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PART 1. THEOKY OF EXPERIMENTS.

HISTORICAL INTRODUCTION .

After the discovery of Xe-rays by Rontgen1 in 1895,
the main properties of the rays were at once estab-
lished, namely their power (a) to cause fluorescence,
(b) to affect a photographic plate, (¢) to ionize
gases, (d) to penetrate, in varying degrees, matter
placed in their path and (e) to cause such matter to
become a source of secondary Xe-radiation. The problem
of establishing the nature of the rays was not, however,
an easy one. In the light of the physical knowledge of
the period, and the earliest known properties of X-rays,
these rays could conceivably have had either a corpus-
cular or a wave nature. That they would at a later
period be explained partly in terms of corpuscular con-
cepts and partly in terms of wave concepts could not
at that time have been anticipated.

In 1897 G. 5tok632 advanced the view that X-rays
were thin pulses of electromagnetic radiation and were
thus akin to light. JeJe Thomson, whose important
researches on ions threw much light on the subject,
laid the foundation for future work by giving mathe=-
matical form to the electromagnetic pulse theorys,
showing that the abrupt stoppage of & rapidly moving
charged/
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charged particle, (such as the cathode rays were known
to be), would give rise to an electromagnetic pulse of
definite energy. A much fuller treatment, given by him
in 1903? extended the theory to include the scattering
of X-rays and the absorption of energy from X-rays by
charged particles. The rate of energy flow per unit
area for rays scattered from such a pulse by an ion was
given as

\ . e,i_fl,-.jt/'nz@ _ i ) - (,)
4 V. op*

where U 1is the velocity of light, OP the distance
from the scattering ion, / the acceleration of the ion,
e its charge in cem u. and 6 the angle between the
directions of the acceleration and the scattered ray.
The total energy radiated per unit volume of scatterer

was, for an assumed form of pulse, shown to be

4 e’k _ (2)
3 =
where n 1is the nucber of ions in unit volume of
scatterer, each of charge < and mass m , and where L
is the energy in the primary pulse per unit area.
An equation for the loss of energy from the pulse on
account of absorption of energy by charged particles
was developed for an assumed form of pulse,

dE

— — A E (3)
d

where x 1is thickness of absorbing material and A

depends/
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depends on the properties of this material and the
character of the pulse.

Expression (2) shows the scattered energy to be
independent of the pulse thickness (or quality) of the
primary radlation, a condition frequently referred to
subsequently as "perfect® scattering. 1In (3) h is
shown to increase as the pulse thickness increases.
Different degrees of penetrating power or hardness of
X-rays are thus accounted for.

The wave properties of Xerays were first con-
vincingly shown by C.G. Barkla in the polarization
experiments of LQOBS. The quality of the seconiary
rays when scattered by light eiements had alrealdy been
found by him to be closely similar to that of the
primary rays.e The angular distribution of scattered
rays from sof't primary beams was shown by him to follow
over a wide range of angle a ( ! + o5 0 ) law obtained
by a development of expression (1)7. In general, so
long as the scattering materiai was of small atomic
welght and the penetrating power of the radiatiocn not
too great, very satisfactory agreement was obtained by
Barkla with the Stokes-Thomson theory of X-rays, and
this theory, in consequence, gathered prestige.
Barkla's early and fundamental experiments on total
energy of scattered radiation indicated that the
scattering ions were in all probability particles

having/
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having the charge to mass ratio of the cathode ray
particles, later called electrons,

Other experiments provided evidence of a different
kini of secondary radiation. It was observed that when
the scattering material was of medium or iight atomic
welight, the secondary radlations were usually ani some-
times very markedly less penetrating than the primary
beams by which the secondaries were excitadg. The
effect was described as a transformation of the primary
radiant energy and was successfully interpreted as the
X-ray counterpart of optical fluorescence. The work
of Barkla (1906) and of Barkla and Sadler (1907 and
1908) showed that the transformation was due to the
excitation of homogeneous radiations characteristic of
the scattering material, and that the complete secondary
radiations under these conditions consisted partly of
the characteristic radiations and partly of scattered
radiation conforming closely to the predictions of
Thomson's theory. The two types of secondary radia-
tion have sharply contrasted properties. The chief of

these are given here in a comparative table.



SECONDARY RADIATION
FROM ELEMENTS OF LIGHT
ATOMIC WEIGHT,

(1) Penetrating power
exactly or nearly
the same as that
of the exciting
primary.

(2) Quality that of the
primary, i.e. hetero-
geneous .

(3) Total energy pro-
portional to energy
of primary and in-
dependent of pene-
trating power of
primary, within
wide limits.

Total energy given
by expression (2)

(4) Intensity varying
with azimuth. For
sof't radiations
agreeing well with
expression (1)

(8) Varying in intensity
round a polarized
beam,

5.

SECONDARY RADIATION FROM
SLEMENTS OF MEDIUK Ok
HEAVY ATOMIC WEIGHT.

(1) Penetrating power
different and usually
much less pensetrating
than that of the
excliting primary beam.

(2) Quality remarkably
homogeneous.

(3) Total intensity de-
pendent on the pene-
trating power of the
primary. kmission con-
ditional on higher
penetrating power of
primary, following
Stokes' Law.

(4) Uniform intensity
at all angles.

(8) No variation in in-
tensity round a polar-
ized beam.

Distinction between the two types of secondary radia-

tion was therefore in theory at least an easy matter.

The characteristic radiations varied in a serial

manner wWith the atomic weight of the scattering sub-

stance, becoming more penetrating as the atomic weight

of the scatterer increased. They were shown by Barkia

to fall into two series, finally named the K and L

series. For any element,
trating than the latter.

was/

the former was more pene-

The K , L nomenclature
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was advocated by Barkla as preferable to the original
symbols, "as it is highly probable that series of
radiations bbth more absorbable and more pensetrating
exist'.lo Sstrong indirect evidence of the existence
of an M series less penetrating than the L series
had already been observed. 7The position with ;egard
to a J series more penetrating than the K series
was somewhat different.

The hypothesls that a Jg series of radiations
existed was of particular 1n£erest. for such a hypeo-
thesis would explain one persistent feature of the
observations which had been noted even in the earliest
papers. The Thomson theory predicted 'perfect' scat-
tering of the primary beam, and without guestion, the
secondary radlation from light elements was of a
quality so closely dependent on the gquality of the
primary as to be regarded as 'perfect' to a first
approximation. Nevertheless, careful comparison of
the penetrating powers of primary beams and of secondary
beams derived from these primaries seemed to iniicate
that the secondary was slightly the less penetrating
of the two. ouch results might be consistent with
the Thomson theory, it was thought, if the presence
in the secondary beam of a small proportion of char-
acteristic radiation belonging to a J series could be
established. The fact that the discrepancy in the

penetrating/
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pOyers of primary beams.and of secondary beams derived

from Yhese primaries seemed\ to indicate that the second-

ary was Nightly the less peno{rating of the two. Such

results migiN be consistent with Yhe Thomson theory,

it was thought ,\lf the presence in t secondary beam

of a small proportdQn of characteristic
belonging to a J seriexs
: ae penetrating power
increased perceptiblysand the detectable primary polar-
ization diminished,when the primary radiation was made
more penetrating was also consistent with this hypo-
thesis. There were, however, alternative hypotheses,
namely, (i) that the softening was a spurious effect,
introduced in some way by the conditions of the experi-
ments, e.g. by tertiary rays, or (ii) that the scatter-
ing was actually less 'perfect' for harder rays. The
discussion of this point begins in Barkla and Sadler's
paper of 1908.
The suggestion that some transfm of radiant
energy took place in scattering froQ¥g§f~wa8 first
made by.Sagnacllin 1897, and by Townshendlzin 1899.
References to the question occur in papers by Barkla
from 1904 onwards, but a thorough experimental investi-

by him
gation was not embarked uponbuntil after the work on
characteristic and corpuscular radiations had been

brought to fruit. Certain results published by Barkla

in/
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in the Bakerian Lecturels(l917) focussed attention
once more on the problem of the existence of J char-
acteristic radiations. Observations of the ratio of
the energy of K corpuscular radiation to the energy of
K primary absorption showed first a rapid increase, and
then a sudden diminution, as the wave length of the
primary was decreased. The dependence on wave length
was in itself strongly suggestive of the influence of
a characteristic radiation, and the appearance of the
graphs was equally so. Confirmatory observationsl*
were obtained in experiments on the relative ionization
of ethyl bromide and air, and in a number of other
similar experiments. All indicated that the effect
occurred in air. Professor Bafkla was naturally per=-
suaded that a new more penetrating series of radiations
had been discovered, and expressed himself fairly
definitely on the point in the Bakerian Lecturse.
Meanwhile research in collateral fields of in-
vestigation began to throw light on the ﬁroblem. The
o - particle investigations of Lord Rutherforé? and
the attempt made by Bohrl6 to interpret atomic line
spectra, led to the formulation of the very successful
Bohr -Rutherford theory of the atom. Upon this theory,
characteristic radiations arise from the emission of
energy by electrons 'falling' within the atom from a

higher to a lower energy level. The frequency of the

emission/
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emission was related by Bohr to the amount of energy
released, thus: hv = E —F, in which h is Plank's
constant, v the emitted frequency, E the energy of
the electron before its 'fall', and E,, the energy of
the electron after its 'fall'. To account for the
line spectra, Bohr introduced a quantization of elec-
tron orbits by equating the angular momentum of the
electron about the nucleus to an integral multiple of

4vzw , and thus derived the equations: -

r = 2
s LT Y €

L ey 2
E = 27 €L m
h " h*

where e and m are the charge and mass of the electron,
Z the nuclear charge in electron units, n the integral
multiplier, r_the radius of the electron orbit (assumed
to be circular), and E_the energy of the electron in
this orbit. From these relations it follows that the
maximum fregquency is emitted when the energy release,
E, -E, 1s a maximum and that this condition is real-
ised only if an electron ffall' to the lowest energy
level, that ist:the orbit of =+ =y and of smallest radius.
From this theory a value can be deduced for the Rydberg
constant. The value so obtained agrees remarkably well
with the value given by the optical line spectra of
hydrogen and helium. By applying the same theory to

the heavier atoms, excellent agreement is obtained with

the/
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17
the refined X-ray spectroscopic observations of Moselsy

for the K series of characteristic radiations, provided
that E,  be taken as the electron energy for the inner=-
most orbit. If the implications of this theory are true
and the K series of characteristic radiations are emit-
ted by the 'fall' of 'planetary' electrons to the inﬁer-
most orbit, no characteristic radiations of higher
frequency can be accounted fo:r"ﬁy Ttus il i
::?f;;ries—is—$hua—ruéeé—eu%. The Bohr -rutherford
theory of the atom has proved to be an entirely sound
step in the development of atomic theory, and the pas-
sage of time has only confirmed more definitely the
predictions based upon it regarding J radiations.

Nevertheless, the anomalies observed by Professor
Barkla continued to be seen],-8 although it soon became
evident that "with all the similarities to the pro-
duction of X-ray fluorescence, striking differences
have appeared®. Thet;hgzéfziziéﬁonee—w&&-%hat, under
conditions which proved difficﬁlt to define, a sudden appoxent
increase in absorbability was produced in heterogeneous
beams by filtering to a sufficient extent. The effect
therefore came to be known as the J phenomenon, or as
the J absorption discontinuity.

Of all the various experiments used by Professor
Barkla to display and study the phenomenon, two -
particudar have been continuously employed over a long

period. These are known as the scattering experiment

and/
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and the filtering experiment. Both of these have given
results different from what might have been expected.
Since most of the present writer's work has been con-
cerned with these two experiments, an account of our

knowledge of scattering and filtering must now be given.

The theory of scattered X-rays.
§, X 05 developed by Barkla
J+«J+ Thomson's theory Atreatﬁg of the scattering

of X-rays by free and independent electrons, and gives
the intensity of.scattering of an unpolarized incident
beam. If the unpolarized incident beam has intensity
I, then the intensity S due to scattering by a single
electron, at distance r from the electron, and in a
direction making angle ¢ with the direction of the

primary beam,is given by

I eqm. ct (' * C002¢)

where e is the electronic charge in e.s.u., m is the
mass of the electron, and ¢ the velocity of light.

When n independent electrons per cubic centimetre are

scattering, the intensity becomes S = I 7ef (1t coa®P) per <c. of scalferer

2rr*pFCc?
fe——'h!—-,

e

By integrating S over a closed surface surrounding the
n electrons, the power P, in the scattered radiation per

cubic cm. of scatterer is evaluated as F;::]f%r ’1524

. ) _ B _ gwmne”
Hence the scattering coefficient o~ = R

per eubie cm. of scattering materialy a fovmula wrdependent of wave &..?rn;,

Now/
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Now it appears that while the condition of freedom can
be said to hold approximately for the orbital electrons
of the atoﬁf the condition of independence is not so
readily satisfied. For longer X-ray: wave lengths . the
intra-atomic distances are comparable with the wave
lengths and interference will take place between the
scattered waves from neighbouring electrons. Indeed,
should the wavelength be long by comparison with the
diameter of the atom,the electrons will combine to
scatter like a single charge of Ze, Z being the number
of orbital electrons and e the electron charge. In this
extreme case the_intansity of scattering per atom will
be Z times the intensity given by Z independent elec-
trons. The well known fact that o , the scattering
coefficient, rises slightly with increasing weve length
and more rapidly as the atomic numberlgof the scatterer
increases has always been explained as a break down of
the independence condition:. .

Just as the nature of an optical interference
pattern can give information about the disposition of
the sources of interfering light, so the distributicn
of scattered X-rays can give information about the
disposition of scattering materiaf%o i.e. electric
charge, within the atom. This information appears in
the form of a time average of charge density for a

given distance from the atomic centre. By using re-

fined observaticns of the scattering from different

maotevaals/
X Ie. in the early sfages of Me experimonfal Work ha &is;e;n;ngy_ "i:_z_fw_ee_r;_rié‘;;—;;?

experiment called” for a considerafion of the nfl in
spechant d_h : rafion  of nfluence of b d-lﬁ J’j:cc.s " ?H!:'PI"J'
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materivals, amongst which crystals and the inert gases
are speclally important, a great deal of information
has been obtained about the extra-nuclear structure of
atoms. In this way the 'three body problem', not to
mention the many body problem, which twenty years ago
seemed to block the study of atomic structure, has been
short circuited.

But before this work was started, & new type of
X-ray scattering known as incoherent scattering was
discovered by A.H; Comptonglin 1922. He observed that
under spectroscopic examination the rays scattered from
a monochromatic primary of wave length %.consist, in
general, of two wave lengths, one, N\ being the same
as the primary wave length, and the other, W slightly
longer. A theory of this scattering in terms of part-
icle impacts and de Broglie wave mechanics was given
by Compton in 1923. The change of wave length pre-
dicted was

= N-A\ = ;fLTc,("_ cos P) = 002y (1—cea @)
where ¢Jis the angle between the primary and the
scattered rays, and the other symbols have their usual
connotation. ¢\ varies only with ¢ and is independ -
ent of the scattering material and of the primary wave
length. The agreement between theory and experiment

(4hJmqr#m4uka—ﬂnL4heqw3Hh*hpuintréknrfodedhaaduungduny

was excellent,
Under the stimulus of this discovery and in the

light/
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light of the new quantum mechanical and relativity con-
ceptions, attempts were made to work out a more adequate
theory of scattering. It had already been shown by Deﬁ?e
(1916) and Thomson (1917) that the intensity of scat-
tering from a group of electrons could be expressed as

a function of %;aéﬂ_gl. In 1927 Schrﬁdinggg published
a wave mechanicsl theory, based on de Broglie?: wave
mechanics, for the scattering of X-rays from free elec -
trons. This theory accounted for the production of
incoherent scattering, the intensity of the incoherent
scattered wave being S = So(!+dm¢)'3 = S, (%')3
where S, is the intensity of Thomson scattering, 95 the

angle between scattered and incident rays, and o(::s%Z,
CZ,

The incoherent scattered wave was shown to be plane
polarised in the same plane &s classically scattered
waves. In 1929, using Dira325 wave mechenics, invariant
with respect to Lorentz transformations, Klein and
Nishing.6 arrived at the formula for the intensity of
incoherent scattering:

o vrena’ @

S = 5, (1 +x vero ¢)—3[’ T U+ coa’p)(! +xvera )|’

the additional term in this expression giving the
intensity of an unpolarised ray.
27 28
Wentzel and Sommerfeld have carried the develop-
ment of scattering theory to a more advanced stage by
working out the case of scattering by electrons subject

to binding forces. Their conclusions are most simply

stated/



stated in terms of the electronic structure factor

=/]](\,lj‘ *) cov (k,acou)dt
Yy being the wave functidn ,t//y the electric charge
M7k
distribution of ovlevr K |
density'\ and k,aceoc the phase corresponding to the
ovex
volume element dY . Two summations of f,  £er the
of e alom
Z electrons’\a.re required to express the scattering by
atoms. The first of these is the atomic scattering
factor F = {Z f ] the second the incoherent scatter-
ing function Z("fm) . Va.lues for F have been com-
puted by James and Brindlay for most of the light
atoms and ions. Values of E[ﬁ\ i) for the incoherent
Z
scattering function are given in Compton and AllisonS?
page 782. The theory of Wenzel and Sommerfeld has
31
been supplemented by Waller, who develops an electron
“ESoqwt £,
spin correction term nreducing slightly the modified
intensity. The complete theory then gives the un-
modified intensity S, , and the modified intemnsity S,

as follows.

Sy = SoF”,
szSo(|+d“W¢53{Z“éfK: Zéf pi s =t )H

kx( kL (H’COS@)( I+avers P

S, being the Thomson scattering per electron.

These formulae agree with experiment as far as
they have been tested. Observations of the scattering
by the monatomic gases a.gree with the predictionmns of
total scattering (coherent and incoherent rays) given
by the wave mechanics theory, assuming Hartree's 1110(16158

of/
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of the atoms. The coherent scattering alone, observed

in crystal structure intensity measurements, also gives

satisfactory agreement on the basis of Hartree's theory;

and the diffuse scattering observed in crystal structure

photographs has been shown by Wollan to agree with the

predicted intensity of the incoherent rays.

Polarizetion tests are satisfactory throughout the

range of testing, but the “hard end polarization has

not been tested so far. As to the intensity of the
‘hard’ end scattering, the results of Chao®* and of Read

and Lauritsenss

are apparently in good agreement with
the Klein Nishina formulsa.

Unfortunately, the data on F and on the incoherent
scattering function are available only up to values of
jkﬂvﬁ %,:; I-l . This gives information for scattering
at 90° for wave lengths greater than 0.84 EU, and none
for the rather important and difficult region 0.11 <

X < 0.64 AU.
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Calculated intensities of scattering per electron
have been evaluated from the formula of Wentzel and
sommerfeld for the light scattering elements and come
pounds used in the present research, see Table VIIland
Figure 30a. For reasons to be explained later (pages
18.12) the recoil factor is treated as unity. Waller's
term is not computed since its value is not known, but
from data given by Waller in his paper, the term is not
significant for wave lengths shorter than 1.2 AU.  and
may amount at most to a 1l0% reduction of the modified
scattering of long waves. Here a B% reduction at
1.6 A.U. is taken as an ample allowance,

The predictions of theory as given by Table VIII
for variation of intensities of 90° scattering with
wave length aret

(1) for hydrogen, constant scattering ratio,

(2) for paraffin, carbon and filter paper, very slow
increase of scattering as A increases; all three
giving the same scattering up to 1.2 AU.  but diverging
somewhat for longer wave lengths,

(3) for aluminium a more rapid increase of scattering
as A increases,

For heterogeneous beams the principle of super-
position is applicable. This impiies that when hetero=-
geneous beams are scattered, the scattering of the whole
beam should be the sum of the scattering of its homo=-
geneous constituents. As penetrating constituents are

removed/
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removed from the beam the scattering should increase;

as soft constituents are removed from it the scattering
should diminish. f%The only factor not taken into
account so far is the differential absorption of modi-
fied scattering (see p.i8a.), but this for thin scatter-
ers should not be important,

The scattering experiment as performed by Barkla's
research workers has been found to give under certain
circumstances and especially but not exclusively with
thin scatterers, what appears to be a constant scatter-

ing ratio over a wide range of penetrating powers and
with very different beam constituftans. 1t has also
been found to give what appears to be a decrease in
scattering ratio as the primary beam is softened.

A discrepancy clearly exists between these inter-
pretations of experimental facts and the predictions
of theory. Other difficulties (to be described later)
have arisen in absorption experiments. This situation
has called forth the suggestion from frofessor Barkla
that the principle of superposition is not applicable
to heterogeneous beams. The need for further investi-
gation is clearly indicated. A study of the scattering
experiment has therefore been undertaken by the writer,
and forms the main part of the work reported in this

thesis.

THEOKRY /



Theory of X-ray absorption.

Absar l'm-n homogeneous beams,
unda.ment.a.I eq_ua.tion of X-ray absorption !—.-s-

g | ‘—'}\-’ "l—'.

empi-pi—e-&l-ary-&e-ri-iﬁ-eé—&ﬁd gives the fra.ct:l.ona.l losé of

power when a monochromatic beam of wave length A and
power P, passes normally through a sheet of matter of
uniform thickness abe 5
_ 4P
_E — /14& 3
where/u is a constant for a given absorbing material

and/



and for the given wave length. Integrating this equa-

tion we obtain

where P is the power after traversing thickness x of
the absorber. This equation is usually applied in one

of the two forms

e px
P = P e’
M = L g P,
or . Px {oge e’

for’the density p or the surface density px is easily

determined, and 4 the mass absorption coefficient is

73
a constant for the chemical element used to absorb, and
depends only on A . This law was tested on homogeneous
characteristic radiation by Barkla56 and his collabor -
ators in the early years of the century, and since then
maeny further tests have been made on homogeneous beams
given by single and double X-ray spectrometers.37
It is well known that the experimental ccnditions

must be strictly controlled58

if a unique value of ﬁ%
is to be obtained for a homogeneous beam of definite
wave length.

(1) The aperture system must be relatively small, for
if the angle subtended at the ionimation chamber by
the irradiated absorber is large the measured inten-
sities are increased by the scattered radiation re-
ceived through this angle. The radiation will then
appear'harder'than if a narrower aperture system were

employed .«
(2)/
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(2) The beam must be approximately parallel, other-
wise the thickness of absorber traversed by the differ-
ent rays is not uniform.

(3) The chemical purity of the absorber is important.
This is specially true where aluminium (with a common
impurity of iron) is used as the standard absorbing
material.

The theory of the mass absorption ooeffioient,ég,

as Follows . .
is sise—empiricsl. Energy absorbed from bﬁb primary monochvomalic
aloeured Gg fhe phefoeleckvic zfect and wsed in
beam becomes (1) the energyhpequére&~for the production
amd. of charaderustic X-roys
of iongv called true absorption, and (2) the energy of
the scattered X-rays. If u is the fractional change

of power per cm. of absorber traversed, o the fraction
of power scattered per unit thickness and v the frac-

tion of power used in ioniwing per unit thickness, then

“w = 0~ + T

T
or /’% - P £ . ; -
elassical Meovy %?= g -N,;ﬁ-lf-f (e.5.u) (';f_""ere Nis Avogadva’s number. Insenting k:hku‘;‘:_

(e 5
According to -'Ehe-m&orrl-s—e-a-}e«&a-%-ienh & = 0.2. The values of

experimental value varies, being less than 0.2 at the

a-..‘-

herd end and increasing much above 0,2 for long waves

and heavy atoms, where, in fact, the independence con-
dition of éﬁ::kg; scattering breaks down. If % be
plotted against A, the form of the graph is approximately
that of ﬁ% o A 89 The exact power can be obtained
from a double logarithmic plot. At the K critical
absorption wave length the value of f% drops suddenly

on the long wave length side to a fraction of its value

on/
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on the short wave length side. The absorption jump
ratio r is the ratio of % on the short wave length side
to ;‘%’a on the long wave length side of the critical wave
length. It gives a measure of the increase of true
absorption on account of the K absorption. There are
excellent tables of both x«

r
pp. 799-802; 521-525; 528-529.

and v in Compton and Allison

The approximately cubic relationship between /;g
and A\ 1is of special interest in connection with in-
tensity measurements of incoherent scattering. Let us
consider a primary of intensity I and wave length A ,

scoktoned
producing either a classical s-tenﬂ-e—rd—me of intensity

n3
S wave length A or a modified ray of intensity L_]U—))S 1§ the alnariion of

] t I‘h&u_ {so maaa Mm
wave length N . | Zhe intensity absorbed in an 10n1Z&9,. i, and cmigdin

Them o wel —and . b
tion chamber from theee—sm“%&—w s (1 - e’u) chamben o negligilte

I3 X '
and (%)..S.(h— e’ Y, and &' being the linear absorp-

tion coefficients for the wave lengths XN and N in the
ionized gas, { being the iength of the ionization
chamber. For wave lengths giving an appreciable in-
tensity of modified scattering s and «' are small.
for the light gases. If moreover ¢ is small (as it is
in the chamber used here) the ratio of the absorptions

of modified to classical scattered waves is
o 3 ‘'
(_l' (1-e’ ﬂ) - (_1_’1) g (1')3. (L\_)n
Vi1 = e ) ¢ V), * vV N

where n has a value of approximately 3. Thus the

g|s

absorption ratio has a value approximately unity, and

to/

x Ne‘a{ec‘_“r\_c? torvzalion chambesr tossc.s? Nl’r\.i’CLL will be @Pu;abi)‘ IRe

Aovm c'f.ﬁa"%.ﬁ& Deains.



19. 33

dasﬁlcaJ Mld 'mocltFted sca.ﬁened. md.;.qf‘crm

to a first approximation i8S 2 e
produce equal iovizalions & The_ sca.i-tmct w’a.ve mcuj lken be fYCc\rcd. as a

ioal-seatboning. scalloned wave eycept whon Whe absorpfion belween
seallenen and 1onizalion chasmbena is suffigient 1o mlnoduce Mmm“b]y

different yveduchions n Ihe tmdénodies of modikied and v naod 1 Reed Yays.,
The Jaltor condilion will be nfoved & as diffrevdial absofbiow of wodifad Yoy

Absorption of heterogeneous beams.

In the present work all the X-ray beams are hetero-

per umik vamge of wowe lmgin
geneous. If in such a beam Ehls the power of the radia-
hen Ak ¥ e ot wave G

tion of wave length A the powerbfl of this constituent

~Heenofter normal transmission through thickness x of absorb-

ing matter is FLX e /"™, where s4 is the linear ab-

sorption coefficient of the absorbing matter for wave
length A . fhe equation giving the power of the beam
after transmission is
== P R
jAPx‘“ /;Pole A .

The customary method of measuring the quality of
heterogeneous beams is follcwed here. The beam is first
measured in its ionigation chamber against another beam
as standard. Then the beam is intercepted by a thickness
x of pure aluminium sufficient to halve the ionimation.
If 1, is the ionigation per unit power at wave length

A , the equation connecting 1ntércepted and uninter=-

cepted ionisations is

‘jtia PA<1A

l
o
>
o O
>
r“I
S
=
>

A o
If We write this = € J L B dix,
— e , _ _/.t* ay,
from which é; - ﬁr ?
f Ly Py dX

where/

*Calc,u,{qt@d_ devialions of e watic Hrom uh'(B( Sor 505 in the pu—vrt'cu!&r ronizalion
chamber wsed heve are qiven in Table X f.
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where p 1s the density of aluminium, we thus define
a quantity &, which depends, through wey . on the beam
constitution, through i, on the measuring system, and
on X. Hence we obteain an average mass absorption
coefficient for the whole beam. Now i, is kept con-
stant for the measuring system, and a¢ is specified as
that thickness which makes the ratio of integrated
ionizations exactly 2. Then Nm has a unique value for
any given beam constitution (although different beam

—

constitutions may give the same value of \W ) “mr is

not however a fundamental quantity because it depends
on the wave length sensitivity of the ionization chamber
(which will be discussed later). In a practical determin-

ation of W the ratio of the ionizations may vary from

2, by 10 or 12 per cent. The error introduced on this
the ervor of cbservation.

account is always less than l—per-—eent—execept—for—the
‘softest—boams .
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'aoconding to the above theory of absorption of
A=ray beams by matter, the intensity of a homogeneous
beam falls exponentially with increasing thickness of
absorbing matter, and the intensity of a heterogeneous
beam fails according to the sum of the exponentially
decreasing intensities of the homogeneous constituents
intc which, in theory, it can be resolved. If %ke two
beams have the same spectrum then the ratio of their
intensities after passage through equal absorbing layers
is constant. The filtering experiment used by Barkla
examines the relative ionization, S produced by scat=-
tered and primary beams after passage through equal
absorbing layers. 7The ratio sy is plotted against
thickness of absorbing layers.

A dlscussion of the predictions of theory for
this experiment will be given at a later stage. It is
sufficient for the present to say that the resulting
graphs assume various forms, and that one, in particular,
is obtainable which shows a sharp discontinuity of
approximately 7% in s/» « This has been interpreted as
& sudden increase in absorbability. sSuch a phenomenon
is certainly incompatible with accepted theory. To
account for it Professor Barkla has put forward the
hypothesis already mentioned in relation to the scat-
tering experiment that the principle of superposition
breaks down for heterogeneous beams. 7The most careful
study of this experiment is therefore necessary,

Observations made by the writer will be reported.
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POLARIZATION OF THE PhIMAKY BEAM.

The heterogeneous primary radlation from an X-ray
tube is pelarized to a variable extent, the plane of
polarization being perpendicular to the plane contain-
ing the primary ray and the cathode stream. This
polarization arises because the decelerating forces
acting on the cathode ray particles at the anticathode
must act preponderatingly in a direction opposite to
that of the cathode stream. oince 1905, when Barkla
made the first observations of primary polarization,
many experimenters have made similar measurementg?
Latterly, the experiments have been coniucted chiefly
with a view to determining the distribution of the
polarization in the tube spectrum, ani the influence of
target thickness. While the results agree on the whole,
there are nevertheless some surprisingly conflicting
ones: notably the differential filter experiment of P.A,
Ross, and the thick filter experiment of P. Kirkpatrick.
Falrly general agreement exists, however, on three
points: (a) that under certain circumstances polariza-
tion is increased by filtering the primary beanm, (b)
with lower voltages on the tube more polarization is
observed, and (¢) with thin targets the total polariza-
tion is greater.

In the scattering experiments carried out by the
writer, it was found necessary to apply corrections for

polarization/
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polarization. The theory of this correction will there-
fore now be given.

The guantum theory of X-ray scattering gives two
scattered rays, the modified ray and the unmodified ray.
Since for 90° scattering these two rays have the same
distribution about the primary beam, and since in
polarization measurements the two necessary observa-
tions involve exactly the same amount of absorbing
matter between scatterer and ionization chamber, it is
not necessary to treat the problem otherwise than as
for purely classical scattering.,

Let us consider first a monochromatic constituent,
of constant intensity and of wave length )\ , in the
primary beam. Since the intensity 1s constant, the
amplitude of the electric vector, £, , must be constant.
To allow for the partial polarization of this constitu-
ent, the direction of E, must be supposed variable with
time. If this direction be indicated by angle «< , where
« is the angle of inclination not greater than 90°
between the electric vector and the plane containing
X-ray beam and cathode stream, then all possible values
of « lie between + 90° and -90°, The probability of
this angle having a particular value « is a function of
o » the form of which is not important except for the
. fact that, from the nature of the processes taking place
at the anti-cathode, it must be symmetrical asbout o« =0 .

it/
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I1f this monochromatic wave, of electric vector L,
and intensity ii; » proceeds perpendicular to the
paper (figure 1l.), and scatters in the plane of the
paper from an electron at 0, then we have at distance

+~ from 0O 3

Intensity of scattersed wave along ox =
“ L L] 0 oy = CE; ( {::fc_a_..]u__jl)
an L@

et there be two identical ionization chambers at egqual
distance from 0 along OX and OY , of equal sensitivity
such that

K (ionization current) = Intensity of incident
scattered wave, and if ¢ and ty be the respective

ionization currents, then
(_OE)\?- ( C’H A {’;\'? % ) — i( l-rat

Time average of I
2 L LA
S E Y ( “rd 2:-! ) — "\, L 1!

2. .
b [
27 2 '#’V\..l c

Time average of

L

For an umpolarized primary beam of the same intensity
< Ex

4T

producing an ionization current « in the VY

S

ionization chamber, the corresponding equation would be

C’fi ( EI‘LCC}:_)_&e
Time average of -

e ct) = Ki where 0
has an egual probability for all values in the range
+90° >0 >- 90°
: Ey et L
so that Ki = > (.5

b Tt e

Defining the fractional polarization fv as the excess

of Ki, over Ki expressed as a fraction of K¢

b
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A )

L

Now K« + Kiy = lime average of Ey et {aauﬁgqrva“}

S vl
2 W
——— E?\ < .

B v*ant 3

oK+ K= 2K

L= (Gat )

Substituting this valus in cqualicv. (A) above

L A,

b

also Ly = (14 H)
Ay = A (1-F)

suppose, now, that a third ionization chamber
having exactly the same sensitivity as the other chambers
is placed equally far from O along OM at 48° to the |

direction 0Y , and there receilves an ionization current

taso ’
Intensity scattered by polarizitien wave along oM is
< E)f‘ - C_L‘ '17« 50 - )
_4_'" ( 2vtnt (_‘_'_L" A (4 )
~ o
. f.(a[?—_-;%'x a3 ( I = 2,3,('/”0(‘0_00“4)
n L
—~ % _u :
Ana K<, .= Time average of Er € (| 2 au.coow)

Ty e
But the probability of -+« = the probability of - x

Therefore the time average of Aunax coo 18 28ro, ard

Eralt :
"</L' o = _t_)\__e ... — K L .,
kS Vo Smne®

The/
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The ionization in the chamber on ¢" is the same as if
the primary beam were unpolarized.
There are thus two methods of correcting for
polarization, that is, of obtaining the ionization
current « + These are given by the eguations
L = Ayga

« L(Cx + L)

The first and best method is to observe the 90° scat-
tering in a direction at 45° to the plane of polariza-
tion. The second 1s to observe the 90O scattering in
the two directions Ox and OY, the ratio of the ioniza-
tion currsents being absolutely determined, and to
calculate the mean of the observations.

If the principle of superposition holds, both
methods are applicable to heterogeneous beams in which
polarization is distributed in any manner through the
spectrum of the beam. 7The fractional polarization,

i is, in theory, not constant for different wave
lengtns in a heterogeneous beam, but increases for the
higher freguencies. The polarized energy in the
primary is therefore harder than the primary beam as

a whole.,
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PART II. ACCOUNT OF APPARATUS.

Sources of High Tension.

Induction Coils. Three induction coils were used.

Two were eight inch spark gap coils and one a six
inoﬁfggp coil. The coils were excited by voltages of
20, 30, or 40 volts D.C. obtained from 200 ampers -
-hour accumulators. In series with the primary winding
were a rheostat and a mains driven mercury gas make
and break, the latter being controlled in frequency by
a lamp resistance and rheostat. On rare occasions the
mechanical make and break on the coil was substituted
owarlable

for the mercury gas break. The onlybmethod of measur-
ing the potential produced by the coil was to use the
point to point coil spark gap, but this was found most
unreliable when calibrated against a reliable ball
spark gap. No measurements of potential were made and
reliance was placed on measuring the penetrating power
of the radiation.

When the Muller tube (1) was used with an 8 inch
induction coil, a calibration of ths secondary circuit
was possible. This showed that the range of secondary

voltages was from 20 Kv to 65 Kv, and that the secondary

currents varied from one to 6 milliamperes, but as will
be seen on the graph (fig. 2) there was a part of the

range/
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range showing rapid variations. This was thought un-
suitable for further work and transforwer (1) was ob-
tained to replace the induction coil.

230 wvolt
Transformer (1), fed from A.C. mains through an auto-

transformer, produced low voltages, i.e. nothing above

40 kv for all tube currents from 4 milliamperss upwards.

Over this range the load characteristic was fairly good.

For smaller currents the voltage varied rapidly with
which. was 1 fiovn conkyolled

secondary current, and—this—wes—deobermined by the

temperature of the hot cathode in the X-ray tube.

This fempenatine wan maintained by the cwvent from

The—latterdeponded—onya twelve volt battery,.fhe un-

avoidable small fluctuation of wkieh made it difficult

to work reliably at high voltages. The calibration of
thia transformer is shown in fig. 3.

Transformer (2) had a 5 KW output, was centrs esarthed

and had an excellent loed characteristic, tested from
.0.5 milliamperes to 5.0 milliamperes for high voltages
and to 8 milliamperes for secondary voltages up to 60
Kv. It was driven off 230 volt A.C. mains through a
rheostat with coarse and fine adjustment. This re-
liable source of potential was used from February 1932

till the end of the experimental work.

X-ray Tubses.

Low pressure gas filled tubes. Eight different tubes

of this type were used during the first eighteen months
of research. Most of these were 7" diameter bulbs with

relatively/
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relatively thin glass walls. One was 5" diameter and
one an 0ld and still smaller tube. All had tungsten
anticathodes. The "softer" tubes inclined to be un-
roliable and sometimes hardened considerably during the
course of a few observations. Under these circumstances
the observations had to be discarded. In using these
tubes the usual difficulty was found, that under the

most favourable conditions only a small range of ﬁ%,
could be experimented upon with accuracy.

Muller Tube (1) This was a useful vacuum tube with a

tungsten anticathode rated at 3 Kilowatts and normally
Operated much below its rating. It was designed to have
a spot focqs of oonsidqrable power. This.was obtained
by using af§Z§:f;§§§Z§SME?3393??5%4§”ﬁ§TTM?ocussea

sheet of electrons was directed towards the face of

the anticathode. The plane of the latter was perpen-
dicular to the plane of the cathode stream and inclined
at nearly 90° to that stream. Viewed in a direction
perpendicular to the cathode stream and in its plane,
the focal line appeared as a circular spot. The anti-
cathode was cooled b?iﬁ?}culating water from a small
tank built into the tube. Unlike the gas tube,which
was run intermittently, the Muller tube was continuously
run. Since the readings werse inclined to be irregular
when the water was boiling hard, this condition was
avoided as far as possible. The liuller tube had com-
paratively thick glass walls and could not be worked

below/
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below 30 Kv. The rsdiation—producet—by—té—was—on—the

l The Coolidge Tube was a hot cathode vacuum tube with a
molybdenum anticathode. Th@ anticathode ran red hot aﬁd
was cooled by its heat radiation. The glass walls of
this tube were somewhat thinner than those of the
Muller (1) or Muller (2), but the main difference in
output was caused by the employment of an anticathode

of lower atomic number,

The Andrews Tube (1) was a hot cathode vacuum tube with

a window of specially thin glass. The tube was designed
to give a good output of 'soft rgg?g?;%i?gﬂgegggéga%%ng_
sten anticathode.

The Andrews Tube (2) was an improved form of the pre-

vious tube. It gave a still‘softer”radia%?og/and T?ke

Andrews Tube (1) had a tungsten anticathode.(See Fig. 14)

The Muller Tube (2) was a 3 KW tube of the same type

exactly as the Muller tube (1l). It hed been somewhat
longer in use, and on that account, the glass walls had
a coloured deposit. In operation the difference be-

tween the two Muller bulbs was inappreciable.

Aperture Systems.

The X-ray tube was mounted on an insulating stand
inside a wooden box whose entire outer surface was
covered with lead of surface density 7 lbs per square
foot. This provided ample protection for the measuring

systems/
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systems. A 2" hole AA in the box and lead covering
admitted an X-ray beam through an aperture system to

the scatterer SS and thence to the primary or secondary
measuring instruments. A lead shutter was used to shut
off the X-rays and all the apertures could be reduced
in size by inserting lead screens with smaller holes.
The electrodes in the ionization chambers were screened
by lead from the direct X-rays. Now the primary beam
intensity was of the order of 1000 times theé secondary
beam intensity; while the sensitivity of the measuring
instruments was approximately the same for primary and
secondary when cubical box electroscopes were used as
ionization chambers, and approximately in the ratio of
1 to 10 when separate ionization chambers were used.
It was therefore necessary to use a very small primary
aperture after the scatterer to equalise the power
entering the primary and secondary measuring instruments.
This aperture was of the order of 1 mm in diameter.
With so small an aperture it was necessary to ensure
by the use of fluorescent screens or X-ray film exposures
that the alignment of X-ray focal spot, apertures and
Primary measuring instrument was satisfactory. Such a
test was always made. Filter holders were mounted at
the aperture before the scatterer and at all the subse-
gquent apertures.

Sections of all aperture systems (made by cutting
with a horizontal plane through the anticathode focal

spot) are given in figs. 5 to 8, which are dated.
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Measuring Instruments and the Problems of Measurement.

While there is no other instrument so sensitive,
quick and convenient as the ionization chamber for the
comparison of X-ray beam intensities, it 1s nevertheless
not easy to-gggg;gi$ha% the observations made—by—them
Properiy—rosord—the—faets. The difficulties met with
in the present work arise from a number of causes and
principally from the following@EL

(1) The disparity in intensity of the imary and

secondary beams which are to be cg#pared. As already

mentioned the primary intensi is of the order of 1000
times the secondary intengity. The density of ions in
the primary chamber ig” therefore correspondingly greater
than the ion density in the secondary chamber. Care
must therefore be taken that saturation potential con-
ditions areg maintained in the primary chamber for the
greate primary ionization currents.

(b) The extreme range of power which it is desired to
measure with a single ionization chamber in the course
of a single experiment\ of the order of 100 to 1. The
extreme practicable range of power measurement in the
experiments here reported was 15 to lf

GE) The greatest difficulty met with in interpreting

the observations arises from the wide range of wave
lengths existing in some of the heterogeneous beams.

It would be ideal to obtain a true measurement of power.
This is not practicable in beams which include all wave -
_lengths from, say, 2.5 AU to 0.1l AU,

Cubical/
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Cubical box gold leaf electroscopes.

The instruments employed were made of brass pro=-
tected on the outside with lead and lined on the inside
with aluminium and three thicknesses of filter paper.
Their over all dimensions were four inches each way.

The imalabion Dokweon caae omd deckvode was of sulphws.

The brass electrode and its attached gold leaf wers
shielded by lead from the direct radiation. The window
of the electroscope was of aluminium 0.0l cm. thick,
backed by 3 sheets of filter paper. The ionized gas
was, of course, air.

In the older type of apparatus where these electro-
scopes were used to measure the relatively feeble output
from gas filled X-ray tubes driven by induction coil,
the conditions for satisfactory measurement were well
known and easily attained. A potential sufficiently
high to operate the gold leaf system efficiently (about
200 volts) was also sufficient to give saturation poten-
tial. Then, provided that precautions were taken to

fvom heavy alowme va zleckvode or chamber walls
eliminate corpuscular radiation effeests, the observa-
tions were reliable. But with the powerful output of
transformer driven hot cathode,water—cooled X=-ray tubes,
the difficulty is no longer to obtain sufficient power
but to avoid overloading the primary ionization chamber.
A test under working conditions is required to ensure
that, under maximum input, saturation potential conditions
are maintained. To carry out this test, the beam in=-

tensities are gradually increased, other conditions

being/
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being kept constant, and observations are made of the
ratio of secondary ionizationS to primary fonizationP.
This ratio remains constant until saturation potential
conditions fail to be maintained in the primary chamber.
Further increase in intensity causes the ratio S/P to
rise. If while carrying out this test the time taken
to register a standard deflection of 10 divisions in
the primary is recorded, a useful guide is obtained as
to the minimum time allowable for the standard deflect-
-ion.

Ionization chambqgi.

The ionization chambers used were cylindrical, 4"
in diameter, and 2.6" deep. They were made of brass,
lined with aluminium foil 0.0l cm. thick, and within
that with three sheets of filter paper. The window was
of aluminium 0.0l cm. thick, backed by a lead aperture
1.256" diameter, and this in turn backed with three
sheets of filter paper. The electrode was a circular

Sk nekt made

ring 2" in diameter of brass wire Withhconduoting not

stretched over it, the whole mounted parallel to the

chamber ends. The electrode lead was insulated with
gbonike

. and leaks from it were avoilded by using a guard
ring. The chambers were gas tight and fitted with gas

tight taps. Sulphur dioxide at atmospheric pressure was

le was sufficiently free from admixtave willh ain

used as the ionizing gas, ard—its—purity—was—sufficient
10-8 fo

to givshlkotimes the ionization of air. The voltages

acquired were measured by a cubical box electroscope

for/
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for the primary and by a Wilson tilted electroscope for
the secondary.
A preliminary test was made to determine the best
working voltages for these chambers. The X~-ray tube
which was about kb be experiimenled with af Ky time,
was operated at 95 kv. and & ma. with a scatterax;hof‘
1.1 cm. paraffin wax and 0.008 cm. Ag. The secondary
ionization chamber was working normally and the poten-
tial VP on the primary ionization chamber was varied.
For each value of V_ the ratio S/P was determined, and
the observed values of S/P graphed against VF. Zigygieal
graph is shown in fig. 9a. From this graph it can be
seen that in the range 378 > V, > 360 saturation poten-
tial conditions are fully satisfied. VP was kept within
this range throughout the experiments. The working con-
ditions varied so greatly, however, that a subsidiary
check was necessary; oné that could be made concurrently
with each observation. A time of standard deflection
test was therefore carried out, as for the electroscopes,
and the results are shown in fig. 9b. From this graph
saturation conditions are evidently assured for de-
flection times of 8 or more seconds per division. 1In
practice no readings taking less than 12 seconds per
division were used unless the beams were strongly

filtered, and even then never less than 8 seconds per
dl-\(t‘s;oh.

Wave/
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Wave length response of the ionization chambers.

When ionization chambers are employed for the com=-
parison of powers in heterogeneous beams, consideration
must be given to the wave length response in the part-
icular ionization chamber employed. If the power of
the radiation is totally absorbed, then, since the
energy required to form an ion pair is a constant for
a given gas, the power will be proportional to the
ionization current. But if the power is not totally
absorbed, then the fraction of energy absorbed is dif=-
ferent for different wave lengths. A true interpre-
tation of the observations is then possible only if
due allowance can be made for the wave length response.
In the present paper the correction for cubical electro-
scopes will not be discussed, since these were not used
for the important experiments,

If a parallel beam of wave length N and of linear
absorption coefficient u&, in S0, penetrates the front
window and lining of the ionization chamber and reaches
the SO, with power P, then after passing through thick-
ness 1 of SO, its power will be P.e”™% . the power
removed by the gas from the beam is then P £l = évﬁﬂ)
But wet—ed+ this ;gﬁe;ui;::géerhgg:ggjihe—&e——en—&eeauﬁt

CGave the chambo as
ef—iocn-—formationr. Some may eseape—in~the—formof

characteristic radiation Eégﬁ the 50, , some dn—the
Aas

Serm—efnolassically scattered radiation, some in

modified scattered radiation, and there may be a net

balance/
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balance, positive or negative, of corpuscular radiation
passing into the walls. A discussion of this question
is given in Compton and Allison pp. 492-500, where the
loss of energy due to incoherent scattering is com-
puted along with that due to classical scattering as
if no modification took place, and where corpuscular
"ond effects®™ are assumed to be megligible. The formula
derived is that the absorbed power is
E(l = 73C) (1=K radiation loss - scattering loss).
The K radiation loss is (5'“ () ‘3?: Y7 e"t;d-
Where w_ is the fluorescence yield,

VY 1is the frequency of wave length X,

¥ 1is the absorption jump ratio,

Z

¢ being the fraction of the K characteristic

quante of freqguency 1 ,
d a kind of average path length of the K radia-

tion in the chambers and

1} the true absorption of the line v in the gas.
--rd_
The scattering loss is given as ;;. e
A
Excellent agreement with experiment has been obtained,

It
using this correction,by Allison and Andrew who em-

ployed an ionization chamber 28 cm. long and 7 cm. in
diameter for wavelengths between .6 and 1.5 AU ionizing

a variety of gases.
Case and
In the present experimewss the chamber is short, bus

the end effect is Then appreciable of the hard end. An eslimaled end
st—bhe—difference—rmratonric—numbesr betweerr—the~meterizl

is shown on Me lowesl line of Table A . The west

covrech

- n - - T 3
= - - -

on  Faclov
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of Buvs lable Shows
roge—are——ecopnidered te—Pberepligible. Hro—results—of

the computation of the formula ewe given ,
the data being obtained from the useful Tables given
in Compton and Allison. The loss due to K radiation is

everywhere negligible compared with that due to scatter-
The Evaction of power absovbed by IRe \evizalion chawmber is giver
ing‘ @) excluding  awd & inc.lm.d;n.g Ibe eotiomaled end covrechion Eaclov.

The effect of the power loss is worked out graphic -
ally in fig. 10 for two beams. The spectral intensities
are those given by Ulréngor radiation from a tungsten
target under 50 and 25 Kv respectively. The intensity
which would be absorbed from these two beams in the
ionization chambers under discussion is shown in green
ink. The fact that the ionization chamber is more
sensitive at the soft end is clearly shown. The peak
of the absorption curve occurs at a longer wave length
than the peak of the spectral intensity curve, and this
shift is greater for the curve of greater X-ray tube
tension. Table X shows that the chamber is sogh%‘i?nes
as sensitive to radiation of A = 1.6 AU as it is to
radiation of XA = 0.2 AU.

The ‘soft' end of the spectrum is not drawn in fig.
10. The reason for this is that in the course of the
experiments to be described, different thicknesses of
scatterer are used,varying from 10 sheets of paper of

surfece density 0.064 gm. per sqg. cm. to 1.9 cm. of

paraffin wax of surface density 1.77 gm. per sq. cm,
Using/
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Using as thick a scatterer as 1.9 cm of paraffin wax
the spectrum at the ‘soft’ end is virtually reduced to
zero intensity about 1.2 RU (without considering the
absorption of the X-ray tube window, or of other matter
in the path of the rays). Using a thinner scatterer,
say of 0.3 cm. paraffin wax, the spectrum extends to
2.5 or 3 RU (again excluding the other absorbers in the
X-ray paths). The extent of the spectrum at the ‘soft’
end must therefore be regarded as most variable.

Aperture effects and ionization.

The great disparity in cross section of the beams
entering primary and secondary ionization chambers was
thought to require consideration. The primary aperture

was therefore altered and made to consist of many (about =

. T caoed e
80), very small, well spaced pinholes.{?ﬁﬁﬁh*ﬂ!%@*md 4mﬂw““g““?
No Pvimow:/ apertuves less hawn 1°2 mm. didmeléc were suh;a_.lucn{-!’ wiad , “;i‘:‘-“”’bk 2
“the -observations—seo—muoh—tikat i
pIn the later stages of 4Mmﬁi;3&£i?¢u
the work a 2" primary aperture was used, the primary ;jﬁé ,?Qﬂﬁmm
/ E'G ne (d’_.jd’.l vl
beam intensity was reduced and at the same time inter-{ /s ... «cowsiderabl
o of I
rupted by a mechanically driven rotating shutter. Lkﬁwmﬁ len.

Precautions with this device were redquired to avoid
inaccurate readings due to effects of equal or approxi-
mate synchronism between the frequency of the mains

(50 cycles / sec,) and that of the interrupter.

Gold leaf electroscopes used for measuring change of
potential.

Gold leaf electroscopes were used to measure the
potentials acquired by the electrodes of the ionization

chambers. Observations of gold leaf deflections were

made/



made by long focus microscopes in terms of eyepiece
scale divisions. Readings were estimated to tenths of
a division on a tenth millimetre scale,

A cubical box electroscope was used with the
primary. Since it is convenient to keep the case of
the electroscope at earth potential, this case and the
walls of the primary ionization chamber were kept at
earth potential and the full potential of 360 volts
required to maintain saturation potential in the ioniza-
tion chamber was therefore used on the electrods.

A gold leaf was mounted which gave with this potential
a sensitivity of about 1 division per volt. For the
secondary ionization chamber,'a Wilson Tilted electro-
scope was used. In this instrument it is convenient to

keep the—gedd—deaf—end the case atrparth potential and

to maintain a constant potential difference of 200 volts
between é%ﬁﬁ% and #re adjustable plate. The electrode
of the secondary ionization chamber was thereforeiizrb
earth potential, and the walls insulated and kept at
360 volts. The potential of the electroscope plate

was kept at - 200 volts. The sensitivity of the Wilson
Tilted electroscope can be raised or lowered by adjust-
ing the distance between plate and leaf, and it also
depends upon the plate voltage and tilt., As the sensi-
tivity is increased however it tends to become more
variable on account of slight changes in one or other

of the important factors. For this reason precautions

must/
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must be taken to keep battery voltages as far as pos-
sible free from temperature variations throughout the
day. In practice it is found better in the long run

to work at a low sensitivity which will keep relatively
constant than to sacrifice constency to sensitivity.
During the course of the experiments the sensitivity

of this electroscope was therefore kept between 10 and
12 divisions per volt. The sensitivity was tested at

intervals against a standard Weston cell.

The Gold leaf problems.

Beaten gold leaf is partiaslly but not uniformly
crystelline, and from this cause irregularities may arise
in its bending under electrostatic stress. The narrower
and more sensitive leaves show this very readily. The
leaf motion must therefore be tested by a calibration
carried out with both increasing and decreasing poten-
tials. The calibration curve of an unsatisfactory leaf
is shown in fig. 11 and of a satisfactory one in fig.l2.
The same calibration provides a test for the linearity
of the scale of the instrument. The scale of the
cubical box electroscope was always linear over more
than the working range, but the test in the tilted
electroscope was found to be necessary. If the scale
was not sufficiently linear it could be improved by

slightly lowering the sensitivity.

Correction for leak in electroscopes.

Using the relsatively high potentials on the

ionization chambers that were found to be necessary,

electroscope/
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electroscope leaks took place sufficient to require
correction. The leaks were not large but were suf-
ficient to introduce an error of 1 to 3 per cent on

the longest readings. It was considered preferable to
observe the leaks and apply the corrections to readings
of long duration (16 to 25 minutes) rather than to alter
the conditicns by excessive raising of the X-ray tube
current. The rate of leak was usually observed in the

morning, at mid-day and in the late afternoon.

- e e R R
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PART TII. EXPERIMENTAL EVIDENCE.

Before entering upon a description of the main
series of experiments, one preliminary experiment
will now be reported, because it gave the first
evidence of certain unexpected facts which it is

the object of this thesis to establish.

| +A.

COMPARISON OF /% OF THE PRIMAKY BEAM WITH /¢ OF THE

SECONDARY BEAM SCATTERED AT 90° FROM LIGHT SCATTERERS.

This experiment was originally carried out using
en induction coil and Muller X-ray tube (1) with a
tungsten anticathode. The tube was mounted with its
axis horizontal. The primary of the induction coil
was energised by a 30 volt battery through a rheostat.
The voltage applied to the tube was varied by changing
the rheostat adjustment and thereby primary X-ray béams
of different penetrating power were produced. These
passed in succession through the system of apertures,
(fig. S@) containing the scatterers at SS, the aper-
turegiggiag in a horizontal plane. The primary radia-
tion passed to E; and radiation scattered by SS passed
to electroscope E; , the angle of scattering being
90 t 12%7 With short exposures measurements were made

of of — S/F' .

B= % e S}P
S being the deflection of E_ due to the X-ray exposure
P " " " " E_ in the same " .

s/
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s' being the deflection of E  when a 507 absorption
filter of aluminium
thickness Y cm. is
rlaced at EE.

p " " . " E_ when a 50% absorption
filter of aluminium
thickness x is placed
at CC.

w) — b BN e L 3 )
Then \FP px &?ﬂ( pr) == fx '&?f l:
25 —— B8 s <
ma (= kg ) — kG (3)

In experiments by earlier workers 0%)5 was found
to be almost the same as G%h)and practically indis-
tinguishable from it towards the low -frequency end of
the range of investigation. This was interpreted as
showing good agreement with the Thomson theory of
scattering. On the Compton theory of scattering how-
ever, identity of penetrating power in primary and
secondary beams is not expected, for within the range
of wave lengths of these experiments an appreciable
intensity of incoherent scattering is predicted*from
light elements, and the relative intensity of incoherent
radiation increases for the shorter wave lengths. For
comparison.with experiment the values of Gag corres -
ponding to integral values of Q%L) (both measured in
aluminium) have been worked out for totally modified

homogeneous beams. They are as follows:

*
See valuss of Z -2 :K - KN. o Toble v
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This experiment cannot be regarded as a very
accurate one. The quantities 6%)6 and @%)P are in-
directly obteined, and an error in the observation of
S/P will cause errors in opposite directions in Q%)s
and (?JP . The observations are, moreover, very
sensitive to unsteadiness either in the high tension
supply or in the filament current of the X-ray tube.

The results however, although unexpected, show & fair
consistency. Early results are given in Table I(a),
(b), (c) and (d). In these tables the calculated values
of Q%&%;Egh?for 100% incoherent scattering at 90° for

a homogggeous primary beam of :; equal to that observed
are also given.

In these experiments it appeared that (-%)s was con-
siderably greater than @%L 3 the observed difference

For WQJM ﬁmwoswm beasina
being greater even than the maximum possible, en—bthe

gg;;igg—gﬁggg;—ef scattering. In particular the %often-
ing’showed to a surprising extent at the soft end. Since
it is possible that apparent softening of the secondary
beam might be due either to scattering at angles
differing/



differing appreciably from 90° or to some L character-
istic radiations entering the secondary electroscope
from lead screening or from filters, the following
changes in the apparatus were made.

(1) The aperture AA was narrowed down from 2" diam-
eter to 7/8" diameter, and at the same time the
aluminium filters for the secondary beam were
placed at DD instead of at EE. From the upper
part of Table I(e) it will be seen that the re-
sults were not much affected by this change.

(2) All lead screening which could be suspected of
affecting the secondary electroscope was covered

thick pado of

with filter paper. The readings were again not
appreciably affected by this alteration (see the
lower part of Table I(e).)

(3) A still smaller primary aperture 1/2% diameter

previcusly covered wilh fillen

was used, and the lead eppeeiég—thenseeea&ary
giz:z?eseefe was removed. The observatiocns were
unchanged.

All attempts to explain the softening as a spurious
effect having failed, the remeining hypotheses were
either that some unsuspected source of error existed
or that the results were genuine. In the latter case
there were two alternative explaenations: either the
sof tening of the secondary was greater than any theory
predicted, or the effect was due to a disproporticnate
hardness iﬁ the primary, showing to a certain extent

in/ ff}/;g££¥§\
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in all the observations, and most markedly at the ‘soft’
end of the rénge. If penetrating constituents of the
primary beam were for any reason not proportionally
represented in the secondary beam, the primary would

be correspondingly‘harder’than the secondary derived
from it. Now such disproportionate scattering is to

be expected if the hardest constituents of the primary
beam are partially polariged in a vertical plane; a
condition which is known to exist. The influence of
polarisation was not immediately tested. A year later
the same experiment was repeated after the high tension
apparatus had been changed from induction coil to trans-
former (1), and the electroscopes replaced by ionigation
chambers. The Muller X-ray tube used was the same as

in the earlier experiments. The results (given in

Table I(f)) were not materially different from those
obtained with the less reliable apparatus.

In passing, attention is drawn to three observa-
tions out of the total of 66 recorded in Table I,
namely two in Table I(e) and one in Table I(f) which
give (ﬁgp = G%Js . These observations will be referred
to subsequently in the thesis.

The abowe vewdt (stne ot iw ag,.m.udf ey A Mﬁv\m
.rmcg...i s ‘awo
"f‘ et E'»‘-[ -’Ml M™ Sale . l.«..u( wene —6471
mmmd Oﬁ/&d"w “‘?‘t Showld 4o woled Lowever okt e
e vacd sw qrevidus  gpptrinenls wao a 3ma$WhL
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SECTION II. SCATIERING EXPEKIMENTS.

Turning now to what have usually been referred to
in the laboratory as the "horizontal line" experiments,
a general survey of the observations made by the writer
will be glven.

In this experiment the ratio S/P of the ioniza-
tions produced by the scattered and primary beams is
measured for a series of beams of different average
penetrating power. The scattered beam was always
observed at 90° to the primary. Beams of different
penetrating power were obtained by varying tube voltage.
The value of 3/P as ordinate is plotted against ob-
served values of p as absclssa. 7he descriptive name
"horizontal line" experiment comes from the fact that
the experiment, as ordinarily carried out in the
laboratory, gives a graph having a horizontal portion.
Before the present work was begun this experiment had
been performed by many research workers and reports of
some of their observations had been madle. As already
explained this experiment gave results apparently
inconsistent with accepted theory. kuch obscurity re-
mained however, the position being as follows. kesults
under given conditions (that is, on one particular
apparatus used with every controllable condition the
same) were constant. Different experimental conditions
led to a variety of resuits. kxperiments in which

some/
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some controllable condition was varied showed on one
apparatus that the particular condition was significant
and on another that it was not ao.* such circumstances
suggest that the real controlling conditicn is eluding
the observer because it 1s not one of the directly
controllable conditicns. Under such circumstances the
only profitable course 1s to conduct the experiment
cver as wide a range of conditions as possible in the
hope of finding a clue to the elusive variable.

This experiment was performed many times, over a
long period, during which many variations were made in
the cornditions. The main ccnditicns which can be
" varied or controlled are:-

(1) Type of high temsion supply.s
{2) Type of X-ray tube.

(3) Filtering of primary beam.
(4) Tube current.

(6) atomic number of tube target.
(8) wcatterer material.

(7) Scatterer thicknsess.

In the earlier stages of the work it was impossible
to say which of the conditions were important. But as
the body of experimental information grew,; certain
generalisations became possible and 1t appeared probable

that the experimental results were determined, not by

any/

# Lkvidence of this has been given as recently as 1939,
the suggestion being put forward that the experimental
results may dependégn the room in which the experi-
ment is performed-*
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any one or two factors, but by a numdor of factors, all
of which were operative togsthsr, somestimes with cne
factor predominant, soustimes with others,

Altogothier 157 experiments of this type woere car-
ried out. Of these, 102 wers hot cathode tube experi-
ments, 83 of which are aduitted for reportiung here.

The 20 discardod experiments incluls:-
{a) tne experiments carried ouv with transforwmer
(1) {(on account ¢f the transformer's bad low

current performance) =~ £ in number;

(b) experiments carried out with pinhole primary
apertures or otherwise special conditions =~ 10

in number;

(¢c) experiments in which the ionization chambers were

not in good working order = 8 in number,

The gas tube experiments totalled 48, all carried out
during the first fifteen months of research. Of these,
13 are used for comparison with the later more
accurate work, and further useful information is
derived from many of the others., all the admitted
experiments carried out with paper or Paraffin wax
scatterers are included in Tables II and III pp.
excepting a few with 16 sheets of paper, ani certain
experimenta on filtered primary beams which will be
reported differently.

The/
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The observations were maie by sdmitting the
radlation through the aperture system* till a standard
deflection was obtained on one of the electroscopes and
the deflection of the other elsctrosceps thsn taken,
The time reguired for a singls reading was anything
from £ (or under special circumstances a little less)
to 25 minutes. kepetition of the quickly taken
readings was an easy matter, but the time available in
a working day set limitations cn the repetitions
possible for the lengthy readings. No reading of S/P
was treated as fully established unleas there were at
least two observations and for ithe faster readings
three was the usual number, four or five being
occasicnally taken. Valuee of «p were usually taken
once only. 7he maximum resding error in S/P can be
taken as 2 per cent, and the reeding error of «, about
4 poer cent. If the cbservaticons were pushed to the
limit at the soft end, (25 minutes duration), the read-
ing error for the last point includes the leak correc-
tion reading and amounts to 3 ver cent in S/P and up to
5 por cent in wp . Kepsated observations were usually
but not invariably within these limita. The plotted
points are considered to be accurate to 1% for all
points axcept pos3ibly the softest radiation polnt, and

for this a 2% allowance is ample.

# Cf, date of experiment with date of aperture systems
in figures 5 to 8.
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nesults of the sexperiments.

In the tables of scatitsring experiments, Table Il
pps 113-11, gives an snalysis of all the experiments made
with wax scaltsrers. OSix 4different thilcknessaes were
used ani the experiments are grouped togethsr first
according 1o scatterer thickness and then according to
the Xeray tubs. Within sach groupr the experiments are
arranged in the order of performance. Table IIT gives
a similar analysls for scatterers of filter paper,
grouped first according o0 scattoring thicknsss and then
according to Xeray tubs. Within each group the order
is that of dats'of performance axcept in IIIb and the
lowar group of iIIc where the experiments are arranged
according to £ha 8izo of Xe-ray tubs currents, with the
smaxleat tubs current at the top of the group.

One graph for each socatterer 13 given in fipg.l3
by way of illustration and to explain how the analysis
£iven in the tables records the esasntial facts of the

observationa. All these grapns are taksn from Mullsr
tube experimsnts using similar currents, so as to be
as far as possiblie comparablie with one anothsr. The
Obvious featurss of ths graph ars 2 horizontal portion
for lower values of uwp , and at greater values of (yp
a portion where 3/P decreases for increasing P e

In certain of the graphs the horizontal portion, if it
exists at all, does so0 for so short a range of <o or
for such low values of ./ that 1t is not observed.

In/
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In other graphs not shown in the figure the horizontal
portion continues throughout the entire range of observa-
tion,

These results are not new, for the scattering
experiment has been carried out by many workers over a
long periode In their reports, however, emphaais has
till recently been placed on the fact of the horizontal
portion.4* In the present view the general shape of
the graph is the essential things. The analysis has
therefore been carried out and tabled to show the range
of the horizontal portion (column 4), the walue of (o
at the change from horizcntal line to slope (column 5),
the range over which 3/P decreases (column 8) and an
estimate of the rate of decrease (column 7). In general
the slopes observed are small,

In all the experiments of Tables II and III the
average penetrating power was changed by varying the
primary voltage. Apart from the unavoidable fiitering
caused by (1) the tube walls, (2) the scatterer, and
(3) the relatively small air path (70 cm), the primary
beam was unfiltered. The current through the X-ray
tube could not be kept at one constant value throughout
the range of the experiment because the intensity of
the X-ra;fﬁgries enormously when the voltage on the
tube is varied, the ionizations for 100 kv, and 30 kv.
being approximately in the ratio of 100 to l. For

reasons/
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*
reasons of accwracy, readings taking less than 2 minutes

or more than 26 minutes were not admissable. It was
therefore necessary to ralse the current when using low
voltages, the high currents being usually 3 to 6 times
the lower current. o0 long as the measuring system
was operating properly these current changes did not
affect the value of S/P on the horizontal portion of
the graph, and the change therefore seemed quite per-
missible, but it appeared that large current variations
had a definite influence on the sloping part of the
graph,

It was alsc found neceasary, at times, to lower
the current at the extreme high voltage point, in order
to keep within the saturation potential conditions for
the primary ionization chamber. This change of current
was slight and had no undesirable influence on the
value of S/P.

Before proceeding to the analysis of the observa-
tions glven in Tables II and III it is felt to be
necessary to emphasise that when this work was begun
all attempts at controlled experiments had led to
inconclusive results. The main aim in the present
series of experiments which was carried out under

Professor Barkla's supervision was to accumulate a

large/

# or with well filtered beams 80 seconds.
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large body of experimental evidence covering as wide

a range of conditions as possible. This was done in
the hope of discovering significant influences. The
straight forward scattering experiment, however,
although it was carried out with many variations in
the conditions did not indicate clearly any important
influence, and it was from a modified form of the
scattering experiment, performed only a few times that
a line of development arose. The somewhat inconclusive
evidence of the straightforward scattering experiment
will be discussed before the modified experiment is

reported.

I. THE RESULTS OF THE EXPERIMENT DEPEND
ON THE TUBE CUKRENT.

When the results of the scattering experiment were
analysed and grouped according to (1) scatterer material
(2) scatterer thickness anmi (3) ftube, it was evident
that within certain of the large groups there was con-
siderable variation. Especially in the largest group
of all - in Table IIIb - Scatterer, Filter paper, thick-
ness, 50 sheets, Tube, Muller (£2) the graphs varied
from entirely horizontal to entirely sloping. When
this group was arranged roughly in order to tube cur-
rents it was seen that all the entirely sloping graphs

were/
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were obtained with low currents. With medium and high
currents all graphs showed a horizontal portion, only four
out of the ten graphs showing a sloping portion. Other
groups were therefore examined for signs of a similar
tendency.

The groups containing suitable material for this

examination wers:

TUBE SCATTERER
(1) HMuller (2) Filter Paper 10 sheets
(2) Muller (2) Filter Paper 50 sheets
(3) Andrews (2) Filter Paper &0 sheets
(4) Muller (2) Filter Paper 100 sheets.

In group (1) the scatterer was so thin that low
currents were not practicable. kKoreover the interpre-
tation was difficult in this group because almost in-
variably thero was a high point in the graph,as noted
in Table IIla. and lllustrated in the first graph cof
figure 13. Such high points were not observed in any
other group and it is thought that they may be connected
with the thinness of the scatterer. Group (1) experi-
ments could thsrefore not be used. In groups 2. 3. and
4. it is seen that with the lower currents the sloping

portion of the graph develops at a lower value of o .

2./
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2, Muller tube (2) and scatterer of 50 sheets of
“Tilter paper.

With tube currents ranging from about 0.2 to 1.5
ma, the three experiments show no horizontal portion,

With medium currents of about 0.4 to 6.0 ma, a
definite extended horizontal portion is seen in all
six experiments up to «wp = 3.25 at least, in one case
the 1limit is at 4.4, in two cases there is no sign of
the break as far as we = 5.0, and in one, none as
far as v = B.76.

With high currents reaching 8 or 9 ma, breaks are
seen at 4.0(?) in one experiment, at 5.0 in another,
and, in the other two, no bend is seen although the
graphs extend to /o = 4.9 and «fo = 6.25,

3. Andrews tube (2) and scatterer of fifty sheets of
{'iller paper.

The 2 experiments with lower currents show a break
at e = 3.,6. In 3 experiments with medium currents
no bresk 1s seen up to 4 = B.ly Bed and 7.0
respectively.

4, Muller tube (2) and scatterer of 100 sheets of
Tilter paper.

In 3 experiments with small currents and 2 experi-
ments with medium currents the break occurs at 2.5.
One experiment was horizontal up to 2.6 and not carried
further. Two experiments with large tube currents

showed/
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showed the break at_@ﬁS = 3.256 and 3.5b respectively.

These comparisons suggest that there
is a tendency for the curve to break
into a slope at lower values of ./

as the tube currents are reduced.

II. THE KESULTS OF THE EXPEKIMENTS DEPEBD IN PART
ON_THE X-RAY TUBE.

%0 show that this is the case, experiments must
be carried out with different tubes, other conditions
being maintained as far as possible the same. This at
Once raises difficult questions, for while it is a
straightforward matter to conduct the comparison with
identical scatterers and with tubes having anticathodes
of the same atomic number, it is not possible to say
what current for the one tube gives comparable cone-
ditions with a definite current for the second tube.,
The only possible procedure is to compare different
tubes working under thelir own average operating con-
ditions. Comparison of the results obtained with the
Andrews tube (2) and the Kuller tubes (1) or (2) is
obtained from Tables IIa, IIlb and Illc.

From/
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From Table IIa. ocatterer - Paraffin Wax,
Thickness 03 Ccm.

2 Experiments with 8/F constant throughout the

Andrews tube.(2) observed range 2.40 < & <
8425 a

4 Experiments with 5/P decreasing throughout the

kuller tube (2). observed range Z2.86 - % <
Bel.

i e o T — T o —— T o o T T o i i o e i o P e T s . . o A i i . i B o o P

From Table IIlb. Scatterer - Filter Paper,
= B0 sheets. ounly the low current vaguea

Tead tTo distinct differences.

2 Experiments with 8/P constant to »; = 3,5,
Andrews tube (2)

& Experiments with 8/P not constant above ‘i
Muller tube (2) = 242, and possibly not abeve |8

T e e R ————

From Table lIIlc. Scatterer - Filter Paper,
100 sheets.

8 Experiments with 5/P constant up to 40 = 40

Andrews tube (2) or greater. In 3 out of 4
experiments, S/F decreasing
after up = 4.5,

8 Experiments with S/FP not constant beyond ~,

Muller tube (2) = £.6 unless very large
currents are used and even then
not constant above 3.5.

o o o T e e o e S S e o s e et T St e i e S i e s ot T e S i S T M M i S s S e e e S o o T e
e g i e e

Unfortunately full details about the material arnd
construction of the tubes are not available. The best
guide to the difference in performance between the
Andrews tube and the Muller tube is to plot «p against
tube kilovolts for each in turn. 17TIwo such graphs are

given/
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given in figures 1l4(a) and 1l4(b). They show that the
Andrews tube 1s comparatively 'softer' than the Muller
at the 'hard' end and 'harder' than the Muller at the
'soft' end. The difference between the tubes is,
however, slight, and apparently negligible in the
middle range of kilovoltage. The shape of the scatter-
ing graph i1s therefore not thought to be determined by
differences in the penetrating power of radiation from
the two tubes when working at the same kilovoltage.

The origin of these differences was not further

investigated.

The second conclusion is that the limit
of constant 3/P depends in part on the

X-ray tube employed. It is always @f a
lower value of /vy for the Muller tubes

than for the Andrews tube.

III. THE RESULTS OF THE BEXPERIMENT DEPEND ON THE
THICKNESS OF THE SCATTERER .

The influence of scatterer thickness is seen by

comparing the results obtained using a particular bulb
and a particular scattering material, and a series of
different thicknesses. The following tables are ex-
tracted from Tables II and III pp. "3-u9

Taking the results of filter paper scatterers
first, the grouping according to the size of tube

currents, we have the following comparisons.
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SCATTERERS OF FILTER PAPEkK, MULLER TUBE (2),
HIGH CULRENIS.

50 sheets S/P constant to
0.32 gm/sq.cm. 4 experiments = 4 or higher.

100 sheets 58/P constant to ./
0.84 gmn/sq.cn. 2 experiments = 3,25 or 3,55,

B . e e S S i o S T s S o o, e e e S . e e T s e S e B i B s B S . e B et . e e e e . ey o e o
. e S e . T 2 e B i e e, . B e G e S S o S o o S o o B s B . S s S e S S e S e i . . o S B o i . o

SCATTERERS OF FILIER PaAPER, MULLER TUBE (2),
MEDIUM TUBE CUKRENTS.

50 sheets 8/P constant to /4
0.32 gm/sge.cm. 8 experiments. = 3.25 or higher.

100 sheets 2 experiments 8/P constant to '/
C.64 gm/aq.cm. = 2.5,

SCATTERERS OF FILIER PAPER, MULLER TUBE (2),
. LOW CURKENTS,

50 sheets 3 experiments S/P not constant

0.32 gm/Bq.cm. above Mp = 1.8
o ooene 22 (3)

100 sheets 4 experiments S/F constant to //p

0.84 gm/sq.cm. = 245

. — o T — o . S e . o o T s B i S o B i B S P S S St ot o S . o o i S i o ot o e
— o . . B . S s i o i S o o T — o (. B, o it ot i S o W Bl W . e S e S s St e B e S o o, B o S

SCATTERERS OF FILTEK PAPKx, ANDREWS TUBE (2),
MEDIUM CURRENTS,

50 sheets 3 experiments S8/P constant over the

0.32 gm/sqecm. observed range to “/
= Bely B4 and 7.0
respectively.

100 sheets 4 experiments S/P constant to i/

0.84 gm/sq.cm. = 4, and in one case

tO 5.40

————— —— {— —— T — o o S o S W e S e S A o e S i i A T M S S S o i o . S i e o i . T B
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As has already been shown, the limit of constant
S/P comes at a higher value of ., when the current
is increased. The above table shows that for a given
current this limit tends to occur at a higher value of
tyo  for the thinner scatterers. Using the Andrews
tube (2), the limit of constant S/P 1s reached for the
thicker scatterer only. The exception seen in the low
current observations with the kuller tube will be
discussed later. Similar results are seen when using

paraffin wax scatterers:=-

SCATTEREK OF PARAFFIN WAX. MULLER TUBR (2)
PRIMARY APERTURE 6.56 mme. KROTATING SHUTITER IN USE,

1,1 cm. 3 experiments S/P constant
1,01 gm/sqe.cm. Low and medium to < =
currents. 304
1.9 cm, 3 experiments S/P decreasing Average
1.77 gm/sqe.cm, Low and medium from the first slope
currents. point at/?gj - Sede
= 1.8.

SCATTERER OF PARAFFIN WAX, ANDREWS TUBE (2)
MEDIUM CUMKREKRTS.

0,3 cm. 2 experiments S/F constant
0.27 gm/sq .om. to last
observed point
at ‘o =
5.0 to 6,0,

1,26 cm., 2 experiments S/P decreasing Average

1.15 gm/sq.cm. . from the first =slope
observed point - 2.8.
at /1. r.{( =

— o — ———— - — " o o S S T e S i S S S T o o " S — T — T — — T — — ——— 3o o o ] " = —
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SCATTERER OF PARAFFIN WAX, COOLIDGE TUBE,
MEDIUM CUKRENTS,

Ge3 Cm, 2 experiments S/P constant
0.27 gm/sqe.cm. to ip =

3.5 to 5.0
0486 om, 1 experiment S5/P decreasing
0.79 gm/sq.cm. from the first

observed pcint
at o =

LeDo
1.1 cm, 1 experiment 8/P constant
1,01 gm/sqecm. to 4 =
2e3

Working with a paraffin wax scatterer the experiments
carried out with the Andrews tLube and the Coolidge

tube agree in showing more extended horizontal portions
with the thinner scatterers. In the Muller tube
experiment the graphs are all sloping, and no con=-
pariscn is possible about the partlcular values of

where the slope begins.

The findings in this section are as followss

six out of seven comparisons conslistently

show the limit of constant 3/P at a higher
value of /J/o for thinner scatterers than for
thicker scatterers. In the seventh comparison,
that in which filter paper, Muller tube and
low currents were used, (i) the observations

are/
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are apparently inconsistent with the other
8ix sets of results, (ii) the observations
are nevertheless well substantiated since
there are several experiments with each of the
two thicknesses, (111) a possible explanation
of the apparent inconsistency is that where
there are so0 many influences at work, it is
8till possible that some variable other than
the scatterer thickness 1s here the more
influential one.
In addition to the agreement shown in
the comparisons, there is a general tendency
for the grarh to slope when thick scatterers
are used. Thils bears out very well the view
that increasing the thickness of the scatterer
makes the limit of constant S/P change to a
lower value of /o« A wide range of surface
densities has been used, from 0.27 to l.77 gm/sq.
cm. and with the highest surface densities no
observations of a region of counstant S/P
could be obtained.
This completes the account of the observations on
the simple scattering experiment. We pass now to con-
gider a modified form of this experiment in which the

primary beam was filtered before reaching the scatterer.

IV./
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IV. THE EFFECT OF FILIEKING THE X-nAY BEAM BEFORE IT

HEACHES THE SCATTEREK.

Although only a few experiments with filtered rays
were made, they have that greater relliability which has
often been remarked upon by experimenters using filt-
ered bsams. <The separate readings seem to be more
consistent than do those made with unfiltered radia-
-tion. 7The importance of these experiments lies in the
fact that by their scmewhat striking results the main
clue to the problem under investigation was suggested.
1, The first experiment was carried out on 7.7.33
with 50 sheets of paper and with Coclidge tube operated
at 1 ma; ionization chambers were in use. 7The beam was
filtered by 0.06 cm. aluminium placed at aperture BB
(fige 7)+ On the two immediately preceding days the
experiment using unfiltered beams had been performed
with the same current, l ma, the resultson these two
days being consistent. KO change of any kind had been
made in the tube or scatterer.

The graphs are compared in fig. 15(a) where (/ is abs-
cissa and in fig. 165(b) where kilovoltage on the X-ray
tube is abscissa. The contrast between the filtered
and unfiltered beams is clear and the graphs show that
S/P is constant to about (/4 = 2.25 for unfiltered and
to about 1.8 for filtered radiaticn. When the results

are/
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are plotted against kilovoltage on the tube, S/P is
constant to about 76 kilovolts for unfiltered beams,

and for the filtered beams a rapid decrease in S/P sets
in about 60 kv,

e On 7.5.34 a filtered radiation experiment was per-
formed using a paraffin wax scatterer 1.26 cme thick
(1.15 gm/sq.cm) ard the andrews tube (2). On the

two immediately preceding experimenting days the experi-
ments had been conducted with unfiltered radiation under
exactly similar conditions and with consistent results.
No alteration in tube or scatterer was made, but for

the experiment with filtered radiation a thickness of
0.059 cme aluminium was inserted at BB (fig. 7 ).

With the unfiltered radiation the limit of constant

S/P was already at too low a value of (', to be observed.
The influence of filtering on the sloping portion of

the graph is seen in fig. 16. When plotted against .y ,
8/P for the filtered beams showed an increased slope
throughout the observed range, but plotted against
kilovoltage the slope is somewhat lessened above 56 kv
and increased below this ;1mit.

3, 'Iwo further experiments of this kind were made.

On 3.6,35 in the afternoon, an experiment with filtered
primary beams was conducted using a filter paper scat-
terer, 10 sheets thick, the Muller tube (2) ani a filter
of 0.125 cme aluminium. On the morning of that day, the
unfiltered radiation had been used under identical con=-

ditionse. 7The two experiments of 3.6.35 are shown in

fie./
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fig. 17(a) plotted against ;4 and in fig. 17(b) plotted
against kilovoltage. 1n thils experiment the slope does
not appear on the graph for unfiltered radiation while
it does so on the graph for filtered radiation.

4, On the following day, 4.8.35 the experiment was
carried out with 50 shaetg of filter paper as scatterer,
with the Muller tube (2) unaltered in any way, and
with a filter C.l1l25 cm, of aluminium. This experiment
shows a drop of fuliy 16g per cent in the value of

S/P for 41 kv as compared with that for 68.5 kv; the
corresponding change in (/o from £.65 to 1.96 being
small and equivalent to monochromatic beamsof ‘4 =

0,66 and /':’;? = Qb Al

Discussion of foregoing results.

These observations on filtered primary rays throw
light on the problem of the simple scattering experi-
ment. This experiment, especially in the range of
observation which yields constant values of S/P has
been taken by all ﬁorkers in this research school to
&ive a true law of scattering for variation of pene-
trating power of heterogeneous beams. Assuming that
the experiment does so, an interpretation has to be
obtained for the experiments with filtered radiation
which are now under dispusaion.

The observaticns show that if the radiation pro-
duced with highest voltage 1s filtered before the

scatterer/
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scatterer, the scattering ratioc falls (from point A
to point B in the figures). The filtering removes a
large part of the softest rays. 4 fall of scattering
ratio resulting from this hardening process is in
accordance with accepted theory, for, as Table VIII
shows, (a) total 90° scattering (modified and un-
modified) per unit primary intensity decreases slightly
as wave length decreases and (b) the proportion of
modified scattering increases as wave length decreases.
(b) impzies a reduction of S/P because in practice
the secondary beam is subject to filtering subsequent
to scattering and before reaching the gas in the
ionization chamber.

If we pass down the fliltersd radiation graph from
B to ¢ in the figures, that i3, from the highest to the
lowest voltage point, the primary beam is deprived of
its hardest constituents and the remaining softer radia-
tions must have on the whole higher 90° scattering per
unit primary intensity and a smaller proportion of
modified scattering. The scattering ratio ought to
rise on account of both changes. But it does not,
and in fact falls by a considerable amount; the least
observed fall was 8§ and the greatest 1Bj.

If on the other hand we discard accepted theory
and look for some other explanation, thers 1is only the

view put forward by Barkla that heterogeneous beams

do/



76.

do not obey the same laws of scattering and absorption
as homogensous beams. Applying this to the observations
it appears that the most homogeneous beam has the
smallest scattering ratio, But the laws of scattering
which are known to be obeyed by homogeneous beams were
first established by Barkla using heterogeneous beams:
discrepancles of 8 to 167 in the observations would not
have been passed by him.

It is therefore urgently nsecessary to enquirs
whether there is nolt a disturbing influence at work
in the scattering experiment which is accentuated when
the rays are filtered. 7The essential guestion is what
influence besides (a) and (b) above can cause the ratio
of S/P to fall with filtering before the scatterer.
We look for an influsnce that beccmes more pctent
when the voltage on the tube is lowered. FPolarization
in the primary beam was thought to be a possible in-
fluence. It should be noted that all experimental
work was done with the apparatus so orilented that the
scattered beam was observed in a direction perpeniicular
to the plane of primary polarization.

‘Further, if it can be established that polariza-
tion is present to such an extent that 1t influences
the value of S$/FP, then since observable polarization 1is
known to vary with voltage on the tube, the scattering
experiment a3 performed can no longer be taken to gilve

the fundamental law of scattering.
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V. THE TEST FOK THE INFLUENCE OF PRIMARY POLARIZATION .

No further progress could be made in the investi-
gation until a test had been carrlied out for the hypo-
thesis that the observed ratio S/P was influenced by
polarization present in the primary beam. There are
two ways of conducting such a test. (1) to keep the
source of X-rays fixed and rotate the measuring system
and (ii) to keep the measuring system fixed and rotate
the source. The first method is greatly to be pre-
ferred if the whole measuring apparatus can be designed
from the start to be rotated. If this is not practic-
able, the next best degree of precision is obtained by
rotating the X-ray tube. 5Since the measuring system
was in good order, but fixed, the easiest way to adapt
the apparatus for the test was tc alter the mounting of
the X-ray tube so that its axis could be rotated about
the primary X-ray beam and firmly pinned in position
at 0°, 45° and 90° to the horizontal. Since the con=
stitution of the primary beam varies with direction
from the focal spot, the axis of rotation must coincide
with the ray passing through the small primary aperture
CC (fig. 8)s 7To ensure that the primary ray remained
as far as possible unaltered, a ray direction had to be
fixed by marking the outside of the X-ray tube. Varlous

methods were tried, the most satisfactory being to mark

a/
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a 'point' with either a fine cotton thread cross or
a fine ink circle. The alignment could then be tested
optically by switching on the tube filament to act as
a source of light. The siightly scarred surface of
the focal spot on the anticathode scatters the light
and leoks bright. The X-ray tube in its rotating
holder was placed so that, seen through the primary
aperture, the thread cross appeared central on the
focal spot as a bright background. 7The whole was
viewed by a telescope (with cross wires in the eyepiece)
focussed upon the surface mark. 7The orientation of
the axis of rotation was deemed satisfacfory if the
line defined by the two crosses (in the telescope
eyeplece and on the tube surface) appeared to pass
through the centre of the bright spot, both when the
tube axis was horizontal and when (after rotation
through 90° ) it was in the vertical position. Using
this method of alignment and a primary aperture CC
fig. 8y of 1.2 mm diameter certain variations in the
values of S/P, attributable to imperfect alignment and
amounting to at most % 3 per cent, were found to occure.
These were relatively unimportant, because they did not
affect the general shape of the graph. Larger errors
from this source had indeed been anticipated.

In January 1936 an attempt was made to reduce
residual errors caused by imperfect alignment of the
axis of rotation. 7The primary aperture was increased

in/
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in diameter from 1.2 mm. to 6.56 mme 70 ensure satura-
tion potential conditions being maintained in the
primary ionization chamber, the tube currents were kept
to the lower ranges and the former ratio of ionization
currents in primary and secondary chambers was restored
by using an interrupter in the primary beam, mounted
between CC and the chamber. This took the form of a
rotating shutter which permitted only four or five per
cent of the radiation to pass through to the primary
chambere. 7The shutter introduced a new kind of error,

a variability in the individual observations due to
effects of synchronism between the speed of rotation

of the shutter and the mains frejuency (the high tension
in the X-ray tube being unrectified). This proved to
be a most annoylng trouble, the only cure being to keep
Varying the speed of rotation of the shutter. Since
the shutter was driven by a hot air engine, a gradually
changing frequency was possible. The compensating
advantage was that a fairly good estimate of total
polarization could be made. After this change the
alignment errors appeared to be about ¥l per cent

of S/F.

The simplest test for the presence of polarization
was to carry out the scattering experiment for un-
filtered radlation with the X-ray tube axis in a vertical
position, i.e. the cathode stream vertical (the plane
of/
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of observation being a fixed horizontal one). If the
graph of S/P against /o was then different from that
when the tube was in the normal (i.e. horizontal)
position, polarization was present. The first set

of observations showed markedly the effect of tube
orientation. Altogether 18 experiments were performed
with the tube vertical. In no case was S/P found to

be constant over a range of ﬁk but invariably increased
as [y increased.

Sometimes the graph was a straight line and scme-~
times it bent upwards anﬁk increased (fig. 19). The
- latter was thought to be a possible counterpart to the
downward bend observed with the tube horizontal. The
elghteen experiments were therefore analysed to show
the ranges of j/p observed and the corpesponiing rates
of increase of S/P (see Table IV ppe /20-)

These experiments were conducted exactly as were
the original scattering experiments except_for the
difference in tube orientation. No change at all was
made in the measuring system. Careful attention was
given to alignment. Under these conditions any differs
ences introduced into the observations by the tube
rotation must be attributed to polarization in the
primary beam. Here we are not concerned with a differ-
ence on a small scale. The over all increase in S5/P
in an experiment with the tube vertical varied from &%

to/
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to 20%, values in every case greater than could be

accounted for in terms of experimental error,

VIi. COMPARISON OF SCATTERING PAlALLEL AND PERPENDICULAR

TO0 THE CATHODE STREAM .

The question of the observability of polarization
effects in the acattering experiment was not now doubted.
It was however desirable to compare the scattering
curves with the tube first in one position and then in
the other. sSuch an experiment was not easy to conduct
because of the limited time available in a warking day.
The alignment of the tube had to be examined before each
part of the experiment. Although great care was taken
with alignment, trouble sometimes developed on account
of the tube slipping slightly after it was set in the
vertical position, apparently when the high tension was
first put on. This shif't was never observed in the
horizontal position. A check on the alignment was
always made after a run of observations as well as
before the run, but it was found that if observable
8lip had taken place, it showed itself in the readings.
An example of this will be shown in the next section.,
Any trouble of this kind prevented the successful com=-
pletion of the day's worke

It was also necessary to work as quickly as pos-

8ible over both parts of the curve in the hope of
finding/
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finding time at the end of the day to check up on the
first point of the first graph. 7This necessitated a
third setting of the tube ani was possible on only a
few occasions. The range of variation of ,/, was

naturally restricted, readings taking more than 15
minutes being prohibitively long.

The obgervationa in ail twelve experiments of this
group are given in Table V. The ratios (S/P),
and (S/P), are the values of 3/F when the tube axis is
horizontal and vertical respectively, ani the scattering
parallel and perpendicular, respectively, to the cathode
stream. The twelve graphs are shown in fig. 20,

For reasons already explained, the accuracy of the
peints is good in graphs i, 1ii, vii, vili, ix, x and
xil the accuracy of separation between the (S/P), and
(S/P)H graphs is good in graphs 1ii, iv, v, vi and xi.
The points in graph xi are particularly badly affected
by stroboscopic error.

In the experiments with thick scatterers, l.l om.
and 1,9 cm. Paraffin Wex, (8/P) 1is sloping steeply and
shows no sign of constancy except possibly at the very
beginning of graph iv. In these graphs (S/P)  slopes
steeply upward. A bend in (S/P), (Graph iii)appears.
Graph viii for 10 sheets of paper alsc shows no hori-
zontal part of (S/P)H but here ,/ is not taken to low
values. All other graphs show (3/P), constant over a

certain/
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certain range., 1he accuracy of the experiments is not
sufficient to determine whether or not thne bend occurs
at the same values of e in (8/P),amd (S/P), « To
determine this it 1s desirable to use a more accurate
method « Suggestions regarding this will be made at
a later stage.

It follows from the theory given on ppi:3 that
the fraction of polarized energy andi the value of S/P
corrected for polarization can both be obtained from
these observations, provided that the beams measured
in the two positions of the tube are properly comparable,
i.0. if the axis of rotation of the tube truly coincides
with the ray through the centres of the primary apert-

@fpjv — (5/Pu:
ures. The polarized energy is 5Pe (5P and the

corrected value of 8/P is 5 { (s/P), + (5/P) }

If however the alignment is not quite perfect, the
secondary beams in the two cases are standardised
against slightly different primaries, the secondaries
themselves beéing inappreciably affected since the
gsecondary aperture is large. An error of a few per cent
will theéerefore enter the measurement of (S/P)V relative
to (8/P), « Since (S/P)V and (S/P),, are nearly the same,
the polarized energy, depending on thelir differences
will be rather inaccurate, but the corrected value of
3/F will only carry half the error of (8/P), . The
mean value of 5/P is calculated in the tables and
plotted/
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plotted on the graph, These mean values suggesat that
the true 5/P value increases very slowly as (/o increasesat a rate whid
18 witﬁian ox} E;'rijﬁ%% féalofertxiz%r p%‘rga%qtmsee%t‘c 1%fn gl}%vsi}i%pea. OF AB/F)y s
better test of the observability of primary polariza-
tion than do those of the preceding section. Besides
Showing the different shapes of the two graphs they
show (8/P), > (5/P), . They also glve an (8/FP) graph
corrected for polarization.

hegarding the accuracy of the observations the
following points are of importance. In the sarly
exporiments with small aperture a repetition of the
process of tube alignment and reading of S/P gave
values varying from the mean S/P by * 3%. This error
affects only the absolute magnitude of S/P and not
appreciably the shape of the graphe. But it also affects
the separation between the graphs of (S/P), and (S/P), .
This shows in measurements of fractional polarization,
which vary from l.3% to 8% at the hard end for small
aperture observations. This corresponis to observed
separations of 2.8% and 16.6% or a reading variabiiity
of * 3.6%. This is in agreement with the resetting
variability.

In January 1936 the large aperture was introjuced
to reduce this source of error. Repetition of alignment
then gave S/P constant to * 1%, i.e. of the order of

accuracy of the observational error with the tube fixed.

A/
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A table of the polarization c¢bservations made with this

aperture 13 given here abstracted from Table V,

Scatterer Paraffin Viax, Carbon, Filter Paper.
Thickness lel cme 1.9 Ccme 1.9 cmse 0,85 cm. 50 sheets
Experiment

Ko II1 IV \ Vi XI

Tube
Kilovelts

100
80-90
59-64
50-52
45
43
40 1
33

1

Pt O 3
1 OO

-
151 [ MR- N
[ W= N " N

=~
Er—- t oL

Polarlzation values for 80-90 tube kilovolts give
separations between 6% and 10% corresponding to reading
variations of + 1f agreeling with the previous estimate.

The large aperture polarization values are there-
fore considered to be accurate to t 1% at the hard end,
and not gquite so accurately at the soft end.,

It is clear from figure 20 and Table V. that
variation of scatterer thickness does not result in
variation of corrected S/P within the experimental
limits of accuracy. One tube only has been used.
Significant variations in tube currents have not been

made.

VII./
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VII. THE TRUE SCATTERING OBSERVED AT 48° 70 THE
CATHODE STHEAM

By flar the most accurate methed Of observing the
true scattering curve is to make the observations in
such a plane that the polarization does not cause errors
in the scattering curve, as explailned in the theoretical
section of thia report, pe.3c « To do so the axis of
the X-ray tube must be set in a plane perpendicular to
the primary beam, at an angle of 46° to the plane of
observation and with the focal spot of the tube centred
in that plane. 13 experiments of this kind were made.
The results are tabulated on p,/z'- Table VI and graphed
in fig. 21, Four of the experiments were conducted with
1.2 mm. primary aperture and 9 with 6.5 mm. aperture and
rotating shutter. %These will now be separately dis-

cussed for accuracy.

Smell sperture experiments.

One of these (1l5.7.35) shows a break at the change
of current. After completing the run on this day the
alignment was found to be faulty, and this was con-
sidered to be a likely reason for the break. If the
alignment was imperfect for the primary beam, & small
increase in the size of the focal spot accompanying
the increase of current would account for the drop in
S/P. This type of error is assoclated with the use

of a small aperture,

Large/
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Large agorture and rotating shutter experiments.

These were dcue on days in 1986 when tiwme was too
short for an experiment with tube beth vertical and
horizontal. Stroboscopic error was invoived and shows
itselfl markedly in 6.2.56 and 7.2.356. attention was
glven to keep this source of error in check. The
rotating shutter wss driven by a small hot air engine
heated by bunsen. The speed of shutter rotation was
constantly varied by varying the heat, This kept the
stroboscopic error relatively small. The test for this
is the standard deviation of observations for single
pointa, For example,; the standard deviations for the
points of the first graph of figure 21 (9.5.38) are
given in the accompanying table,

rp No, of Percentage
value of point. headings, Standard

Deviation of
observations.

243 3 243

2.8 2 0.9

3.25 “i‘ 008

4.1 4 1.2

4.7 B 0.8

5,45 2 O.4

In practice readings at a single pocint had a standard
deviation not greater than £.5%. and usually not
greater than l.5f. Under these condlitions the stirobo-
scopic error can be regarded as small and the observa-

tions/
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observations reliable to about 27 over the main part

of the graphs with rather higher errors for very soft
rediation (i.0¢ o > 84) The mccuracy is thought to
be somewhat better than this in most of the graphs, and
the slope errors are evaluated allowing 1% at hard end
and 2F at soft end in S/P with errors of 0,05 and G, 10

in o at hard and soft ends respectively,

Two of the curves with 50 sheets of paper (6.2.36
7.2436.) were done with considerably higher currents
than the others. Sigrificent variastions were not
thereby introduced. 7The graphs for paraffin wax show
no variation with variation of scatterer thickness.

This set of observations is considered tc be the
beat evidence obtained in the course of the research
carried out by the author as to the intensity of scat=-
tered X-rays produced by heterogeneous primary beams
from scatterers of small atomic number. The graphs
show thal as the voltage on the X-ray tube is decreased,
and the penetrating power of the rays thus diminished,
the intensity of the scattered rays lncreases slowly,
and to the accuracy of observation steadily.

This 13 precisely what the accepted theory of Xeray
scattering would lead us to expeclt if the heterogeneous
beam is scattered and ebsorbed accordlng toc the sum of
its homogeneous constituents; for then, the scattering
of the 'softer' heterogenecus beams should approximate
to the scattering of homogenecus beams of longer wave

length., The results given here are not in agreement
with/
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with those obtained by James heekie, given in the Ph.D.
Thesis (Edinburgh 1937) ®The Scattering and Absorption
of Heterogeneous X-Radiation", where on pages 68 et seq
the author concludes that, after applying a correction

for polarization, the scattering ratio S/P is constant,

VIII. COKFIRMATORY EXPERIMENTS,

l. Experimentally it was possible to check the idea
that the 45 observations do in fact give results in
agreement with the other main accepted law of scatter-
ing: namely, that the scattering increases more rapidly
with increasing wave length as the atomic number of the
scatterer is increased. Experiments were therefore
carried out with scattering sheets of carbon (atomic
number 8) 0,85 cm, thick. These gave corrected scat-
tering curves and 45° scattering curves which agreed
well with each other and which were very similar to the
results for paraffin wax ( <. Han+o )e Comparison
experiments were carried out with aluminium (atomic
number 13). These gave corrected scattering curves

and 46 scattering curves which were both concave
upwards. This shows that the seattering from aluminium
increases more rapidly with increase of (/¢ than the
scattering from the element carbon, or for that matter

from the oxygen (atomic number 8) in the filter paper

scatterer/
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scatterer. 3See figs. 20(VI) and (XII) and 21,

2e Since experiments on filtered radiation gave rise
to the suggestion that polarization errors were ocour -
ring, similar experiments performed with the X-ray tube
vertical or at an angle of 45° té"?ﬁgiﬁiﬁit of observa-
tion ought to provide another useful confirmation.
With the tube vertical the following experiments were
made .

2 experiments, Muller tube (2) Scagterer of filter
Filger 0,125 cm aluminium. paper, 50 sheets thick.

2 experiments, Muller tube (2) Scatterer of paraffin
Filter 0.125 cm. aluminium. wax, 0.3 cm. thick,.

The results of these experiments were qualitatively
satisfactory, but quantitatively they varied consider-
ably with the current through the tube. This is in
agreement with the observations already noted pp. ¢/-6u«
There it is found that at the 'soft' end, the shape of
the uncorrected scattering graph was sensitive to tube
current, tending to rise with rising tube current.

| In the present experiment the graph tends to fall
with rising tube currents. The fact that this change
occurs in opposite directions when the tube is in
horizontal and vertical position indicates that the
effect is indeed due to polarization and that with
larger tube currents there 1s less polarization in the
primary beam? This is not unlikely. It is known that
the focussing in the tube 1s influenced to some extent
by/

# This precludes the explanation of the rise of S/P in
the horizontal case as a lack of saturation in the
primary ionization chamber.
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by a space charge effect in the filament emission and
that a shield 13 mounted behind the tube filament as

a partial control on space charge. With large currents
some modification is therefore possible in the focus-
sing of the cathode stream. The magnitule of any effect
of this kind cannot of course be estimated and the

point could not be tested with the type of tube in use.
Be It 1s therefore thought that a direct test on
filtered radiation with the tube at 45° would be the
best. A single experiment was conducted both with and
witoout a filter of aluminium, 0.125 cm thick, the
scatterer being 650 sheets of filiter paper. The results,
plotted against kilovoltage, are shown in fig. 22(b).
The graph shows that S/FP is slightly reduced by filter-
ing the rays, and rather more reduced at the 'hard'

endi, than elsewhere. Here, with no polarization present,
we see the true reduction of S/P caused by factors (a)
and (b) discussed on p. 74+ + Using a scatterer of
paraffin wax containing a high proportion of hydrogen
the reduction due to factor (b) should be greater.

The observations shown for paraffin wax seem to agree.
4. Attempts were also made to find out whether, if

the radiation at the 'hard' end was filtered, the re-
sulting changes in S/P depended appreciably on polariza-
tion. Using 100 kv. on the tube, 50 sheets of filter
paper as the scatterer, and 0.125 cm. aluminium as the

filter/
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filter, it was found that the orientation of the tube
made no difference to the observed decrease, 2% per
cent, in the value of S/P. Whatever the polarization
of the 'hard' radiation, it was appreciably constant
throughout a considerable amount of filtering.

IX., BDISCUSSION.

It is now possible to discuss the whole work
carried out on the scattering experiment. It has been
shown that polarization is present in the primary beam
to such an extent and with such a distribution in the
spectrum that it causes the 90° scattering graph taken
in the plane of polarization to deviate from that taken
in the perpendicular plane. The corrected 90° scatter=-
ing ratio deduced from these observations shows a slowly
increasing scattering ratio as j/F increases. This is
qualitatively in agreement with accepted theory, as
evaluated for the different scattering materials in
Tables VIII and IX, Figures 30A and 30B, provided
heterogeneous beams scatter according to the sum of
their homogeneous components. If the scattering ratio
is observed in a plane at 45° to the plane of polariza-
tion the results are again in agreement with accepted
theory. In Table VI a comparison is obtained in the
fifth and sixth columns between variation of corrected
S/P by the two methois. The errors are evaluated on

the/
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the basis of 1% at hard end and 2f at soft end as error
in S/P and 0,06 at hard end and 0.1 at soft end in /) .
Comparison shows good consistencye. The observations
indicate that the true variation of S/P with 4 is a

No change of slope is
small increase as |/o increases .fusing=iight-scatterers

eﬁgggég%&g&s sgggnégréténg'pmr) .

Reverting to sections I to III pp. ¢1-70 it is
now possible to say that the form of graph there ob-
tained (horizontal line and slope) is dependent on tube
orientation and that its main features disappear when
polarization 1s corrected for. It would therefore seem
that the variations of graph form studied in these
sections depend on variations in primary polarization.
The observations indicate that observable primary polar-
ization depends to some extent on (i) tube currents
(11) tube construction andi (iii) thickness of scatterer
used. These points could all be directly tested. The
connection between observable polarization and the
results reported on pp. 48-53 could also be tested.
For this purpose certain refinements in experimental
method are desirable.

The chief experimental limitations and inaccuracies
are as follows.

(1) 1limited range of penetrating powers observed,

(2) 1limited accuracy of alignment when small primary
aperture was used.

(3) Stroboscopic error when large primary aperture
was used.

These/
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These restrictions of range and accuracy were
imposed by the conditions of the experiment. The
substitution of constant high tension for unrectified
high tension would immediately eliminate error (3)
and, by reducing the minimum time of readings, greatly
extend the range of observation. Limitation (2) could
be partly removed by using a rotating measuring system,
but if constant high tension were avalilable the large

aperture arrangement used here would be equally good.
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SECTIORII. FILTERING EXPERIMENTS,

I. FILTERING OF SCATTERED RADIATION.

Much of the work done by Professor Barkla and his
research students during the period since 1924 con-
sisted in studying the effects of filtering the primary
and secondary beams simultaneously. The experiment
which was used by these workers, known as the "filtering
experiment® gave under certain circumstances most un-
expected results. The experiment compared the secondary
beam with the primary beam after each had been trans-
mitted through equivalent filters. If in such an ex-
periment the two beams had equal penetrating power, the
scattering ratio should remain constant; if the secondary
was somewhat 'softer' than the primary, the scattering
ratio should fall. The latter result was frequently
obtained, but under certain conditions, the nature of
which remained obscure, the ratio S/P was constant
throughout a range of increasing thickness of filter,
and then, on still further increasing the thickness of
the filter, S/P assumed a new and lower value. This,
in turn, remained relatively constant for a certain
further range of filtering. The oObserver plotted S/P
against filtering thickness; the graph in the first
case being smooth, and in the second showing a dis-

(18)
continuity where S/P changed abruptly .

Some of the experiments carried out by the present

writer/
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78, ~

writer were filtering experiments of this type. Since,
as stated above, the conditions for producing the dis-
continuity werse not known, the procedure adopted in the
earlier stages of the research was to try the experiment,
and if the discontinuity d4id not appear, tc make varia-
tions on the conditions in the hope of its doing &o0.
Proceeding in this mawher, one perfect and many nearly
Perfect examples of the discontinuity were obtained,

fig. 23.

All the filtering experiments performed by the
writer, with the exception of three, were undertaken
befors the polarization correction had been studied.

All weré conducted with the cathode stream of the X-ray
tube parallel to the direction of the observed scattered
beam. All are therefore reported here as a minor con=-
tribution to the thesis, and the purpose of reporting
them is to bring them into relation with the results of
the scattering experiment. For this purpose, the only
fittering experiments which have much value are those
which belong to definite series.

In Qll, about 86 filtering experiments were carried
out, 26 with scatterers of paraffin wax and 61 with
scatterers of filter paper. Of the 25 experiments with
wax scatterers, 8 carried out with a scatterer of 0.3
cm, and 10 with a scatterer of l.l cm will be reported.
The other seven were done with a pinhole primary aper-

ture. Of the 61 experiments with scatterers of filter

paper/
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paper, only a few, showing typical or specially inter-
esting graphs are reported, namely, those alrsady seen
in fig. 23 together with a few high voltage experiments
which were amongst the latest and most accurate observa-
tions made, see fig. 24. The filter paper experi-
ments include 22 done with transformer (1) which worked
reliably over only a short range of voltage, and 17
done with gas tube and induction coil, where the voltage
was not measured. The remaining observations show no
long series. This experiment, it may be stated, can
in s/P fov any point

be performed with high accuracy, the reading error ,
being about 1%Z. If the source of high potential and
the X-ray tube are both steady, the filtering experi -
ment is more accurate than any other reported hers.

For the two paraffin series, the observations, all

reduced to the same standard, are given in Table VII

For ecach series pf fll-ering aexpatimens scalfering paiiiments
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Let us now call the value of pp at the limit of

constant S/P in the scattering curve the critical value

of ﬁ?e , and the corresponding voltage on the X-ray

tube the critical voltage. It would appear that when

the filtering experiment is performed on radiation

produced/



Fi&, 25:

Scalﬁw'-ng 2 3 i
exper imont 86 79 6o 49
: —9————-—@&._.__9 :
S ——i
6_89 kv
HE S e it T e oS 4233
o8 i i
aon e O T TSR REaEr
63 kv W W ez =0 SRR TE Rl 5 i
.-‘-h_‘_‘___-_-__-_‘_.
fe e e e s 20-2-33
56 kv
] e
‘_'—-—.—__.__._________. e
iU . el £:2 .33"-‘. :
| - - -_,_\_ "“‘x‘., e ! 5 :
) Rs o SR
\"_"_""_‘--—v- L e LT L
9 o I iy e e IR 1
" “‘--—._ PRSEE .
S i
" i Qb 10+ 2313
\\0 =2 s e R _"'--,.H__H_‘_-\.
T I1- 2-33

lﬁcaﬂ.&ru" of Pavatfin wax (l‘l e;nn)

s

—

FILTERING EXPERIMENTS

Scatterer of Ruaffin Wax (fhickness 03 cm)

(oolidge Tube and Tvansformer(2)

€ /& (eritical value 3-15)
41 kv (Crtfu:a.f. valuc 7:4. )

7 m'l":n‘vn.f)cv(ﬂ 30' l'33
—— :
I‘ - = ‘_\__'.I
] we g 1
v. 1 v o) = N ..- ponz ) -
Y EHL
{ G- \
T i -e
e e ey g e e o AT j
r e - e

Cool'u:lge; lebe and tran s for mep (2)

Scallerin 2 3 A 5 6 /% (tritwcal value 2-3)
exper-imen w 8 sy 49 Lz kv (eribicat value 79)
96 Juw g S ¢ mallimpones q-1+33.
,H_____-_-__—_-___ ki b b By pe T I >
91 kv EiSeainmn £ i
=t ;
e e AR
.‘---_'-_-.‘——— -
i [ 2 Py oS Bt | 8-12:32 )
8!‘- k\f o1 ST | e e I
—— e ¥, 4
—.._.“__.___ e 2. f2'32 ‘-"‘wj_-‘ 2
T _'_'_'__‘—-—-—__________-_‘_-_‘_-_ e - — 5 s I____‘_‘_
S et 21232 S Bt |
m k\' -___‘_-_‘_h-‘___-_h"—'o _“_h"; Sk &
il Y s O R T TIZ T - R I I i |
=5 T L x"'-._.. > Fs 'I
i - =TERsEy _J.-—_-_-—;h‘,%_'h“—_ - ,._1‘“% o= _?:!o__ L]
72 kv R B Enm g 30-11-32
— [ - T
it o 2 SR RRRER 3 SOOI SiSmAL q-12 32 o D e S e
ek e o -
48 kv B 541232
b e = —
— = -
EZpbet=— — Tl
I i, Al 7°12-32
WHEKF  POINTS  MARKED WITH A DOT APPEAR ON THL SAME GRAPH AS POINTS MARKED WITH A CROSS
THE CROSS POINTS WERE OBTAINED LATER [N THE DAY, SCALES AS FoR FIg 13.



800 ok

produced by voltages considerably below the critical
voltage, smooth and rapidly falling curves result.
It also appears that when the radiation is produced by
voltages much above the critical voltage, the filtering
curves are again smooth but fall less rapidly. For
voltages about the middle of the rahge, which are,
moreover, in the neighbourhood of the critical voltage,
Some curious and variable curves are obtained.

All that can be said about these middle

graphs at present is:

(1) In none of the series graphs has a perfect
example of the discontinuity occurred. The nearest
approach to it is in the experiment of 16.11.32,
taking the afternoon points (marked with a cross),

omitting one high value.

(2) Certain characteristics of the discontinuous

aphs showing hevizowlal oy
graph do occur@ ﬁm}4u3;mﬁﬁﬂée—imgneas~a~&fﬁeen

O‘Wb\-{. Pﬂ'rrl;uuzo

(3) The results strongly suggest that thers is
a connection between the tube voltage required to
produce a discontinuous filtering curve, and the
critical voltage in the scattering experiment.
(4) Since in the scattering experiments already
~reported, a considerable amount of variability was
found in the critical value of i , then, if the

discontinuity is actually connected with the

critical/
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critical point on the uncorrected scattering graph,

variability is also to be anticipated where the

discontinulty occurs.

II. THEORETICAL CONSIDERATION OF THE FILTERING
EXPERIMENT .

It has already been pointed out that if in this
experiment the primary and secondary beams are identical
in spectrum then the observed ratio 3/P must be con-
stant for all thicknesses of filter. This statement
Presupposes that the measuring system is working
properilye. The condition for identical spectra may
be analytically given. If P, and S, be the intensity
per unit range of wave length at wave length \ in the
primary and secondary beams respectively, then the
spectra are identical if the ratio %1 is constant for
all values of A . If the experimental ratio S/P
is not constant for all thicknesses of filter the beam
constitutions are not identical. This is the observed
condition.

According to the theory of scattering given on
Pp.lo-/5 the two beams should not have identical spectra,
for the following reasons.

(1) Total 90° scattering rises as wave length in-
creases (see Table VIII).

(2) Some of the 90° scattered rays are modified in
wave length (see Table VIII),

(8)/
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(3) If the spectrum of polarized primary energy
differs from the spectrum of total primary energy
the spectrum of the 90° scattered beam differs
from that of the total primary beam unless the
scattered beam is observed at 45° to the plane
of primary polarization,

The observation of inconstant S/P is therefore so far |
in agreement with theory.

Before attempting an exact comparison between
theory and experiment other influences affecting the
observed ratio of S/P must be considered.

The response of the 1ohization chamber varies rapidly
with wave length and for beams of different spectra
this response must be included in calculations of
ionization current. It will be assumed that the con-
ditions of observation are such that tertiary and
obliquity scattering is negligible.

At the present stage it is not possible to de-
velop the theory to the stage of comparison between
theory and experiment for the following reasons,
Firstly , the primary beam spectrum is not known,
Secondly, the experiments here reported were made
before the polarization error had been studied and
the scattering was observed at 90° to the plane of
primary polarization. It 1s now known that observable
polarization is present in all the primary beams studied,
and/
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and also that filtering increases the observable
polarization in all except the most penetrating beams,
From observations reported in the previous section
pp.'-73. fiktering may be expected to introduce varia-
tions in 8/P from zero with hard beamsup to perhaps 10%
with sof't beams for a filter thickness of 0.09 cm. Al,
It is therefore possible that with sof't beams the
greater part of the fall in S/P is attributable to
polarization.

The evidence reported ppe. 79.-8%. suggests that
graphs departing from the smooth falling form are
obtained from radiation near the bend on a "horizontal
line® experiment. Making full allowance for experi-
mental error, the existence of the bend cannot be
doubted. When this experiment was corrected for
Polarization the graphs showed no bend, and the ob-
served slope was within the limits of error the same
whether the uncorrected graph was horizontal or sloping.
The bend is thus observed by the writer to disappear
when polarization is corrected for, ani must therefore
be considered to be produced by the polarization error.
If then the filtering experiment has special features
associated w;?;ifﬁzngcattering experiment, it is
necessary to enguire whether these features are not
also produced by primary polarization.

It is therefore desirable to conduct experiments

to test for a connection between primary polarization

and/
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and filtering discontinulties, and also to observe the
tirue filtering curves from scattered beams at 45° to
the plane of primary polarization. The experiments
conforming most mearly to these conditions are the
high voltage experiments especially the experiment
with 96 KV. Fig. 24, At high voltages observable
polarization does not increase with filtering up to
«1256 ems Al, Now no high voltage experiment done
by the writer ever gave other than a perfectly smooth
curve, and moreover one with a relatively small fall
in S/P. Other observers have given voltage dis-
continuity relations which are in agreement with the
present observations, notably J.5. Kay, who observed

- the discontinuity most definitely formed at 60 KV.
None of the available evidence is then in contradiction
to the view that the anomalous filltering curves may

be explained in terms of polarization.

TIT./



84.&

discontinuity does noy imply an abrupt change in
the behaviour of the rays.
(3) They MAocate the dipcontinuity near the crit-

ical value Qf fp in the jcattering experiment.

I1X. OBSERVATIONS OF "INTERCEPTED"™ RADIATION.

One other experiment will now be shortly reported.
This experiment, designed by Professor Barkla to give
more information about the scattered radiation, compares
the observed ratio of S/P in the "scattering experiment"
with the ratio S/P observed with eguivalent filters of
a particular thickness inserted at apertures CC and EE.
The latter ratio is called the intercepted ratio and
will be referred to as S'/P' . Both unintercepted and
intercepted ratios are observed for a series of beams
of different penetrating power and the ratios are
plotted against M/e for the unintercepted beam. A ser-
ies of intercepted curves for different thicknesses of
interceptor gives exactly the same information as a
series of filtering experiments taken for different
voltages. The advantage of working both experiments is
the gain in relative accuracy. We may also compare
the intercepted curve with that obtained in the scatter -
ing experiment by using a single equivalent filter be-
fore the scatterer. The result of the twotgzperiments

should differ only in so far as the scattering differs

from/
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from pure coherent (or classical) scattering. Two sets
of results will be reported, both of which come from the
writer's early researches using gas tube and induction
coil. The apparatus was not very reliable and the value
of the observations was not clear at the time they were
made, but in the light of subsequent work they clearly
have value.

Gas tubes, although they have rather a short range
and are somewhat erratic in use, nevertheless have one
great advantage, namely, that it is easier with them
than it is with the ordinary thick-walled hot cathode
tubesto get the extremely 'soft' radiation of wp = 9 to 12.
The short range graphs from several experiments, cover-

ing different ranges of}ﬂﬁ} can be put together. One
would not have much confidence in such syntheses taken
by themselves, but since they give results which are
typically the same as those of the long range experi-

ments, some reliance can be placed upon them.

Results with Paraffin Wax Scatterers.

‘Thickness hange of up hange of;%
Tube of Where S/P  Where S/P

Scatterer Constant decreases

'Hard' 1.5 cm. 1.5 to 2.8 2.8 to 4.5
!?I
Tube 1.0 cMme == mmmmmme- 6.5 to 7.5

‘Softer 0.85 cm. 4.6 to 5.3 5.3 to 5.5
70 2
Tubse 0.85 cme. 4.0 to 5.0 5.0 to 8.0

‘Softest’ ; ,
thin 0.85 Cme  ==mme-mme=- 7.0 to 9.0 S/P =8 / P at
glass =

Tuba /"Zo = 9.0
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Working with an exceedingly 'soft' tube, and with
filter paper scatterers of 16 sheets thickness, observa-
tions were made of the percentage change in S/P caused
by intercepting with 0.0l cm. Al. These observations
are given in the following table, and in figure 28
where percentage fall of S/P is plotted against pyp of
the primary beam. In making such observations on
'soft' radiation, the tube has to be controlled by

thg/[

method of control, and the impossibility of ensg

ratio 8’ /P' tends to the same value @ the uninter-

cepted ratio S/P as the radiation Mecomes 'softer'.
The experiments show that when #his tendéncy shows
itself, S/P is decreasing, s'/P! is simultaneously
rising, (fig 29), or at ledst, not falling so rapidly

as S/P. No great significance can be attached to any
single experimeny shgln in Fig. 29. The radiation from
these 'soft' tubey/varied from day to day, as the density
of the gas in tAe tube varied. Its polarized component
is not likely to have‘been at all constant. Furthermore,

the depeng€nce of polarization on tube voltage is not likely

GAS TURE/
Two pages oven.



FIG. 28 INTERCEPTED RADIATION
Percentage change of S/p with infercept of 0:@1l cm AL
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GAS TUBE AND INDUCTION COIL SCATTERER OF FILTER
GIVING VERY 'SOFT' X-RAYS. ‘PAPER, 18 SHEETS.
DATE b Percentage change in
;%PAL S/P with intercept of
0,01 cm, aluminium, _
3.6.29. 10.0 5.0%
10.5 6.4
110 1.8
11,0 0
11.9 0
12.9 0
147,29 7.0 10.0%
8.5 7.5
8.8 8.5
8.9 8.0
9.0 7.5
" 9.0 5.0
10.4 0
10.5 1.0
11.6 -1,0
27.6.29 8.7 7.0%
9.5 1.0
9.9 2.0
10.7 7.6 (%)
18.10.29 4.2 14.0%
4.6 12.0
Intercept 7 0
of 0.03 cm. 6.0 0
10.7.29 7.2 3.0%
. ] 7.8 ].O
48 sheets 8.8 1.0
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the sparkers. Considering the unsteadiness of this
method of control, and the impossibility of ensuring
that the radiation giving the S/P value was effectively
the same as that giving the pmp value, the results

show a fair degree of regularity. The intercepted
ratio S'/P’' tends to the same value as the uninter-
cepted ratio S/P as the radiation becomes 'softer'.

The experiments show# that when this tendency shows
itself, S/P is decreasing, and S'/P’ is simultaneously
rising, (fig 29), or at least, not falling so rapidly
as 8/P. No great silgnificance can be attached to any
single experiment shown in Fig. 29. The radiation from
these 'sof't' tubes varied from day to day, as the density
of the gas in the tube varied. Its polarized component
is not likely to have been at all constant. Furthermore,
the dependence of polarization on tube voltage is not
likely to be the same as in the hot cathode tubes,

The observations are however consistent with others
made in quite different experiments. It is possible now
to compare the ujo experiments reported on pp.ur-«s, those
of the filtering experiments and those just reported, called
interception experiments. In all these experiments
filtering alﬁminium sheets were inserted after the
scatterer in both primary and secondary beams, The

results in each case can be summarised as follows.

The/
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The ujo experiments.

The scattered beam was found usually to be

anomalously soft by compariscn with the primary, that
is, far softer than can be explained by total Compton
modification of wave length for equivalent homogeneous
beams. This can be translated into terms of the inter-
ception experiment by saying that, using a filter thick-
ness sufficient to halve the primary ionization current,
the ratio S/P suffers a decrease greater than the
Compton modification seems able to account for.
At the time the observations were made it was suggested
that primary polarization concentrated towards the high
frequency end of the primary spectrum might be at work.
But this was not tested.

In the same experiments however, an apparently
opposite effect was observed in three out of sixty
six observations. The fractional increase in pyp
(Table 1.) was in these observations 0, O and =2%,

In these observations the insertion of filtering
aluminium sufficient to halve the primary ionization
current halved the secondary current also, and in the
third case did not reduce the secondary quite so much
a3 the primary. Translating these results into the
terms of the interception experiment S/P is equal,

or even slightly less than 8'/P’ .

The/
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The filtering experiment.

The results of this experiment obtained by the
writer can be seen in figures 23«25 ppe. 78.-80a
They can be translated at once into terms of the inter-
ception experiment by plotting the observations from
any one experiment on a vertical line whose abscissa
is the ,4p value of the unfiltered beam. If the relative
values of 5/P at unfiltered points for all experiments
are known, correct interception graphs are then ob-
tained by Jeoining together points of equal intercepting
thicknesses of aluminium. The filtering graph and the
interception graphs are thus merely different ways of
presenting the same observations, (se~ Fig. 26)

If then the results of 27.6.31 and 24.7.31
(figure 23) were shown on intercepting graphs all
intercepting curves up to 0,03 cm. Al would show S/P
= s//P/ o Other graphs in figure 23, 6.ge¢ 28.7.31
(second curve) show an initial fall in S/P followed by
constancy of 3/P for several tenth millimetres of
filtering aluminium. This implies concurrence of
interception graphs. Attention is drawn to three
curves in figure 23 and to at least one in figure 25
in which 8/P rises with increasing filtering. This
result has not yet been found by others and was at

first thought to be due to errors of observation, but

such/
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such points were found to be repeatable. Observations
of the same phenomenon were made in other experiments,
©+8¢ Fraction increase of Mp = -2%,(Table Ie), and
the softest point of experiment 1.10.29 (figure 29)
(These two examples are of course within the error of
Observation and are therefore not proved) The observa-
tions of the third point of 23.7.31 and of the fourth
point of 2.12.31 (fig. 23) were fully established.

Intercqg}ion exggriment.

The graphs on figure 29 are thus consistent with
observations made in other experiments. The importance
of the interception experiment is that it shows the
condition S/P = 8//P' to be approached gradually and
not by discontinuity. 7This is demonstrated in both
figures 28 and 29, the observations of figure 28 having
been abstracted from the data of figure 29,

If, now, it 1s true, as experimental results
earlier in this thesis show, that when S'/P’ 18 much
.lower than S/P the lowering is largely due to primary
polarization, then the first possible explanation of
the condition S8'/P' = §/P 1is that the large polar=
ization effect is for some reason reduced. It is
certainly possible that the unpolarized characteristioc

radiations of anticathodes should give rise to anomalies

in/
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in the spectrum of polarization. It would hardly
be possible to test this idea without the use of some
method of beam analysis, either by spectroscope or by
the less sensitive differential filter method. The
latter method would have the advantage from the point
of view of Professor Barkla's theory of retaining the

Use of heterogeneous beams,
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PART 1IV. CONCLUSIONS.

At the time the writer's research began there

‘were two major problems to be investigated, The first

was a problem regarding the law of scattering of hetero-
geneous X—fay beams, The second was a problem
regarding the law of absorption of the same beams,
Conclusions had been reached by Professor Barkla with
regard to both problems, and his conclusions are most
simply stated in his own words: "A complex beam has
"an activity which is not the sum of the activities of
"its constituents, Such a beam has properties
"depending on something analogous to temperature of
"the radiation as a whole", Such a view is not in
agreement with the current theories of X-ray scattering
and absorption, In these theories no postulate of

" frequency coherence" is made. It is therefore

necessary to examine with the greatest care the experi-

fmental evidence which demands such a radical overhaul

of accepted theory. The evidence upon which Professor
Barkla relies most strongly is given in the papers by
Barkla and White (1917), Barkla and Sale (1923), Barkla

and Khastgir (1925 to 1927), Barkla and Watson (1926),

and Barkls and Mackenzie (1925 to 1926) In these

N

papers a great variety of experiments is reported, the

majority belonging either to the scattering type or the

18, 473, 44.
filtering type.

The/
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The experiments performed by the writer have
belonged mainly to the simplest forms of these two
types, the scattering angle being always 90, As the
work continued the experimental conditions were |
progressively improved, errors due to obliquity of
X-ray paths, tertiary scattering, lead L.radiation,
faulty alignment and dissimilar apertures being
gradually reduced. The arrangement of the apparatus
was that usually adopted in the laboratory. The X-ray
tube was mounted with both the cathode stream and the

normal to the anticathode face in a horizontal plane,

'and the observations made on the radiations were taken

in the same plane, the direction of the primary beam

being perpendicular to the cathode stream.

SCATTERING EXPERIMENT.

With this arrangement of apparatus it was found

that the results of the experiments showed large

in fhe fovmm of lﬁl-gmﬂ
variationshgepending on the factors given under T to

IV below,.

I. The current through the ¥-ray tube. At the 'soft!

end,S/P is higher with higher currents.

IT. The type of ¥-ray tube used. The feature in the

tube construction which caused the variations was not

determined,

111./



90. e

IITI. The thickness of the scatterer, The thicker the

scatterer the shorter is the range of mass absorption
coefficient over which S/P remains constant.

'IV. The degree of filtering to which the primary beam

is subject before it reaches the scatterer. With a

thick filter the rath:%ﬁi%?gawas reduced by as much as
25% for the lowest voltage on the tube. This remarkable
result led to a test of the influence of the partial
polarization of the primary beam, and this in turn
determined a course of further investigation which
produced the following results,

V. Test for polarization effects. The X-ray tube was

rotated through 90° about the primary X-ray beam as
axis, the cathode stream being then vertical., The
result of the scattering experiment was quite different
with the tube in this position, the value of (S/P)y
rising as the X-ray beam was made less penetrating,
The—resulbswere—shownmte—depend;—es—withthe—previous
Sabo—mounting;—on
(i)} —eurrent—trarouph—tire—t=ray—tube—(P—1¢)

(3i) thiekness—of scalbereri—{b-—35

(idd—Lilierimp—before—tire—seatterer—(p1t)—
These results led to the conclusion that correction for
polarization was necessary.

VI. Polarizabtion correction experiment., This was

carried out by using the tube in both positions and
obgerving (S/P)y and (S/P)y on the same day.  From

these/
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these observations the corrected value, §7ﬁ,was
obtained as the mean of (S/P)y and (S/P)y. The

aphs wilhin ke Quinils of evvov
corrected gl—u—ee of s/P were &imeost, independent of (1)
fhe particwdan Fc-vm Of: ﬂh(sh’)u gnfp&.
{ ettt i -"G-i" Te e

0
VII. Accurate observations of the ggue scattering of

urimflusnced by polonizalion
heterogeneous ?éamgﬁ, Since it ha& been established

that partial polarization of the primary beam wg% the
main disturbing influence uggh the scattering experiments,
it followed& that the best determinations of the
scattering ratio would be made with the axis of the

tube orientated at an angle of 45° to the plane of
observation, This method was accordingly employed,

The results show satisfactory agreement w1th these made

fu:vc.tn.:u.tna_

previously by the less accurate method. @hﬂg—ﬁe?e,
m&mtw. M "f W(mﬂ’a{, ervoy l’fug Skwcd. mm&‘.—.

Sb\nol'»ﬁal’

4prf‘the scattering ratio increased& with wave length, amdthat
(,ZY fthe increase of the scattering ratio with wave
length itself increase® as the atomic number &f the

scabtterer increase@.

comparison of these results with these of other
observers.

The results, uncorrected for polarization, are in
good/
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oris general agreement with those of Mrs Sale, S.R.
18 an~d M.AM. Wilsow, _f—:,—h"‘"“-“‘——lt
Khastgir égﬁa'J. Reekie ( No poiupréatlon correction Seallewe Wik < of

oY rl.An Mlﬂov\ Bidy 5
was applied by lrs Sale,ew u.H. &St“lr A polariz- "“lhﬂa“*“*tﬂw*
of Be hoviiondal

ation correction was, however, applied by J. Reekie, From bne " grapl confivms
e wevk of quma
data supplied by H.X, Pal, Reekie carried out this Reckie .

correction on the understanding that the amount of
polarization in the primary beam "varied little for
different tubes and scatterers", Such a statement is,
For primany Gecuww chacackeized by waas absovpein coelfieras
not in agreement with the findings in the present work,
where polarization was experimentally corrected. The
validity of Reekie's correction is therefore open to

question, The corrected results given by him do not

agree with those obtained in the present investigation.

Quantitative comparison of theory with experiment.

The quantitative comparison of theory and experiment
is not easily achieved, for the reasons that,

(1) Beam constitution is not known.

(2) Data are not available for the computation

of the scattered intensities for the shorter wave

lengths between 0.1 and 0.64 AU.

(3) The wave length sensitivity of the ionization

chamber must be applied, and this is in the present

case a purely theoretical correction.

In Table VIII and its accompanying graph, the

final figures are given of a calculation which takes

us/
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us some way towards a comparison between theory and exper-
iment. The calculation has been carried out to obtain
for homogeneous beams of various wave lengths, an estimate
of relative ionization produced by the secondary rays
scattered at 90° , per unit intensity of primary, per
scattering electron. Table VIII is computed from the
tables given in Compton and Allison. +F—gives—the

‘E&e—-sum—ef—t-heﬂ-e—%wo—nemgtgives e—totel estimatesof klal
and fan eleelioe (velofive f5 Thomson sealftving z
scattering per atomhaa observed by ionization metheds.

The—gesttening—per—eleeiron—is—thence—derived. The

calculation is made for hydrogen, carbon, oxygen and
aluminium. Values for paraffin wax and cellulose are
computed according to the formulae an2n (approx.) and

obsevred i it panticudon Conizalisw
CéHlOOS . Table IX (a) gives the ionization speetmum

an? has been obfaiied

;unaqﬁmkt intensity of primary beam,hby applying Table
X to the values of Table VIII.

To complete the comparison of observed and calcul-
ated values for a heterogeneous beam, we make the usual
assumption that the homogeneous components into which
the heterogeneous beam can be resolved, act independently.

intensity
Integration over the/spectrum of the heterogeneous beam

is then required. This integration has not been attempted
because/
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because the necessary infomation as to the intensity
spectrum is not available. The effect of the fimal integ-
ration is bound to be a general lowering of the slopes
of the graphs given in fig. 30, while the relative slopes
as between one grapterer and another should not be

satisfactory.
greatly changed. So far as it goes, comparison is /

FILTERING EXPERIMENTS.

L i A study of the filtering experiment was made with
a variety of apparatus, and over a considerable period
of time, On 86 different occasions the experiment was
performed, On one only of all these occasions was the
result a perfect example of the discontinuity. on

the majority of occasions, however, the graph of S/P
against filtered thickness was not a smooth curve.
Graphs with definite horizontal portions were common,
According to the results obtained by the wrwter the
discontinuity is not an effect which either occurs or
does not occurf’ Results intermediate between the
smooth and the discontinuous are readily obtained. A
series of filtering experiments shows smooth curves for
tube voltages much above or much below the critical
voltage for the scattering experiment, In the

rad.f‘
neighbourhood of the critical voltage the graphs prizyc

de-pa.nt f-m'm fRa $mmooth -ﬁwm o 4\49 beein shown War - is possible Sov Sfp
3 - Jo vise willh vncrease of ‘i\.tl-umj.

G absw\mlim«. -wol' Mw\r mde

ﬂ'\émef\.ca.! m:-daatuw ‘:lews ftaak I‘t\e '\rc-s\Jts of fﬁe.

1 Uerian Lf.p@f(u&d &»w“ot' be Mw}'-ubwd‘i.d M-Mﬂ\.ﬂ ﬁu.y ANE Comndacled

£3 - Hr—showas—{I—theb—thre—consiamsy
on stuch a Mam“m lm Fala.ﬂzd'a-n ks ave elvamlafed .

et/
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constancy of S/P does not in abruptly and (2) that

constant S/P in theg~ Tiltering curve is related to that

range of th cattering experiment where S/P is not

const

III. INTERCEPTED BEAM EXPERIMENTS. Observations with

gas tubes on very 'soft' radiation show (1) that The cowdihion
Sp = R

senstancy—ef S/P does not set in abruptly and (2) that

it is related to a range of the scattering experiment

in which S/P is falling and in which S'/P', the inter-—

cepted ratio is simultaneously rising.

chosrpvettomr of—bire—vrotbaze depondence—ofthe—disoon-
Etssetiia : } ?.'B' |

The noaults of the jfp expeviment the fllirinng opperimend
amd the Clincoplion Upptitment AR Componed . Tue Sigifrroece of
Mo condidion S/P = S!P! b discusced amd Uk is shown tak wo
polanizolion Sch’-rwm fras beew shudied.

AGREEMENT WITH THE RESULTS OF OTHER WORKERS.

Q 2sval a.%,u.em,w(: o obtouiad anil. d’a._un-\l‘rfoiﬁlm,
A mt\,_ﬂ aa...g_g_w{,.j: Lo o wrdte kG observatie. 0‘— |~
vlhoge dapecdzuce of IS discevntiilily wolza by TS Wauy.
Tl obsevokien S/P = sqpn obsewved EY manny cnbions i
booan Cr\-+;-\.~\2d..

CoMPARISON RETWEEN THEORY AND EXPER) MENT.

K oo Beewn poivkid b ok o Mol comdinaki,
wdl obsewalions free "'\o\~ prlaizalion. eners ane ansdable.
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With regard to the major problems of the J pheno-
menon, the following are the final conclusions of the

present researches, No indicationg has been obtained

of a fundamentally discontinuous process at work in

either the scattering or the absorption of heterogeneous

X=ray radiations. A1l the evidence obtained, whether
from the scattering experiments which formed the main
line of investigation and which were exhaustively
examined, or from other experiments, which were regarded
as subsidiary at the time they were performed, con-
sistently points to fundamentally continuous processes
underlying all the changes in the observed quantities
‘even in cases of apparent discontinuity.
fveed fron~ polavizaligu evvovs

The #¥»we scattering ratiohis shown to rise slowly
as the penetrating power of the heterogeneous primary
beam decreases, and is not a constant over long ranges
of penetrating power, as has been previously published.

Professor Barkls has under certain circumstances
found the ratio of ionizations produced by primery and |
secondary beams to be unchanged by equivalent filtering.
This fact has been repeatedly observed in the present
work, but the circumstances bringing the condition about
have been shown to do so by a gradual process,

Reasons are here given for regarding the discon-
tinuity which can appear in the filtering experiment as

not fundamentglly discontinuous. These reasons sre

(a) the rarity of the phenomenon in its extreme form,

(b)/



8.,

(b) the very frequent occurrence of intermediate forms,

(c) strong indications that the discontinuous observ-
@ the smoofln approach

to the cowdibhiow S/ P

= 5'/p!, seen m Ihe

w¢uuﬂwh=ﬂW¢44
ik s P“"}]“"“‘Lt e
Saime asg LB H“"i':
qputmut .

ations arise in close connection with the "critical

point" in the scattering experimentl_ . The experimental
evidence supporting readon (c) is not strong enough to
give proof beyond doubt, and further experimental work

¢l w«woi’u-ﬁ dlaniyation
ig certalnly required.

Nevertheless, such evidence as

is available is entirely consistent with other experimental

facts.
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X-RAY POWER
DATE SOURCE OF HIGH TENSION X-RAY TUBE MEASUREMENT <
10.11,28 1Induction coils (various) Low pressure gas filled Cubical box
series rheostat in primary tubes (various) air electro-
to circuit, Where necessary used with  scopes with
Also mains driven mercury single low pressure gas gold leaf,
12,3.30., gas make and break, filled valve in series,
7.5.30 As above. Mglger (1) 3kW. vacuum As above
ube
to Hot cathode
Water cooled anti-cathode
15.12.30 with incorporated water
tank,
1,6,31 Transformer (1) on A.C. As above Tonisation
mains through auto- chambers
to transformer containing 80,
Output unrectified Cubical
156,12,31. electroscope
for primary
Wilson tilted
for Secondary
26.2.32 Transformer (2) 5 Kw, As above As above
on A,C., mains through
to series rheostat
Output unrectified
8,732
14,11,32 As above Coolidge vacuum tube Cubical box
to Hot cathode ailr electro-
10.3.33. Hot anticathode scopes with
gold leaf, _
28,4,33 As above A8 above Ionisation
oha%bgr:
to contain S0
Cubical S z
18.7 433 electroscope
for primary
Wilson Tilted
for secondary.
21,7.33 As above Andrews (1) vacuum As above
to tube
24,733 Thin window
25,9.33 As above Andrews (2) vacuum As above
to tube
14.5.34 Thin window




TABLE XII  (CONTD).
X-~-RAY POWER
DATE SOURCE OF HIGH TENSION X-RAY TUBE MEASUREMENT
30,5.34 As above Muller (2) 3 Kw. As above
vacuun tube
to Hot cathode
Water cooled anti-
25,10.36 cathode with
incorporated
water tank,
8.1,36 A8 above As above A8 above with
large primary
to aperture and

31.5.36

rotating
shutter,
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Reprinted from Z. Kristallogr. (A) 97 (1937) 59—66
Akademische Verlagsgesellschaft m. b. H. in Leipzig

The Crystal Structure of “Beta Alumina”
Na,O-11ALO..

By C. A. Beevers, Physical Laboratories, University of Manchester
and M. A. S. Ross, Department of Natural Philosophy, University
of Edinburgh.

1. Introduction.

Alumina 41,04 has been thought to possess a hexagonal form which
has become known as “Beta Alumina”. It has been shown recently,
however, by chemical analysis') and from X-ray measurement of the unit
cell and the density®), that the true formula for “beta alumina” is
Nay,0O - 11 A1,0,.

Bragg, Gottfried and West3) have attempted the X-ray analysis
of this erystal on the assumption of a formula $ Na,0 - 11 3 A1,0,, agreeing
with the best chemical analysis then available. They were not able to de-
vise a structure which was completely satisfactory, but were led to suggest
an ideal structure with a composition Na,0-11 45,0, to which “beta
alumina” might tend. Since such a structure is now satisfactory from
chemical analysis and from the density, a test can be made of its fit
with X-ray intensities. This paper deals with the carrying out of such
a test on Na,0« 11 A1,0, itself, and on the isomorphous K,0.11 41,0,
which has been prepared by the Norton Company.

The unit cells of Na,0 . 11 41,0, and K0 - 11 A1,04 are hexagonal
with a, = 5.584, ¢, = 22.454, and a, = 5.584, ¢, = 22.67 A, respectively.
The space group is C'6/mme (Dg,). The only point which is in doubt in
the ideal structure suggested by Bragg, Gottfried and West is the
position of the Na(or K) atoms in the mirror planes. If the origin is taken
at one of the centres of symmetry the Na may be at either (00}) or
(3%1). The present work suggests that the Na is actually upon the second
of these two positions, so that the parameters of the structure become:

x Yy z x Yy z
2Na on % 3 1 (d) 1204 0n } 3 050 (k)
2Aly on 0 0 0 (a) 40gon 3 3 .050 ()
4 Al on % 2 022 () 40gon 0 0 A44 (e)
12 Alg on % b A06 (k) 120pon 3} 1 A44 (k)
4 Al on % A78 () 20g on 3} 2 1 (¢)

1) Ridgway, Klein and O’Leary, Transactions of the Electrochemical So-
ciety, Vol. LXX, p. 71, 1936.

2) Beevers and Brohult, Z. Kristallogr. 95 (1936) 472.

3) Bragg, W. L., Gottfried, C. and West, J., Z. Kristallogr. 77 (1931) 255.
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The last column in this table gives the designations of the sets of
positions from Wyckoff, “Theory of Space Groups”. The structure de-
fined by these parameters is described in Section 4 of this paper.

2. Intensity Data.
Bragg, Gottfried and West give data which can be put into three
sets, and are based on spectrometer observations, an extinction correction
being applied. These sets are

1. the (0001) intensities, and some planes like (2247) with I even; which
have similar intensities;
2. planes (2ki0) of the c-axis zone.
3. a few intensities (hOAI).

These intensities are from Na,0- 11 41,0, and are probably quite as
good as can be got from the thin cleavage plates which are the only
experimental material available.

Further intensity results of a rather lower order of accuracy have
been obtained by us from oscillation photographs. The main object of
this work was to obtain a sufficiently complete set of intensities of the
(hORl) type to make a double Fourier synthesis on the « —¢ plane
practicable. The radiation used was Cu K« and the specimens were small
chips of crystals of Na,0- 11 41,0, and K,0- 11 A1,0,, long in a direction
parallel to one of the w-axes (the axis of rotation) and having cross-
sections of 0.4 X 0.45 and 0.6 X 0.5 mm. respectively. Thirty-degree oscilla-
tions were employed and four photographs for each crystal were sufficient
to give all the intensities with the exception of a few which could not be
resolved. The equatorial layer lines were photometered after analysis
and an attempt made to apply corrections for absorption in the specimens.
The corrected intensities were divided by @ = —i—mi 0322 02 ?
roots found. These were multiplied by a suitable constant to make them
comparable with the calculated F’s. The Fourier synthesis performed
with these values led to the structure given in Section 1.

and the square

3. Comparison of Observed and Caleulated Intensities.

The intensities are calculated from the structure of Section 1, using the
f-curves of James and Brindley. No heat motion correction is made,
so that we may expect the observed F values to fall below the calculated
ones, especially at the larger values of sin /1. The general structure-
factor for C'6/mme is given in the “Internationale Tabellen” Vol. I, p. 303.
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Since there are no atoms on the 24-fold set of equivalent positions (i. e.
all the atoms are on the mirror planes parallel to the ¢-axis) this structure
factor reduces to

4 cos (Iz + }1) {cos [(hA—Ek) @z — }1] + cos [(h+ 2k)z— }1]
+ cos [(2k + k)= + }1]}.
For the (0kZl) intensities this reduces still further to

4 cos lz {2cos kz + cos 2k} for | even, and

4 sin Iz {2sin ko + sin 2ka} for I odd.

The agreement for the intensities of Set 1 is shown in Table I. This

agreement is improved if the f-curve for oxygen is made to approach zero
more rapidly than the James and Brindley curve, in accordance with
the curve suggested by Bragg and West?).

Table I. Planes of Set 1.

26

(0001) (2241) (4481) (6061)

sin 0/2 Foy Fous sin 6/4 Feg Fons sin 0/4 Foq1 Fons sin 6/1 Feq Fons
044 110 big 362 54 54 124 28 27 625 32 3
089 106 148 370 53 58 1260 280 30 630 32 36
133 14 12 .385 1 16 731 2 11 .638 1 10
A78 69 60 401 51 31 740 26 15 650 31 16
.222 60 82 424 1 3.5 | .752 8 3.5 | .662 g —
.266 16 9 448 2 10 769 4 5.8 | .680 3 46
311 95 93 476 78 60 86 40 23 700 48 29
355 7 — 507 5 9 .802 2 9 718 2 10
399 51 48 538 38 37 824 22 17 741 25 27
448 112 62 A730 79 38 848 56 26 767 62 30
488 3 8 608 9 — 870 10 — 93 11 —
532 78 51 644 67 37 000 46 26 823 53 35
H76 27 24
621 63 52
665 31 15
710 58 32
1564 14 a—

As shown by Bragg, Gottfried and West, the planes of the ¢-axis

zone (Set 2) can be divided into four types, referred to by them as (a)
(b), (¢), and (d), the structure-factor being constant for any type, and the
variation in ¥ within a group being due to the variation in the f-values.

1) Z. Kristallogr. 69 (1928) 139.
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The agreement between calculated and observed values is best shown
graphically by plotting F against sin 0/4.")

Figure 1 shows that the agreement is very good, the observed F drops
steadily below the calculated F' owing to heat motion. The appearance
of the graph is a definite improvement on a similar plot using the structure
B’ of Bragg, Gottfried and West.

S00+—

/

& § v oasss

£

% | | 1 | | A | 1 1 | 1

g o071 02 03 ae a5 0f 07 a8 09 10
Fig. 1. The circles indicate calculated values, and the crosses observed values, of the
F’s of the planes of the ¢-axis zone (Set 2). The planes are divided into four types,
each type giving a smooth curve. (Type (b) reflections are too small to be shown).

The intensities (R0RI)?) also agree very well indeed with the space
group structure. The agreement is shown in Table II.

Finally the agreement of all the (A041) intensities from the oscillation
photographs is recorded in Table I1I, for Na,0- 11 41,0, and K,0- 11 AL,0;.

1) Bragg, Gottfried and West, 1. c., Table V, p. 272.
2) Bragg, Gottiried and West, L c., Table VI, p. 272.
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Table II. Planes of Set 3.

Bl | 14 12 43 22 24 26 36 44 48
sin 0/ 406 .43 424 212 225 248 340 424 452
Fo 11 35 21 40 41 95 60 15 29
Fons 8 33 24 40 39 97 60 = 25

These intensities are definitely better with the Na and K atoms in the
position (§41) rather than in the other two-fold positions on the mirror-
plane. The good general agreement of such a large number of planes as in
Table III establishes the correctness of the structure. It was hoped from
the observed F’s contained in Table ITI to improve the parameters by the
method of double Fourier synthesis parallel to an ¢-axis. Syntheses were
carried out on both Na,0 « 11 A1,0; and K,0 - 11 A1,0, but no appreciable
change of the parameters was suggested by them.

Table III. (20kl) Intensities from Rotation Photographs.

Plane | Na,0-11 41,0, K,0-11 41,0, Plane | Na,0-11 45,0, K,0-11 41,0,
Rl Cal. Obs. Cal. Obs. Rl Cal. Obs. Cal. Obs.
0 2 10 54 97 47 115 18 16 25 29
0 4 106 60 99 it 116 1 15 3 0
0 6 14 18 4 26 117 38 24 31 22
0 8 69 51 87 73 118 37 26 41 39
0 10 60 70 61 88 119 26 15 33 35
012 16 0 10 0 1 20 35 37 32 45
0 14 95 89 103 105 121 38 53 45 61
0 16 i 7 10 0 122 13 18 17 31
0 18 51 53 39 55 123 6 13 12 1
0 20 112 75 112 110 124 6 11

022 3 12 3 0 2 0 42 48 47 55
0 24 78 55 68 50 2 1 61 53 52 65
10 17 8 23 12 2 2 40 38 36 47
i1 1|9 0 20 2 3 38 18 46 40
1 2 35 24 42 41 2 4 41 37 46 45
1 3 21 24 10 0 2 5 87 62 95 68
1 4 26 14 32 0 2 6 95 73 100 72
1 5 2 7 8 0 2 7 79 63 71 57
1 6 10 22 4 0 2 8 51 49 47 42
17 94 60 104 67 2 9 35 17 42 26
1 8 22 29 17 22 2 10 47 45 43 34
1 9 15 28 6 19 2 11 104 78 114 64
110 38 32 43 33 2 12 18 29 14 0
111 1 0 9 0 2 13 127 100 140 89
112 6 10 10 23 2 14 135 90 139 100
113 27 35 20 36 2 15 11 0 18 0
114 30 26 33 35 2 16 5 0 10 0




64 C. A, Beevers and M, A. S. Ross

Table III (Cont.)

Plane | Na,0-11 41,0, K,0-11 Al,0, Plane | Na,0-11 41,0, K,0-11 41,0,

hl Cal. Obs.  Cal.  Obs. hl Cal.  Obs. Cal.  Obs.
2 17 18 20 25 36 4 0 36 27 40 30
2 18 51 45 48 54 4 1 48 51 42 61
2 19 43 30 49 42 4 2 22 26 18 23
2 20 9 21 5 15 4 3 39 31 45 50
2 21 29 20 23 20 4 4 15 0 18 13
2 22 35 27 38 42 4 5 54 44 60 55
2 23 9 12 16 0 4 6 58 51 62 60
3 0 66 47 74 80 4 7 50 45 43 44
31 0 0 0 0 4 8 29 32 26 28
3 2 2 15 10 0 4 9 24 16 30 21
3 3 0 11 0 0 410 33 41 29 30
3 4 79 54 86 87 411 76 71 83 69
3 5 0 13 0 0 412 13 22 9 10
3 6 60 57 53 57 413 92 83 86 100
3 7 0 0 0 0 4 14 98 79 102 88
3 8 4 0 1 0 415 6 5 12 0
3 9 0 0 0 0 4 16 3 4 6 0
310 17 14 24 34 5 0 | ]..
3 11 0 0 0 0 5 1 ]313 567 ]'108 [“3
3 12 47 37 54 38 5 2 ] 19 9
313 0 7 0 0 5 3 10 9 4 0
3 14 12 5 19 9 5 4 11 12 15 15
315 0 10 0 0 5 5 0 8 6 0
316 32 17 39 36 5 6 7 12 3 0
317 0 7 0 8 5 7 51 50 58 49
3 18 29 20 36 30 5 8 15 29 11 21
319 0 0 0 0 509 8 22 1 13
3 20 31 41 24 28

4. Deseription of the Structure.

The structure has been described briefly by Bragg, Gottfried and
Westl). It consists of blocks of cubie close-packed oxygen atoms of the
thickness of four close-packed layers, adjacent blocks being held together
by a layer of oxgen and alkali atoms which is not close-packed. The
oxygens of the blocks are held together by aluminium atoms which have
positions identical with the 47 and Mg atoms in the structure of spinel,
Mg Al,0,. Figure 2is a perspective drawing of the portion of the structure
between the mirror planes (which are the top and bottom faces of the
half of the unit cell shown).

1) Z. Kristallogr. 77 (1931) 271.



The Crystal Structure of “Beta Alumina’™ Na,O - 11 45,0, 65

The distance from the alkali atom in the position (311) to the (six)
oxygens of the adjacent blocks is 2.89 A, both for Na and K “beta”. This
distance is quite satisfactory for the A atom but is considerably toolarge
for the Ne atom. In consequence of this it was thought very probable that
the Ne atom might be at the other position available for it, viz. (00})
instead of (311). although it would there be in contact with only two
oxyvgens. The position (00}]) would also give a better distribution of atoms

|
Mirror Plone %

SPINEL
BLOCK

1~

Mirror Plane

A perspective drawing of half of the unit cell. The large
circles represent Na or K, the small ones oxygen, and the

black dots aluminium atoms.

around the oxygens O, (as has been pointed out by Westgren in a
private communication), and a better “bond structure”. However the
intensity fit was distinctly better with Ne on the (241) position, which
was therefore taken to be the most probable. Fourier syntheses were
carried out to see if the oxygens were closer round the alkali in the
case of the Na “beta”, but no appreciable parameter changes were
indicated.

Zeitschr. 1, Kristallographie. 97, Bd.,



66 C. A. Beevers and M. A. S. Ross, The Crystal Structure usw.

The distances from the 4l atoms to oxygens in contact with them are
1.64; 1.64; 1.73; and 1.78 A, for four co-ordinated aluminiums, and 1.84;
1.97; 2.05A for six co-ordinated aluminiums.
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