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Experiments on the Absorption of X-radiation

of short wave-length, and on the associated Scattered

and Corpuscular Radiation.
1 i

The experiments about to be described were commenced

in October 1919. Their purpose was to investigate the

origin and exact nature of certain irregularities in

the absorption of hard X-rays by light elements which
*

appeared in the experiments of Barkla and White. In

comparing the absorption-coefficients for aluminium,

paper, water and paraffin-wax with that for copper over
o

a range of wave-lengths from 05 to 0*15 A°,approx¬

imately, they found discontinuities which closely resembled

those associated with the K, L, ... series of spectral

lines, and strongly suggested the existence of a new

series of,spectral lines. With X-radiation of gradually decreas¬

ing wave-length, the absorption-coefficient normally

decreases steadily, but when the wave-length of a spectral

line characteristic of the substance is passed, the

absorption-coefficient for the substance is found to increase

rather abruptly to a maximum, wh.en it again begins to

decrease normally with decreasing wave-length. The

irregularities discovered by Barkla and White were of this

character, and, in addition, with decreasing wave-length,

the discontinuities for the different substances appeared

in the order of their atomic-weights, which is also character-

*

Barkla and White, P.M. Oct. 191.7-
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istic of the discontinuities associated with the K, L, ...

series of radiations. The X-ray energy absorbed by matter,

so far as we know, reappears in three forms only, (I) scat¬

tered X-radiation, which has nearly, if not the same, wave¬

length as the absorbed radiation, (2) corpuscular radiation,

due to the casting out of electrons from the atoms, and (3)
fluorescent X-radiation, arising from the re-arrangement of

electrons within the' atoms subsequent to the emission of

electrons (2). The fluorescent radiation, when analysed by
*

a crystal, is seen to give a spectrum of lines, character¬

istic of the atom from which it arises. Only those lines appear

which have a wave-length longer than the shortest wave-length

absorbed. When, therefore, the primary radiation is short¬

ened in wave-length so as to approach and pass through a wave¬

length characteristic of the absorbing substance, not only

will the absorption increase suddenly, but the corpuscular

emission will also increase, and the substance will begin to

emit this additional line (i.e. group of lines) in its

spectrum of fluorescent radiations. The existence or non¬

existence of a spectral line can be finally settled by an

examination of the spectrum as analysed by a crystal, the

conditions being such that the spectral line should be ex¬

cited. Strong evidence one way or the other can be obtained

in a less direct manner, however. Barkla has described

experiments on the corpuscular radiations
* In reality the fluorescent radiation gives a number of

groups of lines, the K, L, ...groups, but for convenience of
description eaoh group is called here simply a line.

**Rarkla, Rakerian Lecture, 1916.



(3).

emitted by light elements, and his results go to show

that the intensity of the corpuscular emission from

light elements exhibits the same discontinuous char¬

acter as the absorption by these elements,in the region

of short wave-lengths. So far the evidence for the

existence of a new series of characteristic radiations

in this region (a J-series) was entirely positive and it

was not until a search for J-lines ,using the X-ray
■ *

spectrometer, had failed, and an attempt to reproduce

the discontinuities of Barkla and White (under slightly

different conditions) had given a negative result, that

any doubt was cast on this explanation of the discon¬

tinuities. The magnitude of the irregularities and the

consistency with which they appeared with more than one

observer completely ruled out any attempt to ascribe the

results to experimental error. We naturally conclude

that the discontinuities are real but that their appear¬

ance is conditional on some factor or factors. To find

what these factors ware was the object of the present

series of experiments.

Source of X-rays.

A convenient source of X-rays of reasonable intensity

suitable for experiments on the J-rhenomena is that used

by Barkla and White in their absorptions!, via. an

ordinary X-ray tube, the softer components of the general

flvj3U*J ■
** JiwUr , RX| '
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radiation being filtered out with sheets of copper

or aluminium. The transmitted beam may then be

sufficiently homogeneous for the purpose. By suit¬

ably modifying the potential applied to the tube and

adjusting its conductivity a series of wave-lengths

may be obtained which is more continuous and intense

(though less homogeneous) than can be obtained by

the use of characteristic radiations. Copper is a

more efficient filter than aluminium on account of the

smaller proportion of energy which it scatters, for

the scattering is ineffective in filtering out the

softer components. It has the disadvantage, however,

that it superimposes on the transmitted beam a fairly

intense K-radiation, which necessitates final filtering

with aluminium. The amount of filtering which, is

practibable is limited by the intensity of the unfil-

tered radiation and by the sensitivity of the electro¬

scopes. Too little filtering, on the other hand, may

leave the transmitted radiation so heterogeneous, that

the irregularities (which occur rather close together

in some cases) may, in comparison experiments, flatten

out, overlap and partially extinguish each other. The

suitability of the Coolidge tube for this work was

recognised. Used in conjunction with a "Mammoth" 16 in.

Coil, and a "Sanax" Mercury Break, an intensity of

several times that formerly obtained with an ordinary



(5).

gas-filled tube was got without difficulty, partic¬

ularly in the case of the longer wave-lengths. A

generous amount of filtering was possible, and the

quality and intensity were under complete control,

doubtful observations could be repeated and regions

suspected of containing discontinuities could be

explored in great detail. In all the experiments

described below, a Coolidge tube of the -broad-focus

type with tungsten anticathode was used as source

of X-rays, sheets of aluminium or copper or both being

used as filters to produce the necessary degree -of

homogeneity.

Absorption Experiments.

When homogeneous X-rays traverse a thickness x of

a substance, part of the radiation is transmitted un¬

affected, part is absorbed. The relation between the

incident and transmitted intensities ( Io and I , resp¬

ectively) is given by the formula,

T = Io e_/^X, (I)

whereat- Is a constant for a given wave-length and a
given substance. yK- is called the "absorption-coeff¬
icient1; and fts/p the "mass-absorption-coefficient"

j®ir the absorbing substance for the particular wave¬
length, p being the density.

When heterogeneous rays are used, ]*■ is no longer
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independent of x, for the less penetrating components

of the beam are reduced more rapidly in intensity than

the more penetrating components as the radiation trav¬

erses successive layers of the absorbing substance. The

value of yw./p obtained by applying formula (I) will
therefore have no definite meaning unless we stipulate

that x will have a definite value. When the absorption-

coefficients -fir? two substances, as obtained by exper¬

iments on heterogeneous rays, are compared, the question

arises.will the result bear any relation to that which

we would obtain by using homogeneous radiation? We

arrive at an answer to this question as follows.

We may write equation (I) in the form,

-p -err. xI = Io e •e » Io e
\

for there are two processes involved in absorption,

true absorption (giving rise to corpuscular emission

and fluorescent radiation) and pure scattering, each

process producing an exponential decrease in the intensity

of any given wave-length. We have therefore

P = f + ^ ,

where is the 'true absorption coefficient, and ®* is

the scattering coefficient.

Let be the wave-length of one component of the

heterogeneous beam, and let Jo dA be the intensity of

the radiation between A and A + dA before absorption.
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Then the total intensity before absorption is given by

Io = JJod) ,

and the total transmitted intensity by

JJ 9 e ^ d A,
and if T1 is the value of the absorption - coefficient

(really an average absorption-eoefficient) obtained by

applying the formula
r r "rxI = To© ,

the relation between r and the values of for the components of t

the heterogeneous beam is contained in the equation

• Jjoe ^XdA = e TX JJ0dA. (3)
Writing h + <5" forp-, and'T + for'f, where T is that

part of the average absorption-coefficient which is due to

true absorption, (3) becomes

/j„e-(fr^)XdA - e-1" t<r)x/jodA. (4)
6~ is known to be practically constant over the range of

wave-lengths under consideration. Assuming it constant,
—

the factor e will cancel out of the equation (4) and

we obtain

-T^x . -Tx
> \ a 1 = oJJoe d/\ e J J0dA. (5)

For a second substance of thickness X| we get similarly

yjoe ^,X'dA = e ,X' yOodA. (6)
Our problem is to find values of x and X| such that

the
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the relation of T to "fi throughout our experiment

will always be the same as the relation of jx to pu .
Now so long as the range of wave-lengths is removed

from spectral lines of both substances, experiment

has shown that ^ i = kjt, where k is a constant. We
require to choose our values of x and X|, therefore,

so that Ti = kY. This relation is seen to be true

if we take x = kx i, for, remembering that ^ \ = k/^
the left-hand sides of (5) and (6) become identica 1, sJni±M^(

•
_ -

and the right-hand sides ifrUt. only be equal if T |= kT.

It follows that our necessary condition is fulfilled

if ?x = T|X|, or|[~e j =^|_e 1 '), that is, if the fraction
of the total original intensity truly absorbed by the two

substances is the same.

This precaution is important only when the ratio of

"scattered" to "true" absorption is very different for the

two substances compared,and the rays are distinctly

heterogeneous. In the absorption experiments described

here, the rays were found to be sufficiently homogeneous

to allow considerable latitude in the percentage absorbed.

The mass-absorption-coefficients for silver, aluminium,

paper and copper.

The mass-absorption-coefficients for silver, aluminium

and paper were compared with those jfr co rper over a

range of wave-lengths which included those at which
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appeared the J-discontinuities of Barkla and White.

The X-ray tube, lead box etc. were arranged as shown in
*

Tig.I. Three electroscopes of the Wilson type were set up

in front of apertures so that a.pencil of radiation was

directed into each. In reality a number of pencils/were
/

arranged to enter each electroscope so as to have the

ionisation as uniformly distributed as possible. (Corpuscles

emitted by air under the action of soft X-rays travel only

a millimetre or two, and if the intensity of the X-rays

were confined to a single pencil, the electric field

would possibly be insufficiently strong to prevent

recombination of ions). Sheets of copper and aluminium

were placed against the apertures in the lead box at

a, b and c on the side remote from the tube. These were

increased or decreased in number so as to give as homogeneous

an end-radiation as possible, consistent with a reasonable

transmitted intensity. The amount of Lead L-radiation

from the inside of the box containing the X-ray tube

entering the electroscopes was reduced to a minimum by

fixing lead cylindrical tubes behind the apertures, as

shown in Tig.I. The quality of the radiation from

the Coolidge tube was modified by suitable adjustments

of the primary current in the induction-coil. The

intensity could be increased by raising the temperature
induction-

of the cathode, the resistance in the primary of theAcoil

being reduced at the same time to give the neces:sary

*
/j. .
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additional energy. The relative rates of leak of

the electroscopes when an equal filter was placed in front

of each aperture was not quite constant when the wave¬

length of the radiation was altered, but this was

taken into account. Absorption sheets of the substances

under examination were added to the filters at b and c,

respectively. Their thicknesses were adjusted to reduce

the rates of leak of the corresponding electroscopes

to about half, the third electroscope being used as a

mass —

standard. The values of theAabsorption coefficients

the two substances were calculated from equation (I).

Tables I, II and III contain the results of the experiment.

The material of the filter and its thickness have been given

for each observation and also the percentage absorbed by

the absorbing sheet. -'/hen these results are plotted

with for copper as abscissae, (Graph I.), we find

no trace of discontinuities. An examination of the

results will show that allowing a probable experimental

error of only one-percent in the determination of ftp

all the deviations from a linear relationship between

the mass-absorption-coefficients can be accounted for.

The results obtained by Barkla and White for paper and al¬

uminium are shown by broken lines in the same Graph.

A comparison of the two sets of curves shows conclusively

that whatever produced the discontinuities in the one set

was certainly not present in the other, that under the

*



TABLE I.

J^/P Tor Silver and Copper,

Filter Per cent Per cen
' P-IP ^/P

absd. absd. for for

by Ag by Cu Ag Cu

55 5.1 13 •65 4-35

57 53 14 5 4 *60

59 55 15 1 4-8 1

59 56 15 25 4 * 95

60 57 15 6 5'04

0*2 mm.

of Cii
\

, 60 57 15 8 5' 10

and
61 57 16 05 5-17

6*5 mm.
62

. 59 16 6 o • 35

of Al. 62 58 16 8 5 '32

63 60 16 9 5-47

63 59 1 7 2 5 • 46

65 6 1 1 7 8 5-78

65 62 18 2 5 • 94

66 62 18 5 5 • 85

70 67 20 45 6 • 75

46 44 1 1 38 3*52

48 46 12 07 3-78

5 1 49 13 04 4- 10



Table II.

for Paper and Copper.

Filter
in

e
mm. of

Per cent Per cent AA A/A
absd. ab s d. for for

Al by Paper by Cu Paper Copper

22-8 46 48 0-218 3-82
• • 47 50 0-226 4-30
• • 48 56 0-232 4-85
• • 49 58 0-239 5-30

18-0 50 62 0-247 5 • 86

16-3 5! 65 0-253 6-32
• • 52 68. 0-260 6-77
• • 52 64 0-265 7-18

13-0 53 56 0-270 7- 69
• • 49 42 0-282 8-37

10-7 40 32 0-294 9-28
• • 41 35 0-310 10-28

9-8 44 37 0-328 10-95

7-4 44 38 0-330 1 1 -68

6 *5 46 40 0-346 12-45

47 45 0-365 14-20

49 46 0-38 1 14-95

49 50 0-385 16-10

49 49 0-4 12 17-00

4*15 j 50 53 0-426 17-86

48 54 0-440 1 8 • 65

45 57 0-457 20-00

46 60 0-476 * 2 1 -80

3-25 60 64 0-5 11 24-27

6 1 66 0-544 26-05

62 68 0-562 27-20

Nil 54 69 0-583 28-20

3-25 60 72 0-604 30-45



Table m,

for Aluminium and Copper,

% Absorbed

by Al.

'28mm. Cu
13'Oim A1

* 28mm Cu
9'8mm A1

' 28mm.Cu

428mm. Cu
3'23mm.Al

5.9
62

64

66

5.2

7o

5.7
60

% Absorbed,

by Cu.

47

5.0

5.5.

5.8
69
65
69
5.2
74

58

61

48

58

5.3

5.9

ptf
Al.

•402

•426

'460

'5.04
'5.42

•578

'618

'653.
'686

'747
•802

•818

• 878

•933

1 '05.2

r/p
Cu.

3 '00

3*33

3' 78
4 ' 175.
4 ' 60

4 '98

5.'5.9
5.'86
6 ■ 32
6 '83

7.49

7' 90

8*37

9 '00

10 »3.2
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conditions of experiment described in detail above, the

J-discontinuities do not appear. The present exper-

iments differ fromcfoOfoiMa*A in the following respects,

(1) a Coolidge tube was used, and not a gas-filled tube,

(2) the distance between anticathode and filters was

about 48 cm., that is about twice or three times ah great

as in the other case,

(3) the anticathode was of tungsten (of platinum in

the other),

(4) the filters were thicker, probably 2 to 4times as

thick in the regions of the discontinuities, so that

the end-radiation must have been more nearly homogeneous.

Experiments on Corpuscular Radiations.

It has already been stated that the energy absorbed

when X-rays pass through a subs tance reappears in three

forms, viz.. as scattered radiation, corpuscular radiation

and fluorescent radiation. It follows that corresponding

to a discontinuity in absorption, there must be a dis¬

continuity in one or more of the three secondary radiations

Under the conditionsof experiment which obtained in Barkla'

i nves t igat ion, o J-discont inui t ies fe«i--appeared in both the

absorptions and the corpuscular emissions. It seemed

worth while to find out whether the corpuscular dis¬

continuities would appear under the conditions of the

absorption experiments described above, conditions which
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eliminated the absorption discontinuities. If they did

not appear, the conclusion arrived at as a result of the

absorption experiments would be strengthened; if they

did appear, there would be material for further invest¬

igation.

The intensity of the corpuscular radiation from a

substance under the action of X-rays may be conven¬

iently measured, if the substance is in the form of

a gas, by finding the intensity of ionisation produced

by the complete absorption of the corpuscles by the

gas itself. If the substance is in the form of a solid,

a plate of the substance may be exposed, in an atmosphere

of hydrogen, to the action of the X-rays, when the ion-
*

isation of the hydrogen will be produced almost entirely

(over 99 per cent, probably) by the corpuscles sent out

from the plate. The intensity of ionisation bf the hyd¬

rogen will give a kind of measure of the intensity of the

corpuscular emission from the substance of the plate. This

method of measurement wi11 evidently be good enough for the

location of discontinuities. These two methods of

studying the corpuscular emissions from substances

were applied to various substances. The ionisation-

chamber used in^every case was the same. It consisted

of a brass cylindrical tube, 14 cm. long and 10 cm. in

diameter. The inside of this tube was covered with

aluminium C*l mm. thick, and aluminium plates 1*5 m™-
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thick were fitted to the ends. The electrode consisted

of a straight piece of aluminium wire lying along the

axis of the tube and supported there by awire running at

right angles from its centre through the side of the tube,

from which it was insulated by a plug of ebonite. This

type of electrode was suitable for cases where the gas

was directly ionised by the X-ray,which, entering the

chamber in the form of one or more pencils parallel to

the axis, produced a cloud of ions much longer than its

breadth, so that the lateral field given by the axial

electrode would rapidly separate positive stream from

negative. In the case of hydrogen,which is ionised

almost entirely by the corpuscles sent out from the

plates at the ends of the chamber, the electrode used

was a-circle of aluminium wire covered with a mesh of

fine cotton thread and fixed with its plane at right angles

to the axis. Such an electrode would be more effective

in separating the ions due to the corpuscles leaving

the ends with low veloci t ies , v especial!jrf-as ' in these™

experiment's,1 whdn the-cross-section ®f the X-ray was

considerable. The ionisation-current was measured

in all cases by means of a Wilson electroscope of the

cubical box type, the connection between the electrodes

of the two instruments being made as short as possible

to reduce the capacity, for the electroscope of this

form can only be considered sensitive when the capacity

of the electrode has a very small value*
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When soft X-rays are used, the ionisation of a

gas such as SO2 in a chamber of this size may be

taken as a fairly accurate measure of the corp¬

uscular energy emitted by the gas. Probably no

corpuscles will reach the sides of the chamber, if

the pencil of X-r'adiation is not abnormally wide, for

the maximum velocity of emission possible with a given

wave-length is a function of wave-length only (the

maximum kinetic energy of a corpuscle is hn, where h

is Planck's constant and n is the frquency of the X-ray)

and the range of corpuscles in gases at atmospheric

pressure is of the orderJo?Aa millimeter or two when

the radiation is soft. The energy oj corpuscles striking

the ends of the chamber will be a negligible fraction

of the total)ionisation energy, and that gained by corpuscles

sent out by the ends of the chamber will be a quantity

of the same order and therefore negligible. When we

come to hard X-rays, on the other hand, the range of

corpuscles is now of the order of centimeters, -

iu 1 -I y, i n 1 yj n j is much more transparent to high
i

velocity]corpuscl&son than other gases. With X-ray of

decreasing wave-length, a point will be reached when the

speeds of the corpuscles will be great enough to carry a

percentage of their number to the sides of the chamber

before their energy has been completely expended in

ionisation, a percentage of energy will therefore fail
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to be recorded and the deficiency will become more

and more pronounced as the wave-length decreases. The

loss and gain of corpuscles at the ends of the chamber,

on the other hand, ais present at all wave-lengths and
%

may ^eginctoejiroduee . anha ppreciable effect long before

the loss at the sides has become important. The net

loss or gain at the ends depends normally on the dif¬

ference in average atomic weight between the gas and the

material of the ends. (If a spectral line of one of the elements

contained in the gas or the ends is included in the

range of wave-lengths there will obviously be a sudden
when this is excited

change in the net loss-or gain..) If the gas and the

ends w-«Tse composed of the same substance.5-the net loss or

gain would be nil, for we have no reason to suppose

that the motion of corpuscles should depend on any¬

thing but their speed, the substance passed through

and the number of molecules which the corpuscles en¬

counter. The corpuscles do not recognise any essential

difference between a gas and a solid so that at the

boundary between solid and gas at the ends of the

chamber, solid and gas having the same molecular

constitution, as many corpuscles will pass in one

in
direction asA^he other. In practice it is usually

impossible to get the same substance in the two states

in an ionisation-chamber, but it is generally possible

to approximate to this ideal arrangement by covering
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the ends with some substance whose "average" atomic-weight

is very near to that of the gas, e.g. in the case

of air, paper may be used, and, in the case of S02,

aluminium. The thickness of the paper or aluminium

must be sufficient to ensure the full corpuscular emission

The facts just mentioned must be taken into account

when irregularities in comparative corpuscular experiments

'appear. For example, if a light gas ( air, say )

is being compared with a heavy one (S02, say) the

two gases being caused to fill the same ionisation-

chamber alternately, the ionisation of each gas being

measured in terms of the leak of a standard electroscope,

and if the radiation is gradually decreased in wave-length

three irregularities should appear. The loss at the

sides should take effect with air before S02 for the

range of corpuscles is greater in the former case. The

experimental values of the ratio

Ionisation of S02

Tonisation of Air

will therefore be expected to begin to rise abnormally,

and later to begin to rise less rapidly (and perhaps

to cease rising) when the S02-corpuscles begin to reach

the sides of the chamber. The third irregularity will

appear on account of the fact that the lighter gas
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£§ more adequately compensated at the ends than the

heavier gas, so that as scon as the net los:s or gain

at the ends begins to be appreciable in one of the

gasesfthe ratio

Ionisation of SO2
Ionisation of Air

*

will begin to decrease abnormally. The latter effect

would be expected to occur first, for a reason already stated,

that the end effect is there from the beginning, while

the effect at the sides does not occur at all until

the velocity of the corpuscles is sufficient to carry

some of their number as far as the sides of the chamber,

To prevent any mistake in the interpretation of kinks

in the resulting curve, it is usual to take "pressure-

ionisation" curves, one on each side of the kink, that

is, the variation of ionisation with pressure is ob¬

served before and after the discontinuity. Such curves

show .Tt on-gjs. the percentage gain or loss at the bound¬

ary and it can be decided at once whether the kink is

to be attributed to boundary effects or to a change in

the corpuscular emission-. This procedure was; adopted in

all cases where irregularities presented any difficulty

in interpretation.

Pig.l. gives the arrangement of the apparatus for

the ionisation experiments. The ionisation chamber

on the left was normally not in use. It was used

later to make a direct comparison between pairs of
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substances where an indirect comparison in terms of

a standard electroscope was not considered sufficient¬

ly conclusive.

O^f" fcji'optete Os^eL. .

The electroscopes and the ionisat ion-chamber were

provided back and front with aluminium sheets which were

covered again with 5 sheets of filter paper on the sides

facingothe "-gas which was to be ionised. A separate experiment

showed this number to be sufficient to prevent corpuscles

from the aluminium penetrating into the gas even when

the radiation was very hard. When the ionisation-

chamber was filled with air at atmospheric pressure,

the relative ionisations in air-electroscope and

chamber were found to be constant to about \% or so.

The treatment of ionisations in the electroscope

as if they had been measured in the ionisation-chamber

was therefore considered justified, to this degree

of accuracy.

The paper was now removed from the ends of the

ionisation-chamber and the aluminium exposed, so

that the SO2 about to be introduced would be as

nearly as possible, compensated for end effects. The

gas being introduced u$ to atmospheric pressure, the

relative ionisations in electroscope and chamber were

found over a considerable range of wave-lengths.
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As it was certain°tRal^i^eBJ-cliscontinuities in

absorption were absent in the absorption experiments

described above, it seemed,a priori, that the J-

discontinuities in corpuscular radiation would not

appear if the same conditions were exactly repro¬

duced. It was on this account decided to modify

these conditions in one particular way to see

whether this change would effect the appearance of

the J-discontinuity. The radiation in this experiment

was to be much moVe heterogeneous, the filtering to

be reduced as nearly as possible to that used in the

experiments of Barkla which gave decided discontinuities.

The following difficulties were met with in making the

observations. Very large ions seemed to be formed in

the SO2 by the action of the X-ray, causing a slow rate

of leak (amounting to 2 or 3 per cent of the total leak,

sometimes) after the X-ray was cut off, the leak lasting for

a few minutes. This in itself made individual observations

unreliable to a per cent or two. Heterogeneous beams
t

giving the same value for f*lp may differ very much in

quality, and if the relation which is beihg measured is

not a linear one^, ***y 1 e, if it is represented hy
a curve, then, the more heterogeneous the radiation is,

the will the observation be in error m thtsicstcfoi* <rf
concave side of the curve. A complete series of ob¬

servations could not be taken at one sitting so that
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the readings taken at one time could not be expected

to be exactly comparable with those taken at another.

In spite of these sources of error, the observations when

plotted fall fairly well on a smooth curve. (See Graphs II
JfC

and V, Curves I,and see also Table IV for particulars of

the observations). The undulations which appear might

quite reasonably be taken to lie within the region of

experimental error, but a repetition of the experiment

with paper instead of aluminium at the ends of the ionisatian-

chamber jetHittfrnL that the undulations were real. (See

Graphs II and V, Curves II, and see also Table V for

particulars of the observations). Before interpreting the

results it is necessary to explain how the final ratios

of the ionisations of air and SO2 were arrived at, and to

explain the purpose of re-plotting these ratios against

the frequencies of the exciting radiation.

One electroscope was used as a standard for measuring

the intensity of the radiation which entered the ionis-

ation-chamber. The second electroscope, whose rate of

leak relative to the first was known (it varied a little

with wave-length, but this was allowed for), was used for

the determination of ftp for the radiation, the additional

thickness of aluminium placed in front of this electro¬

scope being adjusted to reduce its . 'normal rate of leak
to as nearly 50% as possible. The readings of the

standard electroscope were also taken to be proportional



MliiL juwrn, MMpM

TABLE fV.

Relative IonisationtofSpy,and A|r.

SO2 ohamber 14om. long, lOon. diam., ends of A1
Air electroscope 9om. long, ends .of paper.

hfoxcltrun ■

Radiation fairly heterogeneous.

Filter K-/P
A1

# Absorbed

by Al Air

SOy fCorrected for
Air (Absorption

8'Omm. Al

4. 75
6 ' 4

6 '4

6' 4

4 '0

4 '0

3'25.
3'25

3'25
2*4

1 ' 5

1'5.
1 ' 2

1 » 0

1 '0

1 '0

'540

•607
*67o
• 718

•857
1 '038

1 ' 14

1'32
1' 66

1 '78
1 * 97
2 '23

2 '85

3*33

3' 5.2
4 ' 10

4 '30

38

41

45.

47

5.3

51

53.

49

34

36
39

43

5.1

57

5.8
64

66

1-251

1 '262

1' 185

1' 198

1 • 198

1 ' 142

1 ' 15P
1 *145
1 ' 15,5
1 '138

1 • 116

1' 06 9

1*01 1

1 'Oil

•978

•958

'95.6

1'

1'

1 •

1 •

1'

1 •

1 •

1 •

1»

1'

1 •

1 •

1 •

1 •

1'

1 •

1'

262

274
200

214

219

167

176
178

198

181

166

121

078

095

064

066

070

\

Arbitrary

Soale.

V

t



TABLE V.

Relative lonisations of SO2 and Air

Al

Filter
Thickness

Hp
Al

%
Jib s d

by

Al

SO2

Air

Rati03
adjusted

r or
C omparis on

Ratios
oorreoted

,w forAba or pt 1 on,

9*8 mm.

• • • • •

3*25 mm.

Nil.
• » •

9•8 mm.

1*5 mm.

Nil.

25 mm

75 mm.

0.60 41

0-727 47

0-92 55

"l -53 54

4-45 69

4-0 65

0-792 50

2-22 44

2-42 47

2-60 49

4- 1
1

41

1 -48 53

1 -63 56

1 -81 60

1 -64 56

1-13 44

1 -24 47

ll -36 50

•923
978

994

007

847

853

986

929

912

908

853

009

995

994

005

01 I

0 14

014

932

991

012

04 I

966

95 I

00 I

976

962

967

955

041

031

034

041

036

043

044

SO2 -- Cylindrioal ionisation chamber, 14 om. long,
10 oin. diameter, ends of paper. The last column

_ correots for the falling off of the intensity of
the primary intensity as the radiation passes through
t he SO2•

S'&Vtra 1 f/**-
Air — Ionisation measured by directing 4 pencil?of radiation

into a cubical electroscope, 9 o long, ends of paper.

The primary was fairly heterogeneous, as seen by the
thickness of the filters used,

The ratios of the ionisations are given on an arbitrary
scale. The three groups of observations were taken at

-AUj^Jr "ftwo [fa Affy* (Ai^J (ttf. U-) A
w* JUuU fHi-.jyi*- f</U^ J"
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to those which would have been obtained with the

SO2 chamber filled with air and with the ends covered with

filter-paper. (This, as already mentioned, was

justified to about one per cent accuracy by a prelim¬

inary experiment). A correct ion . had to be made for the

fact that, although the radiation entering the SO2

chamber was presumably identical'with that entering

the standard electroscope, by the time the radiation

had penetrated to the far end of the chambers, the

intensity had fallen off considerably more in the

case ofS02 than in the case of air, owing to the

comparatively large absorption-coefficient of the

former gas. The correction required in the case of

each gas is one which will convert (the actual

absorption by a layer of gas of thickness 1, and

absorption- coefficient ja. , where I is the intensity
entering an element dl) into Jj*. I0dl (the absorption
by the layer when the intensity entering each element

is the same as that entering the first element = Io)»
- y-1

Since I = Ioe , the correcting factor required

is

J0U odl_
~~7> -hi
/ nToe dl^0

which reduces at once to

h 1
- Ml '

I - e '
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The value of this factor in the case of air is so

nearly unity i n -t 1- -rruTrg^e f. aaf, that the correct ion

need only be applied in the case of SO2. Using the

values of /*• for SO2 found by Barkla and Collier for

characteristic radiations and plotting the values for

the correction factor against the values off^/p for
A1 for these characteristic radiations,a graph was

drawn of correction factor against p-/p for Al, and

by interpolation in this graph the correction for

the observations were determined. The largest cor¬

rection required was little more than 10%, so that

this rough method for its determination seemed to be

quite good enough.

The use of the /Vp scale as abscissae is not very

satisfactory when the observations are carried into

the region of hard X-rays. X-ray phenomena depend

almost entirely on energy and as p-/p is nearly prop-

ortional to (wave-length) , that is, to the inverse

cube of the frequency, or the inverse cube of the

energy quantum of the radiation, the energy quantum

must increase very rapidly as we approach the origin

along an absorption-coefficient axis. Changes which

are very gradual from an energy point of view will

appear to come suddenly and perhaps discontinuously.

This would be misleading. The conversion of absorptions

to frequencies seemed to be desirable before any attempt
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was made to interpret irregularities in the curves.

A further argument in favour of the frequency point

of view is that the end effects and side effects

mentioned previously are ch^geS'^-n the
velocity of emission of the corpuscles, and

again depends on V - 1i0, where V is the frequency of

the incident radiation and Vq is the frequency cor¬

responding to the level from which the corpuscle# is

removed. (The tputh of this statement is still some¬

what in doubt, see Barkla and Dallas, P.M. 1923.). In

the case of a second substance the irregularities will

depend on "V - 1/o, where V o is the frequency correspond¬

ing to the energy level from which the corpuscles emerge

from the second substance. Peculiarities in the shape
„ , arising .. .. ,of the curvesAon account of velocities, other things

being equal, will appear in both curves in the same

way but displaced to the right in the second case by

~Vo - Vo' If the curves were plotted with j^/p as ab¬

scissae, the relation of the peculiarities would not

be so apparent. Examples of this fact will appear

when the curves are interpreted.

With regard to the values of Ionisation of S02 /

Ionisation of Air, the absolute values were not

determined accurately, the purpose of the experiment

being to discover irregularities. The values have

therefore been plotted on an arbitrary scale. In the
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case of Curve II, the observations were taken in three

groups on different days, and a certain amount of adjustment

was necessary to make the readings comparable with

one another, amounting to 2% in one group and 4% in

the other. These factors were obtained by comparing

observations where the groups overlapped. The points

on the graphs belonging to the three groups have been

marked with crosses, circles and arrow-heads, respectively.

The J-discontinuities obtained by Barkla in the

comparison of the ionisation of SOg and Air were of

the order of 50% at least; with shortening wave-length

the ratio Ion. of SCWTon. of Air was foundAto decrease

suddenly (interpreted as due to a large increase in

the corpuscular radiation from air) followed by a

sudden increase -f—~-^-- v,n1 —-rrg-^-4-r-. -(interpreted as

due to the appearance of the corresponding increase

in the corpuscular Intensity from SO2). No discontin¬

uity of this order appears in the present experiments.

The humps at-B,B (Graph V, Curves I and II) are of

this character but indicate irregularities of the

order of 2 to 3 per cent only. As the experimental

error is of this order, more careful experiment would

be necessary to decide whether they are real or not.

The two curves begin to differ from one another at C,C,

diverging from one another as we go to the right. As the

two experiments differed only in that the ends of "the
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ionisation-chamber were of n&ufn aftd Fpaiper resp¬

ectively, the difference is naturally attributed to

the difference in compensation for corpuscular loss

at the ends. If this conclusion is the correct one,

and there seems to be no other possible, we have here

an indication that high velocity corpuscles (corre¬

sponding to about wave-length 0*3) are abnormally

penetrating. For, using Whiddington's results to

find an approximate estimate for the length of the

track, we have

Vo = ad

where V0 is the velocity of emission, d is the .length

of the track and a is a constant for a given substance
tr *

(2x10 for air). For wave-length 0-3 A , the velocity

of a corpuscle carrying a whole quantum of energy is

given by

•/ 2 Un 2 ^hc 1 \ I Ar- If,20fr2 rov = hV , or v = = (app.) I *46x10
m ^ C . G . S.

The length of track in air is therefore

d = v4/ a = (2* I 3x IC40) / (2x I 040)
1*06 cm. (Atmospheric pressure).

The density of SO2 is fully twice that of air, so that

the maximum range in S02 would not be greater than 0*5 cm.

The ionisation-chamber was 14 cm. long, so that not

more than three or four per cent would reach the ends,

even if all the corpuscles moVed ift the dtrectioft'ofefSo
and parallel to the
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X-ray beam and were undeflected. According to Hull

and Rice, the wave-length 0'3 has p~/p for Cu = 3*72,

and Graph I in this paper gives the corresponding/*^
for Al = 0*47. Extrapolation in Qraph II,Curve II

gives a^ioss at the ends of about 15 per centi
The rise in Curve I, Graph V to the right of C

indicates that the Al at the ends over-compensates
*

the SO2 for loss of corpuscles.

It was concluded from this experiment that the

J-discontinuity was absent, which eliminated one of

the possibilities, namely, that the homogeneity of

the radiation in the absorption experiments described

above was the reason for the non-appearance of the

discontinuities. It was decided to use as homogeneous

rays as possible in future as observations with well

filtered radiation seemed to give more consistent,;'

results . t1 ^■ sarv- t,: ons

The above experiment was repeated with Ethyl Bromide

in place of^SC>2, the ends of the chamber being of paper.

The radiation was filtered as much as possible, cpn-

sistent with a reasonable rate of leak in the electroscopes.

The vapour-pressure of this liquid is of the order of

about 20 cm. of mercury at ordinary temperatures. To

prevent the formation of large ions, which would occur

in a nearly saturated vapour under the action of X-rays,

the vapour was introduced into the evacuated chamber up
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to a pressure of only a centimeter or two of mercury.

To prevent excessive loss of corpuscles at the bound¬

ary of the chamber, which would result from the low

pressure of the gas, the pressure was brought up to atmospheric b

by introducing air. The ionisation of a mixture of gases

is a complex matter, but for the present purpose, the

location of discontinuities, this was considered unimportant.

Tt was found that the mixture was ionised, for a given

intensity 9f X-ray, to very nearly the same extent as

SO2 at atmospheric pressure. It was therefore assumed that

the absorption-coefficient of the mixture was nearly the

same as that of SO2, and corrections to tthe ratio

Ionisation of Ethyl Bromide

lonisation of'Air

on account of absorption by the gas were applied as

if the gas were SO2. Details of the observations

are given in Table VI, and the results are plotted in
* *

Graphs II and V. (Curves III). We find a strong

similarity between Curves II and III when the ratios

are plotted against frequency (Graph "V".).

An approximation to the theoretical shape of these

curves is obtained in this way. The true-absorptions

of substances, as distinguished from the scattered
f rom

absorption, are knownAexperiment to be very nearly
if not accurately proportional to each other in

regions which are not close to a spectral line of

skpit-
^ ^ bjL '



Table v*.

R% lat ^vo ^oniaat ion^of .gt h jrl .Br omide _and_Air,.

(Eth.Br. chamber 14om. long, lOom. diam., ends of paper, yss
itA a-fe*^ Mt,+nuLrjL , and air added up to atmospherio pressure,
rate of ioniaation about same as for SC>2.

Air eleotrosoope 9onw long, ends of paper, Windows l'5ram. Al.
Radiation fairly hokogeneoub.)

Filter Np % Absorbed Eth.Br, Eth.Br.(Correoted 1
' Al by Al Air Air Ab s or pt i oi

29 ' 3A] •295 5.4 ■673 •676 ^
22 '8 '328 51 • 716 '721
l6 • 3 '410 51 '766 •774

13 '0 *495 50 ' 798 '807

9*8 '622 5.0 •850 •840 Arbitrary

8' 0 •795 51 •839 •853 f Soale.

6 '5 •90 5.5. •82 6 '844

4 '65. 1 * 14 5.2 '804 *824

3'25 1 »45 53 '775 '800

1 '40 2 ' 27 43 ' 721 '75.2
0'47 3 ' 20 5.5. •627 •667
O'OO 4 '02 43 •5.69 '620
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either of the substances. Assuming the relation is an acc¬

urate one, the numbers of quanta absorbed will also be

proportional. If one corpuscle is emitted for every

quantum absorbed, the numbers of corpuscles must also

be proportional. For simplicity let us confine our

attention to the K-absorption only. The kinetic energy .of

an ejected corpuscle will be h(v- v), where 1/K is the

frequency corresponding to the K level from wh ich the

corpuscle has been ejected. The ratio of the total

corpuscular energies fromvtwo substances will therefore

be proportional to (i/ - ~u ) / (v -\). If the ionisation

is proportional to the corpuscular energy absorbed, we

may now write,

lonisation of Gas -y - i/j,,
Ionisation of Air M - 14^

where is the X level frequency for the Gas

and 1/fci ... Air,

and k is a constant.

comparison withuv
T^may be fatglttctfcd1 In" -' a'0» so that when the K ionisa¬
tion fof bromine is compared with that of air, and

the ratio (R) is plotted against "V ,, the resulting

curve is given by

The experimental curves obtained for SO2 and Ethyl Bromide

are of this form on the left of G (Graph V) . There are

L-corpuscles as well as X, of course, but the latter
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will predominate in number since the K-absorption

is so much greater; they will also predominate in

total energy when V is much greater than"!/,. The
I

theoretical curve cuts the frequency axis at U = yK ,

but the experimental curve will,with decreasing

frequency, be determined more and more by the L

corpuscular energy so tliatAWiIf be inflected towards

the origin. The observations did not include a wide

enough range to show this. If the curve III were

displaced about 2 cm. to the left, it would be seen

to resemble Curve II. very strongly. Now the value
18

of 1/^ for bromine is approximately 3*5 XIC and that

for sulphur about 0'65*10 , giving a difference of
| g

2285*10 which is 2*85 cm. on the scale of the graph.

The difference between 2 cm. and 2*85 cm. is to be

accounted for by the fact that we have L as well as K

corpuscles, and we are not dealing with the pure elements,
i

the bromine, in particular, being combined with lighter

elements and also mixed with air. The dip to the right of ..C

dli Curve III evidently corresponds to that in Curve II, and

is to be attributed to loss of corpuscles at the ends. A,

B and C are points on the three curves which on the above

interpretation correspond as regards corpuscle velocity. It

is therefore to be expected that, since the two gases are

about equally dense, the end-effect should become apprec¬

iable at!points where/the corpuscle-velocities are about
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alike; in this case the points are C ar)d C. The Curve III

has been drawn with a flat part at A to C. A smooth curve might

easily have been drawn among the points, and the deviations cov¬

ered by experimental error. The curve as drawn, however,

fits the points better and the irregularity seems to be

related to the irregularities at B, B in the other two curves.

If that were so the explanation would be concerned with the

corpuscle velocity, but an explanation on this ground is

difficult to find. If the irregularity in Curve III is real,

it seems more probable that it is due to the fact that we

have L-corpuscles with nearly the full energy of the quantum

as well as the slower K-corpuscles. The former group begin

to lose energy at the ends earlier than the latter as the

frequency is increased, so that we get a double fall. In

other words, we have resolved the L from the K corpuscles.

An ionisation-rressure curve was found for Ethyl Bromide

for radiation of |Vp A1 = 0*35, and this showed that about 10
per cent of the ionisation was lost at the ends. The Curve III

oJr

shows a drop of &ka±fct 15 per cent at this point. This may be

considered to be agreement within the limit of error of

experiment. It should be remembered, however, that the falling-

off in the ratio (Ionisation of BO2)/(Ionisation of Air) with

shortening wave-length in this region was also found to be

more rapid than a consideration of end-losses would have led

us to expect. We may conclude, therefore, that there is at

least a possibility that the falling-off in the ratios may be

partially accounted for by an abnormal and gradual increase
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in the intensity of the corpuscular emission from air, with

shortening wave-length, a conclusion to which we are led by

considering the results of another set of experiments about

to be described. This abnormal emission of corpuscles is in

accord with the quantum-theory of scattering advanced by A.H.
* * * f *

Compton, and with the observation by C.T.R.Wilson of fish-

tracks in his recent cloud-experiments. The proportion of

"scattered" absorption to true absorption in the case of air

is much greater than in the case of the other two gases; con¬

sequently a corpuscular emission associated with scattering

would produce a correspondingly greater effect in the case of

air on the total intensity of the corpuscular emission, thus

reducing the ratio (Ionisation of Gas)/(lonisation of Air) as

the"scattered" emission became more intense, that is, as the

wave-length diminished.

To convert values of fi/p for A1 to frequencies, it was not
considered advisable to use experimental values of the absorp¬

tion-coefficients of wave-lengths, for these contain experimental

errors of appreciable magnitude, judging by the differences be¬

tween the results of different observers. The probability is

that apart from reg ions which contain spectral lines, there

exists a smooth relationship between wave-length and absorption-
coefficient. An approximate empirical formula has been founded
on the experimental values determined up to a recent date,

Q • c o .. o * o # ♦ »

fw/p = 0-2 + 0-CI95 z A
where z is the atomic-number of the absorbing substance, and
A is the wave-length. This formula was considered sufficiently
accurate for the purpose of converting from absorption-coeffic¬
ients to frequencies, slnGe *e are

, P.k-s.
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at present searching for discontinuities only. Points

where irregularities appear can have their true frequency

or wave-length determined afterwards^?roma?^ie experimental

values of the absorption;coefficients of definite wave¬

lengths .

Corpuscular radiation from plates.

The direct ionisation of Hydrogen by X-rays is

known to be very small, and when X-rays fall on a plate

in an atmosphere of this gas, the resulting 'ionisation

of the hydrogen may be taken as entirely due to the

corpuscles•emitted by the plate. As a means of measur¬

ing the corpuscular energy emitted per unit volume of

the substance of the plate this method is not suitable,

for we have no very accurate knowledge of the law of

absorption of high-speed corpuscles by matter. On the

other hand, if we can obtain by another method the corp¬

uscular intensity emitted per unit volume of substance

for a given intensity and quality of X-ray, we may learn

something of the law of absorption of corpuscles by the

substance,from the energy leaving the surface of the

substance (as measured by ionisation of hydrogen) for

different wave-lengths of X-ray.

A serious difficulty arises in this method r

measuring the corpuscular energy from plates when

the radiation is at all hard, for the hydrogen is

very transparent to corpuscles, as compared to other
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gases. Pressure-ionisation curves showed that corp¬

uscles were getting across the ionisation-chamber when

the radiation was as soft as 3*0 p-/p A1, and this is

very near to the soft end of the range of wave-lengths

used.

The hydrogen was obtained from a Kipp's apparatus

charged with zinc and dilute sulphuric acid. These

substances were fairly pure, for the action of the zinc

on the acid was very slow. The gas was passed through

caustic potash, calcium chloride and cotton wool, to

exclude sulphuric acid spray, moisture and dust particles,

but no other precautions were taken to exclude impurities.

The substances experimented on were (I) seccotine (which

was to be used to bind powders together, and had therefore

to be tested separately), (2) paper (to represent carbon

and oxygen), (3) aluminium, (4) copper, (5) lead. As

before, back and front of the ionisation-chamber were

of Aluminium 1*5 mm. thick, the length of the chamber

was 14 cm. and the diameter 10 cm., and'the inside curved

surface was covered with A1 0*1 mm. thick. In the case

of copper, paper and seccotine, these materials were

fixed to the insides of both.pf the A1 ends, the thickness

in each case being sufficient to give the full corpuscular

effect even with the hardest rays. For the sake of

uniformity a sheet of copper of e-pual thickness was

added to the filters in front of the electroscopes
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when that substance was being tested. In the case of

lead,only the far end of the chamber could be covered

with this element on account of its absorption-

coefficient. The front end of the chamber in this

case was covered with paper. By far the larger porticoi,

of the ionisation would be produced by corpuscles from

the lead and for our present purpose the paper effect

was considered negligible. By having plates at both

ends of the chamber (excepting lead) irregularities

which might arise from the uneven distribution of the

corpuscular radiation, demonstrated by C.T.R.Wilson in

his cloud experiments, were avoided. As a matter of fact

lead, which was fixed to the back of the chamber only,

gave a curve with exactly the same features as the other

curves, so .that the precaution of having sheets at both ends

would seem to be superfluous.

The apparatus was arranged exactly as in the previous ex¬

periment on gases. The ratio of Ionisation of H2 to

Ionisation of Air (as measured by air electroscope)

was found for a range of wave-lengths which included

the region of the J-discontinuities. The details of

the observations are given in Table VII and the ratios

are plotted against p/f> A1 and frequency respectively
in Graphs III and IV. The ratios of the ionisations

are given on an arbitrary scale, absolute values being

of little importance for our present purpose.
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of Hydrogen (by plates) and Air.

(Hydrogen chamber 14cm. long, lOom. diam., ends as tabulated,

pressure atmospherio, window l'S.mm. Al.
Air eleotrosoope 9om. long, ends of paper, window 1'5m»» Al.
Radiation fairly homogeneous.)
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The absolute value of the ratio for seccotine was

from 15 to 20 per cent less than that for paper, from

which it was concluded that this substance was com-
*

posed of elements which on the average were lighter

than the elements contained in paper.

The scale of ordinates has been chosen so as to have

the curves in the order of their average atomic weight,

with the lightest substance at the top. We notice that

with decreasing wave-length (increasing frequency) the

ratio

Ionisation of F2 by plate
Ionisation of Air

increases steadily to begin with. This is to be explain¬

ed by the fact that whereas the ionisation of air is

produced by;the corpuscular radiation from a fixed mass of
«

air, that of hydrogen is produced by corpuscles from a

mass of the material of the plate which increases with

shortening wave-length, the faster corpuscles being

able to escape from a greater depth. This ceaseis to be

effective when the velocities are such that these which

leave the surface of the plate travel right across the

chamber without losing an appreciable fraction of their

energy. Hence we find all the curves ultimately cease jgp

Or show a tendency to cease rising (see Graph TV). Con¬

fining our attention to Graph TV, all the curves possess

a comparatively straight part on the left. These,

when produced downwards cut the frequency axis
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very near to the origin in the case of seccotine and

paper, but the intersect ions in the other cases are

distinctly to the right of the origin. (The points

where these curves intersect the frequency axis are

of course independent of the ordinate scale. The latter

has been adjusted to make the straight parts of the

curves nearly parallel so as to bring out the similarity

between the curves. The scale for seccotine could not

be so adjusted without interfering with the paper curve).

As in the comparison of the S02 and Ethyl Bromide curves,

we find a strong resemblance between the curves when the

Al, Cii and Pb curves are displaced bodily to the left

a distance of 1*5, 2*7 and 3-6 cm. respectively, and the

explanationAis the same, namely, that the corpuscular

energy is proportional to T "V, , and the ratio which is

plotted as ordinate depends primarily on the emitted

energy. ("V is the frequency of the absorbed X-ray, and

V, is the frequency of the energy level from which the

corpuscles are ejected.). The values of v t obtained

from this graph are 1*5, 2*7 and 3'6x|018 for Al, Cu and

Pb,respectively. The values of \ for Al and Cu and of

for Pb, obtained from Moseley's papers are 0*36, 1*95
I B

and 3*04 x 10 , respectively. Taking into account the

fact that we have'a certain proportion of faster corpuscles

from the lower levels in each case, we should have

expected^to be slightly less than \ for Al?f Cu and \ for Pb
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respectively, whereas the opposite is the case. The method
from tte curves,

of finding values for i; i ^is, of. course, crude and can only
be expected to give values which are of the right order of

magnitude, which they do.

When the curves in Graph IV are compared in the region

to the right of A = 0-4 A°, we find that the seccotine curve

begins to rise relative to the other curves when the wave¬

length is reduced below 0*37 A°. A similar effect is observed

in the case of paper at wave-length 0*32A°. In the case of

aluminium the effect takes place at 0*215 A°. The last is

not so easily seen by an examination of the Graph, but a

direct comparison between the ionisations of H2 by paper

and Al, and by Cu and A1 by using two identical ionisation-

chambers placed in symmetrical positions with respect to

the Coolidge tube (see Fig.I.) showed that the ionisation

by Al begins to increase abnormally when the radiation is

hardened beyond p/p Al = 0*4. This corresponds to the

wave-length given above, 0*215 A0. The magnitude of the

increase relative to copper was about 10 per cent, by the

time the radiation had reached the value p/p = 0*35, that is,

when the wave-length had diminished to 0*165 A°. Converting

values of p/p to wave-length by referring to the values

found by Siegbahn, and by Hull and Rice for the p/p for Cu

for characteristic radiations, and using Graph I in the

present paper to connect between p/p for Al and P/p for Cu,
we get a more accurate set o.f values for these discontinuity
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wave-lengths

Seccotine . 0*47 A°.

Paper . . 0*405

Aluminium . 0*275 .

(It will be noticed that the values obtained by using

the general formula, mentioned earlier, are considerably in error)

%

»

The J-discontinuities of Barkla and ?'hite occurred at

0*42, 0*39 and 0*37. A° for carbon, oxygen and aluminium,

respectively. The results cannot be said to correspond

very well and it is doubtful if they arise from the same

cause, for the conditions in the experiments on ionisation

of H2 were as nearly identical with those on absorptions

described above as could be wished, and in the latter

there was decidedly no trace of J-discontinuities. It

might be expected that, by the conservation of energy, an

abnormal increase in corpuscular emission should be accom¬

panied by an abnormal increase in absorption, but there is not

the slightest trace of an irregularity in the absorption by

paper as compared with that by copper in the region of 9*0

p-/p Cu (where it would be looked for ) . The

* The constitution of this substance was presumed to be

lighter than that of paper on account of the fact that the
ionisation in the former case was about 15. to 20% less than in
the latter, for the same incident radiation. This would

account for the appearanoe of the irregularity at a longer wave-
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natural conclusion is that the absorption is normal

and the enhanced corpuscular emission when the wave¬

length of the X-ray is reduced below 0*405 £ is due to

some transformation which takes place subsequent to

absorption. It must be borne in mind,however, that a

sudden increase in the ionisation of hydrogen by corp¬

uscles from paper does not necessarily mean1, an equ i -

valent increase in the energy of corpuscular radiation

emitted per unit mass of paper, unless the excess

corpuscles are emitted with the same speed as the others.

If the excess ionisation is produced by slow electrons,

only a comparatively thin layer of paper can contribute

to it, so that the extra energy emitted per unit mass

must be greatly in excess of the additional ionisation.

Conversely, if a small amount of additional energy is

absorbed in association with the emission of slowly

moving electrons, the additional ionisation of H2 ™ay

be too small to be noticed. The suggestion I wish to

put forward is that with decreasing wave-length, the

energy which goes to provide this additional corpuscular

radiation has been increasing gradually, not abruptly,

that the corpuscular velocity has also been increasing

gradually. 'An- increase in velocity alone (at the

expense of number emitted per unit mass, i.e. assuming

the total energy constant) w.oulld enhance the ionisation

of hydrogen, a greater thickness of paper taking part,
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so that a simultaneous increase of energy of corpuscular

radiation and speed of emission of the corpuscles will

produce a combined and therefdree a more sudden effect

than the gradual increase of absorbed energy would lead

us to expect. A.H.Compton's quantum-theory of scattering

seems to give a possible explanation of the irregularities

under consideration. He has predicted that a corpuscular

radiation will be found to be associated with the phen¬

omenon of scattering when the X-radiation is hard, apd

that the absorption associated with this corpuscular

radiation will be found to be

jL • ox

ZLoiy1

where qL = 0*0242 / A ($)> A is wave-length in Angstrom Units.

and <F~a = the classical value o'f the scattering coefficient
= 0*2 x the density of the absorbing substance.

of hard X-rays for
The true-absorption-coefficients yyj" paper and aluminium
are almost entirely associated with corpuscular emission.

The total absorptions associated with corpuscular emission

are therefore approximately proportional to

JZ <% and f^- (&*)■+ for paper and Al, resply.
X*

The additional absorption associated with scattering (corp')

at the points where the discontinuities appear (0*405

and 0*275 1 ) amount to 8*0 per cent and 6*4 per cent
j ust

respectively, and this percentage has begun to'increase
A °

fairly rapidly with diminishing wave-length in both cases.
" y& to (_iU 0-2-Ji'A

jLM ) ^ ^ ^
tu -**■ ft* h"-
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Compton's theory therefore seems to indicate that the

corpuscular emission associated with scattering is

becoming important in the case of paper and aluminium

at the wave-lengths where the present experiments show

an increase in the corpuscular emission from these

substances. Further agreement with this theory appears

when we consider the absorption curves in Graph I. The

straight lines drawn through the observations in the

case of paper and A1 intersect at about 0*2 ftp for Cu. here
the values of the mass-absorption-coefficients, instead

of being 0*2, as the classical theory of scattering

would predict, are found to be about 0*16. Compton's

theory corrects the classical coefficient by multiplying

it by the factor 1/ (I + 2e<-), where d is, as before,

0*0242/ Assuming for the moment that the correction

is correct, if we add to the observed values 'of the

mass-absorption-coefficient the quantity,

0*2 ( ! - ------- ) ,

I + 2<*

we should obtain the values of the mass-absorption-coef¬

ficient which would have been obtained had the classical

theory been correct. When this is actually done, the

new values fall as well on a straight line as before,

but the straight line is raised on the left by 0*0275,^/"//' Cu
and on thft« right" by 0*015 (f-/p Cu = 24.). When this straight
line is produced to the left, the "zero" value of the

mass-absorption-coefficient is found to be 0*195, which
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is remarkably near the classical value , 0*20.

The correction to be applied to the scattering

coefficient is the same for all substances, so that

clearly the same procedure as we have just carried

out with the pajer curve will raise the Al curve an

equal amount, that is, to very nearly the classical

value.

Scattering Experiment.

We have been led to the conclusion in discussing

the previous experiment, that certain irregularities

which appeared^mightereasonably be explained on
i

Compton's theory of scattering. From this point of view

the excess ionisation of hydrogen by seccotine; 1 paper and

aluminium when the wave-length is short is to be attributed

to the proce&srof.'s&atterifcg.rthe electrons which
vector

scatter the radiation retaining theAdifference in

momentum between the primary and fihe-esdattered quanta.

If this theory is correct the energy of the excess

corpuscular emission must be taken from that part

of the primary absorption which gives the scattered

radiation, only a fraction of the scattered absorption

reappearing as X-radiation. If it could be shown by

experiment that the energy scattered in the form of

X-radiation was less than the energy absorbed in assoc¬

iation with scattering, we should have qualitative proof

that we had correctly traced the origin of the excess
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corpuscular radiation. The. agreement already pointed

out between Compton's theory and experiment with

regard to the total energy absorbed in the process of

scattering in the case of paper and aluminium leads us

to suppose that Compton's calculated value for'the

absorbed energy is at least very close to the truth. If

then we can measure the quality and intensity of the

scattered radiation in a number of directions for different

wave-lengths, and compare these with the values Calculated

on Compton's theory, agreement between experiment and theory

would prove that only a part of the energy absorbed in

the process of scattering re-appears as X-radiation.

In the experiment about to be described the intensity

and quality of the radiation scattered by paper at right-

angles to the primary beam were measured, the intensity

being measured in arbitrary units. (Compton's theory

gives very approximately the same results as the classical

theory when the wave-length is long, so that the absolute

determination of the intensity seemed unnecessary).

The apparatus used for the experiment was set up as

in Fig.II. The cathode stream was arranged to be

directed at right-angles to the primary X-ray and at an

angle of 45° to the horizontal, that is to the direction of dfa-
of the scattered X-ray^ '''l is ensured that polarised
and unpolarised. rays would be scattered in the same

proportion in a horizontal direction. The scattering
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substance was set accurately at 45° to the primary beam in a

vertical plane, the normal to the emergent side of the radiator

facing so as to bisect the right-angle subtended at the centre

of the radiator by the primary and secondary ionisation-

chambers. A quantum of radiation scattered into the secondary

ionisation-chamber will by this arrangement traverse on the

average (and if the apertures are not very large, in each

individual case) the same thickness of the radiator as the

unscattered which passes on to the primary ionisation-chamber.

If .the radiator is thin, that is to say, if it absorbs only a

small fraction of the radiation, and if the quality of the sec¬

ondary is nearly the same as that of the primary radiation, the

absorption effect of the radiator will be the same on both

primary and secondary.

The intensity of the two beams was measured by two ionisation

chambers of the same dimensions, those in fact which were used

in the experiments described above. They were cylindrical in

form, the radiation entering in the direction of the axis. The

length was 14cm. and the diameter 10cm. They were connected to

electroscopes underneath of the box-form already described. The

same gas was used in both - S02- The windows were of aluminium

0*1 mm. thick and the other ends of Al 1*5 mm. thick. The

enormous difference in intensity between primary and

secondary made it necessary to make a corresponding

difference in the sizes of the apertures which restricted

the beams entering the two chambers. The primary pencil
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was about 0*5 mm. and the secondary about 3 ©w.. in
t

diameter. To ensure"saturation" in the case of the

primary where the ionization was by a fine intense

pencil of radiation, that is,to ensure that the amount of

recombination before the ions were separated and discharged

was negligible, a straight piece of A1 wire was used as

electrode and set parallel to the pencil of radiation

and about half-an-inch below it. The ions were thus

subjected to a strong tranverse field. The electrode

in the case of the secondary was a circle of A1 wire

covered with a fine cotton mesh and placed transversely

to the axis. The broad beam entering this chamber was

not wide enough to strike the electrode.

DiaphrJ^ns of lead were placed in such a way as to
-*

reduce stray effects (chiefly lead L-radiation) to a

minimum. Two were placed in the primary between'the

tube and the radiator, two between the radiator and

the primary chamber and two between the radiator
' &

and the secondary chamber. In addition, diaphragms
were placed immediately in front of the chambers.

Y

Filtering sheets were placed at A (Fig. IT.) and

absorbing sheets at A, B and C. The amount of rad¬

iation scattered by the absorbing sheets into the

chambers was negligible. Fig,II is drawn to scale

(I/10). All lead close to the radiator was covered

with A1 to prevent tertiary lead L-radiation from
f A- fef- f" ^ ^ ^i .

Kn ckx ^ ^ ^ (tz rvyr-
(fi iU •
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reaching the secondary chamber.

Let Ri be the ratio of secondary to primary ioriis&tlop

wherf^he filter intercepts the radiation. The ratio

when a thickness x of A1 is placed at A is given by

8-/-x
Ri x = Ri (unchanged),

- k. x
e ' ,

where ^ is the absorption coefficient of the primary,
supposed homogeneous. The ratio when x cm. of Al is

placed at B and at C is given by

-{(*■* ) x
R, x = R2 , where h + $h- is the

- u. x <11
e '

absorption coefficient of the secondary. Hence

log (R1/R2) * x Sf*. , which gives Jya.
The ratio when x cm. of Al is placed at % only is given by

Ri x = R3 , so that
"/*x

e '

loge(R.j/Ri.) « fc x , which gives p.
A few observations were taken in this way with 268

sheets of filter-paper as radiator, a considerable

number were taken with 50 sheets and one observation

with 15 sheets. The results are given in Table VIII,

and are shown graphically (Graphs VI and VII). The

mass-absorption- coefficients of the primary are plotted

against those of the secondary. Compton's theory requires



TABLE VIII.

Scattering by Filter Paper.
Radiator filter

A1
f°/f A]

Primary
P(^/P)

Observed

r (J/p)
Qu.Theory

268
f

Nil. 2-09 0-50 0-27 *

sheets • • 1 -49 0-29 0-2 1
• •. 1 -49 0-23 0-21
• • 2-27 0-37 0-28

3*66 mm 0 • 65 0-092 0-106

50 Nil 3-55 0-36 0-38

sheets • • 3-29 0-37 0-35
< 4-78 0-65 0-47

0*4 mm 3-34 0-63 0-37 *
• • 3- 19 0-4 1 0-35

0*3 mm 3-51 0-48 0-38

0-6 mm 1 -97 0-445 0-26 *

• • 2-31 0-30 0-29
• • 2-40 0-35 0-29
• • "2-20 0-29 0-28
• • 2- 13 0-275 0-27
• • 2- 18 0-31 0-28
• • 2-08 0-23 0-27
• • 1 - 96 0- 19 0-26

< 0*92 mm, 1 -64 0-325 0-23 *
• • 1 -69 0-23 0-24
• • 1 -85 0-2 1 0-26

1 '36 mm 1 -30 0-205 0- 19
• • 1 -48 0-22 0-2 1

0*5 mm. 2-68 0-33 0-31
• • 2-53 0-425 0-30 *
• • 2-98 0-245 0-34

1 *36 mm, 1 -29 0-23 0-19
• • 1 -46 0-235 0-21

1*31 mm, 1 -76 0-285 0-24
• • 1 -64 0-245 C • 23
• • 1 -83 0-38 0-26 f

l Nil • 8-03 0-67 0-70

15 5 • • 12-7 0-69 0-90
sheets \
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an increase in wave-length in scattering of 0-0242 A° for

all wave-lengths scattered at 90°. From a knowledge of

relative values of wave-lengths and mass-absorption -

coefficients for Al (approximate values are good enough

for the purpose) the theoretical values of y-Jp may be
calculated for the secondary radiation, i.e. y-/p + ^(/V/7).
This was done and the theoretical values of <}(y-/p) are
tabulated along with the experimental values. Also the

theoretical curve for y-/p (primary) against y/p (secondary)
is shown dotted in Graphs VI and VII. The observations

are seen to agree fairly well with the theoretical values

on Compton's theory. The agreement is sufficiently close

to conclude that Compton's theory gives the change in

penetrating power to the correct order of magnitude. If we

can now show that the relative intensities of primary and

secondary are of the order predicted by Compton, our results

will be consistent with the view that only part of the energy

absorbed in the process of scattering appears as scattered

X-radiation. (To prove this view correct would involve an

examination of the radiation at a number of angles from the

direction of the primary radiation. Nevertheless agreement

between theory and experiment at one angle would give strong

support to the theory).

Let /I = the wave-length of the primary,

/I + cT/l » .. .. secondary,
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then SA = 0*0242 A°, and if o( = 0*0242//\ {A*), the

relative intensities c( secondary '/ primary)are

proportional to (I + oi ) / (I + 2«.) 2. (Compton.)

Let ,<x and be the absorption-coefficients of

the primary radiation and secondary radiation respect¬

ively for the gasti n the ionisation-chambers, then to

a fairly close approximation the relative absorptions

by a column of the gas of finite length 1 (the length of

the ionisati on-chamber) will ((^-+ ^Vf) >

for secondary / primary, and this fraction gives also

the relative ionisations.

The observed values of

Ionisation of Secondary
lonisation of Primary

for a range of wave-lengths should therefore be propor¬

tional to

I + (X
^ h- + fy.

(I + 2 ot)2 ^
Now ^ varies as A3 so that fy/^ = 3 Xr. = 3 d .

It follows at once that to the first order of U (which

is *08 at most in the present range of wave-lengths, so

that o< is about half a per cent at most) the ratio of

the ionisations should be proportional to unity, that

is the ratio should be constant* Within the limit of

experimental error, that is, to about two—per cent the

ratio was found to be constant. We may thus conclude
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that not only is the change of wave-length given*

by Compton of the right order but the diminution in

intensity of the scattered radiation with shortening

wave-length is confirmed quantitatively to a fairly

close approximation.

In plotting the experimental values of /V/5 for Secondary

against f-/f> for Primary'(Graphs VI and VII) there is an

indication that the experimental curve is discontinuous,

that it consists of at least two, and possibly three smooth

curves, which lie in echelon, thus giving where the curves

overlap, two values of the ordinate for one of the abscissa.

It will be noticed in Graph VII that the circles (which

represent single observations and not averages of observations)

lie very close to one or other of the smooth curves drawn, so

close, in fact, that in practically every case there is no

doubt as to which curve the circle belongs. As every observ¬

ation taken has been represented by a circle in the Graph,

this would seem to indicate that the discontinuities are

real and not due to experimental error. The higher .values

of Hp Secondary (where there are two for the same value of Hp

Primary) are much less numerous than the lower, so we .may

consider the higher value the exceptional case. The lower

values are of the order calculated on Compton's theory. It

should be pointed out that the higher values were not obtained

consecutively. Table VIII gives the observations in the order

in which they were taken, and those which definitely gave the
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higher values, that is the exceptional values, (six in

number), are marked with a cross. It wil] be noticed that

the higher values are distributed fairly uniformly through¬

out the series. Their appearance cannot therefore be attributed

to any temporary fault in the apparatus. The probability

that these higher values are genuine is strengthened by the

fact that other observers in this laboratory have found

discontinuities of a similar kind and at practically the same

wave-lengths in performing the experiment under different

conditions.

A comparison was made between the conditions of experiment

which gave what we may call a normal value and those which

gave an exceptional] value for p/p Secondary. The only
difference found was that when an exceptionally high value

was obtained for p/p Secondary, the p/p Primary was distinctly
smaller than would have been expected from the resistance in

the primary circuit of the induction-coil. This would

indicate that it was the Primary p/p which was exceptionally
small, and t,he> Secondary p/p was possibly' normal. This has
suggested a possible explanation. The scattering of X-rad-

iation is known to be more and more concentrated in the

forward direct ion as the wave-length is diminished. This has

been shown by experiments on ^-rays, and is also required by
Compton's theory. If .we suppose the K-lines of tungsten from

the anticathode are sufficiently short in wave-length to be

influenced to a very appreciable extent by this abnormal
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distribution at the hard end of the spectrum, then we may

get two very different values of p/p Secondary for the same

value of yJp Primary by assuming that in one case the K-lines:

of tungsten were not excited, and in the other they were, the

radiation in the latter case being presumably more hetero¬

geneous. In the Secondary the K-radiation would not be

scattered at 90° to the same extent as the softer components

of the general radiation. Consequently, on the average, the

Secondary beam at 90° would be too soft. The radiation used

in this experiment was very heterogeneous, the small intensity

of the Secondary making it impracticable to filter the

radiation to any great extent. With a knowledge that the

fraction of the primary radiation scattered at 90° depends on

the wave-length, it would seem that the measure of the pene¬

trating power of the secondary as compared with that of the

primary with heterogeneous beams would not only give no more

than an average value, but would give different values for p-/p

Secondary for a given Primary corresponding to different

distributions of energy in the spectrum of the heterogeneous

beam. The appearance of irregularities in the results which

are greater than the experimental error would lead us to

expect, might therefore be justly attributed to variations in

the heterogeneity.

It would seem futile to attach much importance to such

irregularities, when the exact nature of the heterogeneity is
// /"** fx"-.

not known. ,/./ / ^\

U v
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Summary.

Experiments on the relative absorptions of X-rays by

copper, aluminium and paper under conditions detailed show

that under these conditions the J-discontinuities of Barkla

and White do not appear. The results indicate that the absorp-

tion associated with scattering falls below the classical value

by an amount which agrees very well with that calculated on

the quantum-theory of scattering of A. H. Compton.

Experiments on the ionisation of SO2 and Ethyl Bromide

indicate that the velocity of emission of corpuscles is very

probably that which corresponds to energy h(T - t; ), where V,

is the frequency corresponding to the energy level of the

expelled electron. They also give a slight indication that

the corpuscular emission from air increases relative to these

gases with shortening wave-length when the latter is reduced

below about 0*4 A0, but the evidence is marred by the presence

of "end-losses" which cannot be accurately allowed for. The

J-discontinuities in corpuscular emission did not appear.

Experiments on the corpuscular emission from plates of

seccotine, paper, aluminium, copper and lead, as measured by

ionisation of hydrogen, indicated, as in the experiments on SO2

and Ethyl Bromide, that the corpuscles in the case of Al, Cu

and pb left the atom with less than the full quantum of energy.

They showed that the lighter elements emitted an additional

corpuscular radiation when the wave-length of the incident

radiation was short, that the ener£y required for this
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excess emission produced no apparent discontinuity in the

absorption curve for paper, but they lent support to the view

of Compton that a corpuscular emission would be found in

association with scattering when the primary was of short

wave-length.

An experiment on the scattering of X-rays by filter-paper
4

showed that the change in quality and the variation in

intensity of the scattered radiation required by Compton's

theory were confirmed over a considerable range of wave¬

lengths for scattering at right-angles to the primary. From

this it was deduced that the scattered X-ray was probably

carrying only a fraction of the energy absorbed in association

with scattering, thus strengthening the probability that the

excess corpuscular emission observed in the previous experiment

was,to be attributed to the scattering process.

In conclusion, I wish to take this opportunity of

thanking Professor 3arkla for much valuable help and advice,

and for the keen interest he has taken in these experiments,

which were carried out under his direction and supervision.
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