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INTRODUCTION. 

Experimental investigation of the phenomena associated 

with the interaction of matter with radiation are extremely 

important and interesting, as such investigations throw 

considerable light on the nature of matter and that of 

radiation. 

For example, the discovery of the characteristic 

X -rays emitted by various elements when suitably excited, 

coupled with the theoretical background of the Bohr - 

Rutherford model of an atom has presented, at least 

approximately, a very pleasant and relatively simple 

picture of the structure of atoms. Also, Sir William 

Bragg's discovery of the diffraction of X -rays by crystals 

has yielded very considerable knowledge of atomic arrange- 

ments in the molecules making up the crystal. 

At present, atomic, as well as molecular structure 

investigations by means of the interaction of X -rays with 

matter, have reached the status of a refined science. It is, 

therefore, only natural to expect that similar phenomena 

would be helpful in giving us some conception of the nature of 

the X -rays themselves, 

rhis aspect of the problem, however, has so far proved 

to be very difficult, and no simple satisfactory conception 

of the nature of radiation could be evolved from experiment, 

The principal difficulty lies in the fact that some of the 

experimental results such as the photoelectric effect, the 

excitation of the characteristic radiations, the presence of 

recoil electrons in a u , r .it , Wilson's cloud chamber, the 



limiting wavelength of the 'general' radiation in an -X -ray 

tube by the application of a given potential difference and 

the 'softening' of the rays scattered from elements of low 

atomic number, and various other phenomena seem to require a 

corpuscular conception of radiation and give rise to the 

rhoton or Quantum Theory of radiation which is characterised 

by Einstein's equation. 

Energy of a photon = by 

and in the first instance requires the rrinciples of Uonser- 

vation of Energy and of momentum, although in some aspects 

these Principles take on rather strange forms, in particular, 

a state of negative kinetic energy of an electron appears to 

be permissible, and in fact, essential for the explanation of 

the well established phenomena of 'cold emission' 'tunnel 

effect' pair production by very high 

frequency y and cosmic rays. 

WI the other hand, however, some experiments such as 

B arkla's discovery of the comp lete polarisation of X -rays 

scattered at 90° to the incident radiation, the partial 

polarisation of the rays emitted from an X -ray tube, the 

diffraction of X -rays by crystals and very fine gratings, and 

even perhaps the actual distribution of the photo electrons 

emitted from matter, and the presence of the 'Unmodified' 

Scattered rays and various other phenomena seem to require 

an electromagnetic wave conception of X -rays and lead to what 

is now usually termed the 'classical' theory. 

It is thus seen that we are unable to explain all the 

experimental results by any definite conception of the nature 

of radiation, and for the present must satisfy ourselves by 



interpreting some of the results in terms of the Photon 

Theory and others in terns of the Classical Electro - magnetic 

wave theory. This, of course, is a very unsatisfactory state 

of affairs and it is hoped that by further careful experi- 

mental research we may be able to discover some method of 

accounting for all the experimental results by a single well 

defined theory of radiation. 

It seems probable that one of the best aspects of the 

matter- radiation interactions to investigate, with the above 

object in mind, is that branch of phenomena associated with 

the process of scattering of radiation by matter, and in 

particular, to simplify matters, the phenomena associated 

with the scattering of radiation by free or loosely bound 

electrons, as in this case considerations of the atomic 

structure can, at least to a first approximation, be 

eliminated. 

With this object in view, C.G. Barkla initiated a series 

of experiments in which certain aspects of Scattering and 

Absorption of X -rays by matter were investigated, under his 

guidance, some very interesting results have been obtained 

during the last few years and have been published by him and 

his assistants under the various headings involving the 'J' 

Phenomena 

The work reported in this paper is based on some further 

experiments made in connection with the J- Phenomena and some 

of the results of previous workers have been confirmed and 

the range and nature of the experiments have been considerably 

extended. 

Before, however, describing and discussing these 
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experiments, it is desirable to give a brief summary of 

our present knowledge of the scattering of X-radiation. 



INTRODUCTORY DISCUSSION. 

In general, when X -rays pass through matter, part of 

the incident radiation is scattered in all directions, and 

part is absorbed by the matter, which in its turn is found 

to emit characteristic radiations, which are principally 

dependent on the atomic structure of the element or 

elements constituting the matter. 

The irradiated matter is also found to emit corpuscular 

radiations consisting entirely of photo - and recoil 

electrons. 

The interaction of X- radiation with matter may con- 

sequently be conveniently represented in diagrarnatic form 

thus: 

PRIMARY RADIATION + MATTER 

scattered and transmitted rays 

characteristic rays 

corpuscular rays (electrons) 

All the radiations emitted by irradiated matter, 

grouped together, are usually referred to as the Secondary 

Radiations, and the incident radiation as the Primary 

radiation. 

We will now briefly consider the properties of each 

type of secondary radiation separately. 

I. THE TRANSMITTED RADIATION. 

If the Primary radiation is homogeneous, i.e. mono- 

chromatic, then the transmitted radiation is found to be 

apparently identical with it in every respect, except in 



intensity, which is invariably less in the transmitted beam 

than in the incident beam. The intensity Ix of a homo- 

geneous radiation emerging through a sheet of matter of 

thickness 3C is given by the expression 

Ix= 
1,1X x 

0) 

where Io is the intensity of the incident radiation 

defined as the energy passing per second through unit area 

placed normal to the beam, and µ is the linear absorption 

coefficient of the incident radiation in the matter. 

This linear absorption coefficient is defined as the 

fractional reduction in the intensity of the beam by unit 

path in the absorbing substance. If, on the other hand, the 

Primary radiation is heterogeneous, i.e. consists of a 

mixture of radiations of different wavelengths, then the 

above equation (1) is still apparently applicable to each 

monochromatic component. (Although this is not absolutely 

certain.) 

And since the value of µ for a given absorber is 

nearly proportional to X it follows that the intensities 

of the components of the incident radiation having longer 

wavelengths will be reduced, on passing through the absorber, 

much more than the intensities of the components having 

shorter wavelengths. Thus the transmitted radiation will, 

on the whole, contain a greater proportion of the shorter 

wavelengths than the incident radiation and will therefore 

be rendered more penetrating or 'hardened'. 

In other words, heterogeneous radiation filtering through 

matter is 'hardened', and the greater the thickness of the 

filter, the smaller the intensity of the transmitted 



radiation, but the penetrability or hardness of the radiation 

is increased. 

In dealing with heterogeneous radiations we cannot, of 

course, specify a definite linear absorption coefficient, 

but we can define an 'Average Linear Absorption Coefficient' 

in terris of the thickness of the filter of a given substance 

which will cut down the intensity of the transmitted 

radiation by a half. 

,/ 

2 I 
= 

I° e-µX ° 

= loge 2 

x' 

(2) 

This conventional definition of the 'linear' absorption 

coefficient of heterogeneous radiation is a very convenient 

and reliable one, and gives us a relatively simple way of 

comparing different heterogeneous radiations. 

The linear absorption coefficient is, of course, 

dependent on the physical state of the absorber, but if we 

divide the linear coefficient of absorption by the density 

of the absorber, we get what is called the 'mass absorption 

coefficient' and this is found to be independent of the 

physical state of the absorber, provided the absorber behaves 

as an amorphous body and not showing any marked crystal 

diffraction effects. 

In the work presented in this thesis we shall generally 

refer to the mass absorption coefficient of any radiation as 

the one computed from the thickness of Aluminium required to 



decrease intensity of the transmitted radiation by precisely 

5Co /o. 

In addition to the purely transmitted beam, we also have 

a superposition of a relatively small amount of 'scattered' 

radiation, i.e. radiation which is scattered by the absorber 

in the forward direction. 

The intensity of this scattered radiation is very small 

indeed compared with the 'transmitted radiation'; we can, 

therefore, consider the radiation emerging from the absorber, 

in the direction of the incident beam, to be simply the 

transmitted beam. rhespoint will be returned to in the next 

section. 

THE SCATTERED RADIATION. 

The radiation emerges in all directions and, 

on the classical theory, (in which the electron is made to 

vibrate by an electromagnetic wave as the latter passes it), 

the intensity of the radiation scattered in a direction 

making an angle 4) with the incident radiation is given by 

the expression 

Icp = I172 1 + cos2cp (3) 

where 
if2 

is the intensity of the radiation scattered 

at 90° to the incident radiation. 

Equation (3) above only shows the relative int.enbities 

scattered in the various directions, and is shown by the 

dotted curve in Fig. a. The formula only holds for 

unpolarised radiation, and on the basis of the classical theory 



is supposed to be independent of the wavelength of the 

incident radiation. 

If 
I. 

30 60 !0 120' 

ß 

®. Scattering from paraffin. ('ur - f r w Dirac theory, dots are values from experiment. 
- - -- - - - - - -- - - -- - - - - -- 

fig I. 

The dotted curve in Fig. 1 shows the experimental 

results for the intensity distribution of heterogeneous 

radiation (white, or general radiation obtained from a 

Tungsten anticathode Coolidge tube operated at a potential 

difference of 8o Kv., and filtered through .244 mm. Al) 

scattered from a thin slab of Paraffin Wax, as obtained by 

Allen Coven(l) 

The writer would, however, like to point out that a 

direct comparison of Coven's experimental results with the 

classical theory cannot be made owing to the fact that Coven 

did not take into account the partial polarisation of the 

general radiation emitted by the tube. In fact, Coven's 

result is only given here because it represents the intensity 

distribution of heterogeneous radiation of a type which is 

typical of the radiations used throughout this work by the 

present writer, and may therefore be interesting. 

The comparison between the classical theoretical and 



experimental angular intensity distribution curves are best 

shown in Fig. 2, where the black full line represents Barkla's 

results for scattering of fairly long wavelength radiation by 

Carbon and the full red line represents Urowther's results for 

scattering from Aluminium. 

Fig 2. 

It will be seen that the intensity distribution of the 

scattered radiation for these wavelengths is in quite good 

agreement with the theoretical curve for angles between 60 

and about 180°,but below 60° there is generally an excess of 

scattered radiation. This effect has been accounted for 

quite satisfactorily in terns of the classical theory by 

assuming that at small angles the electrons scatter in groupa 

rather than individually as postulated by the original 

Thomson theory. 

The effect of the wavelength of the incident radiation 

on the angular distribution of intensity of the scattered 

radiation is well shown in Figs. 3 and 4. 
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FIG. III -01 Scattered x-rays are more intense at small than at large angles. Upper 
curve, mesitylene (liquid), lower curve, iron. 

fig. 3 

In Fig. 3 the intensity of the radiation scattered in the 

forward direction (in the case of longer wavelength radiation 

scattered by a liquid), as reported by Hewlett, shows a 

sudden marked decrease in the intensity at small angles of 

) scattering, and in fact Hewlett(2considers the intensity of 
the scattered radiation in the direction of the incident bean 

to be zero, even with solid scatterers. In view of this 

effect we are still further justified in considering the 

transmitted beam to be a 'truly transmitted' and free of any 

superposition of scattered radiation. 

The maximum intensity of radiation scattered at small 

angles has been confirmed photographically by KEESOM and SMEDT, 

and has also been satisfactorily explained by interference 

phenomena arising from group rather than individual 

scattering centres. 
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The slight deficiency in the intensity of the radiation 

scattered backwards could not, however, be accounted for on 

the classical electromagnetic wave theory. 
o 

This deficiency in scattering at about 180 was found 

to be more marked when the incident radiation was of short 

wavelength than when it was of longer wavelength. 

30 60 90 120 
SCATTERING ANGLE 

Fte. 1111111111. rectional ili,trihution .,f x le:,ttth n.14..1, :.,c:atered 
by water as compared with Breit -lbrae rhea r\ ;. ii,I cune) :anl cla>.iral the.,ry 

(broken curve), acconüng to Fricdriih :ani (,uijhaber. 

fig. 4. 

The deficiency of the radiation scattered at large angles 

has been accounted for by Breit -Dirac and Klein- Nishina, in 

terms of the corpuscular or photon theory of radiation. 

In Fig. 4,. we compare the experimental intensity dis- 

tribution with the theoretical curve of Breit -Dirac and the 

classical curve shown by the broken line. 

Experimental work on the angular intensity distribution 

of scattered y rays by Uhao seems to be in very good agreement 

with the values predicted by the Klein- Nishineformula: 

24 1 + COS2e 71'2 0 - GOS 42 Ig - IO I + a (I - cos t9)? 3 
1 + 

I + cos 8 1 + a I - cos 8] 

here 
ci 

. . (41 
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NATUEtE OF 'iH:21. 3CA1TER:LD RADIA`l'IQN. 

With certain exceptions reported by Barkla, the 

scattered radiation was generally found to be 'softer', i.e. 

more absorbable than the incident or transmitted radiations, 

even when the latter was monochromatic or homogeneous. 

It thus seemed that in the process of scattering,the 

incident radiation underwent some definite transformation. 

Compton, using a primary beam of monochromatic X-radiation 

and a crystal spectrometer, 'examined the spectrum of the 

radiation scattered in different directions by various 

scatterers and found the scattered radiation to consist of 

two distinct 'lines' in the spectrum. une of these wave- 

lengths was identical with that of the incident radiation 

and was consequently called the 'Unmodified Scattered 

Radiation',wh.ereas the other line was produced by a slightly 

longer wavelength radiation and was therefore due to a 

'Modified Scattered. Radiation'. 

Uompton also put forward a theoretical explanation of 

the production of the modified scattered radiation in terns 

of the photon theory, and obtained the expression: 

ax 2 h sin2 
mc 2 

(5) 

giving the relationship between the change in wavelength. of 
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the modified scattered radiation and the angle of scattering, 

it is seen that according to this theory, the change in wave- 

length is independent of the wavelength of the incident 

radiation and the effect is therefore more marked in the case 

of scattering of high frequency X- radiation and, in particular, 

in the case of scattering of 1 -rays. This effect has been 

confirmed for y -rays 
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lic. MO Spectra of silver Ka line scattered by different elements, showing the 
increase in prominence of the unmodified line with increasing atomic number. (Woo.) S 

fig 5. 
In Fig. 5 the spectrum of the incident radiation .A9 K. 

is shown at the top, and is compared. with the spectra of the 

radiation scattered by different elements at 135'° to the 

incident radiation. It will be noticed that in every case 

the change in wavelength of the modified radiation is the sane, 

i.e. the change is independent of the atomic number of the 

scatterer, but the relative intensities of the modified and 

unmodified scattered radiations do depend on the atomic number; 



in fact, with a Lithium scatterer the whole of the scattered 

radiation appears to be modified for this angle, whereas with 

a silver scatterer the whole of the scattered radiation 

appears to be unmodified. 

The experimental determination of the ratio of the 

intensities of the modified to the unrcodified scattered 

radiations has been carried out by Wo0) o and his results are 

shown in TABLE I. 

at 120° 

1 

flRADAT0RATOMIC 
Na 

1 MOD. 

rays scattered 

Radiator , At. No Int.Ratio Mod 
Unmod, I UNMOD, 

Li 3 8 16 1.91 

Be 4 8.72 .ft 19 1.72 

B 5 7.02 ua 20 1.71 

6 5.48 ur 24 0.75 

Na 11 3-04 Fe 26 u.51 

Mg 12 2-78 kii 28 040 

Al 13 2.61 eu 29 021 

Si 14 2.33 Ag 

01..... 1 

Various theoretical formulations of this dependence of the 

ratio of the modified to the unmodified scattered radiations 

on the atomic number of the scatterer have been produced by 
(7) 

C. WENTZE I, WALLEUO R AND D. R. F-IARTRE19 but the agreement with 

Woo's results were only approximate, The writer finds, 

however, that if the ratios of the intensities of the 

modified to unmodified radiations scattered. by different 

elements (as given in Woo's table above) are plotted against 
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the reciprocal of the atomic number of the scatterer, the 

resulting curve is practically a straight line, Fig. 6, 

showing empirically that the relationship between the ratio 

of modified to unmodified scattering and the atomic number 

of the scatterer is given by: 

IMOD. = a -- -f- 
ß 

IUNMOD. N 
(6) 

wave tenghl and angle 
where a and $ are constants depending on the - used,Qrd 

where V is the atomic number of the scatterer, and the 

expression appears to be valid for the range of elements 

from Bo to 

8.0 - 

7.0 - 

b0 - 

5.0 - 

3.0 - 

Curve showing relationship bet-wee 
the Ratio of Intensifies 4 Modified t'o 

Unmodified Scollering and Atomic 
Nvm6er o+ scatterer. 

0 0.05 0.1 OIS o1 015 o-so 

Reciprocal of atomic 11umb<r ! 
Fit 6. 
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It is important to stress, however, that this particular 

variation of the ratio of the intensities of the modified 

to unmodified scattered radiations with the atomic number 

of the scatterer, does not, as far as experimental evidence 

at present shows, hold for other angles of scattering. 

In fact, r .A. Ross's experiniental work gave the results 

shown in TABLE II, 

TABLE II 

Ratio of Intensity of modified to unmodified Lines 

Scatterer 

Graphite 

Graphite 

Graphite 

Aluminium 

Alumi riiurr.t 

Incident Scattering Ratio of 
Radiation Angle Inten . Mod 

Unmod . 
4 

Kü 

211.0 Kß 
I 

900 

900 

u.2 

095 

1.7 

u7 

1.0 

and apparently shows that the intensity of the modified 

scattered radiation relative to the unmodified scattered 

radiation increases as the angle increases from 30° to 900. 

Unfortunately, however, Ross does not give any details 

of the technique he used and corrections applied, so that 

the validity of the above results is not absolutely certain, 

and aregnero yin agreement with the requirements of ,uantur 

Theory. It would therefore be very desirable to investigate 

the dependence of the ratio of the intensities of the modified 

to unmodified scattering experimentally, as this type of 
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investigation would undoubtedly throw considerable light on 

the mechanism producing modified scattering. 

r,A. Ross0,0M, de Broglie, Allison .and Duane, and Uompton 

all agree in stating that the relative intensity of the 

modified to unmodified scattering is mach greater then Tungsten 

K radiation is scattered than when Molybdenum Ka radiation is 

used. In fact, it seems that the higher the frequency of the 

incident radiation, the greater the relative intensity of the 

modified scattered radiation. In the case of cu K radiation 

scattered from Al, no modified line was found, 

unfortunately, the exact or even approximate dependence 

of the intensity of the modified scattered radiation on the 

frequency of the incident radiation does not seem to have been 

systematically and quantitatively investigated experimentally. 

This type of investigation would also be very desirable and 

it seems to the writer would be of considerable importance 

when scattering heterogeneous radiation. We will return to 

this point later when discussing the results of the experiments 

reported in this work. 

Experimental work by B arkla2)uompton and hagenow showed 

that all the radiation scattered at 90° to the incident 

radiation was completely plane polarised, that is, both the 

modified and unmodified scattered radiations were 1000/0 

plane polarised, the plane of polarisation being in accordance 

with that predicted by classical electromagnetic theory. 

The polarisation of the radiation scattered at 90° 

receives a very concise and simple explanation in terms of 

the classical theory, but no satisfactory explanation of 

polarisation in terms of the quantum theory of radiation has 
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been produced as yet, although attempts have been made to 

account for it in terms of the neutrino theory of radiation 

where a photon was supposed to be made up of a neutrino and 

an antineutrino and the polarisation of the radiation was 

interpreted in terms of certain orientations of the spin 

axis of these particles. This conception, however, was 

purely theoretical and even so is not, at present, regarded 

seriously, 

Barkia also showed that the general radiation emitted 

by an X -ray tube was partially polarised; it further 

appeared that the radiation at or near the short wave -length 

limit of the general radiation was completely plane polarised, 

again in accordance with classical theory where an electro- 

magnetic wave is produced by the sudden stoppage of an 

electron. 

Barkla also found that the total percentage of 

polarisation defined as: 

Intensity cf polarised component x 100 
total intensity 

decreased with increase of the Kilo -voltage applied across 

the tube. 

In experiments on the scattering of heterogeneous 

radiation, and in particular on the scattering of the 

general radiation, due consideration must be given to the 

effects produced by this partial polarisation of the 

incident radiation. 
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THE SCATTERING COEFFICIENT 

As already mentioned, when X- radiation falls on matter, 

part of this radiation is scattered in all directions, and 

in consequence of this, the intensity of the transmitted beam 

will be less than that of the incident beam, iWe neglect for 

the moment the absorption due to the production of charac- 

teristic radiation and photo electrons.) 

For homogeneous radiation it is found that the intensity 

Ix of the radiation transmitted through a thickness x of 

matter is given by: 

-X Ix= i0e 
0 

(7) 

where is the scattering coefficient of the given 

material and I. the intensity of the incident beam. 

'rhe linear scattering coefficient Q is defined as the 

fractional reduction in the intensity of the beam by unit 

path in the scattering substance, and this quantity is also 

dependent on the physical state of the scatterer, but the 

quantity obtained by dividing the scattering coefficient by 

the density of the scatterer appears to be independent of the 

physical state of the scatterer, and is called the mass 

scattering coefficient of the given material. 

It is generally believed that the incident radiation is 

scattered by the electrons in the atoms individually, so that 

by calculating the number of electrons in a cubic centimetre 

of the scatterer we can find the scattering coefficient per 

electron, on the classical theory, this electronic scattering 

coefficient is given by the formula 

Q e 
= 8 ir e4 

3 m2 e4 ( 8) 
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where e is the electronic charge in E.S.U. 

m is the mass of the electron in gms. 

and G is the velocity of light in cros /sec . 

Substituting the modern values for these constants, it was 

found that the electronic scattering coefficient turned out to 

be 666 x 10 
27 

and had the dimensions of area. 

o. (classical) = 666 x 10 -7 ems2. 

In the above expression, (formula 8 ) it is seen that 

the electronic scattering coefficient appears to be independent 

of the wavelength of the incident radiation. (The writer's views 

on this point will be discussed more fully later in the 

Discussion of Kesults). 

Experimental measurements of the mass scattering coefficient 

and hence also those of the electronic scattering coefficient 

definitely showed, however, that the coefficient was a definite 

function of the wavelength of the incident radiation and tended 

to decrease rapidly, as the wavelength of the incident radiation 

decreased. This variation of the electronic scattering coefficient 

with the wavelength of the incident radiation is well illustrated 

in the experimental results obtained by T. CuykendalI for 

scattering from carbon, shown in Yig. 7. 
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uuykendall, however, did not correct for the absorption 

associated with the production of characteristic radiation 

of the scatterer etc. 

(15) The corrections have been made by 5 J .. i. Allen, whose 

experimental determinations of the electronic scattering 

coefficients for different wavelengths and different elements 

are .shown in TABLH III, and are plotted for Hydrogen, Lithium, 

Boron, Carbon and Aluminium in Fig. 8. 

'l'ABT: h; III 

> 

BTJCT:'tCITIC C'al.TTE'?IiTG CC:ér1: ICIE:;T ;. 1C` 

IJ17<1J1.7.E1TT `.l_-L,r=GTu IN A U 

0.005 o 010 C- 02; 0 0; 0 0-064 0.098 0 .130 0.200 0 . 417 

H 128 19 270 380 410 460 530 620 640 

Li 410 460 570 620 

Be 80 60o 

B 44C 480 7 7 0 ; 90 

C 123 197 270 390 420 460 500 550 570 

-" 40 
0 195 420 460 520 540 

Ne r0 ,.D 

Na. 430 490 540 5,50 

Mg 410 470 540 540 

J'l 129 197 270 330 420 490 510 530 55c 
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The writer would particularly like to draw attention 

to the marked point of inflection occurring in both Allen' 

and Cuykendall's curves at a wavelength of about 0.1 Á.U., 

and this point of inflexion will be discussed later. 

In the mean time it is sufficient to state that the 

writer finds that an empirical formula of the type 

°r- 8ir e4 1_ 4 h 1 
e 

3 m2c4 r m c C9 ). 

agrees with the experimental values of the electronic 

scattering coefficients for Lithium, for wavelengths between 

the above mentioned point of inflexion a*du 4 Á.0 . and 

possibly for longer wavelengths as well. This formula will 

be considered again in 'Discussion of results'. 

Uompton, Breit, .Dirac and Klein and Nishina have 

attempted to explain the decrease in the electronic scatter- 

ing coefficient with decrease in wavelength of incident 

radiation in terms of the photon theory of radiation, of 
(io 

these formulae, Klein Nishina's formula appears to be the 

more reliable, and for wavelengths below 0.10 A.U. it seems 

to be in very good agreement with experiment 

a 
+a 2{1 2 a I 

log (i+ 2 I 

o9(1 
+2a) 

_ 
m2e4 

c a 

where a = h v 

++ 
1 2 a a "1 2a 

+¡,O) 
(I 2a)2 

mc2 ' 
The experimental values for the electronic scattering 

coefficients for wavelengths above about 0.1 A.U. are 

invariably higher than those predicted by the Klein Nishina 

formula, and this fact will be considered more fully when we 
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are discussing the experimental results reported in this 

work. 

It appears that the Klein -Nishina formula predicts the 

presence of a small amount of unpolarised radiation in the 

beam scattered at 90o to the incident radiation, the intensity 

of this unpolarised component is supposed to vary as the 

square of the frequency, and appears to have been observed 

(17.) 
experimentally by E. Rodgers, whose technique, however, is 

not beyond criticism, and so the presence of the unpolarised 

acattered component cannot be accepted completely. 

Oompton has shown that the presence of this unpolarised 

component, if it really exists, can be accounted for in 

terms of the classical theory, if the spins of the electrons 

be taken into account. 

THE CHARACTERISTIC RADIATION. 

The wavelengths of the characteristic radiations 

emitted by irradiated matter depends on both the atomic 

number of the irradiated element, and to a certain extent on 

the wavelength of the incident radiation. 

The characteristic radiations from a given element 

are called the K L M and. N - -r..- radiations, and the K 

radiations represent the highest frequency characteristic 

radiations which a given element can emit when irradiated 

by radiation of frequencies higher than the K. 

For elements of low atomic number, the characteristic 

radiations are very absorbable, and are in fact almost 

completely absorbed in a few centimetres of air around the 

irradiated elements. In order to investigate the true 
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scattering of X -rays, it is convenient to use scatterers of 

low atomic number for this reason. 

If this is done, the characteristic rays from the 

scatterer need not be taken into consideration. 

THE PHOTO - ELEC'T'RONS AND RECOIL ELECTRONS. 

Both these corpuscular radiations are very absorbable, 

and,themselves,do not play any important part in our 

experiments as they never enter into the ionisation chambers. 

But as these electrons can have very high velocities, and if 

brought suddenly to rest,produce what are called tertiary 

X- rays,having wavelengths comparable with those of the 

incident radiation, these radiations may, to a certain 

extent, prove troublesome in our work. The intensity, 

however, of the tertiary radiations arising in this manner 

is quite negligible compared with the intensity of the 

incident, transmitted and scattered radiations. 
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rRINCIPLES OF THE BXPERI2d1ENT . 

Filtering Experiment, 

some years ago, experimental investigations by Uarkla on 

the absorbability of heterogeneous scattered radiations 

seemed to show that the scattered radiations, under certain 

conditions, appeared to be of precisely the same absorbability 

as the transmitted radiation - contrary to the expectations 

from the quantum theory, according to which the scattered 

radiations were of longer wavelength and, therefore, were 

more easily absorbed by a given substance than the transmitted 

radiations 

In earlier work B arkia had shown,that the mass absorption 

coefficient was in reality made up of several separate mass 

absorption coefficients thus: 

where 
p 

p 

T 
p 

and so on. 

µ = ° t TK + . T1 ,i,. _ 

P p p 

was the mass absorption coefficient due to 

scattering, 

was the mass absorption due to production of 

the E. characteristic radiations of the absorber, 

was the mass absorption coefficient due to 

production of the L characteristic radiations 

of the absorber 

Barkla also showed that P was very small tin 

particular for carbon it had a value of u.2) and in fact, 

almost negligible in comparison with the mass absorption 
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coefficient corresponding to absorptión by production 

of characteristic radiations, He further showed that these 

r coefficients were proportional to the cube of the 

P 
wavelength, thus: 

T a i1 r = ß X3 T = y X3 

P P for a. element P 
where a, ß, are constant ̂, so that the total mass absorption 

coefficient IL may be written as 
P 

Q ,,, f, CL %13 . 13X3 .}. y x3 i- - - - - - 
P P 

s t (rz+13+y+--- 1X3 (12) 
P 

/ 

If the mass scattering coefficient is assumed to be inde- 

pendent of the wavelength, (which.. in point of fact, we have 

seer: on P. 22 not to be the case) and negligibly small, 

then the mass absorption coefficient of homogeneous radiation 

of wavelength ), in a given absorber should be proportional 

to the cube of the wavelength. 

If now,by a system of apertures in lead screens, we 

allow a beam of monochromatic X radiation to fall on a slab 

of some material used as a scatterer, and select a transmitted 

beam and a beam scattered at 90 ° to it and compare the 

intensities of the two beams by means of suitably designed 

and placed ionization chambers, using the deflection of the 

electroscope produced by one of the beams as a standard, we 

can compare the absorbabilities of the two beams by placing 

in the path of each of the beams at ri and r'2, rig. 9, equal 

thicknesses of absorbing filters of, say, aluminium. If the 

wavelength of the radiation scattered at 90° to the transmitted 



radiation undergoes an increase in wavelength in accordance 

with Compton's theory, we would expect, from equation (12 ) 

that the intensity of the radiation reaching the ionisation 

chamber S to be reduced more than that entering the ionisation 

chamber r 

F,, 

E s. 

F1 

1ER 

F i.g. 4 

If we denote the linear absorption coefficient of the 

transmitted radiation by µP and that of the scattered 

radiation by µs we have: 

= A3 and I _ QKA3x 
Xp P 

where K is a constant, depending on the absorber, Ix is the 

intensity of the radiation transmitted through the absorber 

of thickness x and Ip intensity of the radiation falling on 

the absorber. 

Similarly for the scattered beam we have 

}+s = K (ñ 4- 8))3 and IX c Is K 
(Ìl 

+ ÓÁ3X 
e 

where K is the same constant as above and dX is the increase 

in wavelength. which takes place on scattering according to 



Uompton'sheo_^y. 

The ratio of the intensities of the two beams after 

passing through the equal thicknesses of filters may then 

be written as 

Ix IS e'[4 
IxP IP 

A )28Á x I 5 Re 
- 

- - - - - (I3) 

IX, 

where R ia the ratio of the intensities of the two beams 

without filters and A is a constant depending on the atomic 

2 number of the absorber. Terms involving (x ) and higher 

powers of 8X have been neglected. 

If we assume that the intensities of the two beams can 

be compared by the ionisations they produce in a given time, 

then the curve obtained by plotting Ixs against the 

IX? 
thickness x of the filter should, according to equation (13), 

be of an exponential form ì somewhat as shown in Fig. 3_0. 

001 oox 0.03 o-OLI 0.05 
TMICI<NESS OF Hi.UMINIUM FILTER,, IN CMS. (X) 

Fi,g. IO 
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In practice, however, it is generally rather difficult 

to carry out an experiment as discussed above, with mono- 

chromatic radiation, as this generally involves reflection 

of radiation from suitably orientated crystals and thus 

invariably gives monochromatic radiation of very low inten- 

sity which can hardly be used for an experiment of the above 

type. 

Another way of obtelining a fairly monochromatic beam 

of rather higher intensity was devised by P.A. Ross, using 

the K radiation of the anticathode isolated to within a 

very narrow wavelength band by the use of balanced filters 

made of elements whose atomic numbers are on either side of 

that of the element comprising the target of the X-ray tube, 

This method, however, also gives intensities too low for the 

type of experiment considered. 

In view of these difficulties, Barkla and his school 

were obliged to use the general radiation emitted from 

various tubes and attempted to obtain a certain degree of 

monochromatisation by passing the radiation through fairly 

thick filters of low atomic number (so as not to complicate 

matters with characteristic radiations emitted by the 

filters). 

When performing experiments of the above type with 

heterogeneous radiations, it is most important to bear in 

mind that the average wavelength of the two beams is 

gradually decreased, not at the same rate, on passing through 

progressively thicker absorbing filters, and also that the 

ionisations produced in the two ionisation chambers may vary 

relative to one another depending on the wavelengths of the 
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components constituting the two beams. These points will 

be returned to and discussed in full when we discuss the 

results obtained in this work, 

It is sufficient to state for the present,that on 

performing the above experiments with the general radiations 

from various tubes excited at various voltages, the result 

obtained was quite contrary to expectation and was somewhat 

of the form shown in Fig. 11. 
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Although sometimes the type of curve predicted by theory based 

on a change in wavelength of the scattered radiation was 



obtained, in fact the conditions governing the type of curve 

obtained in the experiment does not seem to be known yet. 

The most remarkable feature of the experimental curve is 

that for a considerable thickness of absorbing filter in the 

transmitted and scattered beams, the ratio of the ionisations 

(which the beams produce in their respective ionisation 

chambers, and therefore, presumably also the ratios of their 

intensities) is constant and the greater absorbability of the 

scattered radiation appears as a sudden drop in the ionisation 

ratio, presumably associated with a sudden change in intensity 

as the scattered radiation passes through what seemed like a 

'critical thickness' of absorbing matter. .urthermore, the 

drop in the ratio was followed by a constant value of 

Ì IIp f or another cosiderable range of thickness of absorbing 
P 

filter, which is again followed by a sudden decrease in the 

ratio Ì and so on as shown in rig. 11. These sudden 
P tisf 

drops in the ratio 
ÌS 

- called by Barkla the J- discon- 

tinuities, 
P 

This type of curve obviously does not seem to fit in with 

either the classical or the quantum theory of radiation, 

although considerable care must be taken in the interpretation 

of the results of such an experiment performed with hetero- 

geneous radiation, owing to the difference of ionising powers 

of radiations of different wavelengths. This point will be 

discussed again when we discuss the results of the experiments 

reported in this work. 

As already mentioned, the experimental results obtained 

under what seemed to be identical experimental conditions often 

gave curves showing the J- discontinuities and sometimes, for no 
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apparent reason, gave a roughly exponential smooth curve as 

required by the supposition of a change in wavelength of the 

scattered radiation. 

This fact seems to show that the phenomena of scattering 

of radiation probably involves some as yet unknown factor or 

factors, and considerable work was done in this laboratory by 

Barkla and his school to try and discover the nature of 

these factors and their bearing on the nature of radiation in 

general. The results of this research have been published 

and appear to be most interesting and at the same time some- 

what baffling. 
t+s) 

Some particularly striking work by Kaye seemed to show 

that the appearance or non -appearance of the J- discontinuities 

seemed to depend on the scatterer, in particular one 

scatterer of paraffin wax gave curves showing marked regions 

of constant L and another scatterer also of paraffin 
Ip 

wax, and of identical dimensions, gave a smooth curve, un- 

fortunately Kaye's scatterers do not seem to have been 

preserved. According to his results, it seemed likely that 

the chemical composition of the scatterer may have some effect 

in governing the type of curve obtained, but unfortunately 

the chemical composition of paraffin wax varies considerably 

from one specimen to another, the wax being really a mixture 

of a large number of hydrocarbons and not a true compound. 

The present writer has attempted to investigate the 

effect of the chemical composition of the scatterer on the 

nature of the curve obtained by using scatterers made of 

0 
Lletallic Lithium (98/o pure), Beryllium Oxide, Boron, carbon, 
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raraffin wax (solid and liquid scatterers), and Aluminium. 

The results obtained are reported in this paper. 

The presence of the horizontal portions of the Ì - X 
curve, between the (1-discontinuities seem to suggest Pat 

between these discontinuities the transmitted and scattered 

radiations have the same absorbability in the aluminium 

filters, and consequently, presumably the same wavelengths. 

We have seen from ;Moo's spectral analysis of the radiation 

scattered at 15S° by various elements (Page 15 ) that when 

the incident radiation was the A9 Ka. line, all the radiation 

scattered by Lithium at that angle was of the modified type, 

the unmodified scattered radiation being apparently absent. 

In other words, using a pure Lithium scatterer, according to 

Woo's results, all the radiation scattered at 135 
s 

is of 

longer wavelength than the transmitted radiation, so that 

with a Lithium scatterer we would not expect any regions of 

equal absorbability of the transmitted and scattered 

radiations at this angle, and it seems reasonable to assume 

that with wavelengths considerably shorter than the q9 KoL 

radiation, all the radiation scattered at 90° to the trans- 

mitted radiation will also be only of the modified or 

longer wavelength type, and therefore there should not be any 

region of equal absorbability of the transmitted radiation 

and radiation scattered at 90° to it. 

The actual results obtained with Lithium scatterers are 

given further on and it is sufficient to state at present 

that such horizontal parts of the curve showing equal absorb- 

ability of the transmitted and scattered radiations were found 

to exist under certain conditions with the Lithium, Beryllium 
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oxide and Boron scatterers. 

One of the well established properties of the J- 

discontinuities is their dependence on the Potential Diff- 

erence applied to the X -ray tube generating the incident 

radiation. Some workers find that as the potential 

difference across the tube is increased, the positions of 

all the J- discontinuities are displaced to the left, i.e. 

occur at smaller 'critical' thicknesses of absorbing filters 

Others find the inverse effect. The nature of the J- 

discontinuity also appears to change from time to time under 

what seem to be identical conditions of the experimental 

parameters. Sometimes the discontinuity occurs suddenly at 

a well defined thickness of absorbing filter. Sometimes it 

occurs as a '3-discontinuity region' defined by the fact 

that for certain thicknesses of Aluminium, the ratio 

fluctuates at random between two well defined levels, but 

on either aide of this region corresponding to a thickness 

of about 0.05 to 0.1 mm. of aluminium the ratio -S is 

very steady and constant over considerable ranges of thick- 

ness of filtering aluminium and invariably has a higher 

value on the left side of 'fluctuation region' i,e, for 

thinner filter thicknesses, than on the right side of the 

'fluctuation region', as shown in r'ig, 12. 
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In recent years, most experimenters working in this laboratory 

did not seem to find a definite discontinuity in the form of 

a sudden sharp change in the ratio S from one level to 

another, but found that the ratio Is is the same without 

any absorbing filters except for the windows of the 

ionisation chambers) as it is for thin filters, up to about 

0.3 or 0.4 millimeters in thickness, after which an increase 

in the thickness of the absorbing filters is associated with 

a gradual decrease in the ratio Is more or less expon- 

ential in form and as shown in Fig 13, 

Io 

0q 

02. W 04 oS Ob .01 oe cros, 
i ' 

Thickness OF Ahsorbi A Alum nivm. 

In this case we do not get a definite discontinuity in the 

ratio i but a marked and well defined point of inflection, 

D which appears instead of the discontinuity in the levels 

of IS . 

1 

The point of inflection,D, does not always occur, but 

when it does, again suggests that for thin absorbers the 

absorbabilities of the transmitted and scattered radiations 

are the same, but after passing through a critical thickness 

of matter, the scattered radiation appears to be markedly 
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more absorbable than the transmitted radiation. This result 

again seems to be in contradiction to classical and quantum 

theories, and will be discussed more fully later. 
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EXPERIMENTS CN FILTER= HETEROGENEOUS 
RADIATION BEFORE SCATTERING. 

As already mentioned, when heterogeneous radiation such 

as the general radiation from an X -ray tube is filtered 

through some element of low atomic number, the intensities 

of the various components of the heterogeneous radiation 

are decreased by varying amounts in accordance with the 

absorption law, so that the transmitted radiation will con- 

tain a relatively greater intensity of shorter wavelength 

components than of the longer wavelength components, and will 

thus have a shorter 'average' wavelength. 

Now, according to Uompton's theory of scattering, the 

change in wavelength of the scattered radiation is a 

function of the angle of scattering only, and is independent 

of the wavelength of the incident radiation, and consequently 

the shorter the wavelength of the incident radiation, the 

greater will the relative, or percentage change in wavelength 

be, and therefore the greater the difference in the absorb- 

abilities of the transmitted and scattered radiations. 

The ionisations produced by the scattered and trans- 

mitted beams in two similar ionisation chambers, is prin- 

cipally due to the ejection of photo electrons by the 

absorption of the radiations in the gas in the ionisation 

chambers, and as such, the ionisations -produced should be an 

exponential function of the wavelength. cubed, i the 
k3 

absorption law has been shown to be applicable to absorption 

by gases). 

Thus, if we progressively harden the radiation falling 
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on a scatterer and compare the ionisations produced by them, 

we should expect the ratios of the ionisations to 
P 

increase as the average wavelength. of the incident radiation 

is decreased, owing to the relatively greater difference in 

the absorbabilities of two beams arising as already 

described. 

There are two ways in which the general radiation from 

an X-ray tube can be hardened, one being by increasing the 

potential difference across the tube, and the other by a 

process of filtering through some suitable absorber which 

removes the energy in the longer wavelengths more strongly 

than the energy in the shorter wavelength components. 

In the first case the variation of the intensity 

distribution of the components of the general radiation with 

the potential difference across the tube is as shown in 

Fig. 65 p 136 and we may represent the results of 

such an experiment by plotting the ratio of the ionisations 

Ls against the Kilo voltage Agr across the tube on 
LP 

the assumption that the average wavelength of the radiation 

is some function of the potential difference. This function 

is, however, not known to any degree of certainty, and this 

method of presenting the results of such an experiment is 

therefore rather limited in value. 

Similarly when hardening the incident radiation by 

filtering through suitable absorbers, we can plot the ratio 

of the ionisations s against the thickness of the 
ip 

filter, and attempt to interpret the result on the assump- 

tion that the average wavelength of the transmitted 

radiation is some function of the thickness of the filter, 
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but here again the procedure is not of very great practical 

use. 

Generally, when an experiment of this type is carried 

cut, it is most convenient to use both methods of hardening 

the radiation. 

For example, starting with fairly soft general radiation 

with the tube excited at about 30,000 volts, the ionisation 

ratio is observed as the voltage is raised to 40,000, 
iP 

50,000 etc. consecutively; the limit of the voltage that 

can be used is set by the source of the potential, (an 

induction coil, transformer or constant high tension 

generator) or by the rating of the X -ray tube used. When 

this upper limit to the hardness of the general radiation has 

been reached, we can maintain the maximum potential difference 

ac<<oss the tube and further harden the radiation by filtering 

out the softer components by passing the radiation through a 

suitable absorber of low atomic number, in this case 

aluminium is commonly used. 

If, however, the above methods of presenting the results 

are used, it is very difficult, if not impossible, to compare 

the variation of the ionisation ratios ±S with the hard- 

ness of the radiation produced by the two methods. This 

difficulty can be removed by plotting the ionisation ratios 

against the, mass absorption coefficients of the transmitted 

radiation measured conventionally by a ;0 °/o reduction in 

intensity by the interposition of a suitable thickness of 

aluminium as already described on page 7 . The resulting 

curves obtained by some workers in this laboratory are some - 

what as shown in Fig. 14. 
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The main difference in the two sets of results lies in the 

fact that the latter results ,obtained with the thicker 

Paraffin Wax Scatterers, seem to show a remarkable constancy 
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cf the ionisation_ ratio when the radiation is hardened 
tr 

by passing through considerable thicknesses of Aluminium 

filter, whereas the former results seem to show that the 

ionisation ratio 
S 

decreases as soon as filtering is 
r 

commenced, irrespective of the thickness of the Paraffin Wax 

scatterer, although the effect is sometimes more marked with 

thinner scatterers than with thicker ones. 

The problem of determining the conditions governing the 

constancy or otherwise of the ionisation ratio when the beam 

is hardened by filtering through Aluminium has been carefully 

investigated in this work and the results and conclusions 

reached are reported below. 

Another striking effect revealed by this type of experi- 

ment, and one in which all workers seem to be in agreement 

about, is that as the radiation is gradually hardened by 

raising the potential difference across the tube, the 

ionisation ratio kS gradually increase:, Until a certain 
Ih 

potential difference c is reached, and then remains 

constant over a relatively wide range of higher potential 

differences, in fact for potentials from c to 90 Kilo 

Volts, the maxinnim voltage rating of the tubes used in this 

laboratory. 

The actual value of c appears to depend on the thick- 

ness of the scatterer and on the particular tube used. Thin 

scatterers give values of c which are lower than those 

obtained when thick scatterers are used 

The experimental results obtained by using various tubes 

and scatterers of Li, BeO, B,C, raraffin Wax and Al by the 

writer will be described below. 
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TEE APPARATUS 

(l) Apertures and °screens . 

In all the experiments to be described below the prop- 

erties of a beam of radiation scattered at 90° to the 

incident radiation (hereafter called the secondary beam) are 

compared with the properties of the beam transmitted through 

the scatterer (hereafter called the primary beam). 

These beams are obtained by using a suitable arrange- 

ment of lead screens having apertures, and the lay out of 

these screens are as shown in Fig. 1.6 and Fig. 17. 

To prevent stray radiations interfering with the 

experiment, the X -ray tube was itself placed inside a large 

lead walled box, the high and low tension leads being 

inserted through insulators made of tMicanite' tubes 

measuring 4 inches in diameter and filled with wax. 

The writer has been fortunate enough to get the use of 
î2eekìe 

the actual apparatus used by previous workers, i4.64.hi-g and 

Miss Wilson, and was thus able to carry out experiments 

under what seemed like identical conditions to those of the 

above workers. The actual arrangement of this apparatus is 

as shown in Fig. 16, and the screens used were made of lead 

measuring 3 m.m, in thickness; this thickness of lead was 

stated by the above workers to be adequate for the voltages 

used, up to 105 KV. After obtaining numerous results with 

this apparatus, the writer was led to the conclusion that 

the thickness of lead used was insufficient and determined. 

the penetration of the radiation for different thicknesses 
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of lead by means of a photographic exposure using Ilford 

Double coated X -ray film backed by a Jalcìun 'rungstate :creep 

The resulting radiograph. is shown in r'ig. 18 and shows that 

even for 90 Kilovolt radiation 3 m,m, thickness of lead was 

insufficient, but 4 m,m, lead was almost opaque to the 

radiation. 
610 Kv., TUNGsTEN Tube. 
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It must, however, be emphasised that the photographic method 

of detecting radiation is generally far less sensitive than 

the ionisation method, and hence the penetration of the 

radiation through various parts of the screens may seriously 

effect the experimental results,particularly when high 

potentials and long ionisation readings are involved. 

To overcome this difficulty, the apparatus was rebuilt 

with lead screens having 4 mm., thickness, and in the light 

of experience gained in the preliminary work with apparatus I 

the writer has redesigned the lay out of the screens and 

apertures in an attempt to provide better experimental 



conditions, in particular the size of the apparatus was 

considerably reduced, thereby giving bigger intensities in 

the beams enabling smaller apertures to be used, and-reducing 

the times of the various readings. 

The new, 4 m,m. walled apparatus is shown in Fig. 17. 

The apertures were made in separate sheets of lead 

(3 m.m. thick in apparatus I and 4 m.m, thick in apparatus II) 

which could be placed in the desired position by sliding them 

into wooden grooves permanently fixed to the lead walls or 

screens. 

In this work, the following nomenclature for the 

various apertures has been used:- 

Aperture No. 
(in diagram) .Nomenclature 

No 1 main Primary Aperture nearest 
to tube. 

No. 2 

No. 3 

No, 4 

No. 5 

main Primary Aperture nearest 
to Scatterer, 

rrimary Aperture. 

Notation 

M(A) 

M (B) 

P 

Secondary Aperture nearest to s (A) 
Scatterer, 

Secondary Aperture nearest to s (B) 
chamber. 

J 
The transmitted beam was invariably found to be much more 

intense than the scattered beam and consequently, the 

primary aperture No. 3 was usually a very small one, of the 

order of about 1 m,m, in diameter, whereas the secondary 

apertures (Nos. 4 and 5) were c omparatively large, ranging 

from about 0.8 cros. to 2.5 ems, in diameter, 
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In apparatus Vo. I I, the primary aperture 110. 3 was 

mounted on a horizontal micrometer screw, so that it could 

be given horizontal displacements, and so served to select 

transmitted beams over a small range of angles; in most of 

the work, however, this aperture was kept at the central or 

zero position. 

(2) The Scatterers. 

In order to eliminate as far as possible any compli- 

cations brought about by different thicknesses of the 

scatterer being traversed by the primary and secondary beams, 

the scatterers used were in the form of vertical slabs, and 

were inclined at an angle of 45° to the incident radiation. 

In this way, both beams traversed equal thicknesses of the 

scatterer, apart from possible multiple scattering, which 

would in any case, give rise to relatively low intensity 

scattered radiation, (since the process of multiple scatter- 

ing is really the resca.ttering of scattered radiation). The 

presence of multiple scattering should, however, be borne 

in mind when interpreting the results obtained, particularly 

when using thick scatterers. 

The thicknesses of the scatterers used ranged from 

19 m,m, to i m.rn. for Paraffin Wax, and were all 10 m.m. 

thick for scatterers of Letallic Lithium, Beryllium Oxide, 

Boron, and Liquid Paraffin Wax. For Aluminium scatterers 

the thickness ranged from 1.28 to 2.06 m.m. and for carbon 

from 6 m.m, to 9.3 m.m. 

The solid Paraffin Wax scatterers were cast by pouring 

the molten wax into wooden moulds and then planing the cast 
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slabs to the desired thickness. 

The liquid Paraffin Wax scatterer was made by cutting 

out an oval shaped aperture in a piece of 3 -ply wood, 10 m,rn, 

thick, measuring 17 x 14 cros'; this aperture measured 10 ems, 

along its major axes and 7 cros, along its minor axes, and the 

vertical edges were levelled in such a way as to ensure that 

the incident and secondary radiations never touched the wood 

when the latter was placed at 45° to the incident radiation, 

The oval aperture was then covered by a piece of wet 

cellophane which was then glued to the wooden sides with 

'secotine'. While the glue was still pliable, the cellophane 

was evened out and tightly stretched, and when dry was found 

to give a remarkably well stretched. smooth 'window' over the 

aperture; the other face of the wooden slab was similarly 

covered with cellophane, and an opening was made at the top 

whereby molten wax could be poured. into the cellophane cell 

thus formed. 

The thickness of the cellophane used was u0 1 ems. and 

as such produced quite negligible absorption and scattering 

and the radiation was mainly scattered by the wax between the 
eellorhane faces. 
-the two heating filament terminals at the top of the 

ware con netted. 
scatterer.to a source of potential difference of 20 volts, 

The whole of the pare fin wax in the cell was found to melt 

in half an 
. hour, and so the scatterer could be used in 

liquid or solid form without the necessity of touching any 

part of the scatterer or system of apertures. The completed 

scatterer is shown in Pig. 19. 
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Fig. I9_ 

The Boron and Beryllium Oxide was only available in 

very pure powder form, and because of their very high 

melting points could not be cast into a solid slab, for 

this reason, several more cellophane wood cells, as des- 

cribed above, were made (without the heating spiral and 

terminals), and were filled with the pure powdered Boron 

or Beryllium oxide. A fairly even density of the powder 

packing was achieved by gentle but firm tapping of the 

wooden former during the pouring in of the powders. 

With cellophane windows made as described above, no 

bulge near the centres of the windows was observed. In fact, 

the windows behaved as well as any plane mirror when tested 

for reflection; no distortion of an image reflected by 

either window could be detected. 

The metallic Lithium was available in the form of 

irregular rectangular pieces kept under naphtha oil. Jior- 

tunately the metal has a low melting point so that it could 

be cast into a suitable shape. 
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Molten Lithium is, however, one of the most reactive 

substances known and although some attempts were made to cast 

it in moulds made of graphite or fireclay, these were quite 

unsuccessful, until, thanks to the kind advice of Dr. Bolan: 

of the uhemistry Department, the following technique was 

evolved. 

The blocks of Lithium were melted in a covered iron 

crucible, then removed from the Junsen Burner and the burnt 

remains of the naphtha oil and oxide film scraped off the 

molten Lithium as quickly as possible by means of a stainless 

steel spatula to prevent free access to the atmosphere, and 

then recovered and allowed to cool. The resulting circular 

block of Lithium was found to be rigidly stuck to the iron 

crucible, but as the metal is very soft, it could be levered 

off the sides of the crucible and the bottom of the crucible 

sawn off, leaving a thick disc of metallic Lithium which was 

then beaten out into a roughly circular disc having a thick- 

ness of about 1.3 ems. This disc was then placed loosely 

into an oval shaped aperture in a block of wood lü m.m, thick, 

covered on both. sides with thick sheets of aluminium and 

squeezed between these sheets in a vice until the aluminium 

sheets were everywhere in contact with the wooden block. 

In this way, the lithium practically filled the oval 

aperture and,on removal from the vice, was found to have very 

smooth metallic faces, which were then polished with a mixture 

of Amyl Alcohol and retrol and given a very thin protective 

film of Vaseline. 

When not actually in use., the two faces were further 

protected from oxidation by sheets of cellophane placed over 
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the faces and stuck down by a fairly thick layer of vaseline 

at their edges; these sheets were peeled off when the 

scatterer was in use. 

The carbon was available in the form of regular rec- 

tangular blocks of graphite and were mounted on top of a 

piece of wood to give the desired height, and held in a 

vertical plane by aluminium clips at either end, attached to 

the piece of wood underneath, as shown in Fig. 20. 

Grapñtte SCOlterer aria holdev' 

Fig 20 

The bases of all these scatterers were clamped between thin 

wooden strips of suitable thickness which served as packings 

between the scatterers and the jaws of the aluminium clamp 

which can be rotated about a vertical axis by means of a 

short brass axle fitting into a hole Á in the base of the lead 

scattering box, (Fig. 16 and 17), and also carries a pointer 

moving over a scale graduated in degrees. 

she clamp is shown in .Fig. 21. 
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(3) The Ionisation uhamb ers 

The two ionisation chambers were identical with one another 

in every respect and details of their design are shown in 

Fig. 22. 

Bras$ Wall 4 Ckantóer 

Aluminium window 

9""cL ring (Rube) 

electrode lend. " 
Apparatus I was fitted with rather large ionisation chambers 

measuring 12.5 x 15.0 cros diem. and the resulting natural leak 

of the instrument was consequently somewhat on the large side. 

Smaller ionisation chambers were then substituted, the di- 

mensions were: 9.0 X 11.0 cms diametre and this greatly 

reduced the natural rate of leak, 

Apparatus II was used with the smaller ionisation 

chambers throughout. Both sets of ionisation chambers were 

covered on the outside with 3 m.m, lead. 

The electrode B (Fig. 22) was made of an aluminium wire 

frame, over which was stretched and sewn a piece of fine silk 

gauze which was generally rendered conducting by a coating of 

Indian ink. But after some experience the writer found 

Acheson's 'Aquadaq' Uolloid.al Graphite considerably superior 

to indian ink, as the graphite gave a much more coherent and 

better conducting surface, and being pure carbon was chemi- 



cally inactive with the gases used in the ionisation chambers, 

and a poor emitter of photo electrons, this last property being 

particularly desirable. 

During the coating process the colloidal graphite was also 

used for smoothing down any of the small irregular hairs from 

the silk gauze, this being important for good performance of 

the ionisation chamber, as any sharp edges or points are apt 

to produce brush discharges in the potential gradient existing 

inside the ionisation chamber. 

The electrode was kept in position and supported by the 

free end of the aluminium wire making up the electrode frame, 

this end being bent into an eye and rigidly secured to the 

electrode lead, E.L. passing through the insulating plug, by 

means of a rounded nut DI shown in rig. 23. rhe intensities, 

or strictly speaking, the ionisations produced by the primary 

(transmitted) and secondary (scattered) beams were compared by 

observing the number of microscope eyepiece divisions through 

which the image of the primary gold leaf moves while the image 

of the secondary gold leaf moves over a standard number of 

divisions. corrections for the natural leaks occurring during 

the time taken by the secondary gold leaf to move through the 

standard number of divisions are then applied to the observed 

deflections and the ionisation ratios determined from the 

resulting values of the corrected deflections. 

In actual practice, however, it was found very difficult 

to apply natural leak corrections because the rates of leak 

were different at the two positions of the gold leaves corres- 

ponding to the zero and the deflected positions. In other 

words, the rates of leak seemed to depend on the actual 



instantaneous potentials of the electrodes, 

careful_ observation soon showed that this difference 

in the rates of leak for the various positions of the gold 

leaves was due to the 'soaking in' of the charge on the elec- 

trode into the insulating plug. In particular, the rate of 

leak at or near the zero position of the gold leaf was 

invariably higher than that at the end of its deflected 

range, but as the gold leaf was maintained in the latter 

position for a time interval of about half an hour, the natural 

rate of leak gradually rose to the same value it had when the 

leaf was in its zero position, thereby obviously showing a 

'soaking in' effect of the charge acquired by the electrode 

into the insulator, which initially masks the normal rate of 

leak. 

The writer then undertook a series of experiments to try 

and determine the cause of the 'soaking in' of the charge and 

to attempt to reduce them to a minim am or to remove them 

completely. 

These experiments showed the following:- 

(1) The 'soaking in' of charge depended on the material of 
the insulator. Some speciments of ebonite were 
better than others but generally showed marked 
'soaking in' effects, although sulphur seemed to have 
only a very slight, if any, 'soaking in' property. 

(2) The 'soaking in' of charge depended on the potential 
gradient across the insulator. 

(3) The ' so akí_zg in' of charge seemed to be proportional 
to the area of contact between the metal electrode 
lead-in and the insulator itself, being markedly 
less when small insulating plugs were substituted 
for the larger 3 to 4 ems. ones. 

most previous workers used ebonite insulators with 

guard rings as shown in Fig. 23. 



But as the writer attempted to use smaller apertures and higher 

electroscope sensitivities, the soaking in effect was found to 

be very troublesome and consequently attempts were made to 

develop a sulphur insulator but this was not very successful 

owing to lack of mechanical strength and the difficulty in 

making a gas tight seal between the sulphur .and the metal 

electrode lead-in, although after some experimentation a 

combined sulphur- ebonite plug was made which had a very small 

'soaking in' effect but these plugs only had very short lives 

as they rapidly developed gas leaks. 

Quartz was then tried but could not be made to give a 

gas tight seal in any simple way, although the British Thermal 

Syndicate Co. Ltd, suggested a design for a quartz insulator 

involving gas tight lead seals; but it seemed that the design 

would considerably increase the capacity of the electrode 

systems and would thereby reduce the sensitivities of the 

electroscopes to ionic charges. 
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At about this time the writer obtained some very valuable 

information regarding a new plastic insulation material having 

the trade name of 'Distrene'. This material has an amazingly 

high surface resistivity of 3 x 106 megohms after an immersion 

of 24 hours in water; it is also chemically inert and stable, 

of very high mechanical strength and easily worked in a lathe. 

The 'soaking in' effect is practically negligible in Distrene. 

Accordingly, new insulators were made of this substance, and 

designed in such a way as to have a very minimum area of contact 

between the insulator and the metal electrode lead in This 

was achieved by having the electrode passing through a wide 

hole in a cylinder of Distrene so that there is no contact 

between the metal and the insulator and gripping the insulator 

between two hollow ground brass nuts having knife edges biting 

into the distrene; the metal- insulator contact area is thus 

completely confined to the area of contact between the sharp 

knife edges and the insulator, thus being of the order of 0.05 

sq. crûs., compared to the contact area of 4.6 sq., ems. in. 

the usual design. 

This design for the electrode -insulator system was origin- 

ated by the writer and has given remarkably good performance. 

It combines negligible 'soaking in' of charge with good 

mechanical strength and is practically gas tight. The elec- 

trical capacity of the system is also very low owing to thg maj or 

part of the dielectric being air. 

In recent years, many workers including the writer, have 

experienced trouble with the insulation due to some as yet 

unexplained chemical reaction occurring between the sulphur 

Dioxide Gas used in the ionisation chambers and the ebonite 
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insulating plugs, giving rise to a thick white residue which 

completely destroyed the insulation properties. No such effect 

was ever observed with Distrene insulators. 

The complete Distrene insulating system is as shown in 

Fig. 24. 

KYtiie Ec{çre' Nur 

(4) The E i_ec troscooes 

Owing to the great difference in intensity of the trans- 

mitted and scattered beams, it was convenient to use electro- 

scopes of different sensitivities for the two beams. The 

intensity of the transmitted beam was about 1000 times that 

of the scattered beam, and the ionisation produced in the 

primary ionisation chamber was cut down by using a sufficiently 

fine apertu 'e, usually of the order of about one or two m.m. 

in diameter while the ionisation produced by the scattered 

beam in the secondary ionisation chamber was made comparable 

with that produced in the primary ionisation chamber by using 

relatively large secondary apertures generally of the order of 

one to three ems, in diameter. 



The primary electroscope was of the ordinary cubical box 

type, where the gold leaf was suspended from a central metal 

electrode, the top of which was connected to the ionisation 

chamber electrode by means of a thin coiled brass spring, 

care being taken to have an adjustable sleeve working on the 

guard ring, arranged so as to cover completely all parts of 

the electrode system between its emergence from the ioni- 

sation chamber and its entry into the electroscope. This 

was mounted vertically below the ionisation chamber, in 

order to eliminate any possibility of radiation transmitted 

through the ionisation chamber from affecting the electro- 

scope. The latter was further protected by making it gas 

tight .(to exclude draughts) by sealing all the openings 

with Edward's Wax, and was also covered with sheet lead 

3 m.m, in thickness. The inside of the brass box was lined 

with sheet aluminium and several layers of filter paper. 

An eccentric ebonite knob, bearing on a brass spring 

served to charge the gold leaf to the desired potential by 

connecting the electrode system to the positive terminal 

of a 240 volt battery, the negative terminal of which, to- 

gether with the outer casings of the electroscope and 

ionisation chamber was earthed, thereby producing a potential 

gradient of 240 volts between the electrode and case of the 

ionisation chamber, which drove negative ions towards the 

electrode. 

The above potential also produced a deflection of the 

gold leaf of about 25°. 

The gold leaf and electrode system could then be 

isolated by means of the eccentric knob, and the rate of 
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disc :barge of the electroscope by the negative ions reaching 

the electrode could then be observed by means of a low 

power microscope, having an eyepiece scale calibrated in 

0.01 cm. divisions. In general the choice of apertures and 

sensitivity of the electroscopes were adjusted so as to make 

the deflections produced in the primary and secondary 

electroscopes in the same time to be of the same order and 

was generally about 12 to 30 divisions, depending on other 

experimental parameters imposed. 

The secondary electroscope and its method of connection 

to the ionisation chamber are shown in detail in Fige 25. 

The gold leaf is earthed and one of the tilted plates is 

maintained at a positive potential of about 200 volts by 

means of high tension batteries. The other tilted plate 

was maintained at -200 volts by another batch of high 

tension batteries. 

The zero position of the gold leaf, hanging between the 

two oppositely charged plates was found to be very sensitive 

to temperature changes and consequently the above high 

tension batteries were kept thermally insulated by wrapping 

in cotton: wool and placing them inside an earthed metal box 

which was further thermally insulated by placing it in saw- 

dust contained in a white painted wooden box. 
(oq) 

The sensitivity of the Bumstead electroscope could be 

varied by raising or lowering the gold leaf and its support 

by a screw arrangement at the top of the instrument . The 

actual sensitivities used in t his work ranged from about 

4 to about 30 microscope divisions per volt for the secondary 

electroscope (determined by a potential dividing circuit) and 
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from 1 to 1.5 divisions. per volt for the primary electroscope 

(determined by varying the potentials applied in steps of 

9 volts each). 

The secondary (Bumstead) electroscope was placed in an 

aluminium box provided with insulating sleeves through which 

the various lead -ins were passed. This electroscope was 

also mounted vertically below the secondary ionisation and 

protected from stray radiations by suitably placed lead 

screens. The electroscope electrode passing through a quartz 

insulator was connected to the ionisation chamber electrode 

by means of a light, coiled brass spring. The latter elec- 

trode was fitted with a small brass projection having a 

rounded tip which served to make contact with an earthing 

handle supported by and passing through a horizontal, covered, 

slit in the guard ring -tube which again was made so as to 

cover the whole electrode system, 

The outer casing of the secondary ionisation chamber 

was mounted on a wooden platform having !micanite' insul- 

ators and maintained at a constant negative potential of 

240 volts by means of a batch of dry batteries. Its elec- 

trode, and consequently the gold leaf were earthed, thereby 

again producing a potential gradient between the electrode 

and the case of the ionisation chamber, so that if the gold 

leaf is insulated by turning the earthing handle, negative 

ions reaching the electrode will deflect the gold leaf to- 

wards the positively charged plate of the electroscope. 

Preliminary experiments showed that a potential differ- 

ence of 70 volts between the electrode and case of the larger 





ionisation chamber was sufficient to give full saturation of 

the ionic current, but for safety the potential difference 

was maintained at about 240 volts, 

Sulphur dioxide gas at atmospheric pressure was used in 

the ionisation chambers to increase the ionic current pro- 

duced by a given beam of radiation. The gas w as released 

under its own vapour pressure from syphons and passed through 

a drying tube containing calcium chloride granules and was 

then led by means of lead tubing, separated into appropriate 

segments by small ebonite insulating connectors, to the 

secondary ionisation chamber through a brass gas tap, and 

thence through more tubing to a gas tap on the primary 

ionisation chamber and thence to a water suction pump. 

When filled with SO2 after passing a steady stream of 

the gas through the system for about 2U minutes, the gas 

enclosed by the two ionisation chambers and the short tubing 

connecting them is isolated by turning off the appropriate 

gas taps but leaving the interconnecting taps open so as to 

ensure that gas pressures in the two ionisation chambers are 

always the same. 

The ionisation chambers are regularly filled with 

fresh. S00 at intervals of about a month or as required, 

photograph of the complete apparatus is shown on the 

opposite page, 

(5) The High Tension Generators. 

The results reported below were all obtained vrith the 

use of a Greinaher Voltage Doubling circuit, in the foin of 



what is generally known as a'Constc.tlt High Tension Apparatus'. 

The fundamental circuit is shown in Yig. 27. 
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Fig 27. 

The principle involved is that of charging two condensers 

in parallel and dischLng them in series through the X -ray 

tube, the appropriate conditions for charging and discharging 

the condensers being provided by rectifying valves which are 

used for rectifying the A.C. out-gat of the high tension 

transformer, the input voltage applied to this transformer 

being controlled from a switch board panel by means of a 

system of rheostats. 

The complete constant high Tension unit used (designed 

and built by Messrs. Watson's Electro Medical Co. Ltd,) is 

shown in Figs. 27 and 28. 
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Sorte attempt was made to use gas tubes excited by induction 

coils, but owing to the lack of control in the speed of the 

interrupter and hardness of the tubes, the results were so 

irregular as to be unworthy of report and the experiments were 
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soon abandoned in favour of the hot cathode (Coolidge) 

tubes excited by means of the constant high tension apparatus, 

described above 

(6) The X -ray Tubes. 

The experiments reported below were made with various 

makes and types of tubes, the individual characteristics of 

which are briefly given herewith. 

(1) Tube No. X.P. - 3 

Made by : Coolidge u . S .A 

Type Hot Cathode, Tungsten target. 

Rating : Max. Voltage 90 Kilo Volts. 

(for continuous 
running) 

Structural details: 

Max, current 2.O milliamps, 

This tube was fitted with a cylindrical 

glass envelope,part of which facing 

the focal spot was ground very thin 

so as to act as a transparent window 

for the emerging X -ray beam. The 

target face was inclined at an angle 

of 710 to the axis of the tubes Fins 

were provided for cooling purposes. 

(2) Tube No. 273117 

Made by : Isuller, Germany. 

Type Hot cathode, 'tungsten target. 

Hating max. Voltage 100 Kv. 

Max, current 3.0 m , a (for continuous 
running) 

Structural details: This tube was fitted with an all glass 

envelope having a bulb in its middle; 
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no special 'window' arrangement 

was provided, the radiation 

simply penetrating the glass 

walls of the bulb 

The target face was inclined at 

an angle of about 71° to the 

axis of the tube. 

This tube was fitted with a water 

cooling system. 

(3) Tube No. 342177 

Made by Philips, Holland. 

Type Hot cathode, rungsten target. 

Hating 

(for contins running): max voltage 100 Kv. 
2.5 Kilo watt tube. 

Structural Details This tube was of the modern 

Metalix design, the principles of 

which are shown in ?ig. 29. 
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The radiation emerged from a glass 

window inserted into the metal 

mid -piece which also carried a 

clamping device whereby the tube 



could be clamped, at the desired 

height, on to a vertical 

insulated rod of mild steel, 

r'or the proper focussing of the 

electron stream in this type of 

tube, it is imperative that the 

central metal piece and its 

supporting rod are well insul- 

ated, as otherwise the operation 

of the tube is erratic, The 

necessary insulation was achieved 

by placing small 'Distrene' 

washers under the platform on to 

which the central supporting rod 

was screwed. 

The tube being of the Metalix type, 

it was impossible to ascertain 

the inclination of the target 

face to the axis. 

After obtaining somewhat strange results with this tube, 

it was discovered that it possessed two distinct focal spots; 

the relative intensities of the X -rays emitted from these 

focal spots depended on the current passing through the tube. 

In view of this, the experimental results obtained w ith 

this tube were scrapped and are not reported in this paper, 

(4) Tube No, 43712 

Made by uoolidge, C.S.A. 

Tyke . Hot cathode; Molybdenum target. 
(original Coolidge 'Helium filled' 

type) 
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Rating Uncertain, but apparently could 

(for continuous not be used at voltages higher 

running) than 86 Kv. 

Structural Details TT is tube had ' an all glass bulb 

envelope; no special 'window' 

was fitted and no cooling 

arrangements were provided. 

The molybdenum target face was 

inclined at an angle of about 

88° to the axis of the tube. 

and was slightly convex outwards, 

owing to its various limitations, this tube was only 

used for a very short time for comparing the effects pro- 

duced by Molybdenum targets with those produced by Tungsten 

target tubes. 

(5) Tube No. 15291. 

Made by rhilips, Holland. 

Type Metalix, hot cathode, Tungsten 

target. 

Rating Uncertain. rrobably 100 Kv. max, 

(for continuous 

running) 

Structural Details This tube was of the ' Me talix' 

type alteady described for 

Tube No. 342177 above; it was 

fitted with a soda glass bulb- 

ous window, and water cooled. 

The inclination of the target face 

to the axis of the tube was un- 

certain. 
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(6) Tube No. 433917. 

Made by . Cuthbert Andrews, London, England. 

Type 

Hating 

(for continuous 
running) 

Structural Details This tube was very similar to the 

'Metalix' tubes described above, 

and the same insulating pre- 

cautions were taken. 

The tube was fitted with a bulbous 

soda -glass window and was water 

cooled. The angle of inclin- 

ation of the target face to the 

axis of the tube was uncertain 

but, being a modern tube, was 

probably of the order of 71°. 

This tube was brand new and as such the results obtained 

with it are probably particularly reliable. 

Hot cathode, tungsten. target, 

'Therapex' tubé. 

Maximum Voltage 110 Kv. . 

maximum Current 4.O m,a, 
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EXPERIMENTAL PROCEDURE AND RECORD 

0R RESULTS. 

Procedure and Manipulation. 

Before commencing a series of observations and when the 

apparatus was not in actual use, the electrode and gold leaf 

of the primary electroscope was connected through a high 

resistance to the positive terminal of a battery having a 

potential difference of about 240 volts., the negative 

terminal of which was earthed. 

The electrode and gold leaf of the secondary electro- 

scope were connected to earth through the earthing lever 

inserted through the guard ring. 

:Then readings weretaken, the primary electroscope was 

left connected to the battery. The secondary gold leaf was 

disconnected from earth and the shutter (Fig .16, 17, ) was 

raised; the secondary gold leaf thus gained an ionic charge 

and gradually moved towards one of the tilted plates of the 

electroscope. This movement was watched through the micro- 

scope and when one sharply focussed edge of the image of the 

gold leaf appeared to coincide with some convenient micro- 

scope scale division, the shutter was quickly lowered and 

the primary gold leaf disconnected from the battery and 

insulated. The position of the sharply focussed edge of the 

primary gold leaf relative to the primary microscope scale 

was accurately read to the nearest 0.1 of a scale division, 

(in some cases it was possible to estimate this reading to 

0.0; of a microscope division) and recorded as microscope 

reading rl The shutter S was then raised, and the movement 
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of the sharply focussed edge of the secondary gold leaf over 

the microscope scale was watched until it had traversed a 

convenient range of between 12 to 20 microscope scale 

divisions and again appeared to be in coincidence with a 

definite microscope scale division, when the shutter was 

again quickly lowered and the position of the sharply 

focussed edge of the primary gold leaf relative to its 

microscope scale was carefully read to the greatest possible 

accuracy (0.1 or 0.0; of a scale division) and recorded as 

P2. The difference in the two primary microscope readings 

p2 - P1 thus gave a measure of the deflection P of the 

primary gold leaf corresponding to a known standard whole 

number of microscope divisions, secondary deflection, and 

the ratio of the deflections may be calculated to obtain 

S/P which was taken to represent the ratio of the ionis- 

ations produced by the primary and secondary beams, (Certain 

corrections were made to allow for the natural leaks and 

'soaking in' of charge in the ionisation chambers and 

electroscopes.) 

These corrections were somewhat difficult to evaluate 

but the following procedure was developed and applied 

throughout the work reported in this paper, 

The time taken for the secondary gold leaf to travel 

over its standard deflection S and for the corresponding 

deflection r of the primary gold leaf was carefully noted 

and recorded as T, and after reaching the position 22 (above) 

the gold leaves were left in their deflected positicns for a 

further time of T seconds and any leaks (positive or negative) 
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which occurred in either electroscope during these additional 

T seconds were recorded as p and s leaks respectively. 

The primary gold leaf was then again charged up by 

connecting it to the 240 volt battery and the secondary gold 

leaf earthed and left in this state for a further period of 

2T seconds to enable the potential gradients across the 

insulating plugs to return as nearly as possible to their 

initial states. 

The secondary gold leaf was then disconnected from 

earth and brought up to its starting position again, the 

primary gold leaf was then disconnected from the battery 

and insulated and any deflections (positive or negative) 

which occurred in a further time interval of 1 seconds with 

the stutter down, were recorded as the natural leaks p and a. 

In this way, we get two values of the primary and 

secondary leaks corresponding to the two positions of the 

gold leaves, i.e. at the beginning and end of the deflection 

range. 

The average values of the primary and secondary leaks 

were then calculated with due regard to their algebraic 

signs and the appropriate corrections applied to the mean 

of at'least two observed values of the deflections P and 

s, and the resulting value of MVP was potted against the 

variable parameter. 

In actual practice the primary leaks were generally 
rcr hour 

very small, t 0.1 microscope divisions, whereas the secondary 

leaks were considerably greater owing to the much greater 

sensitivity of the electroscope and ranged between about 3 

to i division per hour with sulphur Dioxide in the ionisation 
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chambers and between about 02 to 0.1 divisions per hour with 

air (at atmospheric pressure) in the ionisation chambers. 

The Possible Error in the Determination of the Ionisation Ratio 
S P, 

The absolute evaluation of the maximum possible error in 

this type of experiment is extremely difficult, in view of 

the uncertainties involved. in estimating leak corrections, the 

small but finite filtering of the radiation through the lead 

screens and the fairly rough control of the voltage applied 

across the X -ray tube, so that all that can be attempted at 

present is to evaluate the observational error, 

When the ionisation ratio 3/P was evaluated as described 

above, a large number of times under conditions which were 

kept as constant as passible, it was noticed that the 

deviations of the individual values of the ratio 3/p from the 

mean value was never greater than one per cent except in 

certain cases where the ratio was measured at or near a 'J' 

discontinuity as has already been mentioned. In every case, 

when the apparatus was in good working order and no strong 

winds or sudden temperature changes prevailed, the ratios S; ii 

measured in regions remote from a 'J' discontinuity were 

found to be constant to within one per cent and this was 

therefore taken as the intrinsic possible error in the 

experiment. 

The current through the X -ray tube was measured on a 

C - 5 m.a, milliarneter and never exceeded 3.0 m.a. The actual 

current through the tube waa difficult to measure exactly 

owing to unstable brush discharges. 

The potential differences across the tube were neasured, 
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by means of a standard. calibrated spark gap, and its relation 

to the voltage applied across the primary coil of the trans- 

former was recorded for various tube currents. 
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EXPERIMar TAT, RESULT S 

The Filter ing Experirnert 

A typical result of this type of experiment obtained by 

the writer using a Paraffin Wax scatterer 19 m.m. in thick- 

ness,with a potential difference of 60 Kv maintained across 

a Coolidge :K.1)-3 tube is shown in r'ig , 30. 
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the result is immediately seen to be quite different from 

what was expected from either the Photon or classical theory 

of scattering of X- radiation as discussed under the heading 

'Principles of the Experiments' on pages 26- 42 

The experimental curve is seen to consist of two distinct 

levels for each of which the ionisation ratio S/P appears to 

have definite and almost constant values. The two levels are 

separated from 

the ionisation 

determinations 

one another by 

one another by a region where the value of 

ratio S/P shows a marked fluctuation, repeated 

of S/P in this region sometimes varying from 

as much as 50/0. And yet, for thinner or 

thicker filters inserted in the primary and secondary beams, 

the variation of the repeated determinations of S/P was never 
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greater than 1°/o. The result seems to lead to the following 

interpretation. 

As the thicknesses of aluminium filters inserted in the 

paths of the primary and secondary beams is gradually 

increased up to a critical thickness of about 0.03 ems. the 

ionisation ratio b/P remained almost constant, but when the 

critical thickness of 0.03 ems. is reached, the value of 

S/P on repeated determinations appears to have any value 

intermediate between two definite values, limited on the 

upper side by the value of the ratio S/P before the critical 

thickness was reached and on the lower side by a new lower 

value of S/P 

As the thickness of the filter is still further increased 

to 0.033, 0.035, 0.04 ems, the fluctuation in the value of 

the ionisation ratio is found to persist, although as the 

thickness increases, there is a marked probability of getting 

a lower value of b /P If the thickness of the filter is 

still further increased to 0.05; 0.06 and 0.07 cros, the 

value of the ratio S/P is once again found to be constant 

to within 1 ° /o, but is now found to be at the lower value 

corresponding to the lower limit observed in the fluctuating 

region. 

It thus appears that for small thicknesses of filtering 

Aluminium, the primary and secondary beams are equally 

absorbable, until a certain critical thickness of filter is 

reached, when apparently some transformation occurs in 

either or both beams so that the ionisation ratio S/P is 

reduced and then for additional thicknesses of filters the 

ratio is again constant, apparently indicating that the 



primary and secondary beans are again almost equally 

absorbable, - at least fur thicknesses of filter up to 

0.07 cms. of Aluniiriium and possibly more. 

This type of result is in full confirmation with the 

results of similar experiments obtained by previous workers 

in this laboratory. The region at which the fluctuation 

in the ionisation. ratio S/P is most marked has been called 

time 'J' discontinuity, and appears to be associated with 

a 'J" transformation' of the properties of either the 

scattered. or transmitted radiation after passing through a 

critical thickness of Aluminium, filter. 

Before a theoretical explanation of the 'J transform - 

ation' can be obtained, a thorough experimental investigation 

of the properties of the 'J transformation' region must be 

carried out with the aim of determining which, if any, of 

the experimental parameters affect its properties, and the 

tray in which these parameters affect it. 

Proj erties of the 'J,_Discontinuities' 

It appears at first sight that the horizontality of the 

/p -t hickness of filter and the regions of the dis- 

continuities might be due to unevenness of the Aluminium 

filtering sheets, but this cannot be the case because 

during the experiment the filters used in the primary and 

secondary beams were always interchanged and no corresponding 

change in the value of J/P was observed. As a further test 

for this, the filtering experiment was repeated using a 

completely new set of fresh Aluminium. filters, and the result 

obtained is shown in sig. 31, where it is seen that the 
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'J- discontinuity' region again appears at the same thickness 

of filtering aluminium. 

The x suit shown in Fig. 31 also reveals 
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another striking fact, the curve shown im black ink showing that 

a 'J- discontinuity' was obtained in the morning. The tube was 

switched off for a period of one and a half hours, and the 

experiment repeated in the afternoon. The result is shown in 

red ink in i?ig. 31. the remarkable feature of this result is 

that no 'J- discontinuity' is observed and the ratio S/P is 

practically constant for a range of filter from u to O05 ems, 

in thickness. 

In fact, this latter result seems to suggest that the 

position of the 'J- discontinuity' has been shifted consider- 

ably to the left, leaving us an almost constant value of S/t 

having a magnitude corresponding to the lower level of the 

morning experiment. 
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The morning and afternoon results were obtained under 

apparently identical experimental conditions, and seem to 

show that the appearance or non -appearance of the 'J- 

discontinuity' was associated with a marked shift in the 

position or critical thickness at which the discontinuity 

appears and that the shift occurred although the same 

filters, scatterer, apertures, X -ray tube, current and 

voltage were used in the two cases. 

Additional confirmation of the shift of the 'J- 
discontinuity' was obtained in another experiment carried 

out under apparently identical conditions to the above, the 

result of which is shown in Fig. 32. 
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It is seen that in this case the fluctuation in the value 

of b/P occurs when the thickness of the filter is 0.02 cros, 

of Aluminium, as compared to the thickness of u.03 cros, in 

the results of Figs. 30 and 31. 

A noticeable 'spread' of the fluctuation region is also 

seen, together with a slight decrease in the actual drop in 
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the ratio. 

The effect of changing the potential difference across the 

tube was then tried. The result obtained with a potential diff- 

erence of 8o Ev. across the tube is shown in. Vig, 33. 
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INo marked change in the position of the tJ discontinuity' 

is apparent in this case, but by extending the thickness of 

the filters used up to 0.11 cros, of Aluminium, another 'J 

discontinuity' appears at a critical thickness of about 

0.07 eras, of Aluminium, riere again experiments done under 

what seemed like identical conditions in the morning and 

afternoon of the same day showed a marked shift of the 

'position' of J discontinuities to smaller critical thick - 

nesses of the filters in the afternoon result, 

the experiment with 80 xv across the tube was repeated 

several times, and the position or critical thickness at 

which. the k discontinuity occurred was found to fluctuate to 

a certain extent although all the known conditions seemed to 

be identical in every case, 

The actual type of curve obtained also seemed to vary 

between the types described above and the type shown in 

Figs. 34 and 35. 
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This curve seems to be characterised by an almost constant 

value of the ionisation ratio S/P for filter thicknesses 

varying from 0 to 0.04 cros. of aluminium, after which a J 

discontinuity takes place with a sudden drop in the value of 

the ratio S/i followed by a sloping curve ;apparently indicat- 

ing that the secondary beam is now markedly more absorbable 

than the transmitted beam. 

An attempt to correlate this type of curve with the one 

showing the short sharp J discontinuities described above 

will be made when we. discuss the results obtained, 

.... .. .N. i . .= GE=! 
++ 

GEE' E = 3EG=G=.. 
;EEE : E:=!!=GG =. .... ..E:E3EN 

' e. :: : esI.GE:::G..sO..e a' ?:eC::GEEE:::G..NEE:?EE ::::sE:EE .:::::.. ca`áJe .i.°7 ;úG.:iE . O - 

i i .úGGGGi :GGICi.°GG.iGGiiiE ¡' °'EEiü'i=GE:G:=CI:3CGE'=Gal°: 
rum 

:G=;;.:Y. . . . ..Y 
..0 
... ; V ; .. Y I. .Ip I '. 1.11 GG' ,71G: ó]. J . 

9eP .uYE:: ! lLL. eú..:iii,li:i.:FI...555 Cl,. : ' 6'S:FG; Á N....N:. H.N.b..H. H. N 
EEEEE 

mare :::::_. ... .. `; -- 
z ........YHHH.NN. . .;G1 : . : 

Éá.. .. ' ,;. C== .ÇGy°=CC:G;E.;E:..::°:EEEEEEE3E. C=° IEEE LEE==EE='°= L= _ . ï: . .. ; 
;G;.,;L..' ... . ..... .. . =..GEEGCE.:.E.j:C..EEGEGG==B .E:GS EE =EEE: IEC:EEE :O. úwN m 

:B :é:ié:9EGë ' ° .'é ==é&?és ?:N ;éE,; := ë : e;'.rN.N R:::E:6 E '=E E_': 
E 
:eE ..; :Gg4 

ë :l . : d. E3É.t... :L ê.. elGG:úEEe!?I.GEE.s.EIEG.E.G::.E3::3EC si..eL.e...., i; . .- °'Y,. ...;.G: : :C C°G'r.:GG°... .°° BG=GGC. NL:L .© Y .CC: ... _._ ... G =G-GCC: C".... 
. 

CG =Gq' ' "'CeP.:: °=eE :=:F=GEIG:G'=p.. L: G=GGG :E': =l:EF=FE::'g3 G E.: ;! 
G:. G'GG E_R=G'::00F..E:NG.:E3lGG=L:'.:=EG.L.h:.N:==Crw..E-eNC =: ::G::=L 3C..6...HN.NE...CEC...EG...6C..C...NE1 ..EC.GCG::. :..N=.. NN 

RGL:CGC':GGG::CL wYü G.NGG°wGRi G °íEö:GLGY:Sii'=:'.C':mii:°°GGGGG. °°°NGGG:GGúGGE::: G:G:::C:GC:CG GEg:E::CCCCGE;000C:;GG:! p.::E. .....G3çç sH; .. .;; :i:;:":E:::::EeE.3GY3:;: " EiG::.CW.-.1:.E::L :a sL::E:EEEr.:':ee. .... E::::::e::eG3EFEEeES E :G=:G.G..:....E.:C ::.EG. 11:::. .N H... C ]=L==:e=.:SC:CG=:::;:===:.=:Ge á :;;EEETC;F:s C..G..SL3EEC:FE:;Eó 3;Hs''=33Eil.íH;F:.C é: N.Cm..;;r;:;;YN ETG36C:EeEEs:::e 
"°. 

EE.::::.GEE...eN...Ev..::.N:xa...==E:e.:N..F..G..G E. ..N...EéE..G .NINaEeEË'E 



- 81 - 

In spite of the instability of the 'J discontinuity' as 

described above, on some occasions the discontinuity appeared 

to be quite stable and in these cases experimental investi- 

gation of the effect of changing the voltage across the tube 

on the position and type of discontinuity produced could be 

investigated with a fair degree of accuracy. 

The results of such experiments are shown in Fig. 36. 

It appears that the J discontinuity is shifted to the 

right as the voltage across the tube is raised. From this 

we may conclude that as the general radiation emitted by the 
. 

tube is hardened by raising the potential difference across 

the tube, the critical thickness of Aluminium filter 

required to produce the J discontinuity increases. 

This conclusion could be tested experimentally in a 

different manner; the potential across the tube was kept 

constant but the hardness of the radiation falling on the 

scatterer was varied by placing various thicknesses of 

Aluminium filters between the X -ray tube and the scatterer, 
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In practice, it was found that a Paraffin pax Scatterer, 

11 mm. in thickness also showed J- discontinuities, and that 

these discontinuities seemed to be much more stable in position 

than the correspondin6 discontinuities obtained with the thicker 

19 mm. Paraffin Wax Scatterer. r'ig. 37 shows the variation of 

the critical thickness of Aluminium filters placed in the prim- 

ary and secondary beams required to produce a J- discontinuity 

with various thicknesses of Aluminium filters inserted between 

the scatterer and the X -ray tube. 
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The curves shown in Fig. 37 show a distinct shift of the J- 

discontinuity to the left as the pre -scatterer filter thickness 

is increased. It should be noted that the values of a/P for 
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each of the horizontal or nearly horizontal levels in the 

curves do not seem to be affected by the insertion of 

filters between the scatterer and the X -ray tube, but when 

the thickness of this latter filter is sufficiently thick, 

the shift of the first 'J discontinuity' to the left is so 

great that it disappears from the graph, and this disappear- 

ance is associated with a marked decrease in the value of 

S/P when no filters are present in the Primary and Secondary 

beams. This fact in itself gives strong support to the 

fundamentality of the 'J discontinuities'. 

The results shown in Fig, 37 are in a way very extra- 

ordinary and unexpected, because as we have seen in Fig, 36, 

hardening the radiation incident on the scatterer by 

increasing the voltage across the tube tended to shift the 

'J discontinuities' to the right, i.e. to thicker critical 

thicknesses of primary and secondary filters. On the other 

hand, if the incident radiation is hardened by passing it 

through filters of Aluminium, the greater the thickness of 

the filter, the greater is the shift of the 'J discontinuity' 

to the left, i.e. to thinner critical thicknesses of prim- 

ary and secondary filters. 

In other words, these experiment; seem to show a 

marked difference in the properties of the 'T discontinui- 

ties' produced by hardening the radiation by increasing 

the voltage across the tube, compared with hardening by 

filtering before scattering. 

A thorough investigation of the properties of the 

discontinuities and their dependence on various experimental 
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parameters could not be carried out with the Uoolidge X.P, -3 

tube used throughout the experiments described above, 

because as time went on the discontinuities became scarcer 

and scarcer and eventually were replaced by curves such as 

are shown in (g) Pig. 38, and finally by those closely 

approximating the exponential curve predicted by the 

Quantum theory as discussed on page 

Every attempt to obtain discontinuities by varying 

the current, voltage across the tube, apertures and thick- 

nesses of scatterers used did not produce any definite 

discontinuities, and during these experiments a puncture 

developed in the thin glass window of the tube, 

As a summary of the results obtained with the Uoolidge 

X.P.-3 tube, we can only state that the tube was not in use 

for several months before the writer commenced the experi- 

ments described above, and then showed marked discontinuities 

which seemed to be undoubtedly genuine fundamental effects 

and not in any way associated with observational error or 

faulty technique 
. 

Gradually with use the discontinuities were s ometimes 

replaced by curves showing short horizontal lines followed 

by a roughly exponential curve as shown in Pig. 35 (b). 

Gradually this type of curve completely replaced the 

discontinuities, and eventually even the short horizontal 

section also disappeared, leaving only the roughly ex- 

ponential type of curve. 

It thus seems that there are certain factors pertaining 

to the X -ray tube which govern the appearance or non - 

appearance of the discontin and that a long interval of 



rest of the tube preceding the experiments i3 somehow 

favourable to the appearance of the 'J discontinuities'. This 

'rest effect' has also been noticed by other workers in 

this laboratory. 

The gradual deterioration of the discontinuities is 

shown in Figs. 38 and 39, 

After some months, the 'J discontinuities' seemed to 

disappear completely and were replaced by the short hori- 

zontal portions followed by the roughly exponential curve, 

and in fact, even these short horizontal sections did not 

always appear. It must, however, be emphasised that when 

the discontinuities do appear, there can be no doubt about 

their existence. It had been suggested that there might 

be a psychological factor associated with the observer's 

readings. In particular, the critical thickness of filters 

at which a 'J discontinuity' might be expected was known 

from the results of previous workers, and consequently there 

might be a latent psychological tendency to produce an 

error in the readings when the discontinuities are expected. 

This possibility cannot, however, account for the dis- 

continuities observed by the writer as they corresponded to 

abrupt changes of up to 0.8 divs microscope in the primary 

microscope readings, these changes being well beyond the 

observational error. 

Also, on some occasions when repeating an experiment 

which produced definite discontinuities and working under 

identical conditions, no discontinuities were observed. 

These considerations in themselves suffice to discard 

a 'psychological effect' giving rise to the observed 
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discontinuities, but as a further test of this possibility, 

the following experimental procedure was carried out. 

The primary and secondary filters were made up by 

Mr, T. Lewis of this Department and given to the writer so 

that the latter did not know what the actual thicknesses of 

the filters were, and the values of S/y observed with sets 

of filters labelled .Nos, 1, 2, 3, etc. were tabulated against 

the number of the filter, and the actual thicknesses of 

filters No. 1, 2, 3 , , were only obtained from Mr. Lewis 
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at the end of the completed experiment and the curve then 

plotted. The discontinuities were again found to occur at 

precisely the same thickness of filters as when the actual 

thicknesses were known during the experiment. This result 

seems to show quite conclusively that the discontinuities 

observed were not due to any psychologically induced errors 

of observation. 

Another factor which might tend to produce constant 

values of S/P when thin primary and secondary filters are 

used is the possibility of the scatterer not being set 

accurately at 45° to the incident radiation, and in par- 

ticular, owing to this fault it might produce a. greater 

filtering effect on the secondary beam than on the primary 

beam, thereby tending to harden the secondary beam and thus 

masking the softening of this beam supposed to be produced 

by the scattering process. 

With a view to testing this possibility, the scatterer 

was set as accurately as possible at 45° to the incident 

radiation (axis of the apparatus) and a curve of S/P against 

thickness of primary and secondary filters was plotted. (In 

this particular case, the curve was of the roughly ex- 

ponential type shown in (a) Fig, 40.) 

The experiment was then repeated after setting the 

scatterer well off the 45° position and then again with the 

scatterer still further off. The results of this experiment 

are shown in Fig, 40 and from these, it is easily seen that 

the 19 min. scatterer has to be set at an angle of 65° to the 

incident beam in order to produce a horizontal, constant S/P 

- thickness of filter curve and as the maximum error in the 
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actual setting of the scatterer is not more than t 1° and the 

spread of the scattered beams never exceeded 10 °, it is clear 

that the short sections of constant S/p observed with thin 

filters cannot be attributed to faulty adjustment of the 

scatterer. 

A general survey of all the results obtained from the 

experimental investigations described above (only part of 

the results are reproduced here) seems to show that the 'J 

discontinuities', when they occurred, were of a fundamental 

nature and not simply spurious results, i +urthermore, the 

appearance and type of discontinuity observed seemed to 

depend principally on the X -ray tube or .some particular state 

of the tube, r'or example, no actual sharp discontinuities 

were observed with the Luller Tube No. 273117, but this tube 

systematically and consistently gave curves which showed 
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actual setting of the scatterer is not more than t 1Q and the 

spread of the scattered beams never exceeded 10 °, it is clear 

that the short sections of constant sip observed with thin 

filters cannot be attributed to faulty adjustment of the 

scatterer. 

A general survey of all the results obtained from the 

experimental investigations described above (only part of 

the results are reproduced here) seems to show that the 'J 

discontinuities', when they occurred, were of a fundamental 

nature and not simply spurious results. .furthermore, the 

appearance and type of discontinuity observed seemed to 

depend principally on the X -ray tube or some particular state 

of the tube, .'or example, no actual sharp discontinuities 

Were observed with the riulier 'Tube No. 273117, but this tube 

systematically and consistently gave curves which showed 
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distinct convexity for thin filters (Fig. 39), which were quite 

distinctly different from the concave exponential curves pre- 

dicted by the gbuantum theory. In fact, these 
. convex curves 

appear to be identifiable with the curves showing short initial 

constant values of S /P, followed by a roughly exponential 

decline, and this in turn seems to be associated with. the 

'blurring' of a sharp discontinuity (see for example cases 

b and c, Fig. 35). 

Thus the consistent type of curve obtained with the 

Muller tube does, indirectly, give support to the. existence 

of the discontinuities. 

The writer was particularly keen on investigating the 

nature and properties of the sharp discontinuities themselves, 

and every attempt was made to produce these discontinuities; 

but for a long time none were observed and eventually the 

search for them was abandoned in favour of another type of 

experiment, now generally referred to as the 'Scattering 

Experiment' as this type of experiment gave very consistent 

results, nevertheless, every now and again the Filtering 

Experiment was returned to under various conditions, but with 

no success as far as the appearance of a sharp discontinuity 

was concerned, Fig. 41, until very recently when using a 

brand new Cuthbert Andrews Therapex tube, no. 433971, with 

Lithium, Beryllium Oxide and Boron Scatterers, marked dis- 

continuities were again obtained. These scatterers seemed to 

be particularly favourable to the production of sharp dis- 

continuities, as shown in Figs. 42, 43 and 44. 

The discontinuities are particularly well marked with a 



potential difference of 60 Kv, across the tube when a Lithium 

scatterer is used, and with a potential difference of 90 Kv. 

across the tube in the case of Boron and Beryllium Oxide 

scatterers. 
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The results shown in i'ig. 42 seem to indicate that: 

(1) As the voltage across the tube is decreased, the 

discontinuity appears to undergo a considerable 

shift to the right, i.e. to larger values of 

the critical thicknesses of the absorbing filters, 

this shift being accompanied by the appearance 

of new discontinuities within the range of 

filters used. 

(2) Certain critical voltagea,in this case 70 -60 Kv., 

seem to stress the abruptness of the dis- 

continuities. 

(3) Below about 60 -50 Kv. no discontinuities were found 

in the range of filter thicknesses used. 

o 
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The results obtained with a 10 mm. Boron scatterer, 

shown in Fig. 43, also seem to confirm the deductions 

derived from the results obtained with a 10 mm, Lithium 

scatterer. 

It seems, therefore, that the appearance of a particular 

discontinuity is associated with a certain degree of hard- 

ness of the radiation used. Thus when lower potentials 

are used, greater thicknesses of primary and secondary 

filters have to be used in order to obtain the corresponding 

'kink' or discontinuity. 

It is, however, difficult to be absolutely certain of 

this deduction, as the identification of a particular 

discontinuity in its various positions as the potential 

applied to the tube is varied, is in some cases somewhat 

uncertain, especially so as the kinks often become blurred 

and 'stretched out' with a change in voltage. In fact, some 

previous workers appear to have differed in their opinions 

of the direction of the shift of the discontinuities with 

change of voltage across the tube. 'The majority of them, 

however, expressed the same conclusions as deduced by the 

present writer from his experimental results. 

It is interesting to note, however, that with a Boron 

scatterer, the discontinuities or 'kinks' appear to be most 

marked when the X -ray tube is excited with a potential 

difference of 90 Kv., whereas with a Lithium scatterer, of 

the same thickness, the 'kinks' or discontinuities were most 

marked at a potential difference of 60 Kv. 

It thus seems that as the atomic number of the scatterer 

is raised, the voltage required to produce marked 'kinks' also 
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increases. 

The dependence of the appearance of a marked discontinuity 

on the atomic number of the scatterer is seen by comparing 

Figs. 42, 43 and 45, showing results obtained with Lithium, 

Boron, and Beryllium Oxide scatterers respectively. (The 

two former were obtained under identiaal conditions of aper- 

tures, etc,, but the Beryllium Oxide, being a very poor 

scatterer, necessitated a slight increase in one of the 

secondary apertures, as indicated in Fig, 461. 

The dependence of the discontinuity on the atomic number 

of the scatterer is also strikingly shown in Fig, 44, the 

upper curve of which was obtained with a 10 mm, Boron 

scatterer and the lower curve with a 3 mm. Paraffin Wax 

scatterer, This thickness of Paraffin Wax was chosen so 

as to give almost the same ionisation ratio S/p and times of 

readings as the 10 mm. Boron scatterer, using the same aper- 

tures and tube current.) 
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The two curves were obtained under identical conditions on 

the same day. 

The Paraffin 'lax scatterer shows only a trace of a 

'kink' for a critical filter thickness of about 0.01 cans. of 

Aluminium, whereas the Boron scatterer again shows a marked 

'kink' at about the same critical thickness of absorbing 

Aluminium. 

In the light of the results obtained with Lithium, Boron, 

and Beryllium Oxide scatterers, it seems probable that if a 

high enough voltage could be applied to the X -ray tube; the 

Paraffin Wax scatterer might also show marked discontinuities. 

The direct comparison of the 10 mm. Boron curve with the 

3 mm, Paraffin Wax curve may, however, be unjustifiable owing 

to the difference in the thicknesses of the two scatterers, 

as some previous workers found that the occurrence of the 

discontinuities seemed to depend on the thickness of the 

scatterer. 

In order to eliminate this possibility, and to compare 

the results obtained from Uarbon and Boron scatterers, the 

filtering experiment was repeated with a 10 mm. Boron 

scatterer, and a 9 mm. carbon (graphite) scatterer, (Since 

the Uarbon scatterer was a much more effective scatterer than 

the Lithium or Boron scatterers, the main primary aperture 

was increased slightly and the two ionisation ratios in this 

case were very different. 

The results are shown in Fig, 45. We again find a marked 

'kink' with the Boron scatterer, at a critical filter thick- 

ness of about 0.01 ems. of Aluminium, but only a trace of a 



'kink' at about the same critical thickness of absorbing 

Aluminium with the Uàrbon scatterer In this case, however, 

the thicknesses of the two scatterers, 10 mm. and 9 mm. 

respectively are comparable, and so presumably do not affect 

the results, 
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Thus between the results shown in Figs. 44 and 45, it 

seems reasonable to conclude that with a voltage of 90 Kv. 

across the X -ray tube and a tube current of 2.0 ma. The 

Boron (Atomic No.5) scatterer systematically showed marked 

kinks at a critical filter thickness of about 0.01 ems. of 

Aluminium, while Paraffin Wax (a mixture of hydro Carbons) 

and Carbon (Atomic 110.6) only showed relatively slight traces 

of 'kinks' at about the same critical thickness of absorbing 

Aluminium 
. 
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In other words, the discontinuities seem to be much 

more marked for scatterers of low atomic number, and in 

particular, for the voltage range used in the above experi- 

ments (up to a maximum of 90 Kv.) marked discontinuities 
eveyllíuen 0 cU , 

were only observed with Lithiun;Aand Boron scatterers, the 

atomic numbers of bath of which are less than 6, the atomic 

number of carbon. 

Thus in our experiments with the Cuthbert Andrews tube 

it seemed that marked discontinuities were observed only 

with scatterers having atomic numbers less than 6. 

In order to check this conclusion, it was very desir- 

able to use a Beryllium scatterer, unfortunately, however, 

every attempt to obtain metallic Beryllium in the form of 

a slab or fine powder was unsuccessful and we_ were obliged 

to use a finely powdered Beryllium Oxide scatterer, The 

results obtained with a 10 mm. B eO scatterer are shown in 

Fig, 46 



_ 98 - 

Here again we find a very marked 'kink' or discontinuity 

when the voltage across the tube vas 90 Kv. This 'kink' was 

suite stable and the various readings could be repeated at 

will. When, however, attempts were made to investigate the 

effect of lowering the voltage the 'kink' practically dis- 

appeared, as shown in the 70 Kv. curve in Fig. 46. 

The effect of hardening the incident radiation by 

filtering through Aluminium sheets placed between the 

scatterer and the X -ray tube was then tried. here again no 

'kink' was found, as shown in the lowest curve of Fig. 46. 

These results seem to indicate that the appearance of 

a mriarked.. 'kink' is dependent on the 'degree of hardness' of 

the incident radiation, produced by a certain potential 

difference applied to the X-ray tube and that any change in 

the 'degree of hardness' of the incident radiation produced 

by altering the voltage across the X -ray tube, or by 

filtering the incident radiation is associated, in the case 

of a Beryllium Oxide scatterer, with the disappearance of 

the 'kink'. 
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THE SCATTERING EXPERIMENT 

In this type of experiment, the ratio of the ionisations 

produced by the transmitted and scattered beams are compared 

for different 'degrees of hardness' of the radiation in- 

cident on the scatterer, The 'degree of hardness' of the 

incident radiation was varied by: 

(1) Altering the potential difference across the tube, 

or (2) Inserting various thicknesses of Aluminium filters 

between the X -ray tube and the scatterer, 

'l'he' degree of hardness' of the radiation was measured 

in terns of the mass absorption coefficient of the primary 

beam in Aluminium, measured by the conventional 50 °/o 

reduction of intensity already described. 

The ionisation ratios S/p were then plotted against 

the corresponding mass absorption coefficients. 

A typical result of such an experiment is shown in 
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and illustrates the following points. 

(1) As the potential difference across the tube is 

raised from 30 Kv. to 45 Kv. the ionisation 
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ratio 3/P steadily increases, 

(2) For a further increase in the potential difference 

across the tube, up to 90 Kv. (the maximum 

working voltage used) the ionisation ratio is 

remarkably constant. 

(3) If the hardness of the incident radiation is in- 

creased by inserting filtering sheets of 

Aluminium between the X -ray tube and the scatterer, 

the ionisation ratio 5/P decreases as thicker 

filters are used. 

The result described above was obtained almost invari- 

ably. In fact, several hundreds of these curves under 

various experimental conditions were obtained by the writer. 

These curves were nearly all of much the same shape but the 

critical potential at which the curve flattened out seemed 

to vary with some experimental parameters. The dependence 

of this critical potential, and of the rate of decrease of 

the ionisation ratio S/P as thicker filters are interposed 

between the scatterer and the tube on the various experi- 

mental parameters were carefully investigated and the 

results shown below. 

(1) Scatterin;; Experiments with Different X-ray Tubes. 

When the experiments were performed with different 

types and makes of tubes, the results showed that the 

critical voltage across the tube, below which a decrease in 

the voltage was associated with a decrease in the ionisation 

ratio S /p, depended on the particular X -ray tube used. 

curves (a), (b) and (c) of Fig, 51 show the typical 
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results obtained by using Muller,.ehilips Metalix, and 

Cuthbert Andrews hot cathode Tungsten target tubes respec- 

tively, under similar experimental conditions, the details 

of which are given in the figure. 

These results all show that over a certain voltage 

range the ionisation ratio 8/p remains horizontal up to a 

certain critical voltage, below which the ionisation ratio 

decreases as the voltage across the tube is decreased. 

Also all three curves show that if a potential difference 
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of 90 kilo -volts is maintained across the tube and aluminium 

filters are inserted between the tube and the scatterer 

thereby hardening the incident radiation, the ionisation 

ratio decreases as thicker filters are used The rate of 

decrease in the ionisation ratio is also seen to depend on 

the Larticular tube used. 

The decrease in the ionisation ratio -vp with the 

Muller tube operated at a potential difference of 90 Kv. 

and the radiation filtered through 0.810 ems. of Aluminium 

was of the order of 10 per cent, whereas for the Philips 

Metalix tube under similar conditio-t_s, the corresponding 

difference in the ionisation ratio for the unfiltered 

and filtered radiations was only of the order of 5 per cent 

of the unfiltered. ratio, although the mass absorption 

coefficients. of the radiations emitted by both these tubes 

under given conditions were very similar. 

Uurve (d) in Fig. 51 was obtained with a hot cathode 

Molybdenum Target tube, This tube showed a marked difference 

when compared with the 'l'ungsten iarget tubes in that there did 

not seem to be any voltage range over which the ionisation 

ratio was constant. 

The maximum voltage which could be applied to this tube 

was 85 Kv. and as soon as the voltage was lowered, the 

ionisation ratio /P wqs found to decrease. The-radiations 

emitted by -this tube for a given potential difference across 

it were much 'softer' or more absorbable than the corresponding 

radiations from the Tungsten target tubes. 

It was therefore thought that hardening the radiations by 
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filtering between the tube and the scatterer might show a 

range of mass absorption coefficients over which the 

ionisation ratio would be constant, but experiment showed 

no sign of any horizontal portion of the curve corres- 

ponding to a constant ionisation ratio for different mass 

absorption coefficients. In fact, the insertion of a filter 

of Aluminium between the tube and the scatterer produced a 

marked decrease in the ionisation ratio. The decrease in 

the ratio for a given thickness of Aluminium filter was 

greater with the Molybdenum target tube than with a 'tungsten 

target tube. 

With a filter of 0.324 cma, of Aluminium the ionisation 

ratio dropped by 7 per cent in the case of the Molybdenum 

tube, but only by 5 and 2 per cent ,for the Muller and 

Philips Tungsten. tubes respectively. 

The cause of the difference in the type of result 

obtained with the Molybdenum tube as compared with the 

Tungsten tubes appears to lie principally in the difference 

of the elements composing the targets of the tubes, although 

there is a considerable amount of uncertainty in such a 

conclusion owing to the considerable differences in the 

structure of the molybdenum tube as compared with the 

Tungsten tubes. The most marked difference is that the 

Molybdenum tube is supposed to be 'Helium Filled' and has 

its target inclined at an angle of almost 88° to the axis 

of the tube; the actual target of this tube is slightly 

convex. The Tungsten tubes, on the other hand, were all 

'hard vacuum pumped' tubes, with their targets inclined at 

an angle of about 71° to the axis of the tube. 
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The scattering experiments were also tried with the 

Molybdenum tube set so that its axis was inclined at an 

angle of about 450 to the axis of the apparatus, ivo marked 

difference in the shape of the resulting curve was found, 

and thereby seemed to indicate that the angle of the xoly- 

bdenum target and its convexity were not the cause of the 

marked difference of the results obtained with the ! loly- 

bdenum and Tungsten tubes, 

( 2) Scattering Experiments with Scatterers of Different 
Thicknesses. 

The effect of the thickness of the scatterer used was 

investigated by making several scatterers of Paraffin Wax 

ranging from 1.9 to 0.3 cros . in thickness. (Paraffin Wax 

was used owing to its abundance and ease of rnanipulàtion). 

The results obtained with a nauller Tungsten tube for 

Paraffin Wax scatterers 1.9, 1.1 and 0.3 ems. thick are 

shown in Fig. 52. 

The most marked feature of these results is the 

considerable extension of the range of mass absorption 

coefficients over which the ionisation ratio SAP remains 

constant with change in voltage across the X -ray tube, as 

the thickness of the scatterer is decreased. 
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This striking effect produced by simply changing the 

thickness of the scatterer has been confirmed by experi- 

ments with thy- rhilipa Metal ix and Cuthbert Andrews 

Tungsten tubes, . ig 53. (Unfortunately the molybdenum 

tube was unavailable to the writer for this type of 

experiment.) 
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The effect has also been well established by other 

workers in this laboratory. 
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A discussion of the possible causer of the abrupt change of 

the scattering curves from horizontality and the dependence 

of the critical voltage across the X-ray tubeproducing this 

change on the thickness of the scatterer will be given later 

under the heading of 'Discussion of results'. 

In the meantime, it is sufficient to indicate that the 

effect was found with two different sets of apparatus, 

involving radically different arrangements and dimensions 

of apertures, as shown in rig. 53 for apparatus I and 

apparatus II. This fact, taken in conjunction with the 

results obtained under various conditions by other workers, 

seems to establish the effect as a genuine one and not as 

an effect arising from any faulty arrangement of the 

apparatus or observational errore 

(3) Scattering Experiments with Scatterers of Different 
Atomic Eunïoer. 

.b'or convenience, the scatterers used were mainly 1.0 ems 

thick, although the raraff in Wax scatterer was 1.1 cms and 

the uarbon scatterer 0.9 cros, in thickness, 

unfortunately, in order to get comparable values of the 

ratios S/p some of the scatterers necessitated the use of 

slightly different apertures but auxiliary experiments have 

shown. that the actual changes made in apertures in these 

particular experiments did not affect the results, (This 

will be considered in detail below,) 

The results obtained with Metallic Lithium, Amorphous 

Boron, Beryllium Oxide, raraffin iVax and uarbon (graphite) 

scatterers 1 :0 cros. in thickness are shown in rig, 54. 
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These results were obtained under some of the best working 

conditions, with a new uuthbert Andrews Tungsten tube and 
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are considered by the writer as being particularly reliable. 

With the exception of Boron, all these scatterers gave 

curves very similar to the ones obtained with tre raraffin 

Wax scatterers as already described. 

As can be seen from Fig. 54, there seems to be come 

indication of not only a bigger range of mass abeorotion 

coefficients over which the ionisátion ratio remains con- 

stant as the atomic number of the scatterer decreases, but 

also of a slightly bigger range of voltages applied to the 

X -ray tube, over which the ionisation ratio is constant. 

Among all the scatterers used by the writer, Boron was 

unique in giving a constant value of the ionisation ratio 

0/p for all thicknesses of Aluminium filters up to 0.810 cms 

inserted between the scatterer and the tube, the latter 

running at 90 Kv. This result had been checked and re- 

checked under various conditions and the distinct difference 

of a Boron scatterer compared to a Paraffin scatterer in 

this respect seems to have been established beyond doubt. 

In partici,lar, under certain conditions (to be described 

below) a 11 cm. Paraffin Wax scatterer was found to give a 

constant ionisation ratio when filters up to 0.810 ems. of 

Aluminium were placed between the X -ray tube and the 

scatterer, under these conditions, the Boron scatterer 

produced an increase in the ionisation ratio 0/p as thicker 

Aluminium filters were inserted between the tube and the 

scatterer, as shown in Fig. 54. 

When,however,normal conditions were returned to and a 

decrease of the ionisation ratio SAP was observed with a 



1.1 cm. Paraffin Wax scatterer, the .boron scatterer was 

found to give a constant ratio for all thicknesses of 

Aluminium filters from 0 to 0.810 ems. (the maximum thick- 

ness used) . In both cases the times required for the 

various readings were nearly the same. In fact, the only 

difference between the Paraffin Wax and Boron experiments, 

the results of which are shown in Fig, 54, is that primary 

apertures of 0.50 mm. and 0.705 mm, in diameter were used 

with the Boron and Paraffin Wax scatterers respectively. 

Separate experiments, described below, show that the 

difference in the result obtained with Paraffin Wax and 

Boron scatterers are not likely to be due to the difference 

in primary apertures used in these cases. 

Another interesting feature illustrated in the curves 

shown in Fig. 54 is that in general, Lithium and Beryllium 

Oxide scatterers show a much smaller decrease in the 

ionisation ratio SAP for a given thickness of filtering 

Aluminium inserted between the tube and the scatterer, than 

the corresponding drop in the ionisation ratio when a 

Paraffin Wax scatterer is used. Thus, for example, the 

introduction of 0.324 ems. of Aluminium between the tube and 

a 1.1 cm. Paraffin tilax scatterer produced a drop of 1.0 per 

cent in'the ionisation ratio; the corresponding drops with 

Lithium, Beryllium Oxide, Boron and Carbon scatterers were 

7, 5, 0, 5 per cent respectively. 

The results shown in gi g , 54 seem to snow that as the 

atomic number of the scatterer decreases below that of 

Boron, atomic number 5, the decrease of the ionisation ratio 

S/P as thicker filters are inserted between the tube and the 
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scatterer increases, 

From this point of view, the relatively large decrease 

in the ionisation ratio obtained with a Paraffin Wax scatterer 

may be attributed to the scattering from Hydrogen in the 

Paraffin Wax. 

It follows also that we might reasonably expect 

scatterers of atomic numbers higher than Boron to give either 

a constant or increasing ratio 'as thicker filters are used, 

Experiments with Carbon (compressed graphite blocks) however 

show that the ionisation ratio S/P again decreases as 

thicker filters are placed between the tube and the scatterer, 

This unexpected result may be the to some impurity containing 

hydrogen or other light element used as a binder in the 

graphite block, or, and more probably, it may be an intrinsic 

property of the carbon atoms themselves, 

The latter conclusion obtains some confirmation from 

the fact that some test experiments made with pure Aluminium 

scatterers also showed a marked decrease in the ionisation 

ratio SA as shown in Fig, 55, when Aluminium filters were 

inserted between the tube and the scatterer. 
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Scatterers of low atomic number thus seem to produce a 

much smaller rate of decrease of the ionisation ratio 3/p 
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with increasing thickness of filtering Aluminium than was 

obtained with Paraffin Wax scatterers. 

(4) Scattering Experiments with Scatterers in Solid and 
Liquid States. 

These experiments were only attempted with Paraffin Wax 

owing to the low melting point of this material. The tech- 

nical details of the scatterer have been given on page 47 

and a direct comparison of the results obtained with solid 

and liquid Paraffin Wax scatterers of the same thickness and 

under the same conditions is shown in Fig. 56. 
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These results show that the decrease of the ratio alp with 

the insertion of Aluminium filters between the scatterer and 

the tube is of the same order of magnitude for solid and 

liquid scatterers. 
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Unfortunately the life of a liquid scatterer of the type 

used was only about three hours, as at the temperature of 

the liquid wax the cellophane windows invariably' dehydrated, 

became brittle and burst, so that a lengthy experiment could 

not be carried out with them, 

(5) Scattering E jperiments with Various Primar- Apertures. 

Some workers in this laboratory claim to have found a 

definite variation of the critical potential across the 

X -ray tube (below which the ionisation ratio decreases with 

decrease of voltage) with the size of the primary aperture 

used. They seem to find that the voltage range over which 

the ionisation ratio S/P remains constant is extended towards 

the low voltage side by using smaller primary apertures. 

The writer has carried out a large number of experiments 

with a wide variety of primary apertures ranging from single 

holes to groups of very find holes and also with adjustable 

slits consisting of 4 mm, lead jaws. Some of the typical 

results obtained are shown in Pig. 57, together with the 

details of the apertures etc. 

These experiments sere carried out with great care and 

appropriate corrections made for the natural leaks as already 

described. A single curve sometimes took between 3 to 6 hours 

for completion and for this reason, it was decided to 

investigate the effect of different primary apertures on the 

critical voltage, and on the decrease of the ionisation ratio 

S /12 with increase of thickness of filtering Aluminium inserted 

between the X -ray tube and the scatterer separately. 
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The results shown in Fig. 57 are those where the dependence 

of the critical voltage alone on the primary aperture was 

investigated.; While the results shown in Fib, 59 show the 

effect of the primary aperture (a variable slit) on the 

decrease of the ionisation ratio with increasing thicknesses 

of Aluminium filters between the tube and the scatterer. 

It will be seen from the curves shown in Fig, 57 that 

the critical vo.itage,below which the ionisation ratio 0/p 

is no longer constant but begins to decrease, appears to be 

independent of the primary aperture ranging from a single 

hole 2.5 mm. in diameter to 39 pin holes having a diameter 

of 0.41 lams each 

The critical voltage also appears to be practically 

independent of the secondary apertures when the latter 

are varied between 2.2 and 1.0 cros, for aperture A and 

between 2.2 and 1.3 cros for aperture B 

With the Muller Tungsten tube and scattering from 

a Paraffin ,Tax scatterer 1.9 cros, in thickness, the crit- 

ical voltage was found to be practically independent of 

the primary and secondary apertures within the stated 

ranges and was found to have a value of 43 to 45 kilo volts. 
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The effect of using various primary and secondary apertures 

on the decrease of the ionisation ratio when Aluminium 

filters are inserted between the tube and the scatterer is 

shown in Fig. 58; from which it will be seen that for the 

range of apertures used, ranging from a single hole having 

a diameter of 2.5 mm. to a group of 25 pin holes having a 

diameter of 0.5 mm, the decrease in the ratio is independent 

of the apertures. 
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(6) Scattering Experiments with Different Arr4n ements 
of Apertures Different Setsof App rafli , 

One of the most striking features about the scattering 

experiment is that although some workers find that the 

ionisation ratio decreases as soon as a filter of Aluminium 

is inserted between the tube and the scatterer, others, 

working in another laboratory in the same building, find that 

the ionisation ratio remains constant even when very thick 

Aluminium filters are placed between the scatterer and the 

X -ray tube, The ionisation ratio, in this case, appears to 

be independent of the hardness of the incident radiation as 

long as the hardness is varied by inserting different thick- 

nesses of Aluminium filters between the tube and the 

scatterer, but the results obtained by altering the hardness 

of the incident radiation by varying the potential difference 

across the tube were very similar in the two casent. 

It should be emphasised, however, that the workers who 

find a constant ionisation ratio when aluminium filters are 

interposed in the incident beam do find a decrease in the 

ionisation ratio when using thin scatterers, the drop in the 

ionisation ratio being more marked the thinner the scatterer. 

As already described, the writer is among those who 

find that the ionisation ratio decreases with the insertion 

of Aluminium filters in the incident beam (with the exception 

of Boron scatterers, where the ionisation ratio was found to 

remain constant for all thicknesses of filters used up to 

a maximum of 0.310 cros of Aluminium) . The writer further 

found that the decrease in the ionisation ratio seemed to be 

independent of the thickness of the scatterer, but did depend 
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Mr. Stevens and the writer; these readings were always 

in agreement to within about one per cent. 
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The results of these experiments seem to show quite 

conclusively that the type of result obtained de-oended on 

the structure of the apparatus, i.e. on the positions and 

arrangements of the apertures and the linear dimensions of 

the box containing the scatterer. 

It thus became possible, by using the appropriate 

arrangement of the apparatus, to produce at will a result 

showing either a constant or decreasing ionisation ratio as 

the thickness of the Aluminium filter between the X -ray tube 

and the scatterer was increased. 

The type of result (a constant, or decreasing ionisation 

ratio) was thus dependent on the arrangement of the apparatus 

and not on the actual room or laboratory in which the experi- 

ment was performed - as was suggested by some previous 

workers in this laboratory. 

The dependence of the result obtained on the arrangement 

of the apparatus thus raises the question as to which, if 

either, truly represents the scattering of radiation of 

different hardness by matter. This question -can only be 

answered by careful analysis of 

(1) The experimental parameters which seem to influence 

the type of result obtained, 

(2) The possible ways in which these parameters can 

influence the result, and 

(3) By carrying out test experiments in order to check 

the deductions made and to find which of these 

ways is actually responsible for the difference. 

This process has been carried out and is described in 

the next section under the-heading of 'Discussion of the 



- - 12J 

ltesults'. It is sufficient for the time being to draw 

attention to the fact that the sets of apparatus producing 

a constant ionisation ratio when filters of .11tminium are 

inserted between the tube and the scatterer differ most con - 

spicuously from those showing a decreasing ionisation ratio 

by the fact that the former generally have only one effective 

aperture defining the scattered beam, whereas the latter 

generally have two euch apertures as shown in A and B of 

Fig. 61. 

B, 

FLg. 61. 

II 

R. 
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DISCUSSION OF RESULTS. 

For convenience we shall first discuss the results 

obtained in the scattering experiment, and then go on to 

the results of the filtering experiment. 

The Scat terinExperinient 

Before we can make any deductions from the results 

of these experiments, we must decide which of the two 

types of results (these showing constant ionisation ratios 

with increasing thicknesses of Aluminium inserted between 

the X-ray tube and scatterer, or those showing a decreasing 

ratio) are truly representative of properties associated 

with the phenomena of scattering of radiation by matter. 

As already mentioned, the type of result obtained 

seemed. to depend on the apparatus or arrangement of aper- 

tures used, and that the most apparent difference in the 

two sets of apparatus was that those giving a constant 

ratio only had one 'effective' secondary aperture which. 

defined the scattered beam, and those giving a decreasing 

ratio had two secondary apertures defining the scattered 

besin.. 

In the former case, it is obvious that the cross 

sectional area and shape of the scattered beam was governed 

not only by the size of the secondary aperture, but also 

by the size and shape of the patch of the scatterer which 

was irradiated by the incident radiation, as shown in 

A Fig, 62. 



s 

Fi.g 62 

R 

In the other case, however, the cross sectional area 

and shape of the scattered beam was entirely governed by the 

sizes. and shapes of the two secondary apertures, provided the 

irradiated patch on the scatterer was large enough, as shown 

in B, Fig, 62. 

This latter arrangement of the apparatus thus seems to 

be more desirable, as any change in the 'spread' of the 

focal point of the electrons on the target of the X-ray tube 

(which may possibly occur when the potential difference across 

the tube is varied) would lead to a change in the size of the 

patch of the scatterer which is irradiated by the incident 

radiation. If the scattered beam is already fully defined by 

the two secondary apertures, this change in the size of the 

irradiated patch would not produce any change in the cross 

sectional area of the scattered beam, and would thus not 

produce any spurious effects which might be attributed to the 

actual mechanism of scattering. 
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un the other hand, with a single secondary aperture the 

eross sectional area of the scattered beam will vary with 

changes in the area of the irradiated patch on the scatterer, 

and the interpretation of the experimental results obtained 

may prove very confusing. 

Any effects produced by varying sizes and shapes of the 

irradiated patches on the scatterers will be more marked with 

thick than with thin scatterers. 

From these considerations, we may tentatively attempt 

to explain the difference in the two types of results 

(constant or decreasing ionisation ratio with increasing 

thickness of filter inserted between the X -ray tube and the 

scatterer) by postulating that the decreasing ionisation ratio 

represents a more correct picture of the variation of the 

mechanism of scattering with the hardness of the incident 

radiation, and that this decrease in the ionisation ratio 

takes place quite independently of the arrangement of the 

apertures used. But somehow the insertion of an Aluminium 

filter between the X -ray tube and the scatterer produces a 

broadening of the incident beam, thereby increasing the 

area of the irradiated patch on the scatterer, and (in the 

case where the secondary beam is defined only by a single 

aperture and the area of the irradiated patch) causing a 

larger amount of radiation to be scattered into the secondary 

ionisation chamber, thus increasing the ionisation ratio S/P 

and masking the postulated true decrease in the ionisation 

ratio found in cases where the secondary beam is completely 

defined by two secondary apertures and arranged so as to make 

the beam independent of the size of the irradiated patch on 
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the scatterer. 

With a view to testing the validity of the above explan- 

ation, it was decided to investigate the dependence cf the 

size of the irradiated patch. on 

(1) The insertion of Aluminium filters in the usual 

position between the tube and the scatterer, and 

(2) On the variation produced with different potentials 

applied to the X -ray tube. 

The simplest method of carrying out this investigation 

was to replace the scatterer by a photographic plate or film 

and expose it to the radiations with and without the Aluminium 

filters in the usual places, and also with different voltages 

across the tube. 

In order to get reasonable comparisons of the sizes and 

shapes of the irradiated patches under various conditions, 

it was important to adjust the times of the exposures of the 

photographic plates so as to be roughly proportional to the 

times of the ionisation readings under the sanie conditions. 

TO obtain photographs in duplicate, it was found very 

convenient to use Ilford 'Oclussa.l' Dental X -ray film, The 

resulting radiographs and the conditions under which they 

were obtained are shown in .N'ig. 63, and it is seen that the 

insertion of an Aluminium filter 0.810 cris, in thickness in 

the usual place between the X -ray tube and the scatterer 

produces a very marked increase in the area of the irradiated 

patch, and thus gives strong; support to our proposed explan- 

ation of the cause of the difference in the results obtained 

with the two different sets of apparatus, as outlined above. 
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The radiographs of Fig. 63 also show that when no 

filter is present, the irradiated patch. is of a rather 

complex nature consisting principally of an intense roughly 

circular patch, presumably originating from the radiation 

emitted at the focus of the X -ray tube and passing through 

the two main primary apertures; and a sort of excentric, 

somewhat diffuse halo surrounds the central intense patch. 

By measuring the dimensions of this halo and pro- 

jecting lines backwards on a scale drawing of the aperture 

system used, this halo appears to originate from a roughly 

elliptic source having a vertical minor axis measuring 

about 3 to 3.5 ems, and thus presumably corresponding to 

the whole of the oblique face of the massive copper anode 

of the X -ray tube in which the tungsten targe is imbedded. 

'rhe excentricity of this 'halo' with respect to the 

central intense patch of focal origin is probably due to 

a slight convexity of the oblique face of the copper anode, 

which seems to be a characteristic of many modern X -ray 

tubes, 

In producing the photographs shown in Fig. 63, the 

correct exposures were made by using the following pro- 

cedure. 

First the film was exposed to 90 Kv.1 2 ma, radiation 

with no filters, and a satisfactory exposure time found by 

trial and error was 2.0 minutes. 

Now, from a typical scattering experiment with the 

sarde current flowing through the X -ray tube, the 90 Kv 

radiation required 4, minutes to produce an electroscope 

gold leaf deflection of 15 divisions. But when an 
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Aluminium filter 0B10 cns. in thickness was inserted between 

the X-ray tube and the scatterer, the time required for an 

ionisation corresponding to 15 divisions was found to be 30 

minutes, or 7.5 times as long as when no filter was present. 

Accordingly, for the radiograph with a 0.810 ems. 

Aluminium filter in the usual place between the tube and the 

scatterer, the exposure time was rr.ade 7.5 times longer or 15 

minutes. In this way we may safely assume that the various 

radiographs are reasonably representative of the sizes and 

shapes of the irradiated patch on the scatterer during a 

typical scattering experiment. 

The increase in the size of the irradiated patch on the 

scatterer when an Aluminium filter is introduced into the 

incident beam between the tube and the scatterer would thus, 

at least qualitatively, explain the difference between the 

two types of results obtained with the different sets of 

apparatus. 

To test the postulated cause of this difference further 

(as outlined on page 17.6 ), the scattering experiment was 

again repeated with an 11 mm. raraffin Wax scatterer using 

apparatus II which was fitted with two secondary apertures,and 

a 10 °/o drop in the ionisation ratio was found to take place 

on the insertion of an Aluminium filter 0.810 cros, in thick- 

ness between the tube and the scatterer, the experiment was 

then repeated after the removal of one of the secondary 

apertures (by sliding the lead plate containing it out of the 

wooden grooves), leaving in its place an aperture 4.0 cros, in 

diameter and thus converting the apparatus into one, having 

only one effective secondary aperture. the other apertures 

and conditions were unaltered. This experiment gave a drop 
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in the ionisation ratio of only 1 per cent :lith the intro- 

duction of the same thickness of Aluminium filter in the 

same place as in the previous case. The two results together 

with their respective secondary apertures are shown in 

Fig. 64. 
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Uareful measurements and scale drawings of the aperture 

systems showed that even with the single secondary aperture, 

the scattered beam was not wide enough to strike the metal 
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part, of the electrode system or sides of the ionisation 

chamber 

The results of the various experiments described in this 

paper thus show the importance of using apparatus equipped 

with at least two apertures of such dimensions as to give a 

scattered beam whose cross sectional area is independent of 

the variation in size of the patch to define the scattered 

beam, and seem to show that if this precaution is taken, then, 

with the exception of Boron scatterers, the ionisation ratio 

invariably decreases as the incident beam is hardened by 

filtering through Aluminium, under these circumstances, it 

was found that the decrease in the ionisation ratio was 

independent of the thickness of the scatterer to within 

about 2 per cent, but did depend on the substance of the 

scatterer, being greatest for paraffin Wax scatterers and 

nil for Boron scatterers. 

Aperture conditions which gave a constant ionisation 

ratio with Paraffin Wax scatterers showed an increasing 

ionisation ratio with the insertion of Aluminium filters 

when Boron scatterers were used; thus again confirming a 

marked difference in the scattering from Boron as compared 

with scattering from Paraffin Wax. 

The writer does not wish to suggest that the constant 

ionisation ratios observed by some workers when hardening 

the radiation by filtering the incident beam through Alumiriium 

is due to the arrangement of the apertures or other parts of 

the apparatus as discussed above rather than to some funda- 

mental phenomena associated with the scattering of certain 

types of radiations. tie merely presents the results of his 
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own experiments which., with the exception of Boron scatterers, 

invariably show a decreasing ionisation ratio as the 

radiation incident on the scatterer is progressively hardened 

by filtering through Aluminium, except in thö$e cases where 

a oing1e 'effective' secondary aperture was used and the 

result could, at least qualitatively, be explained by a 

broadening of the irradiated patch. on the scatterer as out- 

lined above. 

We may summarize the results obtained as follows:- 

(1) As the potential difference across the X -ray tube 

is increased from about 20 -30 Kv., the ionisation 

ratio S/P steadily increases up to a certain 

critical voltage. .or higher voltages the 

ionisation ratio remains constant (to within 

the experimental error of about one per cent) up 

to the highest potential difference which could 

be applied to the tube (except for the .naolybdenum 

'target tube already mentioned). 

(2) The value of the critical voltage across the tube, 

mentioned above, depends on the X -ray tube used, 

and on the thickness of the scatterer, being 

considerably lower for thin scatterers than for 

thick ones. 

There is some indication of a slight variation of 

the critical voltage with the atomic number of the 

scatterer. The higher the atomic number of the 

latter, the higher the value of the critical 

voltage. 

The critical voltage appears to be independent cf 



the sizes of the primary or secondary apertures, 

provided saturation of the ionic currents in the 

ionisation chambers is ensured, and the secondary 

beam is fully defined by two apertures, as already 

discussed. 

(3) When the hardness of the incident radiation is 

increased by filtering through Aluminium sheets 

inserted between the tube and the scatterer, the 

ionisation ratio decreases as thicker filters are 

used. 

For a given L --ray tube, operating under a constant 

potential difference of 90 Kv, and a current of 

2.0 ma., the decrease in the ionisation ratio 

produced by the insertion of an Aluminium filter 

0.810 ems, between X -ray tube and 

scatterer was found to depend on the X -ray tube 

used and to be independent of the primary aperture 

and the thickness of the scatterer ranging from 

19 nri to 3 mm. of raraffin Wax. 

i4) The above decrease in the ionisation ratio S/P was 

found to depend on the atomic number of the 

scatterer. If we assume that the scattering from 

Paraffin Wax is mainly due to the hydrogen atoms, 

then the drop in the ionisation ratio produced 

by the standard conditions given in (3) above 

apparently decreases as the atomic number of the 

scatterer is increased up to Boron (atomic number 

for which the ionisation ratio is constant at 

least up to this thickness of Aluminium filter. 
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rcor carbon and Aluminium scatterers the ionisation 

ratio again drops with the insertion of Aluminium 

filters in the incident beam, but the drop pro- 

duced under the above standard conditions was only 

about 3 °/o with a 0.9 ems. carbon scatterer as 

compared with a drop of 10 °/o in the case of a 

1.1 ems. raraffin Wax scatterer. 

This variation of the drop of the ionisation ratio 

with the atomic number of the scatterer is- particularly 

interesting as it does not seem to be accounted for by either 

the Quantum or the ulassical theories. of scattering. 

It should, however, be stated that the quantum theory, 

as developed by Klein- Nishirla, does predict a decrease in 

the electronic scattering coefficient with increase in the 

frequency or lhardnessi of the incident radiation, and at 

first sight this prediction seems to be confirmed by the 

decreasing ionisation ratio S/P when the incident radiation 

is hardened by filtering through Aluminium as observed in 

our experiments. But, as already stated, if the scattered 

radiation experiences a change in wavelength, as required by 

the above quantum theory, then, since the change in wavelength 

is independent of the wavelength of the incident radiation, it 

follows that the scattered radiation will be comparatively 

much. more absorbable in the gas in the ionisation chambers 

than the primary radiation and would thus give an increasing 

ratio as the hardness of the incident radiation is increased, 

uompton had suggested that the increasing ionisation 

ratio with increasing hardness of the incident radiation in 



- 135 

an experiment of this type might be completely masked by 

the opposing effect due to the decreasing scattering 

coefficient as the hardness of the incident radiation is 

increased since this effect would produce a decreasing 

ionisation ratio S /P. In fact, uompton even suggested that 

results showing regions of constant ionisation ratios S/P 

may be attributed to the compensating action of the two 

processes. 

It is, however, difficult to see how this type of 

compensating effect could account for the considerable 

ranges of absorption coefficients over which the ionisation 

ratio S/P is found to be constant, and for the sudden change 

from a constant ionisation ratio to a decreasing ionisation 

ratio as the voltage across the tube, is reduced below the 

critical voltage already described, 

Furthermore, the drop in the ionisation ratio produced 

by the insertion of Aluminium filters between the X -ray 

tube and the scatterer does not depend critically on the 

absorption coefficient of the incident radiation, since in 

some experiments the drop in the ionisation ratio with the 

tube operating at 40 Kv. and 90 Kv. was of the same order 

of magnitude in the two cases when the same thickness of 

Aluminium filter was inserted in the incident beams (as shown 

in Fig. 65). The corresponding spectral intensity 

distributions for the two cases are also shown. 
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These results seem to show that the scattering process 

is somehow dependent on the method by which the incident 

heterogeneous radiation is hardened rather than on the actual 

degree of hardness of the incident radiation. In particular, 

incident radiation which has been hardened by filtration 

through Aluminium seems to be scattered differently to the 

incident radiation hardened by raising the voltage across 
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the X-ray tube, the avera , e :absorption coefficients in 

the two cases beii:,_ cainpàr-abLe 

It thus appears that radiation Which has traversed 

considerable thicknesses of matter is scattered differently 

from radiation which has passed through only -thin sheets of 

matter before scattering, although the mass absorption 

coefficients of the two radiations incident on the scatterer 

(as measured by the conventional C °/o reduction in intensity) 

are of the sane order of magnitude, except in the case of 

Boron scatterers, in which case there does not seem to be any 

difference in the procese of scattering of either type of 

radiation. 

This fundamentally different behaviour of Boron scatterers 

cannot possibly be due to any error in the experiment as it 

has been checked and re- checked very carefully. Yurthermore, 

marked differences in the behaviour of Boron scatterers with 

radiations of different wavelengths as compared with Reatterers 

of other elements of both lover and higher atomic numbers have 

been found and commented on by Mertz in U.S.A. 

The variation of the electronic scattering coefficient 

with the wavelength of the incident radiation as reported by 

S.J.M. Allen also shows a marked difference in the scattering 

properties of Boron. The decrease in the electronic scattering 

coefficient with decreasing wavelengths is markedly less with 

Boron scatterers than with Lithium or Carbon scatterers, as 

shown in Fig. 66, where S.J.M. Allen's electronic scattering 

coefficients are shown plotted against the wavelength of the 

incident radiation, 
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The results of the above two workers, obtained by quite 

different methods, seem to indicate that the scattering 

properties of Boron are, in some respects, fundamentally 

different from the neighbouring elements of low atomic nunber 
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and thus give good support to the fundaLent: ? ity cf the 

results obtained by the writer where, as already stated, 

Boron scatterers were found to be unique in that theme ioni- 

cation ratio S/P vale constant for all values of Aluminium 

filters inserted between the tube and the scatterer up to 

0.810 cros (the maximum thickness used) , 

This result obtained with a Boron scatterer is of pro- 

found importance in the interpretation of the results re- 

ported earlier in this paper, 

In particular, if we return to Fig, 65, where the general 

radiation emitted by a Cuthbert Andrews Tungsten tube, hardened 

by two distinct processes, (by raising the potential across 

the tube, or by filtering the 40 Kv. radiation through Alum- 

inium filters placed between the tube and scatterer) showed 

an increasing ionisation ratio S/P with the first method and 

a decreasing ionisation ratio with the second method, we can, 

at first sight, attempt to explain the difference in the 

variation of the ionisation ratio with the process of hardening 

used, by considering polarisation, 

.t3 arkla had shown that the percentage polarisation of 

the general radiation emitted by an X -ray tube decreased as 

the voltage across the tube was increased, and this would 

possibly account for the increase in the ionisation ratio S/P 

in the present experiments as the voltage across the tube was 

increased, 

Also various experiments by many workers seem to show 

that the degree of polarisation is much greater for wavelengths 

near the short wave limit of the general radiation than for 

the longer wavelength components, consequently, filtering the 
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radiation would tend to increase the degree of polarisation 

of the radiation incident on the scatterer, and would thus 

lead to a decreasing ionisation ratio as the incident radi- 

ation is hardened by filtering,as observed in our experiments 

with Paraffin Wax, Lithium, Beryllium Oxide and Carbon 

scatterers. 

On the other hand, the remarkable c o n s tancy of the ioni- 

sation ratio when the radiation is hardened by filtering, in 

the case of Boron scattering, seems to suggest that the 

phenomena are independent of the polarisation considerations 

discussed above, and lead to the conclusion that the results 

reported in this paper indicate the presence of certain 

phenomena associated with the process of scattering and depen- 

dent on both the incident radiation and on the scatterer, 

which, as yet, cannot be accounted for on either the quantum 

or Classical Theories. 

Further Support of this conclusion is obtained from S.J.M. 

Allen and T. Cuykendall's experimental investigations of the 

variation of the electronic scattering coefficient with the 

wavelengths of the incident radiation. According to classical 

theory, the electronic scattering coefficient should be a 

constant, independent of the wavelength of the incident 

radiation and of the atomic number of the scatterer, except 

in cases where 'group scattering' occurs, as already described 

in the Introductory Discussion of this paper. 

On the other hand, the quantum theory requires the elec- 

tronic scattering coefficient to vary with the wavelength of 

the incident radiation according to the Klein Nishina formula 

(shown by the dotted line in.Fig. 66). 
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S.J.M. Allen and T. Cuykendall both find that for wave- 

lengths below about 0.1 A.U. the experimental values of the 

electronic scattering coefficients of the various elements are 

in agreement with the KleinNishina formula to within the 

experimental error of about i per cent. 

For wavelengths above about 0.1 A.U. the experimental 

values show a marked departure from the Klein - Nishina values 

in the form of excess scattering. This departure is charac- 

terised by a marked point of inflection in the scattering 

coefficient -wavelength curve at a wavelength of about 0.1 A.U. 

as shown in Fig. 66. 

It is interesting and important to note that the de- 

parture from the Klein-Nishina formula is more marked in the 

case of elements of low atomic number than with those of 

higher atomic number, furthermore, the writer found that if 

the difference between the experimental and Klein-Nishina 

values of the electronic scattering coefficients & is 

plotted against the reciprocal of the corresponding wavelength, 

14. the resulting curve is a straight line for scatterers 

of Li, B, C, and Al (and possibly for other elements as well) 

for considerable ranges of wavelengths. 

Typical examplaz of these curves are shown in Fig. 67; 

the equations representing them appear to have the form: 

Sc = a - ß 
X 

(14) 

Where a and (3 are constants depending on the atomic 

number of the scatterer and X is the wavelength of the 

incident radiation. 
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the Klein- Nishina formula, as given by formula (14 ), can 

hardly be accounted for by experimental errors, etc. and again 

give evidence of the existence of certain phenomena involving 

the atomic number of the scatterer and the wavelength of the 

incident radiation, which have not been accounted for by the 

quantum and Classical theories of scattering. 
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DISCUS3ION OF THE FILTERING EXPERIMENT. 

The results presented in the earlier part of this paper 

seems to show beyond a doubt that under certain conditions, 

the difference in the absorbabilities of the scattered and 

transmitted radiations, as measured in Aluminium, is charac- 

terised by the appearance of one or more 'J- discontinuities' 

or 'kinks'. 

The conditions governing the appearance or non -appearance 

of a discontinuity are as yet uncertain, as they do not seem 

to depend on experimental parameters usually taken into con - 

sideration; but the experimental results seem to indicate 

that scatterers of low atomic number, Li, BeO, B, and high 

potential differences across the X -ray tube are important 

factors, favourable to the appearance of a marked discontinuity. 

The writer was unable to confirm the gradual shift of the 

'J- discontinuity' or kink towards smaller critical thicknesses 

of Aluminium filters in the primary and secondary beams as the 

voltage across the tube was reduced,(reported by Miss Wilson 
(zit 

and Reekie) 
. 

In fact, scatterers of Paraffin Wax, Lithium 

and Boron gave a shift of the discontinuity in the opposite 

direction, i.e. to greater thicknesses of filters, in con- 

firmation of Barkla's earlier results. 

The Beryllium Oxide scatterer, however, did not seem to 

show any shift of the discontinuity with change of voltage 

across the tube, but seemed to indicate the existence of a 

certain optimum voltage of about 90 Kv. for which the kink was 

most distinct and abrupt. 
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In confirmation of the findings of Miss :`Nilson and Reekie, 

the writer has never observed a discontinuity or 'kink' at 

voltages less than the critical voltage found in t)ie scatter- 

ing experiment already described. 

As a tentative explanation of this effect, we may suppose 

that at these low voltages, the degree of polarisation of the 

general radiation is presumably relatively large and as the 

short wave components are much more strongly polarised, the 

scattered radiation will. have relatively small intensity in 

the short wavelength components, and would thus be more 

absorbable because of this polarisation effect, thereby 

masking or blurring out the discontinuities which seem to 

indicate a true transformation of the incident radiation in 

the process of scattering. 

As already described, the 'J- discontinuity' sometimes 

appeared to be replaced by a discontinuity region over which 

the values of the intensity ratio S/P fluctuated between two 

well marked levels corresponding to the levels on either side 

of a sharp discontinuity. When a large number of determin- 

ations of the ratio S/P were made in such a fluctuating 

region, it was found that with thinner filters in the two 

beams most of the values were near the upper level. I.n other 

words, with thin filters a high value of the ratio S/P was 

much more probable than a low value, whereas at the other end 

of the fluctuation region, corresponding to the thicker filters, 

although the ratio fluctuated between the two levels, a value 

of the ratio near the lower fluctuation limit was much more 

probable than a higher value. These results are shown diagram- 

atically in Fig, 68, where the density of tile points give a 
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measure of the probability of getting a ratio near any par- 

ticular value. 
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If we draw a smooth curve through the centre of gravity 

of these plots, we obtain a roughly exionential curve as 

already described, and thus seem to be able to form a 

connecting link between the curves showing discontinuity 

regions and those showing short initial horizontal erections 

(or sections having very slight slopes) followed by a roughly 

exponential curve. 

It should be emphasised, however., that the above corre- 

lation of the two types of results are o,y given tentatively 

and no claim is made that such a correlation would account 

fpr different types of curves obtained by experiment. 

In conclusion, we may say that the experiments described 

in this paper definitely show the presence of scattering phen- 

omena closely associated with the atomic number of the scatterer 

and the wavelength, or degree of hardness of the incident 

radiation, which so far cannot be accounted for by the Cluantum 



or Classical theories of scattering, and further work in this 

field would be very desirable. 
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