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SUMMARY 

The different mechanisms of absorption of high frequency 

electromagnetic radiation are described. Theories of scattering 

by electrons are outlined, and a survey is given of data on 

photoelectric absorption, absorption by the production of positive 

and negative electfon pairs, and nuclear absorption. 

An experiment for the measurement of /A- in carbon, 

aluminum, iron, copper, and lead, is described. 

The results for carbon and aluminum indicate it is 

unlikely that the Klein-Nishina formula is in error by as much as 

one percent in the wave-length region~ to 20 x-u. 

The resuits for lead give values for the photoelectric 

absorpt~on coefficient in agreement with Gray's empirical law 

between 100 and ;8 x-u. Between 25 and 20 x-u. however, the 

experimental results are higher than Gray 1 s values. An empirical 

relation is fitted to the exper:imental points, the origin, and 

Allen's value at 100 x-u. by the method of least squares. The 

predictions of this law are compared with available information 

on the photoelectric absorption coefficient. It is suggested 

that the true law should 1 ie midway between Gray I s law and the 

new law, and it is pointed out that such a law would leave a balance 

of absorption at A~ 4.7 x-u. close to that required . for the 

production of the observed positive and negative electron pairs. 

1 

Some results of Ellis and Aston obtained from the 11magnetic spectrum" 

of photoelectrons ejected from platinum by the 6- rays of radium 

B+C are disouesed, and it ie shown that they cannot be explained 

without assuming photoelectric absorption coefficients lower than 

Gray 1s values, and at variance with the experimental results of this 

thesis. If the data is correct, the whole can aca~rcely be explained 



without assuming some absorption in addition to Klein-Nishina and 

pbotoelectric absorption, exists at wave-lengths as long as 24 x-ue 

The results for T for iron, copper, and lead are in 
2·i 

agreement with a law of variation ,ot Z. at both 24 and 49 x-u. 

A discussion of nuclear absorption and the most likely 

conclusion to reconcile all the data are given 

2 



FQ~,YfORD 

The subject of this thesis is restricted to the absorpt ion 

of electromaenetic radiation of wave-length shorter than 100 x-u., ie., 

the phenomenon of the absorption edges will not be discussed. 

THE THEORY OF ABSORPTION OF ELECTROMAGNETIC RA.DI.ATION 

Consider a beam of photons passing normally through a thin 

plane lamina of matter of thiclmess dx. The probability that a photon 

will be removed from the beam is proportional (a) to the intensity I 

of the beam when in the lamina; (b) to the thickness of the lamina dx. 

This thickness rm.lst be so small that I may be regarded as constant 

throughout the lamina. 

Then dI = _ ;-,< I _dx (1) 

Provided f" is not a function of x this may be integrated, giving:-

I = I -r<-X. 
0 e. (2) 

The condition that /'- is not a function of x requires that the beam be 

monochromatic throughout the thickness x of the absorbing matter. This 

necessitates that radiation, whose wave-length is changed by an absorp-

tion process, be excluded from the beam when measuring I. ;« is called 
_, 

the absorption coefficient per cm and is written r cm • We may write 

the law of absorption ( ) 
- # N X [ ~ I

0 
(:_ NA . ~ -

-~N 
I

0 
e (3) 

N ~ is the number of atoms in unit volume. (-*.,) is written ./"' and call-

ed the absorption coefficient per atom. (!V~t) is the number of atoms be

hind one square centimeter of surface of the absorber. In a similar man

ner we can define an absorption coefficient per electron, denoted by e/A • 
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If the loss of intensity dI can be split into parts dI,, 

dI
1 

,-·din, eacll of which can be attributed to a definite mechanism of ab

sorption, then:-

d.I, + dr-i. 

(/A,-t-/fi_ +/A~)Idx 
Then I = I

0 

e_-{JU, +/A-... --1'41,.)X 

(4) 

(5) 

Therefore the absorption coefficients r I ~I~~ can be split 

into parts, each of which can be associated with a definite mechanism of 

absorption. Such mechanisms are:- (a) A phot :on may be deflected from the 

beam by a iompton collision with an electron. (b) An atom may absorb a 

whole quantum and eject a photoelectron. (c) Recent evidence suggests that 

if the quantum energy is greater than twice the rest-mass energy of an elec

tron, ie., 1,020,000 e.v., it can be converted into a positive and negative 
1. 

electron pair, (d) It is possible that the nuclei might absorb or scatter 

the radiation~ • Any loss of radiation by unknown mechanism will be in

cluded in this type of absorption. The coefficients for these processes 

will be denoted by er, '1"', 1T and I< respectively, with a subscript ~ or 

e to indicate whether the coefficient refers to the atom or to the elec-

tron. 

Then (T-,,,-,.lr-,.1( (6) 

DISCUSSION OF THE DIFFERENT TYPES OF ABSORPTION 

(a} Absorption by Compton scattering: 

Theory:-

The Compton scattering may be expressed in terms of the 

scattering of each electron, since it is reasonable to assume all electrons 

scatter equally and independently. This is not strictly true unless the 
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quantum energy is large compared with the binding energy of the electrons. 

The followine expression for~<r can be obtained from classical electro-

magnetic theory:-
(7) 

It was early shovm by Barkla that this was approximately true for soft 

radiation and the electrons of light elements. Since it was based on the 

conception of electrons executing vibrations under the influence of the 

electric vector of the incident radiation it could not be expected to hold 

for shorter wave-leng-ths, where the Compton recoil process becomes increas-
3 

ingly important. In 1923 Compton deduced the formula 

D 0--- =: Y 7Te 't I where o<. = SX... (K) 
~ J ~1.c'-+ I+ .2~ """"''J.. 

To do this he made use of the correspondence principle and his fornmla for 

"' the Compton wave-length change. In 1927 Dirac used the wave mechanics in 

arriving at the formula 

7T e " f I+ o<. L- 2 ( •• °') 
;l.. ""'1-cc.t c,(_'\.. /+lo< 

In 1928 Klein and Nishina~modified this by considering Dirac's relativis-

tic interpretation -of the quantum mechanics. They obtained 

<r ~ 2. Tre 't f f+-o( L- l ( H ol) - _/ ~ ('1- 2p( )j t- -' -{,,--,,, (tt- l,,() - I+ .M ,. 2 (I, 
~ ~'"" c.'"' ( o< 1. ft- 2o<. o<. / e 2o< / (I+ lo<) j 
Each of these formulae converges for small values of ~(long wave-lengths) 

to the classical value. 

The Compton formula, the Dirac formula and the Klein-Nishina 

formula are plotted in diagram8. 

Experimental evidence:-

When seeking experimental evidence ref;arding c.0- the difficulty 

arises that absorption measurements give a value for~ which equals 

cr+,,,,"rt- Jr+ K.. Evidence will be given that for elements of atomic number e ~ C ~ 

less than 14 and for wave-lengths less than 50 x-u. ~' is a negligible 
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part of e/< . Also err should be zero for wave-lengths greater than 

about 12 x.li., while we would expect e1'{ to be negligible for these wave

lengths also. Measurements of e/< between 50 and 12 x.u. should there

fore be measurements of eO- ~ For wave-lengths less than 12 x.l.(. an 

excess is to be expected. The only suitable gamma-rays for such meas

urements are those emitted by Tho r ium C" as by suitable filtration the 

longer wave-lengths can be reduced to neglieible intensity without too 

strongly diminishing the energy of the ra;J of wave-length 4.7 x.l.\. 

The absorption coefficient of this ray has been measured in a number of 

' elements by several experimentars. Their results are given in Table 6. 
The values for elements of low atomic number may be compared with the 

-is-

Klein-Nishina value for e.<r for · a wave-length of 4.7 -J..tJ., waich is /,.23.3 x ID. 

7 
Chao has also scattered the 4.7 x-u. radiation from alwn-

inum at s11itable angles to produce monochromatic beams of wave-length 

7.0, 9.6, 15.5, 29.4, and 47 ;>c-u., and measured the absorption coeffic

ient per electron ef'-, in aluminum. The values he obtained are given 

in Table I and plotted on diagram 8. In general the values for e/A-

are about 1 percent greater than the value for ~U- to be expected from 

the Klein-Nishina fornmla, and the excess appears to exist for wave

lengths from 4.7 to 29.4 x-u. However Chao considered his values to check 
✓ 

t<le,"' -N ,sJ.,hc.. 
the ie-m. fornmla within his experimental errorj. The question arises 

whether this excess, if real!, i's due to the other types of absorption, or 

to an error in the Klein-Nishina fornmla. The first object of this re

search will be to measure e/A in carbon and aluminum for wave-lengths be

tween 50 and 20 x-u. and to compare the results with ._0- calculated from 

the Klein-Nishina formula. 
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TABLE I 

Chao's values for 9/'1= for alummum • 

Wav.e-lengt,h . Experimenta~ Klein-Nishina 
in x-u. value. value. 

)( lo a.s;- ')( / 0 .z-s-

4.7 1.~1 1.2;; 

. 7.0 1.6; 1 .55 

9.6 1.94 1.82 

15.5 · 2.45 2.;2 

29.4 ;.2 3.07 

47 • 3.7 ;.66 
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{b) Photoelectric absorption: 

Theory:-

Photoelectri·c absorption has been treated theoretically by 

Sa-.ter8 and by McDougall and Hulme 9• S~ter has calculated the following 

values for the photoelectric absorption by the K electrons of 4.7 x-u. 

radiation:-
.. li 

Aluminum 2. 7 Y. 10 
-lS" 

Tin 2~4 ,c 10 
-~'t-

Lead 2.5 1- 10 

McDougall and Hulme find the photoelectric absorption of the K shell for 

- 2.Lf
atomic number 84 and a wave-length of 9.15 x-u,. should equal 4.0,. 10 • 

Experimental:-

For wave-lengths greater than 100 x-u. and elements of high 

atomic number c.rr calculated 0-n any theory is small compared withe/A- • 

fl.Tr and e.K are zero. Therefore if from measured values of e./A- we subtract 

say the classical value of ~0-, the balance will practically equal el. 

In this wa:y Allen10 has found that in the region around 100 x-u. ~'T' is 

given by:-
e.l == 

11 Ahmad measured the absorption coefficient of radium (BtC) 

~-rS3"s at five different degrees of filtering, in aluminum, copper, tin, 

and lead. The effective wave-lengths were of the order of 10 x-11. He 

concluded that an exponent for Z of 3.0 ±0.5 held for all of his effective 

wave-lengths. Kohlrausch12 arrived at the same conclusion from a similar 

experiment, 

Grey-13 has pointed out that between 100 and 10 x-u. the de

pendence of e.T on A cannot be represented by the simple power law el o< )..
2

•
1

~ 

He has suggested the following empirical relation for t .he photoelectric 
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absorption of lead:-

loj ,. + I· 0 

~ is in x-u. and / is per cm. 

This formula was based on the following knowledge:-

(1) Allen's value for el" and the slope of the e,-A curve at 100 x-u. 

(2) From the relative intensities of the "magnetic spectrum" lines pro

duced from lead by radium (B+C) ¥-rays quantities pr can be determined, 

where f' is the relative frequency of emission of a -f-ra;y of a certain 

wave-length and / is the corresponding photoelectric coefficient. The 

empirical formula for twas adjusted until values for f calculated by its 

use were in agreement with Skobelzyn's intensity measurements. 

(3) The ratio of the --1-ra;y energy of radium B to that of radium C is 

0.13 ~ 0.02. Gra;y's law leads to a value of 0.17. 

(4) Kohlrausch found that radium (B~C)-f-ra.ys filtered through 0.35 ems 

of lead had an absorption coefficient in lead of 1.0 cm-1• Gra;y's formula 

leads to a value of 0.87 cm-1• The second aim of this research is to find 

whether Gray's formula is true in the region 50 to 20 x-u., and if possible 

3 
to•improve on it. A third aim is to test the accuracy of the Z law of 

variation. 

Values of /A for lead for wave-lengths from 80 to 100 x-u. 

l'f- r 7 IS° 
obtained by Allen, using a spectograph, are given in Table • Chao and ,.. 

lo 

Gentner using the method of Chao previously described measured f'< in 

lead for several wave-lengths around 10 x-u. Their results are given in 

Table i • 

(c) Absorption with the production of positive and negative electron pairs: 

'7 
In September 1932 Anderson reported the discovery of free pos-

itive electrons, made while making- cosmic rey- experiments with a Wilson 
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Cloud Chamber. In March 1933 this was confirmed by Blackett and 0cchial-
,, '1 

ini while in April 1933, Chadwick, Blackett and 0cchialini, Curie and 

~ ~ V 
Joliot, and Mei~ner and Philipp, showed_ that the <J-rays produced by the 

bombardment of beryllium by O{ particles could eject positive electrons 
u 

from matter. Blackett and 0cchialini suggested on the basis of the Dirac 

theory of the positive electron that the absorption of a photon of energy 

greater than 1,020,000 e.v. might produce a positive and negative electron 
13 

pair. Anderson and Neddermeyer in April 1933 showed that when the 4.7 x-u. 

<f'-ray of Thorium C" was passed through lead and aluminum positive and 

negative electron pairs, single positive electrons, and single negative 
i1t 

electrons were ejected. It was suggested by Blackett and 0cchialini that 

that part of the absorption of the Thorium C" 4.7 x-u. radiation by heavy 

elements, which cannot be attributed to eompton or photoelectric absorption, 

should be attributed to the production of positive and negative electron 

pairs. 
lS-

Oppenheimer and Plesset have regarded the phenomenon as a 

photoelectric .absorption by Dirac negative energy state electrons. Such 

an electron is raised to a state of positive energy and the resulting "hole" 

acts like a positive electron. The electron pair then possesses kinetic 

energy equHl to -!T-- 2 ~c\ The absorption by this process should be 

proportional to the square of the e.tomic number, and should rise very rap

idly with increasing photon energy. For the 4.7 x-u. Thorium C" radiation 
,r 

in lead~should be 25 percent of the Klein-Nishina absorption, while in tin 
2, 

it should he 15 percent. Anderson has found that for radiothorium radiat-

ion with 2.5 ems of lead filtration the absorption in lead with production 

of positive electrons is 20 percent of the remaining absorption. In alum-
17 

inum it is 50 percent, while Skobelzyn has found that in air it is 1 per-

cent. 
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J.8 
Gentner has scattered the 4.7 x-u. rey of thorium C" from 

aluminum at suitable angles to give beams of wave-length 4.7, 5.9, 6.6, 

7.9, and 9.3 x-u. He measured /1 for these reys in lead. On subtract-

ing (T calculated from the Klein-Nishina formula he found that the bal-

ance had a minimum at about 7 x-u, He explained this as being due to the 

counteraction of the decrease in / by the increase in 7f . He added 

the values of ' calculated from Gray's empirical law to fT calculated 

from the Klein-Nishina formula. The sum he subtracted from jA and called 

7f • ~ plotting 7T against wave-length a straight line was obtained 

giving 7T~ 0 at 12 x-u. This he regarded as evidence that positive elec

tron absorption commences at about 1,000,000 e.v. 
ZS' 

Oppenheimer and Plesset suggested that a positive electron 

would unite with a negative electron; their annihilation producing two 
1'1 

quanta of about 510,000 e.v. Heiting irradiated aluminum, iron, copper, and 

lead, with the thjforiu.m C" 4.7 x-u. ray and measured the scattered radiation 

at an angle of 130° with an ionization chamber •. An absorption curve of this 

scattered radiation in lead was obtained. In addition to the Compton scat

tered radiation he fonr..d a r adiation of wave-length 23.8 ~ 1.0 x-u. from 

all elements. This he identified with the half-million volt quanta to be 

expected from the annihilation of positive electrons. In the case of lead 

there was also a radiation of vmve-length 5-7 x-u. The intensity of the 

24 x-u. radiation increased as the square of the atomic number of the rad-

iator. 
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(d) Nuclear absorntion: 

( i) Nuclear Ra.yleieh scattering. 
Jo 

Meitner and Hupfeld irradiated lead a,nQ iron scatterers with 

the r-rays of radium and its products with 3 cm of le8,d filtration. They 

examined the radiation scattered at 90° by means of GeiGer-Muller tube 

counters. An absorption curve in lead was obtained for this scattered rad

iation. In the case of iron only Compton scattered radiation could be det

ected, but for lead, in addition Meitner and Hupfeld claimed to have found 

a component of the same hardness as the primary radiation. They computed 

that this hard component had an intensity of 4 percent of the Compton scat

tered radiation. 

from the Klein Nishina 

formula. 

K -24 Nuclear absorption""" 4 percent of c,..(T = 0.5 x 10 • This leaves a bal-

-24 T 24 ance of 3.3 x 10 for 4 compared with Sauter's value of 3.9 x 10- • 

31 
Later Meitner and K&ters repeated the experiment but used 

the ¥-rays of mesothorium in equilibrium with its products filtered through 

3 cm of lead. The hard component of wave-length equal to that of the pri

mary radiation, ie. practically 4.7 x-u., was found for both iron and lead. 

They calculated the nuclear absorption coefficient ~K of lead to be 1.01 x 

10-24 and for iron 3 .37 x 10-25 • This gave a value for T for le~d of 

3.05 x 10-24 . It must be noted that the Compton scattered radiation in 

both these experiments had a wave-length around 24 x-u. and consequently 

any radiation due to the annihilation of positive electrons would be ob-

ecured. 
l2 

Gray and Tar~ant have irradiated several elements both with 



the r-rays of thorium C" and those of radium (B+C). The radie,tion scat-

o o 1 o • t • • t· h tered at angles of 125, 140 and 75 was examined wi h an 1on1za 10n cam-

ber and absorption ci.1rves in lead were obtained. These curves were analy

zed and it was concluded that in addition to Compton scattered radiation 

bands of discrete wave-lengths were also emitted. These e.re set out in 

Table lo. They concluded that all of these bands had an excitation thres-

G 
hold of about 1.9, x 10 e.v. The intensity of the scattered radiation was 

calculated and the resulting nuclear absorption coefficients are given in 

Table{/• The nuclear absorption coefficient for the soft radiation was 

proportional to the atomic number squared, that of the hard component to 

the cube. They concluded that all of the nuclear absorption tA..//4 - (~ ""Y") 

could be accounted for by these bands. The possibility of the softer bands 

being due to the annihilation of positive electrons was examined and reject

ed for the following reasons:-

(a) When a 2.6 x 106 e.v. quantum is absorbed with the production of a 

6 pair of electrons 1.6 x 10 e.v. goes into kinetic energy. Therefore ohly 

40 percent of the absorbed energy should reappear as radiant energy, where

as Gray and Tarrant found 80 percent. 

(b) The mean energy of quanta produced by the annihilation of positive 

electrons should not be less than 510,000 e.v. However Gray and Tar~ant 

found that 98 percent of the quanta re-emitted when iron was irradiated with 

radium (B+C) o-rays were of the order of 380,000 e.v. 
u 

Stahel and Ketelaar have performed an experiment somewhat 

similar to that of Gray and TarYant'~. Lead, tin, and iron were irradiated 

by ¥"-rays from radium {B+C) and the radiation scattered at angles of ao0 , 

90°,130°, and 135° was examined. Their results were so~ewhat similar to 

those of Gray and Tarn.nt and are given in Tables lo and // • 
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APPARATUS 

The arraneement of the apparatus is shown in Figure 1. 

The source of radiation was an x-ray tube A, which could be excited by 

voltages up to 1,000 k. v. A spectrograph was used to select radiation 

of a desired wave-length from the continuous spectrum. Two lead blocks 

Band Chad slits, each 0.02 by l by 3 inches, which defined a plane 

horizontal sheet of radiation. This passed through a rocksalt crystal D, 

incident on its internal atom planes at such an angle that the desired 

wave-length v1as reflected in a vertical plane. The lead block E, having 

a slit 0.04 inches wide, allowed the monochromatic beam to pass through, 

but absorbed the unreflected radiation. The beam then passed into the 

next room through an aperture 12 inches square in a concrete wall 10 

inches thick. Stray radiation was excluded from this room by lead plates 

G 2 inches thick, and a lead block H 6 inches long pierced by a 0.25 inch 

slit to pass the beam. A lead filter F was chosen of a suitable thickness 

to cut dovm the background radiation, without too seriously weakening the 

monochromatic beam. The latter could be shut off by a sliding lead block 

J, or allowed to pass through two ionization chambers K Hnd L. Each cham

ber was e,n aluminum box 8 • by 8 by 4 inches, shielded from stray radiation 

by lead 3 inches thick at the front and back, 5/8 inch at the sides, and 

3/8 inch at the top and bottom. The lead blocks had slits to pass the beam, 

and all slits except Band C were macte just so large that the beam did not 

graze their sides. 

The construction of the ionization chambers is shown in Fig

ure 2. A low power microscope A projected into the aluminum box. The 

brass block B carried an amber rod C 1 cm long and 1 mm in diameter, which 

insulated the vrire frame D. To this fr81ne was attached a gold-coated 

L-shaped quartz fibre E, about 2r in diameter. It was 7 rnm long and had 

a "foot" 0.5 mm long. This "foot" could be brought into focus in the mic-
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X-RA'( TUBE IONIZATION IONIZATION 
A CHAMBER CHAMBER 

K L 

0 5~~ SLIT SLIT 
G ABSORBER C E 

I□ ~ 0 ~ I Ii~ ~ Fi ~ 
CRYSTAL G 

~ D 
1-1- ~ :i.~· s· ~ 1+· 1£" 

FIG. 1. Arrangement of the apparatus. 

FIG. 2. Construction of the ionization chamber. 
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roscope by adjusting the block B, and when charged it moved across an 

eye-piece scale. It was charged by rotating the wire F to touch the wire 

frame D. Vfuen not in use the wire F was grounded in a fixed position. 

Maxirmun deflection of the fibre on the scale was obtained with a potent

ial difference of about 400 volts between it and the box~ 

EXPERIMENTAL PROCEDURE 

Characteristics of the ionization chambers: 

For each chamber it was necessary to know the relation be

tween a discharge through any range on the eye-piece scale, and the quan

tity of radiation producing it. Since the experiment required comparison 

of the intensities of beams of the same wave-length, ionization could be 

used as a measure of intensity. Some radium was placed in line with the 

s~it system of the chambers, and photographs of their discharge were ta.ken 

at equal time intervals. Graphs, with scale reading as : ordinate and time 

as abscissa, were then constructed. Since the loss of charge due to in

sulation leakage was negligible compared with that due to the ganuna-rays 

and cosmic ra;ys, equal times of discharge were equi¥alent to equal quantit

ies of ionization. Therefore a unit on the time axis could be taken as an 

arbitrary unit of ionization, and the ionization causing a discharge through 

a;ny range on the eye-piece scale could be expressed in terms of this unit. 

To determine whether the response of the chamber was affected 

by the size of the ionization current the radium was placed at different 

distances from the chambers so that discharge rates of 5, 10, and 15 div

isions per minute were obtained. In each case scale reading was plotted 

against time, but the time units for the 10 and 15 rates were adjusted so 

that all three curves coincided between the first two points. The curves 

for the 5 and 10 rates then coincided throughout, but the curve for the 
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discharge of 15 divisions per minute lay higher. This indicated a relat

ively slower discharge, prob~bly due to recombination of ions having greater 

effect. The discharge rates were therefore kept below 10 divisions per min

ute. It was also found tha.t the ionization produced by two radioactive 

sources acting together, equalled the sum of the iijnizations produced by 

the sources acting separately. 

Measurement of absorption: 

When the chambers had been charged, shutter J was opened for 

a time chosen so that the more rapidly moving fibre covered almost the 

whole eye-piece scale. This was done with no absorber between the chambers. 

The ionization causing each discharge could be determined. in arbitrary units 

from the radium discharge curves, so that the ionization in chamber L could 

be expressed in terms of that in chamber K. The discharge was repeated 

with an absorbing screen midway between the chambers. From the ionization 

in chamber K, and the known response of Lin terms of K when no absorber was 

present, the ionization which would have occurred in L had no absorber been 

present, was calculated. The actual ionization in L was known from the ob

served discharge, so that the absorption coefficient could be found. The 

ionizations were always corrected for ionL;ation due to general and cosmic 

radiation. The correction was found by altering the angle of the crystal 

so that it no longer reflected the monochromatic beam down the slit system. 

The rate of discharge of each chamber was then measured under the same con

ditions as existed du.ring ·t;he measurements to be corrected. To minimize 

the effect of any change in the ratio of the response of chamber L to that 

of K, this ratio was determined before and after measurements with an ab

sorber, and the mean was used. 

The absorption coefficient was measured for several thickness

es of absorber, to determine whether there was any hardening of the beam 

with increasing thickness. This did not occur. 
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The x-ray tube was operated at a peak voltage less than 

twice that corresponding to t he w~ve-length reflected by the crystal. 

Ther ef ore radiation of half t he desired wave-length, reflected in the 

second order, was not present. 

A sample set of observations is given in Table 2 • K1 and 

K2 are constants of proportionality between the arbitrary unit of ioniz

ation and a true unit. When the absorber was present the ionization in 

chamber K was 1,653 k1 • Hence had no absorption occurred the ionization 

in chamber L would have been 1,653 k1 x l.2459k2/kl:: 2059 k2. Actually 

it waa 1,422 k2 so that I.II: 1.4480 and /At: log~l.4480. 

Choice of absorber thickness: 

We have:-

= __ ,_ 
t;-

vtt< = ~ JL- + ~ Jr -,. ~ [ro 
7)t' -?YT ~r" 

:-[ I -tr; r !t- -'-. , 
fr _I __ I_ [roj - + 

cl. Io t- r l- Io 

.!£. -L it- I L fr g_OJ :: + -
r t- ~ o/ra r Io 

So fr ~"'cl [""ro 
I and I 0 are measured in the same wey ahdA may be taken eq_ual. 

In Figure 3 are plotted curtes showing how 

- t] I Li +-

-e.,,- r;ro 
.. 
II 

4J r;ro r 

L -L -t] I. iii 

~ r/ro I VA.,,.Y \Jtrh 



TABLE 2. 

Specimen set of observations. 

No K 90.3 27.15 303 1755 1452k 11.4k 114k 1338k 
absorber 10 1.2399 
present. L 94.3 8.15 195 2032 1837k 17.8k 178k 16!:0k 

Aluminum K 89.9 13.0 312 2102 1790k n.4k 137k 1653k 
½ inch 12 
thick. L 98.3 20. 75 113 1737 1624k 16.8k 202k' :1422k 

No K 90.8 26. 7 292 1766 1474k 11.4k 120k 1354k 
absorber lo½ 1.2518 
present. L 93.0 5.15 222 2104 1882k 17.8k 187k 1695k 

0 

.J... 

~ 
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From these it is apparent that the best thickness of absorber 

is one which reduces the intensity of the incident beam to about 

;o percent. In this experiment the absorber thickness was chosen 

so that I was from 50 to 20 percent of Io. 

Measurement of wave-length and resolution. 

To determine the wave-length of the radiation admitted to 

chamber Ka photograph of the direct and reflected beams was taken 
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at a distance of about 167 ems from the crystal. Here the separation 

of the 1 ines was from 1 to 2 ems, and could be measured with an error 

of less than one percent by taking a microphotometer trace with a 

tenfold magnification. The nature of such a trace is shown by figure S. 

This method gave the wave-length corresponding to the intensity peak 

with an error of less than one percent. However, it is not considered 

that the width of the trace of the reflected line is a good indication 

as to the wave-length spread of the line, since the blackening was so 

alight as probably to fall on the curved foot of the Hurter and Driffield 

density-log exposure curve. (The blackening of the film was almost 

entirely due to the fluorescent screens.) It is desirable to lmow what 

is the wave-length spread of the rays entering chamber K, and also 

whether changes in the position of the focal spot could change these 

wave-lengths. The maximum divergence of a wedge of rays which could 

-3 
pass through slits Band C is 4 x 10 radians. If the focal spot were 

large enough completely to fill this wedge then the reflected rays from 

the crystal would form a spectrum of width 22 x-u., and intensity 

distribution as shown in figure 4- • 
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The slit in front of chamber K, 0.35 cm wide, would admit a section of this 

// 
spectrum s,,'6 x-u. in width. If, however, the focal spot were a line then 

the spectrum reflected from the crystal would be 4.5 x-u. in width. To 

investigate this point the iohization chamber K was moved in steps across 

the reflected beam. The ionization distribution is shown in Figure &, • 

I 
I 
I ,~ - - - -
1 ""1dt-h o-f sli~ t-o 
I C~<4"" bcv- K . 
I I 

<-- - -- - -l~~x-u. - - - - - - > 

If the reflected ra3 was a band 4.5 x-u. in width, owing to the width of 

the slit admitting radiation to K, the band would appear to be about 

10 x-u. in width. It therefore seems that the focal spot acts very nearly 

as a line source. 

If the reflecting planes of the crystal were parallel then, 

for fixed positi ons of chamber Kand the crystal, only one band of wave

lengths could enter K, and the focal spot would need to be in a definite 

position. Any change from this position would not change the wage-lengths 

entering K but only -the intensity. If however the crystal planes had 

facets inclined at small angles to one another then a change in position 

of the focal spot might enable a different set of facets to reflect a diff

erent wave-length into K. To test this possibility the crystal was arrang

ed at the correct angle to reflect maximum energy into K. The crystal was 
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then rotated by small steps of angle, the ionization in K being noted at 

each step. The distribution of ionization is shown by Figure] • 

<..- - - - - - - /0 X.'1. - - - - -> 

Again there is a width of about 10 x-u., which is to be expected with a 

line source, and parallel reflecting plane,,_; . It ·l;herefore seems that 

for fixeq 2osi tions of chamber K and tr-.e crystal a defin:i.te band of wave

lengths about 5 x-u. wide can enter chamber K, and this band is not 

changed in wave-length, but onl:.r j_n intensity by movement of the focal 

spot. 

The wave-length spread of each beam used for an absorption 

measurement was investigated by moving ionization chamber K across the 

baron. Some typical curves a.re shown in Figure f ~ 

SOT.mCES OF ERROR 

Scattering of x-rays into chamber L by the absorber, 

X-rays scattered out of the beam, yet still able to enter 

chamber L, will cause the measured value of the absorption coefficient to 

be too small. This effect, per electron, will be less than that due to 
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the electron in the absorber which is most efficient in scattering into 

chamber L. This electron is on the axis of the slit admitting radiation 

to L, and nearest to the slit. The slit was 4 inches by¼ inch, and its 

more distant face was loi inches from the nearest part of an absorber. 

From the Klein-Nishina formula, the fraction of energy per electron 

scattered ins,ide an angle 8 , where 6 is small, is given by:-

:/'-: eL[tr t (~~- 1)] 

= }-t+(.)1. /0-1~ eL[f+ tL(itK-,)] 
Around the axis\ of the slit, and in its plane, draw circles of diameter 

¼ inch, 3/4 inch, 2 inches, and 4 inches. By means of the formula above 

calculate the fraction of energy scattered by the electron through the 
• 

centre circle, and the surrounding zones. The centre circle lies entirely 

within the slit;the fraction of the area of each 1one which does so 

can be estimated. By taking the same fraction of the energy scattered 

in a zone an estimate of the amount of energy scattered by the electron 

through the slit can be made. In this way it can be shown that this 

is lees than 10-27, and is therefore leas than the experimental error. 

Radiation due to the return of ejected photoelectrons, which enters 

chamber L, will also be negligible compared with the photoelectric 

absorption, since only a fraction of the latter reappears as radiation, 

and it i~m1tted isotropically. 

Lack of homogeneity of the beam. 

Since the reflected beam has a wave-length spread of about 

6 x-u. the measured absorption coefficient will not correspond to the 

peak wave-length. The correction to convert the measured absorption 

coefficient to that of the peak wave-length is obtained as follows:-
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Let~ represent the peak wave-length. 

Suppose the wave-length limits of the line are A - d and ). -t- 5. 
Let the intensity incident on the screen with wave-length between )\+ x 

and A+ x -t dx be I A+)( d.x. 

Suppose the absorption coefficient for this wave-length is jA A+->< • 

I 
Then if 1 ,-.,~vix is the transmitted intensity of wave-length between 

and ~ +x + dx we have:-

For small values of 

Then 

-.S)(~ 

Now sxd is small compared with I , so e. may be expanded. 

I /" d z. '-cJ,'- ] 
I).+x cAx = I)d·)( d.x e.,- ). . [ ,_ S:,<.d + s ){2.. - - -

Similarly T 1 1- • P d L- l. l. l.. _ >--~ dx = >.--" dx e- ...l / + sxd + s ~ __ J 
Assume that the line is symmetrical. ~ 

( 
, , ) _ _ -p;.d L- s2.xlA1.] 

Then I ).♦ )l +- I).-~ d.x. ::: l r .hX e J 1a ~ dx 
We must now make some assumption regarding I~+~as a function of x. 
Take two simple cases:-

Oase 1. 

Hc.l'C. I }\+ )f. ::. I ( C4. Coll\S t-~ \,'\ r) . 

I E..' ::: J.. ( I ~ht,( [1 ~ s~~ ,_] Jx 

0 

f'/ow lI b 
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L I + s2~2d2J 

I 

- /<>-d -/A~ d :: -t- I Oj e. [I+ 5 ~{2dt] 

- -j-A>-d + SL f l..o! l.. 

b 

I s 2 r;i. d 
jA>--r'~ = 

6 

Case 2:-

Hc..v-c I >--+" - I [1- ~ j 

f\ o c..ce.ech'-" j (A~ be-fove w~ 

f st. 6 .,__ d 
/A-A - ~). 

= 

~tb 

A real line will be midway be-tween these 

two cases. 

This correction is negligible except for lead, in which case 

it becomes of the same order of magnitude aa the likely 

experimental error. 

/2-

f,"" d :-
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.&rrors of measurement: 

The eye-piece scales of the microscopes in the ionization 

chambers had 100 divisions. The position of the fibre could .be read with 

an accuracy of 1/10 th of a division. Eight observations of fibre posit

ions were necessary to obtain one value of the absorption coefficient. In 

addition an error of 1% might possibly be made in determining the mass per 

square cm of the absorbing sereens. If we assume all nine errors cumulat

ive they would lead to an error of 3% in the final value. The target of 

c~v-v,cd 
the x-rey tube was ee¥erea by a steel column 15 feet long and was cooled 

by water. When the observations on aluminum and carbon were made the water 

was circulated by thermo-syphon action which was not dependable. A small 

change of temperature would cause the target to move with respect to the 

slit system~ altering the ratio of response of the chambers and also the 

amount of back_ground radiation. This was the most troublesome source of 

error as it could be detected only by a diminution of x-rey intensity, and 

by the lack of agreement between values of the absorption coefficient ob

tained under otherwise identical conditions. It is probable that the val

ues in Table 4 , marked by asteris~ were affected by such an occurrence. 

Before the results for the heavier elements were obtained a water-pump 

was installed in the cooling system. This produced a great improvement, 

but the trouble was not completely eliminated. So~ of the results for 

lead showed a progressive hardening of the radiation with increasing ab

sorber thickness. Such results were rejected and the trouble was reduced 

by splaying the slits so that less of their surfaces was illuminated, so 

that less softer scattered radiation was produced. 



RESULTS OF THE ABSORPTION MEA.SUIDThtENTS 

Ll) Aluminum and Carbon: 

In Table 3 all the values of er obtained for aluminum and 

carbon are included. They were all calculated in an identical manner and 

no observations were rejected. In Table 4-the means are tabulated with the 

values to be expected from the Klein-Nishina formula. Mention has been made 

of a possible cause of the larger probable errors of the four values marked 

by asterisks. If a smooth curve were drawn among all the points these four 

would deviate most from it. In each case the value obtained with the same 

wave-length, but with the other element has a much smaller probable error 

and would fall much closer to the curve. It would therefore seem that 

little weight should be attached to the four values marked by asterisks, 

as compared with the corresponding values for the other element. The 

weighted means in Table 4- are obtained by compounding the values for al

uminum with those for carbon, giving each a weight inversely proportional 

to the square of its probable error. If these weighted means were plotted, 

and a smooth curve were drawn among them, it would not deviate from the 

Klein-Nishina curve by more than one percent at any point between 50 and 

20 x-u. Evidence will be given later that eT for aluminum and carbon in 

this wave-length range; should be less than the probable error in the meas

urement of ej'< , so that values of the latter may be regarded as values of 

err. 

It will be noticed from the values in Table .3 , that in three 

oases, viz,- carbon 24.8 x-u., aluminum 36.5 x-u., and carbon 50 x-u., the 

deviation from the Klein-Nishina value is largely due to a single bad value. 

It is considered that these observations check the Klein-Nish

ina formula to within one percent. 
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TABLE 3 
Values of-# for Aluminum and Carbon 

Wave- Experi- Most prob- Experi- Most prob-
length mental Mean25 able2grror mental Mean25 

able grror 
in x-u. Valueg· ... X 10 X 10 : . Values X 10 X 102 

X 102 x 1025 

19.9 2.62 2.67 
2.sa 2.63 0.01 2.78 2.76 0.03 
2.65 2.75 
2 57 2.85 

20.a 2.58 2.80 
2.71 2.68 0.03 2.74 2.84 0.10 
2.75 3.00 

24.8 2.74 2.85 
2.81 2.85 0.02 2.82 2.77 0.05 
2.88 2.63 
2.95 

25.6 2.87 2.86 0.01 2.88 2.88 0.01 
2.85 2.89 

36.5 3.43 
2.95 3.28 
3.18 3.24 0.07 3.35 3.31 0.01 
3.53 3.30 
3.12 

50 3.74 
3.70 3.69 
3.82 3.75 0.02 3.72 3.64 0.04 
3 74 3.51 



;2 

Tl'fllLE. y-. 

~- Measured values of x-ray scattering coefficient and comparison with Klein-Nishina values. 

Wave-length 
X f!X Element 

(x.u.) (x.u.) 

50.4 4.1 Aluminum 
Carbon 

36.3 Aluminum 
Carbon 

25.6 5.0 Aluminum 
Carbon 

24.8 3.7 Aluminum 
Carbon 

20.8 3.3 Aluminum 
Carbon 

19.9 3.7 Aluminum 
Carbon 

JO 

Experi-
mental 
value 

( X 1025) 

3.75 
3.64 

3.24* 
3.31 

2.86 
2.88 

2.85 
2.77* 

2.68 
2.85* 

2.63 
2.76* 

Probable No. 
error of 

( X 1025) obs. 

0.02 
0.04 

O.o7 
0.01 

0.01 
0.01 

0.02 
0.05 

0.03 
0.10 

0.01 
0.03 

20 30 

4 
3 

5 
3 

2 
2 

4 
3 

3 
3 

4 
4 

• ALUMINUM 
• CARBON 
• CHAO'~ VALUE~ 

FOF\ ALUMINUM 

40 
WAVE-LENGTH IN X-UNIT,5 

Deviation 
Weighted from 

mean Klein-N. 
( X 1Q25) value 

} 3.73 -0.5% 

} 3.31 -1.2 

} 2.87 -1.0 

} 2.84 -0.7 

} 2.69 +1.1 

} 2.64 +1.1 

50 

Klein-
Nishina 

value 
(X1025) 

3.755 

3.350 

2.902 

2.864 

2.657 

2.606 



(2) Lead. 

The experimental results for lead are given in table S-. 

In figure lo is plotted the sum of Y' calculated from Gray's formula 

and <r calculated from the Klein-Nishina formula. The spread of 

experimental points is indicated by a vertical bar, aga:4>-st which is 

written the number of values.which lie within the length of the bar. 

It is seen that there is no s~stematic variation from the curve between 

5;.8 and ;2 x-u., but between 26 and 20 x-u. the values all lie high. 

It is just possible that this may be due to some systematic error 

effective with short wave-lengths; further experiment must decide this 

point. However, it is considered that the 24 separ~te values, made on 

four occasions, with two different screens, all lying above the curve, 

afford strong evidence that Gray's empirical photoelectric curve is 

too low in this region. 

The experimental values have been fitted with a curve by the 

method of least squares. Gray made his curve pass through Allen's value 
_, 

/ cm -== ;7 .2 at 100 x-u. When this value and the value 1 -=. o when A :. o 

are included along with the values in table !)- the following law is 

obtained:-
L .5 

o.0254o A - 0.0001570 .>,. + 0.0000;624 A (Formula A.) 
where is in x-u. 

This _curve is plotted in figure // • 

Between 100 x-u. and ;8 x-u. it lies too close to.Gray's 

curve to be distinguished from it on the scale of the diagram. _, 
In table/ are some values of, cm obtained by Allen for wave-lengths 

between 80 and 102 x-u. It will be noticed that these by no means 

agree with Gray's values. This casts doubt on the usefulness of 

Allen's value at 100 x-u. as a basis for the formula. Therefore the 
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TABLE S 

Experimental results for Lead. 

2897 
2969 2911 7.688 0.009 7.697 
2875 !14 
2904 

296; 
29;9 29;7 7.757 0.018 7.775 
2935 1- 1 
2914 

42.; 1½ 1637 1650 4.;58 0.009 4.;67 
1663 

2 1685 1693 4 .471 0.012 4.483 
1702 

- . 
'j 
S-

4.;98 0.9;2 3.47 13.2 
2½ 1642 1636 4.321 0.015 4.336 

~.6 

32.0 

1631 

; 1682 1661 4.387 0.018 4.4o5 
164o 

2 1427 
1445 145; 3.837 0.009 3.846 
1466 :t 8 
147; 

3 1492 
1502 1487 3.927 0.014 3.941 
1456 't8 
1497 

.2C, 
1(. /0 

; 9681 
9;10 957-; 2.528 0.007 2.5;5 

9683 "!61 
9619 

5 9417 
95')4 9499 ?1509 0.011 2.520 
9457 :!:.27 
9529 

3.893 0.911 2.98 11.; 

2.523 0.8;9 1.68 6.36 
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25.6 5 7129 
7163 7234 1.910 0.004 1.914 
7153 !60 
7491 

1.945 0.767 1.18 4.47 
7 7466 

7535 7450 1.968 0.009 1.977 
7498 :t.36 
7302 

24.4 5 7274 
7°543 7307 1.930 0.005 1.935 1.935 0.750 1.18 4.47 
7348 zl5 
7267 

21.1 5 5852 
5779 5893 1.556 0.004 1.560 1.560 o~705 o.855 ,.24 
6009 ! 36 
~32 

20.8 5 5839 
5s79 5921 1.562 0.004 1.566 
6005 !.26 
5961 

7 5891 
fiJ72 5880 1.553 0.005 1.558 
5838 i 23 

5818 

The conversion factor used to convert 
values of ~r to ,r.,.;;,.' was 2.641 .,. 10:'+ 
based on a density of lead of 11.005. 

36 
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TABLE & 
1.7 

Absorption coefficients el-l for A= 4. 7 x-u. x 10. , 
Element Atomic Chao Meitner Jacobsen Tarrant 

number 

Carbon 6 111.6 128.8 

Aluminum l.? 129.2 151.8 128.9 

Iron 26 156.2 1.?5•2 

Copper 29 154.8 1;7.5 135.6 

Tin 50 J.47.5 158.4 146.8 

Lead 82 170.2 173.3 174.7 171.5 

TABLE 7 
Allen's values 'r. 

_, 
for "'- for lead. 

Wave-length ~l ~t> 90 95 102 
in x-u. 

Allen's measured 26.7 29.4 ;1.8 36.8 41.7 
value "i 

_, 
cm . 

Value calculated 2u.5 2,.5 27.4 32.0 39.4 
fr orn Gray 1 s formula 

Value calculated 20.5 ~,., ~/.'-t 32.1 .?9•3 
fr om formula A 

Value calculat,ed 2,.3 26.41 .)J. -~ 57.2 46.4 
from formula B 

TABLE ~ 

Gentner & Chao's values for ,~' for lead. 

Wave-length 7.0 9.6 15.5 29.4 47 ) 
in x-u. ) Chao. 

' 
_, ) 

cm. 0.2 0.26 o.41 1.19 5.86) 

Wave-length 4.7 5.9 6.6 7.9 9.3 ) 
in x-u. ) Gentner. -t 0.14 0.14 ' cm. 0.14 0.13 0.17 ) 



best curve passing through the origin and the points up to 5;.8 x-u. 

has been found. This is:-

' 2 J 1 cm- =-- o.04476 A - 0.001;1; ~ + 0.00005226).. (Formula B.) 

Values calculated from this formula f'or 'r between 80 and 102 x-u. 

are given in table 1 for comparison with the values of Gray and 

Allen. The agreement is better, except for A= 102 x-u. This, 

however, is probably the most accurate of Allen's values. 

At 4.7 x-u. 
II II II 

II II II 

At 4.7 x-u. 

formula A gives 
n B 11 

II of Gray gives 

- l. (. 

4.49 X 10 
7.08 X 10--iC. 
1 • jl X 1 o- -z. <, 

17. 24 x l O - z. " 
12.;; X 10- i.G. 

Therefore even if no allowance is made for TT and J< 1 could scarcely 
-1', 

be greater than 5.0 x 10. Therefore formula A is preferred. 

Let us com.pare the predictions of formula A with all known 

information regarding the photoelectric absorption coefficient. 
- 2.'-J

Sauter calculated 1 for the K electrons of' lead to be2.5 x 10. 

If we assume this to be 5/6 of the total for the atom we get 
-2.C.. -2.-C. -Z.f:, 

e..1-= ;.68 x 10, compared with 4.49 x 10 f'rom formula A and 1.;1 x 10 

from Gray's formula. McDougall and Hulme have calculated T for the 
-~4 -t4 

K shell, Z = 84, )\-= 9_.15 x-u. to be 4.0 x 10. This gives ;.6 x 10 

for the K electrons of lead, which should be about 4/5 that for the 
-z~ -~~ 

whole atom. Therefore el: 5.5 x 10. Formula A gives 7.55 x 10 
- 2.£. 

while Gray•a formula gives 4.;o x 10. 

It has been mentioned that Kohlrausch found the absorption 

coefficient for radium B+C o-rays, with an aluminum 1 ined ionization 
_, 

chamber and o.;5 cm filtration to be 1.0 cm. Gray's law applied to 

the ~-ray energy distribution as determined by Skobelzyn leads to 
- I 

a value of 0.87 cm. The first three will have been absorbed strongly 

in the o.;5 cm filter; the bulk of the remaining energy will lie in 

the rays of wave-length 20.2, 10.9, and 6.95 x-u. The rate of absorption 
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after filtering by 0.35 cm of lead will there f ore be dominated 

by the absorption of the 20.2 and 10.9 lines. Thia suggests that 

the photoelectric absorption should indeed be greater at these 

wave-lengths than Gray 1s law predicts. 

The points of Chao and Gentner, figure / / , lying between 

7 and 16 x-u. suggest a curve midway between the two drawn. 

Anderson ha.a found that posit ~ve and negative electron 

pairs produced by 4. 7 x-u. radiation in lead amount to about 20 

percent of the electrons ejected by other processes. Now e/4' -<e.~ 

-Z.7 = 49 x 10. Later a suggestion that eK is zero will be discussed. 

4o 

• -Zl -27 
If so then e'r+ e.7T = 49 x 10, and e..Tr == 20 percent of e.1--t-./r-= 24.6 x 10. 

-27 
This leaves 24.4 x 10 for ~ 'r , compared with 44.9 demanded by 

formula A and 13.1 by Gray's formula. It therefore seems possible 
. -2.7 

that a curve could be drawn through I-= 25-3() x 10 at A= 4. 7 x-u. 

joining onto Gray's curve at about 38 x.u., _which would lie within 

the experimental error of the points at_ 20 to 25 x-u. 

There is evidence of a different type which suggests a 

diff erent conclusion. Ellis and Aston measured the relative intensities 

of the 11magnetic spectrum" lines of secondary electrons ejected from 

platinum by the a-rays of radium B+C. From this they obtained values 

p 1 , where p is the probability of amiss ion of a line and , the 

corresponding photoelectric absorption coefficient for platinum. 

It is reasonable to assume that / for platinum will vary with wave-length 

in the same way as 'r for lead. By taking values fort from Gray's 

law, and from formula A, the two sets of values for p given in table 1 
are obtained, and from them the two sets of energy values for the 

lines. Gray's formula .leads to a ratio of the energy in the radium B 
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TABLE r 
EnergY distribution in the radium BC spectrum. 

Line photon Wave- p p from Energy p from Energy 
energy in-4» length. Gray's from formula from · 
e.v. x 10. law. Gray's A. formula 

law. A. 
Radium B. 

2.4; 50.8 67 11.5 '47-44 11.88 28.87 
2.97 41.6 89 25.8 76.6'5 26.22 77.87 
2•54 . ;4.9 100 45.0 1~-2 44.z2 158.21 

264 265 
Radium C. 

6.12 20.2 40 65.8 402.7 5;.58 327.3 
7.73 16.0 2.4 6.5 50.2 4.67 36.l 
9.41 1;.1 1.6 6.7 63.1 4.12 ,a.a 

11.,0 10.9 ;.4 20.6 2;2.8 11.15 126 
12.48 9.89 o.85 6.; 78.6 ,.14 ;9.1 
1;.90 8.88 0.70 6.4 89.0 2.9; 40.7 
14.26 8.65 
17.78 6.95 1.8 25.8 44o.9 9.94 176.82 
22.12 5.56 0.25 7.4 164.2 2.46 54.z 

1521 839 
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spectrum to that -in the radium C spectrum of 0.17. Formula A leads 

to a value of o.;2. A reliable experimental value is o.1;to.02~ 

This indicates that even Gray's law gives too high values for ..,- • 

There is little doubt that the values for 1 for the 1 ines of the 

radium B spectrum are correct, so that the energy of the radium B 

spectrum should be ··265 arbitrary units ( table q ) • Therefore that 

of the radium C spectrum should be 2o40 arbitrary units, instead -of 

1521, given by Gray's law. It would be difficult to obtain the 

extra 520 units without lowering the value of / · at 20 x-u., thus 

making the discrepancy between it and the experimental value even 

greater. Possible explanations are:-

( 1) The expe-rimental error for points between 20 and 25 x-u. is 

greater tham estimated. 

(2) Ellis and Aston 1e values for pt are incorrect. 

(3) Absorption other than photoelectric and Klein-Nishina absorption 

commences around 25 x-u. and so influences the ·shape of the curve 

that for shorter wave-lengths it more nearly represents the t.otal 

rather than the photoelectric absorption, which remains when the 

Klein-Hiahina absorption has been subtracted. 



(3) Iron and Copper. 
'-""' ... , 

The following values for 7 "- for iron and copper 

have been obtained:-

Iron 

Copper 

24.4 x-u. 

o.042 

0.057 

In figure 12 log ,.- is plotted againat, log uo 

() 

....J 

Lo 2 

-f, 1· I '2. 

49 x-u. 

0.18 

The slopes of the lines are 2.94 and 2.80, lying within Ahmad's 

limits 3.0 .!:0.5. It therefore seems that between 24 and 47 x-u. 

the variation of 'r with Z is closely 7'o( 

If we calculate the values of t for aluminum and carbon from 

this law and the values of , for lead, it is found that the 

assumption made earlier that this is leas than the experimental 

error in the measurement of f<- is confirmed. 

42a 



D IS0USS ION OF NUCLEAR ABSORPTION 

From table 10 it can be seen that all of the radiation 

ascribed to nuclear scattering or reradiation falls into two bands:

(i) of wave-length 7-10 x-u., (ii) of wave-length 20 - ~ x-u. 

The total absorption coefficient for ~: 4. 7 x-u. in lead is 
- 2 7 -- -1-1 

172.4 x 10. The Klein-Nishina value o:r eCT"'. is 12,.; x 10. 

If we assume the energy of the positive electrons comes from the 

6_ ray beam the number observed would require an absorption of 
-z7 

25 x 10. If as a minimum, we assume a value for , equal to half 
- z.7 

that predicted by Gray's formula, this would require 6.5 x 10. 
-17 

Any nuclear absorption could therefore not exceed 17 x 10 per electron, 
-2] 

or 1400 x 10 per atom. From table 11 it will be seen that Gray 
-ir 

and Tarrant observed a nuclear absorption per atom of ,150 x 10 

as reradiated energy • . This suggests that at least the major part 

of it must consist of the retum of radiation considered as absorbed. 

This could occur in two waye:-

(1) From the annihilation of positive electrons radiation of 

wave-length 24 x-u. will be obtained. 

(2) The 4. 7 x-u. ¥'-ray passing through lead will produce Compton 
I, 

and photoelectrons of energy up to about 2.5 x 10 e.v. These will 

be capable of producing "bremstrahlung 11 •* It is possible th,at this 

radiation is analysed by the absorption curve method into bands of 

wave-length around 10 x-u. and 30 x-u. This would account for the 

hard band, while the softer 11 bremstrahlung 11 might accotmt for the 

low value which Gray and Tarrant found for the average energy of the 

soft quanta. 

It is therefore suggested that the most coherent picture 

of all the nuclear absorption phenomena oan be obtained by assuming 

that the only types of absorption are µ.) Klein-Nishina lii) photoelectric 



and ~i~absorption with the production of positive and negative 

electron pairs. The reradiated energy consists of half-million 

44 

volt quanta due to the annihilation of positive electrons, and a 

"bremstrahlung" spectrum, due to the fast Compton and photoelectrons. 

* I am indebted to Dr. R. Oppenheimer for this s~ggesti ort: >-
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TABLE lo 

Summary of results on nuclear absorption. 

Experimenter Source of Element Soft Component Hard Component Ratio of 
primary pc..:• p. t-:' 

A 
intensities. 

rays ~. ~ A ho fb Hard:soft. 

Meitner & Radium B C 
Hupfeld 3cm Pb Pb Same as primary . 

f'il tration beam. 

Meitner & Thorium en Pb Same as primary 
Kosters 3cm Pb Fe beam. 

filtration 

Heiting Thorium c" Al 1.55 23.8 
Fe 1.50 23.0 
Cu 1.41 21.8 
Pb 1. 75 26.5 0.59 6.6 Not stated. 

Gray & Thorium 011 C ) 
Tarrant K ) 2.0 27.4 

Fe) 
Sn 2.0 27.4 0.75 11.3 0.14 
Pb 1.9 29.8 o. 75 11.3 0.32 

Radium BC Fe 2.6 32.6 0.75 11.3 o.o4 
Sn 2.4 30.8 o. 75 11.3 0.06 
Pb 2.1 28.0 o. 75 11.3 0.12 

Stahel & Radium BC Fe 22.0 
Ketelaar Sn 23.0 

Pb ;1.0 17 0.07 

TABLE 

Nuclear absorption coefficients. 

Worker Source Coefficient Pb Sn Ou Fe C 

M. & H. Ra 
17 

c,.K hard" 10 500 
B~C 

Th 0 11 
1.1 

M. & K. a.K hard " 10 1,010 337 

G. & T. Ra ~K hard,. 10
17 1,2 

B+C ~K soft .. 10 111,880 

Th 011 4K hard )C 1017 485 99 15 10 0 
te.K soft ,c lOzl 2,670 950 ,?15 282 19 

s. & K. Ra 4l.K hard"'10;z7 ,11 
B+C ,K soft -.J-101-1 1,,?80 
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