of horizontelity. The most likely way in which
the aperture could affect the results would be by altering the mass-
absorption co-efficient of the primery beam. Direct experiment (by
measuring the thickness of aluminium required to reduce the ionisa-
tion of the beam by 50%) does not show any influence of the size of
the aperture. It is, however noteworthy that this horizontality
only extends over at most, 20/ diminution of the ionisation of the
primery beam. Two graphs, recording results of experiments in

which the only differing factor was the aperture, have very different
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values of S/P for smell thickness of filter, but when 50% of the
primery beam has been absorbed, little difference can be detected.
Thus it 1s, that this method of measuring mess-sbsorption coefficient
shows no difference between these cases. Therefore & very thin
sheet of aluminium wes inserted in the primary beam in the two cases,
of wide and narrow apertures, and the percentage ebsorbed was
measured. The accuracy of experiment was unfortunately not
sufficiently high to state definitely the difference. It is very
small, but must be present to sccount for the difference in graphical
result. The physical difference between widé and nerrow apertures
is chiefly in the ionisation processes. When the beam passes through
a very narrow aperture the lons in the chamber are formed outside

the beam. But when a wide beam enters the chamber the ions are not
entirely outside the beam. Radiastlion therefore falls on the ions
themselves. The consequences of this important difference in the
ionisation processes are not yet known.

The scatterer plays the part of a filter ss well as a
scatterer. But the influence of the thickness of the scatterer on
the results cennot be due entirely to its filtering power. If 3 mm,
of peraffin wax sre inserted between the tube snd an B8 mm. pereffin
wax scatterer, the rays pass through 11 mm. of wax, and yet the
results obtained sgree entirely with those for an 8 mm. scatterer
and are unaffected by the extras filter inserted between the tube and
secatterer. (FPigure 49 gives the results of experiments in which the
effect of aluminium between the tube and scatterer is investigated.
It also shows that it is the thickness of scatterer which actually
sends rays into the secondary chambers that is effective)

When we are considering the effect of the thickness of the
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scatterer, the influence of multiple-scattered radiastion and obligue
rays from the scatterer must be reviewed. But these rays are
softer than the ray scettered once 2t an angle of 90° to the primary.
Pherefore instead of these fsctors tending to keep /P constant, they
produce an effeet which must tend to make S/P decrease more rapidly
than anticipated for samell thickness of aluminium.

It seems therefore unsatisfactory to attempt to explain
the results of these experiments by the processes postuleted by the
clessical and quantum theories. Even & qualitative explenation is
elmost impossible while & guantitative discussion is out of the
question. We can only coneclude thet ionisation and absorption
processes for heterogeneous beams are not the simple phenomena
postuleted by either the clessicsl or the quantum theory.

Thet this equality of absorption of secondary snd primery
beam is & reality is shown by the following considerations.
(1) Over this initisl region either the rate of decrease of S/P is
greatest or it is non-existent (except under transition conditions
in which the apparent "shoulder" effect is most probably due to a
very short initial horizontality, less than one filter thick, and
then the usual decrease occurs). Lines of small positive or negative
slope do not occur.
(2) The most careful measurements of S/P only confirm the equality of
ratio. No systematic variastion has besn found.
(3) The conditions controlling this equality of absorption are
definite and simple - thin scatterer, thin absorbers, small apertures,
and penetrating rays.
(4) Slight variations in the energy-wavelength distribution of the
beam e.g. by use of another tube, do not affect the phenomena.
i

(8) + s dePnanl..j connected with the khenomena of the

S(‘Qﬂ'ﬁv"tnj 2ex be. mehl' :
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The J. Discontinuitlies.

Many of the workergnin this laboratory have recorded the
appearance of the J. Discontinuities. These occur st certain
definite thicknesses of aluminium in the filtering experiment. These
are shown in abrupt changes of S/P of the order of 7. Between
these discontinuities the value of S/P may remsin constant, or may
decrease in an approximately exponential menner.

One of the most important festures of this phenomenon is
thet it is reproducible over short periods only. Identical experi-
mental arrangements produce identical results for a short period and
then the type of result obtained changes. Although several factors
have been found to influence the result no single condition has been
found to control the appearance of this phenomenon.

These discontinuities however, when they appear tend to do
80 8t certain definite values of the mass-absorption coefficient of
the primery beem. Thus they would seem to depend on some statistical
property of the beam, which is most probably not yet recognised.

It is clear that no experiment described in the preceding
pages shows an example of this phenomenon. There are discontinuities
of gredient in the filtering graphs, but none of absolute value.

This is also true for the many filtering experiments which have not
been included in this work. As far as possible conditions were made
identicel with those in which discontinuities had been recorded by
Miss Mackenzie and Dr. Kay. But no discontinuity in the ratio of

the intensities of ionisations has been found.

m S=e pg vs.
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(b) Scattering Experiment.

It might be suggested that the constancy of the value
of S/P in the scattering experiments, when the only variasble is
the voltage is due to & compensation between various factors each
of which tends to alter this value. Chief among these factors
are, the scattering coefficient of the modified beam, end slso of
the unmodified, the ratio of modified to unmodified secondary rays,
the ionising power of the various wave-lengths, the polarisation of
the primery beem, the percentage of re-scattered radiation, and the
fraction of radiation absorbed in the scatterer. Over the range
of voltage used, (normally 30 KV to 90 KV, which can be extended to
20 to 100 KV) some of these factors vary by 2 considerable fresction.
Yet we know S/P does not vary by 1% over a range of voltage where
there is horizontality. This range varies according to the condi-
tions but is freguently very extensive. The approximate magnitude;.
in the varistion of these effects is, scattering coefficient 30 ¥,
ionising power 50%, polarisation of the primary beam 8k . This last
megnitude hes been obtained by Khubchandanilénd Pafﬁln this labora-
tory. The ratio of modified to unmodified scatterer| may vary by
fully sﬁiﬁnder the conditions of the present work. Also with a
scatterer of some 5 mm. in thickness when a beam of medium hardness
is used there may be as mmuch as Sguéf the total scattered rasdietion
in the form of twice scattered radiation. This effect of polerisa-
tion nmust be considered more deeply.

It is well knowgﬁthat the primary beem of raedistion from
an x-rey tube is pertially polerised. It may be considered to

consist of two parts, one unpolarised, the other plane polsarised,

with the electric vector parallel to the cathode stream. When the



latter is scattered no rays from it enter the secondary chamber,
(placed as in these experiments) which therefore registers only the
rays scattered by the unpolarised component. The percentage of
polarisation of the primery beam is grestest for low voltages and
least for high. Thus the fraction of the beam which is effective
in the secondsry chamber incresses as the voltage incresses. The
experimental results must be corrected for this effect before they
cen be compered with the theoretical predictions. Only & roughly
quantitetive comperison is attempted here &s high accuracy is
impossible owing to the heterogeneous nature of the beams.

Let Su denote the ionisation produced by the secondary
beam from the unpolarised portion.

Let So denote the ionisation which would be produced were
the polarised component replaced by one of equal intensity but
unpolarised.

Then Sc¢ = Su+ So,
where Sc¢ denotes the entire secondary besm, aessuming the primery,
unpolarised but unchanged in intensity.

Now the deduction from the simple classicsl theory to the
effect that

S/P = constant
for all wavelengths, assumes that there is no chenge of polarisestion
of the primery beem with wavelength, i.e. Sc is considered. But
the experimental results give the ratio Su/P. Rewriting the above
egquation we obtain

Su So
5 s constant 5

The term So/P decreases with decreasing voltage. If Pigures 24-26
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are considered 1t is seen that this shape of curve is obtained when
wide apertures and thick scatterers are used. Thus to a first
epproximetion the classicel theory is found to account for the
experimentel results under these conditions, but it is under these
conditions i.e. wide apertures end thick scatterers that the results
of the progressive absorption experiments showed the difference of
asbsorbability to be expected on the guantum theory.

It also follows that the extensive horizontality obtained
with epperatus III (Figures 2w ) which st first sight appaéred to
agree with the classicel theory is modified when the polarised

portion is considered. These experiments show that

Su . constant.
P

Se , Sut Se ,
P P

i.e. constant |, So

P
i.e. the result corrected for polarisation is a curve concave

upwards with the greatest ordinate for the lowest voltage. This
does not agree with either the classical or quantum predictions.
Certain well-marked features of the experimental results
remein unexplained by either theory. The sudden relative decrease
in the ionisetion produced by the secondary beam at low voltages
(e.g. Figure 29 ) cannot be attributed to polarisation sinece the
latter hes no abrupt change at any point. Also the voltage below
which this sudden decrease takes place is not fixed but depends on
other factors.
It is obvious from the ebove considerstions that a compen=
sation of the nature described on page I'o does not take place.
Also were & horizontal line due to a perfect compensation, we should

expect slight alterations in the conditions e.g. & different energy-
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wavelength distribution due to the use of a different tube, to cause
slight deviations from horizontality. This is never observed.
Either the graph of S/P shows horizontality, with perhaps & sharp
decrease at low voltages, or it is curved concave downwards. Even
the low voltage end of such & non-~horizontal result differs from the
low voltage end of & graph with horizontality &t higher voltages.

The results of the scattering experiment are remarkably
simple. Over a definite range of voltage the rsetio of the ionisa-
tions produced by ;he secondery and primary beams is unchanged. The
conditions of size of aperture, thickness of scatterer, and apparatus
employed, determine the precise range of voltage over which this
equality extends. No other factor has been found to modify this
equality of absorption. _

Perhaps the most convincing proof of the reality of the
constaney of the ratio S/P in the filtering end scattering experi-
ments is the close connection which has been demonstrated hetween
these phenomena. On apparatus I and II the conditions favourable
to initial horizontality in the filtering experiment are those of a
point on the horizontal portion of & scattering curve. No chance
compensation effects could be related thus. Yet on apparatus III
no horizontality has ever been found in & filtering experiment.

This seeming discrepancy can best be removed by essuming that the
initial equality of absorption on apperatus III is real but so smsall
that however thin a sheet of a solid absorber is used too big a percen
tege of radiation 1s absorbed for this to show. Absorption by air
(if practicable for purposes of messurement) would almost certainly

show this equality of absorption.



There is no doubt that the most important part of this
work has been the determination of the systematic differences between
the results as obtained on different sets of apparatus. This 1is
consistent with the apparent discrepancy of results obtained by
different workers in this laboratory, who have used different sets
of apparatus nwnder different conditions. This is the first time
that a systematic investigation has been carried through into this
most important point. Careful attempts have been made to isolate
the portion of the spparatus which is effective in producing these
differences. The transfer of the various parts of the apparatus
(tubes, scatterers, spertures, ionisation chambers) proved thet none
of these was the effective factor. The only other considerations
are, (a) the configurestion of the sereens and (b) the actusl locstion
of the apparatus in the laborsastory. The former is unlikely since
there seem to be no deteils of configuration which are common to
apparetus I and II and absent from III. The latter consideration
erises from the fact that apparatus I and II are in the same room
on ground level, whereas III is in another section of the building
partly below ground level. An apparetus of similer dimensions and
configuration to apperatus III hes recently been built in the same
roOo. It has not been used by the writer but has given results
which agree with apparatus III and not with I or 1I. The idea that
the sctual location is of importance is admittedly an unlikely one,
but it is the only remaining difference which appears to be of
significance. If one complete apparatus could be transferred from
one room to another, the repetition of the experiments described
above would solve this problem.

The above work makes it clear that while the present



theories afford & feirly asdsquate explenation for experimentel
findings with homogeneous radietions, they do not account for the

results obtained from experiments with heterogeneous X-radietion.
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