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StJMil{ARY. 

The mass .absorption coefficients of a number o:f 

pure elements ( Beryllium, Carbon, Aluminium, Iron, Nickel, 

Copper, Zi nc, Molybdenum and Palladium ) have been measured 

for pure beams of Copper K cc, and Cobalt K ex,,,_ radiation. 

The monochromatic beams were produced by the selective 

reflection of these wavelengths f r om the X-ray beam emitted 

by a rotating anode X-ray tube by means of a powdered crystal 

focus~ing monochromator and were detected .by Geiger tubes 

connected to pulse counting equipment. 

An attempt was made to measure the fluorescent absorption 

coefficients of t hese metals, as well as their total mass 

absorption coe~ficients , which include the scattering 
' 

coefficients. The values obtained were ( within the experim-

ental error of t hese measurements) i n agreement with the 

total absorption values, so that the part of the absorption 

coefficient due to the scattering of t he X- rays is sma.J.J. for 

t hese wavelengths, and can be ignored in comparison with the 

:fluorescent 1:1bsorption . 'l'he measured absorption coefficients 

were in good agreement with those obt,a:i.ned by other workers, 

although they di d not use such pure monochromatic X-radiation. 

Measurements were also made with a beam of Chromium 

r adiation which was not monochromatic but consisted of 'the 

Chromium K er, wavelength contar.ainated by t,he white radiation 

from the X- ray tube . In ·this case , the mass absorption 

coefficient varied with the thicknes s of material irradiated, 

but by-graphical analysis of the transmitted intensity curves, 

the values at different wavelengths present i..~ the beam coul d 

be determined. They were not as accurate as those carried out 

with the pure radiations. 

The variation of the atomic absorption coefficients, 



ca.lcuJ.ated from the resul~s, with wavelength and atomic 

number, was investigated, and an empirical absorption 

formula deduced. It was found that the :fluorescent absorption 

coefficient can be represented by a formula of the :form 

,., Ip = CI 
"\ n m 
I\ z where m and !! are constants only 

over small ranges o:f Z and A • Different values have to be 

assigned to m and n if we are to cover all the elements 

over a large wavel ength range. The variations i n the values 

o:f the exponents !!! and !! are discussed in the light of 

the results of several investigators. 

An empirical formula, which gives excelJ .. ent values of 

the K absorption ratios (jump r atios), for mest of the 

elements, is also deduced. It shows that they vary inversely 

as the square root of the atomic number. 

Lastl y, some approximate scattering mass absorption 

coefficients are deduced, and plotted to show their variation 

with atomic number and wavelength. 

~~-----~----------
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GENERAL I NTRODUC'.l'I ON 

The principal. phenomena that have been observed 

when a beam of X-rays impinges upon matter are the production 

of 

(a ) Photo- electrons and fluorescent characteristic X-rays. · 

(b) Modified and unmodified scattered X-rays. 

Each process is measured by the fraction of the energy which 

it removes from a beam of X-rays of unit cross section as it 

traverses unit mass of material, and is cal.led the mass 

absorption coefficient. The energy removed by the photo­

electric effect gives rise to the fluorescent mass absorption 

coefficient, while that scattered by the material. gives the 

scattering mass absorption coefficient. The total amount of 

energy removed from the beam is due to both processes, and 

yields the total mass absorption coefficient. 

A considerable amount of work has been carried out on 

these coefficients over the past years, and they have been 

found to depend on the wavelength of the radiation and the 

atomic number of the material irradiated. 

In 1912, before definite wavelengths were assigned to 
(1) 

X-rays, OWen pointed out that the total mass absorption 

coefficient was approximately i nversely proportional to the 

fifth power of the atomic weight oft.he radiator. After the 

work of Moseley in 1913 showing the characteristic radi ation 

of an element to be inversely proportional to the square of 

the atomic weight, the r esult indicated that the absorption 
5 t h coefficient was approximately _proportional to the / 2 power 

of the wavelength of the radiation employed. 
(i!.) 

Further experiment gave the relat.ion, the fluorescent 

mass absorption coefficient "1,:, = « A
3 

as a more accurate 



representation of the observed results, with the stipulation 

tbat the value of t.he constant IX changes suddenly at i:,he 

cri tieal absoi-pticn vu~.vele~s. The total mass absorption 

coefficient is then given by the above elq,}ression piue a small 

tenn to represent the scatt&ring of the x- rey-s. 

st of the data which had acenmulated on absorption 

ooef'ficient-s up to 1926, however, covered rather short wave­

lengths { < 0. 7 kX uru:ts) where the seattering ot the x- rqs 

plays a pr-ominent part in the whole absorption process and 

thus made it rather difficult to decide from total absorption 

coefficients al.one, how the fluorescent. coefficient varied 

with the wavelength. 

During this t:tm.e some direct measurements of the scatter-
. . (3) (11-) 

ing ~oeffieients were carried out by Hewlett Statz and 
(s) 

Mertz by collecting the scattered radiation in an ionisation 

chamber surrounding 1:.he s~atterer, but the result.a covered 

only the light elements at short wavelengths, and the comp­

aratively large value and uncertainty of the corrections for 

internal absorption in the specimens themselves made them 

rat.her unreliable. 

At longer wavelengths ( > 1 . 0 kX units) the mass scat.ter­

ing coefficient { 3/p ) becomes ne5ligible i n comparison with ( '(f 

except for elements of lower atomio number than Carbon, and 

the total mass absorpt.ion coefficient ean be t aken as approx­

imately equal to the fluorescent coefficient. Meaeurements 

at these wavelengths should therefore give more accurate 

information about the variation of ( ; ) with wavelellgth. 

In 1926 the total mass absorption coetfieien1,s o-£ a 

number of elements from carbon to Uranium for homogeneous 

r ays from A: 0.7 to 1.933 kX units and £or filtered 
((.) 

general. rays from 1 . 93 to 4 . 0 kX unito were measured by Allen 

and he concluded that nowhere does A 
3 

over a long range 



accurately represent the data. In general, the values of 1;;he­

exponent which best fitted the results were a high value 2,92 

and a low value 2.6. 

Since then a considerahl.e amow1t of work has been done in 

an attempt to f ind the best value of' the exponent for differ­

ent metals and gases over a large range of wavele~O"t,hs. The 
. 

values obtained all range between 2. 5 and 3.0. 

The variation o:f the fluorescent absorption eoef'f'lcient 

wi·th atomic number has also been i nvestigated, out not so 

eA'tensively as t he dependence on the wave1ength. In this ~ase, 

the results indicate vaJ~ues ranging f'rom 4 •. o to 4 . 6. 

In view 0£ this lack of agreement between different worke~s 

as to the beet values for the exponents of' the wavelength a.nd 

the atomic number in empirical rel.at,ions for the mass absorpt­

ion coef~icients it was decided that some measurements 

carri~d out with pure monochromatic beams might provide useful 

data which would throw further light _on # the problem. 

A Geiger coUI;Lte~ ·method is used for the measurement of 

beam int.ell$j.:ty, instead of t be usual ionisat.ion chamber oi~ 
~ ..... 

photographic :film methods, in an attempt to eliminate ~ome of 

the exper"j.mental di:ffi;eulties associated with the measurement 
I 
. , 1 • 

of X•r~y abaor~ti~n coeffiei~nts. 



PART 1 .. 

THE PRODUCTION OF T".dE MONOCHROMATIC X-RAY J3EA1VIS. 

l.l. INTRODUCTION. 

The radiation emitted by an ordinary x-rEa¥ 

tube consists of a series of characterist~c emission lines, 

superimposed on a continuous background of white radiation. 

Thus, in order to produce a pure monoehromatic beam, we 

must select one of the characteristic lines and success­

fully separate it from the other wavelengths emitted by 

the tube. 

This is usually aecomplished by selective reflection 

of the desired wavelength by means of a crystal - a certain 

wavelength A being ref1eeted i f t.he angle of incidence e 

of the primary beam on to a crystal plane is given by the 

Bragg eq~at.ion 

n "\ = 2 d s i n 0 

where n is the order of reflection and d is the 

spacing of the crystal planes. 

Nearly all menochromators work on this principle, but 

diff'er in detail according to the size, shape and number 

of crystals employed. 

In the simplest case, a fairly large single crystal 

is used as a reflector, and very careful alignment of the 

crystal at the correct angJ.e i n the X-ray beam i ,s .necessary . 

Further, we see f rom fig (1.1) t hat. only a very narrow 

portion of the divergent. beam from the X-rey tube ,is 

incident at t he eorreet ,angle e to give rise to a reflecte~ 
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ray of wavelength '\ . Al.l the ineident rt3¥s of this 

wavelength which lie outside the na:rTow region are not 

reflected and so a large portion of the available intensity 

is wasted. 

Monochromators were then designed which would reflect 

all the rays of a particular wavelength in a divergent beam 

-to a certain point, where the intensity would thus be 

greatly enhanced. 
. ( , ) 

First, Johann developed a monochromator using the 

refiections from the surface planes of a bent mica crystal. 

The miea i ~ bent ·to a radius R and irradiated with X-rays 

:Crom a source s itu~ted on the eireumt'erenee of a circle of 

radius ½ R as s_hown iJ_l fig (1.,2) .- , We see that in this case 

a much :larger portion of the incident beam strikes the 

crystal at the correct angle e tor the wavelength )-.. to be 

reflected, and that all the reflected rays from different 

portions of the crystal converge approximately to a point 

F on the circumference of t he circle, wbere the energy is 

thus concentrated . 

Du Mond and Kirkpatrick (s) then showed that if a crystal 

is both cut and bent, perfect focussing could be obtained. 

The crystal is bent as before until t he orystal planes 

have a radius R, and then the surface is cut to a rad:i.us 

½ R. This focussing principle is shown in fig (1.3). 

Since the technical difficulties encountered in 

bending and grinding crystals for these monochromators 

were very great, Du Mond and Kirkpatrick designed another 

type of instrument, where the reflecting surf'ace is built 

along the arc of a cit-cle by means of a large number of 

tiny individually orientated single crystals . The process 

involves an exceedingly labouri~us method of setting up 

the singJ.e crystals-, each one of which has to be prepared 

i ndividually. 
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In order to overcome this difficulty Pro£essor E. A Owen 

suggested using a very fine crystalline powder as the 

reflect<>r in a monochromator. The large number of tiey 

ery~tals involved ensures the presence of a number of 

correctly orientated cry.Stal planes to renect the beam, 

without any dif£icult aJ.ignment of crystals being 

necessary. Further it would not be required to p:i-ep~e 

single crystals and all difiicuJ.t grinding and bending 

of crystals would be avoided. 

A satisfactory monochromator of this type was 

preViously designed and developed in the laboratory. 



SLIT. 

SLIT. 

A, A A4. 

hG I. I. S°ELE CTIVE REFL EC TI O N B Y A 

SIN GLE CRY ST f\ L . 

FiG I. 2., ] E \\IT C RYSTA L MET HO l> 

F 

r, C \·. '3 BENT AN!> CuT CRY STf\L. 



4 

1. 2. THE FIME POWDER FOCUSSING MONOCHROMATOR. 

(a) Theory of the Instrument. 

In principle, a fine crystalline 

powder is arranged over a small a:r>c of a circle and 

irradiated with X-rays from a point. source situated on 

the circumf'erenee of the circle, diametricaJ.J..y opposite 

the powder as shown in fig (1.4). 

Assuming the tiey crystals of the powder to be 

orientated entirely at random, there will be a large 

number of crystal planes in correct position relative 

to the incident beam to reflect reys in certain directions. 

Let us consider only the rays reflected in the 

plane of the circle. All the rays of a particular wave­

length will be deviated by crystal planes of spacing d 

through an angle 2 e given by the equation 

)... ~ 2 d sin 8 

and we note that 7 by geometry, if ( 1T' - 2 e ) lies in the 

range o - 1 1 the refiected reys will converge to points 

such as P and P' as shown in fig (1.4) . Hence, if),_ is 

one of the characteristic wavelengths present in the 

primary beam, the monochromator forms ( at P and P') 'two 

sources of monochromatic characteristic x-reys. 

We may note here that if' another set of orystal 

planes of spacing, say, d
1 

also reflect the wavelength \.. at 

an angle 8, given by 

).._ - 2 d
1
sin81 

1T such that ( 'fl' - 2 G, ) lies between O and 2 another two 
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s~urces ~ P: of monochromatic rays ot th1$ wavelength 

will be formed. 

Other oharaoteristio wavelel'lgt-hs pre.sent in the primary 

beam wi~ be reflected to other pairs of points 

symmetrically placed, on the eircumference of the circle~ 

The white radiation which contains a oontinuous range 

of wavelengths will be scattered more or less uniformly 

over the whole circle. 

We se~ that., in ecf'fect , the primary beam .is fanned out 

into •a spe_ctrum by the erystaJ.line powde_r, and the de~ee 

e£ monochrom.atisation possible depen~s· on _the ability. of 

the inst.rumeni to sep~ate two very . <}lose wavelength.s. 

In fig (l.,5) t,he length of the arc PP'~ s is given by 

s !!!!. 4 r (1"(- 2 e ) 

where r is the radius of the c;:irele and e is given 'by 

From ·t,hese 

&s~ 8 rb 0 

Renee 

~s 
b"'-

A. ~ 2 d sin 0 

and E> A. ~ 2 d cos e ~ e 

4 r 

d cos 8 

'l.'he separati on of the focal points P for wavelengths A. 

a.no "-+ b "- is then 

D ~ ~ ~ s ( 
2 ~ . __ r_ b "\.------~------ --(l. l) 

d eos ·0 

I£ Copper radiation is resolved in a monoc1'..romator of 

radius 5 ems, eont.aining a sil.ver i>ef'J.ector9 the equa'\:,ion 

gives a separation D -;.,. 2.s mms fo·r the Ka:., and K a:,2 wave-

lengths-
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We see therefore that the i nstrument. is well capable of 

resolving the K q_
1
cc

2 
doublets and will produce beams of 

pure Ka., or K a.
2 

wavelengths . 

It ia seen from the equation (1-1) that the separ~ti0n 

D increases as e increases , so that the resolving power of 

the instrument is better the smaller we make the arc PP ' • 

In practice, a powder i s chosen as a refl.ector i f it 

posses.ses a set of crystal planes which will give a good 

reflection ef t he required wavelength at ( 11-20) approx­

imately 30°. 

------------------------

(b) Practical design of the MonQchromator. 

In the practical 

f orm of the instrument a cylindrical drum is used, and 

the ref1eeted beams intersect in small ar~s symmetri~ally 

situated around the pin•hole through which the incident 

beam enters. Two slits are eut in the ~ylinder to ·allow 

the required radiation to escape - the cylinder shielding 

all the other wavelengths. The t wo corresponding slits t.hen 

become 1ine sources of divergent monochromatic X-rays~ 

The drum is approximatel y 10 ems i n diameter, and 

consists of a strip of brass 2 mms thick and 4 ems wide, 

bent round t wo steel former r ings. There are three equal.J.y 

spaced slots cut in the cylinder - one of them being 

covered with t he reflecting powder and irradiated wit~ X-reys 

entering the cylinder through a pi n-hole slit system 

fixed diametrically opposite the centre of the slot. 



Fig 1 ,. 6 Phot ograph of t he uonochro:flat,or. 
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The other two slots are covered with lead sheets fixed 

firmly in position. Each lead sheet contains a ~o:w 

vertical slit (1 cm by 2 mm) cut i n exactly the right 

position to allow the_ required wavelength to escape from 

the instl'W?lent . The reflecting surface consists of a thin 

layer of very fine crystalline powder spread evenly over 

a p iece of pliable cardboard smeared wi "t,h a tliin ~oat of 

adhesive and held firmly in positi on over the slot. 

The monochromator etands on a brass ·t.able capable of 

being raised or lowered so as to bri ng the en~ral'.lGe pin~ 

hol e in line v,ith the primary beam fi-om t he X- ray tube. 

The table has a raised circular portion or the same radius 
,· 

as the inner radius of the monochromator, so that the latt~r 

f its firmly on the t able - a small lug engaging in a hole 

in the lower former ring to lock it in position. 

I n this way, it is possible to pi~k up t he l;llono­

cbromator and replace it in exact.ly the same position on 

the table. 

The table is rotated until the most int,ense portion 

of the primary X-ray beam passes through the pin- hole and 

irradiates the fine powder in t he most efficient manner. 

Fig (1. 6) shows a photograph of the monochromator 

mounted in position in front of the X-ray tube window, The 

lead shi elds which are placed r ound t he i nstrument to cut 

down stray radiation have been removed. 

_____ .. ..,._,.. __ ,.. __ " _______ .. 
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(c) Choice of wavelengths. 

We are limited in our choice of 

wavelengths for the monochromatic beams by two main factors. 

(1) Only the characteristic wavelengths of elements 

which will form suitable targets for the X-ray 

tube are available. 

(2) suitable reflectors of these wavelengths must 

be found. 

The metals most generally used as targets, together with 

the K ct , , K ct2 wavelengths emitted are given in table (J..l) 

below. Wavelengths longer than the Kee lines of Chromium 

are very easily absorbed by the X-ray tube window and in air, 

TABLE 1.1 

z Element 
Ka:.. , K a:2, 

kX units kX units 

24 Chromium 2.2850 2.2889 

26 Iron 1.9321 1.9360 
; 

27 Cobalt 1.7853 1.7.892 

28 Nickel 1.6545 1.6583 

29 Copper 1.5374 1.5412 

42 Molybdenum 0.70783 . 0.71280 

47 Silver . 0.55828 o .56267 

whfle wavelengths shorter tban the Ka. lines of Silver 

require very high voltages to produce, and are so penetrat­

ing that it is difficult to limit. them by screens. 

It is seen from the table that there are no suitable , 

elements between Copper and Molybdenum, which leave a large 



9 

gap in the wavelength range covered by these targets. 

It was decided in tbe first instance , to use Chromium, 

Cobalt, Copper and Molybdenum as target elements, and to 

produce monochromatic beams of their Kee, wavel.engths. 

A search for suitable reflectors of these wavelengths 

was c~ied out with an ordinary focussing camera and a 

stationary anode X-ray tube fitted with these targets. 

A :film taken with a particular powder specimen would 

show at once whether it was a suitable reflector or not. 

A good reflector would be indicated by a film showing a · 

strong, sharp line situated about 4 ems from its centre, 

with the c.( , ~ doublet clearly resolved Further the line 

should be of uniform density, because axzy- tendency to be 

"spotty" would point to a non-uniform monochromatic oeam. 

The monochromator was originally designed to give out 

a beam of Cu Ka:., radiation, the reflector being fine si.lver 

powder with the monochromator slits accurately aligned to 
2. 

allow the K a:, beam reflected by the Q = 'Zl planes of silver 

to leave the instrument. It was found by calculation tbat 

the Co Ka., radiation i -s reflected to almost the same position 

· by the Q
2 ~ 20 planes of silver. An exposure was taken 

and the line found to be quite strong and the doublet 

clearly resolved. Hence , simply by interchanging Copper and 

Cobalt targets we can change the wavelength of the Mono­

chromatic beam from Cu Ka:, to Co Ka:
1
without changing the 

reflector or altering the slit positions. 
2 

Similarly, it was found that the Q ~ 12 planes of 

Aluminium or the 
'2 

Q = 8 planes of Tantalum would reflect 

the Kee, radiation from a Chromium target to the same slit 

positions. Hence, in order to produce a beam of Cr K~ 
I 

radiation, a1l we need do is insert a chromium plated 

target in the X-ray tube and change the reflecting powder 



wav~length 
Radiation kX 

Cu Ka., 1.537395 

cu KC(.
2 

1.541232 

Co Kee, 1.78529 

Co K¾ 1.78919 

Cr Ka.1 2 .28503 

Or Ka.2. 2.28891 

er Ka. 1 2.285~ 

er KCL2 2 .28891 

TABLE 1.2 DetQ1ls of t he Reflectors used in t he Monochro:m11.tor . 

PQrameter 
Ref lector Structure 

Silver F.c.c 
Silver F.c.c 

Silver F.c.c 
Silver F .C.C 

Aluminium F .G.C 

Aluminium F.c.c 
Tanta lum · B . C. C 

Tantalum B .C.O 

k«2 . ka:1 

~ ~ 
Crt, CY', C0 _G_u._C_2-;- _ c~ __ 

I 
I 
I 
I 
I 

; ___ ll._J_ .. .! 

kX. 

4 .07'79 

4.0'7?9 

4.0779 

4 .0779 

4.0414 

4.0414 

3 .2959 

3 .2959 

Reflecting 
PlP.nes 

115. 333 

115. 333 

024 

024 

222 

222 

022 

022 

Fig 1. 7 

Q2 L()g 1/Q Log ?-/2a Log sine s1n e 1t' - El 
2 

27 1.28432 l.2753 1.9910 0 .9795 0 . 2026 
- - -

217 l.28432 1.2764 ' 1 .9921 0 .9819 0 .1906 
- - -

20 1.34948 1.3402 1.990'7 o .9'788 o.206·0 
- - -

20 1.34948 l.~411 1.9916 0 .9809 0 .1958 
- -

12 l.46041 1 . 4513 1 .9909 0 .9792 0 . 2031 
- -

12 1.46041 1 .4520 1.9916 o.9809 0.1968 
- -

8. l.54846 l . 5399 l . 9914 0 . 9804 0.1983 

8 l . 54846 l .5406 l .99~1 0 . 9819 0.1906 

Relat ive positions of t he K a., K a:.,_ doub lets. 

Scale : 1 cm = 1 mm . 

8 
ems 

4.167 

3 .919 

4.236 

4.025 

4.17'7 

4.025 

4 . 078 

3 .919 

I-' 
0 
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to .Aluminium or Tantalum. Again no readjustment. of the 

slit poeitions is neeessa.ry. 

The monochromator ean thus be adjusted very quickJ.y 

to give monochromatic 'beams of wave~engths CU Kil., , Co Kee., 

and Cr Ket, • Table (1.2) gives the relevant detail.s about 

the reflectors, and from the diagram shewing the relative 

p~sit!ons .of th~ three doublet~ (fig. l.7) it is seen how 

a well placed slit will transmit any one of the K~, 
' . 

radiations without readjustment in position, while the 

K a,. radiation is comple'tely screened in eaeh ~ase. 

All attempts to produce monochromatie beams of 

wavelengths shorter than the CU K 0:
1 

wavelength were 

unsuccessful. 

First a search for a auitable refleotor of Mo Ku., 

radiation was carried out. The target was prepared by 

brazing a thin layer o.f brass on to a molybdenum sheet, , -

which could then be easily soldered on to the end of a 

brass X-ray tube target holder. Powdered specimens of 

Diamond, Carborundum, Silver, Copper, Aluminium ancl Iron 

were examined, but no strong lines were observed with a1J3 

of these apeeimens. It was concluded t.hat the wavelength 

Mo~«, is too short to give strong reflections in the 

angular range required by the monochromator. 

Secondly, a search for a suit.able re.flector of Pt La
1 

radiation was carried out. The target in this case was 

prepared by soldering a thin platinum foil on to the 

surface of a copper target. Powdered specimens of Molybd~num, 

Copper, Iron, and Magnesium were examined, but no lines 

were observed. We conclude that the lines 0£ the L-series 

wavelengths are relatively weak and cannot be distinguished 

from the background radiation on the films. 
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Lastly, the possibility of using Ge K a radiati(')n ·to 
I 

brioge the wavelength gap between Copper and Molybdenum 

was investigated. 

A stationary anode target was prepared by allowing 

a small lump of Germanium to mel.t and run into a thin 

layer on the surface of an ordinary ~opper target. 

Specimens of Iron, Tantalum, Molybdenum and Silicon were 

examined. No lines were observed with the Iron specimen, 

due to the very heavy background produeed by fluorescent 

X•rays ex·eit·ed in the iron by the Germanium radiation, 

The other specimens gave Copper and Ger.manium l.ine&, 

but the latter were too weak to use as monochromatic beams. 

It was oencluded t,hat , in this case, the target. was an aJ.loy 

of Copper and Germanium - both radiations being produced. 

The CU Ka:, radiation was not . absorbed heavily by the 

target ( r~ss absorption coe:ffic,ients Ge = 69 .4; CU -;e 52. 7 

at CU K cc, wavelength ) and -the X-ray tube gave out a 

reasonably strong beam qt CU K cx
1 

radi ~tion11 On the other 

band, the Ge Ka
1 

radiation was absorbed rather heavily by 

the target material ( Mass absorption coefficient CU = 238 

at Ge K (/. wavelength ) and ·so the Ge Ka: output is heavily 
I I 

weakened, giving weak l.ines. 

An at.tempt was then made to produce a Germanium target 

by melting on to iron instead of a copper target, but it 

was fou-nd impossi.ble to get a thin layer of Germanium te 

adhere to it . Since a cylindrical target woul~ have to be 

made from the material, it was thought impract.ieal. to use 

Germanium. 

We can aay therefore, t-hat the wavelength range of 

the monoohr-0mator is rather limited, the lower limit 

being set by the lack of suitable target materials and 
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reflectors , while the upper l imit is set by the excessive 

absorption in air of the long wavelengths, while the 

white radiation comes through practicaJ.ly undimi.nished 

i n intensity. 

over the suitable r ange, however, the instrument can 

produce very pure monochromatic beams because of its good 

resolving power . FUrthermore, two beams of exactly the 

same wavelength are produced f-.com the same source of 

r adiation so that any intensity fluctuations will be 

transmitted to both beams einrultaneously .. Their intensities 

will thus be at any instant i n a eonsta...~t ratio to each 

other , so that if one beam i s used for experiment, the 

intensities obtained can be corrected for input fluctuations 

by comparison with the other beam used. as a standard of 

reference. 

---------------~----------
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1 . 3 THE ROTATING ANODE X-RAY TUBE. 

(a) Introduction. 

In a stationary anode X-ray tube, the 

electron stream is directed against' a fixed area on the 

target called the focal spot, and the rating of the tube 

is limited by the ability of the target to dissipaue t he 

heat generated before the temperature of the bombarded 

area reaches the melting point o'.f the metaJ.. Any attempt 

to increase the intensity of the radiation from euch a 

tube, by bombarding a smeJler area with more ener gy soon 

results in the melting and destruction of the target. • 

A rotating anode X-ray tube, however, has a much 

higher rating because the fine foeal spot is effectively 

increased i nto a thin r i bbon of met al by the rotation of 

the target, so that relatively cool metal is brought 

continuously before the electron stream, and an intense 

beam can be produced without damage to the target. 

The tube used for this work was designed by Professor 

E. A.OWen, and is shown diagramaticaJ.ly in fig (1. 8). 

(b) Description of the Rotating Anode X-r~ tube. 

The cathode, A, 

consists of an Aluminium rod { app~oximately 1.3 ·ems 

diameter and 35 ems long) sheathed in a brass tube . It 

passes into the water- cooled cathode end, B, of the X-ray 

tube, and is held in position by the nut, c, fitting into 

the inner tube of the water jacket, and the c<1llar, n, 

which presses against its lower f ace, E. 
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The free end, F, o-£ the rod is turned down on a lathe so 

th~.t its radius of eur-,1ature is about, 5 ems and a smaJ l 

lip ( 2mms) of b)ra.ss tube left to assist in focussing the 

electron beam on to the target. This end oft.he rod 

becomes pitted when the tube is wor~ing, -and has to be 

re ... shaped occa.si,onally. · 

The anode end of the X-ray tube is separated from. the 

high voltage, cathode, end by the insulating_porQelain , 

eyllnde1•, H, ( 20 ems J.ong by 5~5 ems .;internal diameter. ) . 

This cylinder is ' atta('.hed to the t wo parts of ,the tube by 

built up union nuts, I, which press the ground r.J.anges . ot 

the porce~in against good quality rubber rings: J, resting 

in the end pieces, thus making vaeuum tight joints. 

The anode end of the tu.be contains tJle reta.ting 

target, K, and is directly em;>thed .. A $ID.all 7?eotangular 

·hole, w, cut in the easing, and eovered with a thin sheet 

of mica, serves as an exit window for the x-radiat:ion 

ooming t--rom trJ.e targe't face .. A saddle tanko- L,, round the 

tube serves t.o cool the region Sl,lllrou:nding the cathode, F, 

and al.so supports the eleetric motor~ Mp which r.otates 

t.he target tllrough a vac;:uum tight. seal - tbe whole a&sembly 

being ma.de up as one compact unit,, N, which fits on to the 

main X-r·ay tube. This unit is shown in greater detail in 

fig (1.9). 

The holl<JW cylindrical target~ A, sc~ewa fir-mly on 

to the end of a long spindle, s, a greased rubbe..r washer,w, 

making the joint vacuum tight~ Thi_s spindle passes out of 

the x ... ra;y tube through the rotating eea11 $nclosed in the 

housing, H7 and ia held in posit.ion by a spaced pair of 

ball race&t B B, being then connected through a train of 

gear wheels, Q, t o the ele{.1t,i-ic motor, which rotates it 

at 300 revs/min. 
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The seal is made by the perfectly fiat surface of the fixed 

carbon ring, c, always remaining in complete all round 

contact with the perfectly :tlat surface of the steel. ring, R, 

which rotates with the spi ndle . This steel ring f its tightly 

on a thick neoprene washer, N, held on a brass bush soldered 

on the spindle, whi1e the carbon ring is fixed to the 

flexible bellows, F, soldered into a brass block , D. This 

screws i nto the housing, H, a rubber wash~r, M, maki ng the 

joint vaeuum tight. 

The spring, P , coiled round the bellows pushes the 

carbon surface against the ring , while the :f'lexibl e bellows 

allows-the carbon to follow a:ny irregular motion of t he 

steel ring, and thus always remain in comple~e eonta~t , 

ma.king a good seal. .• 
. 

Cont.act pressure b~tween the two sur:faees can be varied 

by aJ.tering the spacing ef the ball races. The seal is lubric­

ated occasionally with a small amount o:f' high vaeuum oil to 

ensure smooth ?"tl-.TU"ling and no undue wear of 't,he sui-faces. A 

small hole, o, cut in the housing, approximat.ely opposite the 

seal allows this to be done Without di smantling the assembly. 

A water chamber, E, f itted with Ga.co washers, v, to 

stop leakages, f its on the upper end of the rotati..11g shaft. 

Water enters this chamber through the tube, L, and is then 

carried down the shaft through the fixed narrow tubing, T, 

and directed against that portion of' the target cylinder 

bombarded by the electron stream. The water then f lows out 

through the space between the fixed tube and the rotating 

shaft, ttr the lower hal f of the chamber, C, to be drained 

away through the copper tube, U o 

The whol e rotating anode assembly fits on the side 

tube, G, which projects from the anode end of the main 
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X-ray tube. This side-tube has a threaded collar, I, which 

is recessed to take the flange, J, soldered on the seal 

housing .. The flange rests on a greased rubber washer, and 

is clamped tightly in place by the screwed ring,_ K, to 

make the joint vacuum tight .. 

'I'he side-tube, G, is not set exacrt.ly at right angles 

tc the ma:f.n X-ray tube, but is inclined about 8° from this 

position, so that the electron beam does not rall. perpend­

icularly on to the target :face. In this wey, a horizontal 

beam of X-rays emerges from the t ube when it is mounted in 

a vertical position. 

The tube is fixed on an angl.e-iron framework by means 

of the brass plate, P, fig (1. 8) soldered just bel.ow the lower 

screw joint,and which fits into the trough formed by the 

horizontal angle bars of the stand. 

The voltage required by the tube is supplied by a high 

voltage transformer, o~e end of the secondary winding being 

connected to the anode and the other earthed through a 

milliammeter, which registers the tube current. The trans­

former is supplied through a small auto-transformer so that 

the voltage can be gradually r a ised to the working potential 

as the tube v acuum 1mprc>Ves. A ;point and plane spark gap 

( 4 ems ) connected in para.11.el ,vi:th the tube serves as a 

protection against the voltage becoming too high. 

The X-ray tube is evacuat ed by an oil diffusion pump 

backed by a t wo stage rotary pump, the pressure being 

controlled by adjustment of the taps in the connectirig 

glass tubes. 
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1.4 . THE COLLIMATING SLIT SYSTEMS 

These l imit the divergence of the X-ray beams leaving 

the monochromator , in order to produce narrow, well defined 

beams, suitable for absorption.measurements with thin foil s. 

We have two suoh ~ollimating systems - one £er each 

beam, and each consists of adju stable slits mounted on a 

stand as shown in f i g (1.10). 

The stand is a horizontal steel bar, supported at one 

~nd by a short vert,i.eeJ. pillar mounted on a heavy base plate. 

The bar 11..as one edge uppermost and can be swivelled round. ­

the pillar to a:n:y required position and clamped in pla~e . 

When mounted with t he pill~ directly under the mono­

chrcmator slit, the steei bar can be swivelled i nto the 

beam so the.t its upper ·edge mar ks the beam direction1 and 

it. acts as a gui de-way along wr..ich the slits can be moved 

on v .... shaped supports. These supports a1~e . fitt.ed with fine 

vertieal and transverse movements f'or final positioning of 

the slits in the beam, and can be clamped on the guide-bar 
' 

in any desired position . The Gei ger counter tube, used to 
I 

measure the beam intens.ity, is also mounted on the same 

.steal bar in a similar manner .. 

The whole arrangement is set up 

and adjusted as fol lows:-

(l} First of' all the counter otlly, is mounted on the 

guide-way, being placed at a reasonable distance 

from the monochromator slit, anti the guide- way 

swivelled round until maximum response is obtained. 

It is then clamped in position. 
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(2) A slit is then placed on the guide-bar, and 

after adjust..ment to a convenient size, is set, by 

means of the fine vertical and transverse move­

ments until maximum response is again obtained in 

the counter. The slit is then in line with t..lie 

monochromator slit, and the counter window, and so 

allows a narrow portion of the divergent mono­

ehromatie beam to .!alter the Geiger tube .. This is 

sufficient collimation for the beam used as a 

standard of reference. 

(3) In the case of the other divergent beam, which is 

used -£or experiment. 1 further collimation is 

necessary, and a se~ond slit is placed on the 

guide.,.,way, and adjusted "£or maximum response o The 

monochromator sl.i t, bot,h collimating slits, and 

the counter are then i n line, so forming a narrow 

and nearly parallel beam of monochromatic x ... rays 

suitable for absorption measurements . 

In the case of this experimental. beam, a braes holder, on 

which the absorbing foils can be mounted? is capable of 

being placed on the guide-bar, between the two siits, or 

right up against the counter window as required • 

.... ___________ .. ~----
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PA R T 2. 

DESIGN OF A GEI GER - t..roJ.LER COUNTI NG SYSTEM 

FOR MEASURING THE I NTENSITIES OF THE MONOCHROMATIC BEAMS. 

2 .1. I NTRODUCTION. 

For many years, photographic films and 

ionization chambers have been widely used for all kinds of 

intensity measurements with x ... rays, eaoh method having 

several distinct advantages over the other, depending on 

the problem under consideration. 

In recent times increasing use is ·being made of the 

Geiger counter, in place of the ionization chamber, although 

the electronic eireuit necessary for recording the arrival 

of X-ray quanta into the counter tube is far more complicated. 

The sensitivity, however, is higher; and the method bas lost 

none of the advantages the ionization ehamber bas over the 

photographic film. 

In the present investigation, the main advantage of 

the Geiger counter over the photographic film is that a 

comparatively aecurate intensity measurement can be made 

in a few .minutes, whereas the photographic film would 

r equire a mu.eh longer exposure time (3 hours) and woul.d 

then have to be caref'ul.ly processed and microphotometered 

to obtain the beam intensity. 

With a Geiger counter a11 these operations are replaced 

by a single counting process. 

The component parts of the complete Geiger .. Muller 

counting system designed for this work will now be discussed 

in detail. 

~----------~----
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2. 2 THE X-RAY COUNTER TUBE . 

(a) Choice of counter tube. 

A Geiger tube detects x-reys by 

virtue of the charged particles released within its active 

volume. Up to 1948, most tubes were designed to receive the 

X-ray beam on their cathode waJ.J.s with negligible gas 

absorption, with the result that theiJ> eff iciencies were 

rather low, since only .a relatively small fraction of the 

photo-electrons releaaed :from the walls reached the acceler­

ating field of" the tube~ 

On the other hand, if the photo-electrons are produced 

in the gaseous content of the tube, they will almost 

certainly produce a discharge, and the efficiency sho~d be 

considerably increased. 
(_q) 

The type of" tube designed by H. Friedman approaches 

this ideal very closely, ! and it was decided to construct 

similarly shaped tubes for this work. 

The tube consists essentially of a long cylinder with 

a thin window at one end to receive the X"'!rey beam, with 

the anode wire running co-axially a.long the eylinder. T1:Le 

beam can thus travel the whole length of the tube more or 

less parallel to the eentral wire and very near to it. It 

has therefore the best -possible Qhance of being who~ 

absorbed in the gas and thus produee photo-electrons tn the 

sensitive volume to initiate the discharge. Moreover, the 

end of the anode wire can be brol,Ight, quite near the window 

so that there is very little volume of gas where the beam 

can be absorbed bef ore it reaches the sensitive part of the 

counter. The end of the wire carries a glass bead to 
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diminish the high field strength whi~h would ~~cur at this 

point if left free~ 

For this work, it was decided to use argon as the gas in 

the tube, because it strongly absorbs the characteristic 

radiations of Copper, Iron, Cobalt and Chromiwn - typi~al 

radiatione that ean be produced by means of the present 

monoc:Hw.omator. . 

Further, a small amount of organic vapour (methylene 

bromide) is added to the gas in order. to redUee the munber 

of charged particles available for maintaining a discharge, 

so that each discharge rapidly quenches itself, and the dead 

time of the counter is appreciably shortened. 

Construction of counter tube .(see fig. 2.1.) 

A piece of 

drawn brass tubing, A, about 15 ems loDg, 1. em inside 

diameter, and which is relatively free from flaws and 

blemishes, is chosen. The inside surfaee is then cleaned 

with successive grades of emery paper until all the flaws 

are removed, and then finally polished. 

A brass flange, B, is then soldered on to one end of 

the tube to provide a fairly large surface area to hold~ 

mica window firmly i n position. The window {.02 mms thick) 

is glued on to t he flange and a brass ring rixed over it. 

The ring is then clamped tightly -in place by means of three 

toolmakers' clamps, which are left in position until the 

glue is thoroughly dry. 

A brass end piece, c, f its tightly into the other end 



23 

of the tube. Thi$ end piece contains a glass capillary 

tube, D, which supports the anode wire, w, and at the 

same time insulates it from the grounded cathode . 

Originally, steel wire was used for the anode, 

prepared as follews: .-

_ · Steel wire, 0.,26 mms diameter, was heated by a ~l 

flame while banging vertically under the pull of a weight .... 

the flame being moved .slowly along it until it softened 

and gradually straightened. A suitable length of it was then 

chosen, thoroughly cleaned and polished, and a glaes bead, E, 

formed at one end. This was most easily aocompliehed by 

forming the bead (2mms diameter) on a flat metal surface 

first, heating it until soft, and quickly pressing the end 

of the wire into it - the bead being finally rounded otf in 

a gas n~e .. 
Steel wire was found to deteriorate rapidly under the 

action of the quenching vapour and eventually nickel wire 

was used instead. 

Some difficulty was experienced in keeping the wire 

central in the tube, due to a tend.eney to sag under its own 

weight and that of the glass bead at its free end. This was 

overcome by giving the anode wire a slight upward ~urve to 

counteract the sag, and mounting the counter in one part.ic• 

ular position .sueh that the wire was quite central in the 

tube. Before the counter was assembled, the inside surface of 

the tube and the anode wire were thoroughly cJ.eaned with 

pure alcohol and surgical gauze to remove aJ.l traces of 

dust or fibre which might eau.se spurious discharges in the 

counter. Toe much attention cannot be pai.d to this point. 

The counter is made gas tight by going over all the , 

joints, first with ordinary glue and then with picein wax 
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when the former is thoroughly dry. Ordinary glue was found 

to be_ ~letter than any other seal.ing co~ound for this 

purp?se b~caus~ it was not easily attacked by thev o:rganic 

quenohing vapour. The co-q.nter would th~s +ast _fo~ a long 

period without developing leaks. 
. . ' 

Finally, it is fitted with a gas .reservoir, R,as shown 

in fig (~.1) so tha~ it can ~ontain a re.~onab~e amount of 

gas ~d qu~nehing vapour. 

(c) Filling Procedure. 

A very simple filling sy~~em, the 

essentials of whi¢h are s~own in fig (2.2) is adequate for 

the counters described. In order to obtain -the correct 
" ' . 

pressure and ratio of gas to vapour ~n the counters, the 

following procedure is carried out. 

(l) First of all we evacuate all parts of the system, 

including the counters, and make sure that there it> no leak 

aeywhere. Particular care is taken, when checking the 

counters because even a very small leak would alter the 

gaseous eontents of the tubes, and destroy their plateaux 

in a few hours. 

(2) The reservoir con~aining the methylene bromide 

quenching vapour is then evacuated for a few minutes to 

re~ove all traces of air. Th~ tap is then ~losed and the 

reservQir contains on1y quenching liquid and vapour" 

(3) Evacuation of the system is eontinued f or a while, 

and then, with the exception of the liquid reservoir, flushed 

with argon from the cylinder, by admitting gas to a few ems 

pressure, as indicated on the manometer. The cylinder v~ve 

is then closed and the system re-evacuated. 



25 

(4) The gas reservoir is then filled to atmospheric . 

pressure with argon from the cylinder and the stop-cock 

e·losed. This gas is then available !"or flushing and filling 

the counter tubes when required, the reservoir being 

refilled from t he argon cylinder when ~ecessary. 

(5) To fil1 the counters,, the system, exclusive of 

the gas and l i quid reservoirs , is again evacuated, and left 

on the high vacuum oil diffusion pump for about an hour. 

The stop-c·ock to the pump is then closed, and the quenching 

vapour admitted to the counter tubes to a pressure of l cm, 

as read on the mereury manometer. 

(6) Argon is then admitted from the gas reservoir 

until the total pressure is 15 ems of mereury, and the stop­

cocks on the i ndividual counter tubes closed. It is also 

a.dvisable to clip the rubber tube connections to the 

counters so that. only a small portion is included in the 

counter volume. This is beoause methylene b:t-omide slowly 

attacks the t ubing which would cause the composition of 

t he gas mixture to change with t ime, thereby appreciably 

shortening the life 0£ the counters. 

After filling, t hey are left for several. hours to 

al.low t he gas/vapour mixture to eome w equ.ili brium. 

(7) Lastly,tbe counters are tested for starting 

voltages and plateaux as deseribed in section 2.6 of this 

thesis. 

--------~--------------
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2.3 . THE QUENCHI NG CIRCUIT .. 

This circuit acts· so as to redu~e quickly , the voltage 

acr<;>ss the Geiger tube , to a value below the threshold 

potential, when a count takes place. It then holds the 

counter wire at this voltage for a time interval longer 

than the collection time of the po$itive ions, and then 

quickly restores the potential back to its normal value, 

whence the counter is again sensitive, and rea.czy to receive 

the ·next pu1se. In this way the dead time of the counter 

is increased, but is defined accurately by t.he oircuit, and 

i s therefore constant in value, so that reliable corrections 

for lost counts can be made. Another advantage is that 

spurious counts, which may arise during the interval are 

suppressed. 

The basic circuit is a capacitatively' coupled multi­

vibrator, triggered by a pulse from the counter; the 

negative square waveform so generated being fed back to the 

counter, so as to lower its potential below the threshold 

value for a determined period of time. It is essentiall.y 
. C,o) 

the circuit due to Cooke-Yarborough, Florida and Davey and 

the basic circuit is shown in fig (2.3). 

When a burst of ionisation occurs in the counter, we 

have a fall in the potential 0£ the anode wire. This is 

transmitted through .the condenser, c, to the grid of the 

valve , V 
3 

which is normally conducting since the grid is held 

near earth potential by the resistor chain between its 

anode and :_ 120 vol ts. In this aondi tion, the anode is at 

about ·100 volt s, and the valve has a gain of about 20, 

so that the grid fall in potential gives rise to a larger 

increase in the anode potential .. This rise is fed back to 
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the grid of the valve V, , which is normally non•conducting , 

its grid being held rat her l ess positive than that of the 

valve Vi by the resistor chain. This then causes a fall. · · · 

in the anode potential of v, which is again•fed to the ltrid 

of V3 causing its anode potential to rise still more. The 

process is thus accumulative and goes on until the roles, 

of the two valves are interchanged, V, being now fully 

conducting and V3 cut off. 

The Em:Ode voltage of V1 has thus dropped about 200 volts 

and the fa1l has been passed on to the counter wire which 

is therefore below threshold potential, and the counter is 

insensitive to the incoming radiations. This state of affairs 

holds until the negative voltage on the grid of V
3 

has 

leaked away in a time interval controlled by the values of 

C and R. Then V3 starts eondueting again and the above 

cycle is repeated until the circuit comes back to its nornial. 

condition with V, non ... conducting and V
3 

fully c:onduct.in.g, 

The anode of v, has thus risen 200 volts causing t.he counter 

wire to be restored to its normal working voltage, and so 

is ready to receive the next pulse. 

The diode V2 ensures rapid recovery to full sensitivity 

at the end of the square wave. The overaJ.l. sensitivity of 

the circuit to input pulses :f'rom the counter is due to the 

amplification of V3 and is controlled by the relative bias of 

the two valves, which is adjusted by the potentiometer, R. 

Negative pulses to the counting equipment are taken 

off the anode of V, through a cathode follower, which has 

a high input impedance and a low output impedance, and 

therefore protects the quenching oircuit :f'rom the effect of 

the self-capacity of the connecting cable. In this way the 
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quenching circuit ea:n be · place4 as· near ·as possible to the 

count.er while the r.est · of the equipment. ean be at a 

reasonable distance away from the X-r-ey equipment. 

In practice, two such circuits; one for each counter, 

·were wired up as one eoinplet.e unit, together with ·a simple 

pulse ·generator. This· can be switched on· to supply pulses 

· to check the action oft.he scaling units. 

Three counting :rates are available:-

1. 125 pulses p~r second 

2 . 72.5 pulses per second 

3 . 3.42 pulses per second. 

The circuit diagram tor the complete quen~hing unit is 

shown ,in fig (2.4). 

·--... -------------•--·-----
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2.4. THE COUNTING CIRCUIT . 

This .circuit registers and ·total.ize·s the puJ.ses 

recieved from the quenching unit, and is based essentiall.y , 

on the well known Scale of Two cir-cuit • .. 

(a) The Scale of Two Circuit. 

The Scale of Two circuit used 

here togethe_r with suitable values for the components, is 

shown in fig (2.5) and is based on the well known Eccles­

Jordan trigger circuit, which in this case, is symmetrically 

coupled to a single source of triggering by means of two 

diodes . The circuit has two stable states, each with one 

valve conducting and the other cut. off, and is triggered 

from one state to the other by successive identical 

negative pulses which arrive via the double diode to 

whichever anode that is the more positive. 

Let us suppose that the circuit is in the state where 

V2 is conducting; its anode potential will be approximately 

150 vol ts and its cathode at + 80 vol ts, while the grid 

will be held at about + 82 volts by virtue of grid current 

flow. Then V, will be cut off and its plate will be at 

about 290 volts because of the slight current drain (0.5 mA) 

through the resistor chain between H.T. and earth. 

If now, the input voltage drops suddenly from 300 volts to 

about 250 volts, the grid potential of V2 inmediately goes 

negative, and the plate potential starts to rise rapidl.y, 

and consequently the grid potential of V, rises so that V, 

begins to conduct and accumulative action causes the circuit 
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to proceed towards its other equilibrium sta~e. Before that 

state - equivalent to the original. state - is reached, 

however, the plate of V2 is caught by its assooiate diode 

at. 250 volts. If now, the input voltage returns quiekly 

or s1owly to 300 volts, t here is no e.ffeet on the trigger 
,..~, 

ei:rcuit other than that the V2 plate returns to 290 volt s, 

to bring the circuit to the exact mirror image o.f ·the 

original_ state. 

Du.ring this process the output of the Scale o.f Two 

rises from 250 to 290 volts. On the application of a second 

trigger signal, to the unit , however, the same cycle of 

operations is repeated with the difference that the roles 

of V, and Vz are interchanged, so that now the output drops 

sudd~nly from 290 to 250 volts . The circuit, t hus, passes 

on every second pulse~ so that we e:f".fe·ct:tvely halve the 

number of pu~ses received during a counting run. 

The state of the circuit at any instant is indicated 

by the small neon bulb, which is OFF when V2 is conducting, 

and ON When V2 is not oondu~ting& 

(b} The Seale of Ten Circui~. 

,Many scales of two may be connect­

ed in cascade, thus providi ng scaJ.ing :factors which are 

powers o.f two. It is more desirable, however, to have 

a Scale t>f Ten circuit, which simplifies greatly the 
. ' 

computation of total counts during counting operations. 

The circuit built .for this work is based on the 
(11) 

principle due to Rotbl at , Seyle, and Thomas and is shown 

schematical.ly in fig (2. 6) . 
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It consists of f' our uni ts·, three of which are standard 

Sqales ot Two, while the fourth is a modified Scale of 

T\vo arranged to work an electronic switch between the first 

and second units. With the eighth pulse the modified Scale 

of Two is turned over into its ·second stable position and 

the eleetronie switch opens, so that the tenth pulse instead 

of going into the second Scale of Two enters the fourth 

unit to turn it over into its original stable position so 

ejecting an output pulse. 

The complete circuit diagram of the Scale of Ten used 

is shown in fig (2.7). By momentarily operating the reset 

switch, a potential of . + 80 vol ts is placed on the grids of 

thE! right band triodes to make them conducting and all the 

neon bulbs are extinguished. The units are then in the zero 

state, and the eireuit is reaey- for counting. During a 

counting run, each v~ve then goes over i nto its non-zero 

position on the arrival of the appropriately numbered pulse 

and the corresponding neon lights up . The lit neon lamps 

correspond :respectively to 1, 2, 4, and 8 pu.lseG, so that 

at the end 0£ a counting run, the sum of the numbers 

indicated by the lamps gives the number of ~ounts to be 

added to the number of out.put pulses ( Imll tiplied by ten ) 

in order to obt:.ain the total count . 

(c) The Complete Counting Unit. 

In the complete counting unit 
• w~ have two Scales of Ten in series, so that one output 

pulse is obtained fer every hundred input pulses. In this 

case, the neon bulbs associated with the second Scale of 

Ten correspond to 10, 20, 40, and 80 pulses respectively 
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since the unit receives one pulse from the first Scale of 

Ten for every ten pulses from the counterc A circuit diagram 

of th~ whole counting unit is shown in fig (2.8) . 

Negative pulses enter the unit via a cathode follower V
1 

and are then applied to Vi to be ampli;ried and inverted. 

The positive pulses formed are t.hen differentiated, and 

the positive pips pass to the cathode coupled flip-flop 

( v+ and V5 ) through the doide V3 ~ 

V4 is normally non-conducting so that the emall pips 

trigger the circuit to give positive pulses at the anode 

of V5 , of width controlled by the potentiometer. These 

output pulses are of constant amplitude and duration sub­

stantially independent of the form ot the input pulses whioh 

va:r-y for different counters, and because of l.esses in the 

qable connecting the counting unit to the quenching circuit. 

The cathode follower v6 then supplies t.he output pulses. 

It is set about three volts beyond cut-oft bias so that 

any spurious pulses arising from the aetion of the f1ip-flop 

as an amplifier for very small input pu.1$es, are suppressed. 

It al.so serves to protect 1.he pulse equalising circuit 

:rrom being loaded by the output aonn~ction. v, then amplifies 

and inverts the pulses to f()rm negative input pulees to 

operate the .scaling units. 

For every hundred input pulaes we obtain one negative 

output pulse, which triggers off the multivibrato:r formed 

by v
8 

and vq • This then gives a positive pulse on to the 

grid of the output stage containing the P,O. mes$age register. 

In order to obtain a su£ficient cu.rrent pulse { about 20 mA ) 

to operat~ the register, the stage contains two 6AC7 valves 

wired in parallel. 

_______ ...... _ .. __ -----
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POWER SUPPLIES 

These are mains operated power units which 

supply the high tension and heater voltages, required 

by the counting equipment, and also ·the extra high 

tension for the counter tubes. The mains supply is first 

.of all passed through a 500 watt constant volt.age trans­

former to give some degree of stabilisation before it 

enters the units. The transformer gives out 230 volts 

when the input varies between 190 and 260 volts. 

(a) The H.T.Power supply. 

This unit supplies 300 volts D.C • 

for the counting circuits, 6.3 ~olts A.C. for all valves 

having their cathodes at earth potential, and 6.3 volts A. C. 

for the diodes with cathodes at H.T.potential. 

The 300 volt n.c. output is stabilised for both changes 

of input voltage and load current. In order to avoid 

drawing the heavy current required by the mechanical 

register from this stabilised output, the unit also 

contains a separate H.T. supply for this purpose. The 

complete circuit diagram is shown in fig (2.9). 

• 
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{b) The E.H.T. Power Supply. 

This unit consists essentially 

of a transformer .a:n,d half wave rectifier, followed by 

the usual. smoothing chokes and condensers. It gi ves two 

outputs - one for each counter - which are taken off a 

potentiometer network, so that voltages variable between 

800 and 2000 volts can be obtained as requjred. These are 

measured by an electrostatic voltmeter, v, reading from 

O - 3500 volts. 

The stability of the output can be improved when 

necessary by the insertion of a stabilising .valve, V1 • 

Incr ease of out put voltage as the resul.t of either 

increase of l oad resistance or input voltage, changes the 

negativ,e grid bias on the vaJ.ve so as to reduce the plate 

current and hence the output voltage. 

The complete circuit diagram of the unit i s shown 

in fig (2.10). 

~-------~---~-~-



COUNTING I I QUE NC.HING 

UNIT. I I UNIT. I C OUNTE R ------ --,( ------

------TU81E .. I I ------ ~ ---
------ -

\ 
'---1 ...._ 

CO N S TANT I I HT I I E .H T. I t NOC!l~~19~_; 
VOL TA~E I I POWER I I P 0"'1 E.R I 

COL-L I /"\/\TORS 

1 
/ I 

TRAN S f'" ORMER I 
---

I U~IT. -I I I 
,.--

UNIT. --,.--

\ - --- * ,.--
-- , 

\ ,le ~-\ 
C OUNTE R ,_ ,,.----

COUN TI NG I I QUE~ CHING I 
TU ~ ~ k \ 

UNIT . I I • UN IT 

f ie 2.l f. S c H Ef"\ ATt c .:D l f\C R I\M oF COMP LET E APP fUl AT U S. 



C\1 
,-t • 
C\1 

b.1 
•rl 
~
 



35 

2 . 6. SETTING-UP PROCEDURE 

and 

GENERAL TEST OF THE COUNTING SYSTEM .,,.. 

The Qon:iplete Gei ger-Muller counting sy~tem is shown 

s~he~tic~y in fig (2.11), wi~h t~e counte:r tubes set. 

to rece.ive the eollinw:ted beams from the focussing mono­

chromator. A photograph of the complete apparatus is 

shown in fig (2.12), 

We shall now outline how the eounting system is set 

up, and the counters tested, reaey for X-ray intensity 

measurements. 

(1) With both Geiger-Muller tubes disconnected 

and the - 120 volt bi_as battery connected to the quenching 

unit, the H,T. power unit is switched on, and the .senaitivity 

controls on both quenching eiPcuits adjust~d just below 

the points where the eircui ts begin to oscillate. The whole· 

equipment is then allowed a few. minutes to warm up, in 

order to -el)Sure reasonable temperature equilibrium of the 

componen~ partso 

(2) The action of both scaling units is then checked 

by means of t he calibrated pulse oscillator . I t is first of 

all set to the low f requency r ange , and a visual chec~ on 

t he action of the scaling circuits made by watehi:og the 

lighting up sequence of the small neon indicators. Sf;lcon,dly, 

it is set on a higher frequency range, and the t wo P.O. 

mes ~age recorders kept under observation in order to check 

t he action of counting without mi ssing any pulses~ Lastly, 

t he number of counts observed during a set, period of time 

i s compared w-ith the known pulse rate of the oscillator. 
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It is 'then switched off, and no counts sheuld be· recorded 

du~ to-electromagnetic pick-up from the mains, etc 

(3) The E.H.T. power unit is switched on) .and the 

high volt:.ag~ on both eireui-ts adjusted to q1.bout 2 Kv .. There . . ' 

-
should be no counts. I£. CO\lnts . do oc~ur, it i ,s . reasonable 

t .o suspect be¢, con.11ectjons or a. breakdown of the insulat,ion . 
of'. tl?,e ,components carpyt;ng the high voltage • 

(4) 
. . ., ; 

We ·now ~just the E .. H.T. voltages to a minimum, 

and switch off before 'eonnectil'l..g the counter tubes to 

their respective countil"'.g ~ircuits. The power supply is 

a.gain switched on, and allowed a few minutes to warm up, 

and a long-lif"e radioactive source mounted near each 

counter. The voltages on both counters are then slowly 

i.ncreased, until t.hey start to count. 

(5) We then determine the background comiting rates 

of both counters, and also plot their plateaux, using the 

long-life radioactive sources .. A source is placed in front 

of' each counter, and we ta..l{e a five minute count at each 

of several opera.ting voltages. The counting rate against 

voltage curve is then plotted for each counter as shown 

in f'ig (2,13). The curve should begin at a definite thres­

hold voltage , then rise sharply to a certain value where it 

r emai ns nearly constant over a r ange of volte.ge depending 

on the individual counter. Beyond this range , the curve 

begins to rise again, the eonditions for continuous 

discharge being rapid.ly reached. 

If the curves obtained are not of this form, the 

counters mu.st be refilled or replaced. 

{6) We then cheose an operating voltage just above the 

knee of the counting rate against voltage aurve, and adjust 
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the E.H"T. to this value. 

· (7) . We now detel;'llli~e whether ·the Qounters can operate 

correctly~ by checking experimental counting results to see 

if t hey are truly statistical. 

A long-life radioactive source is mounted in front 

of each counter , and counts inade over a number of consecut­

ive one minute interval.a . as shown in table (2"1) •. 

TABLE 2,1 

Consecutive one minute counts with radioactive source ~ 

COUNTER 1 COUNTER 2 

Counter - l. Counter 
(A" - At Readings Counts A - A. (A~- A) Readings Counte A-A 

IL - "' 
188290 474095 

189700 1410 - 40 1600 474430 335 - 32 1024 

191.160 1460 + 10 100 474820 390 + 23 529 

192610 1450 - 0 0 475235 415 + 48 2304 

194100 1490 + 40 1600 -475610 375 + 8 64 

195580 1480- + 30 900 475970 360 - 7 49 

197020 1440 -- 10 100 476335 ·365 ·- 2 4 

198420 1400 - 50 2500 476715 380 + 13 169 

199800 1560 + 110 12100 477060 345 - 22 484 

201200 1400 - 50 2500 477438 378 + ll 121 

202610 1410 -- 40 1600 477828 3~0 + 23 529 

204080 1470 + 20 ·400 478190 352 - 15 225 

205500 1420 - 30 900 478560 370 + 3 9 

206970 1470 + 20 400 478906 346 - 21 441 

208400 1430 - 20 400 479265 359 - 8 64 

209860 1460 + 10 100 47961.0 345 - 22 484 
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The arithmetic mean A of a series of counts ( A, .Ai ••··•An) 

for each counter is calculated, and the deviations ( An - A) 

of the individual values from the mean, computed.It is noted. 

that the positive and negative values of these residuals 

occur with about equal :frequency. The table also gives 
- 2. 

the squares of' the residuals {An. - A), and it may be shown 

that the standard deviation 6. for A is given by 
I 

L'>. ,,, [ L!A. -A)'/ n(n - 1)] ,: 
where n is the DUI!lber of observations made, 

Again , if we assume the statistical fluctuations to 

follow Poisson's Law, the standard deviation of the total 

number of counts is given by 

L::::,. :;;; [I:.r - I 

N2'. 

so that, in this case, the standard deviation of' A would 

be 

6' = 
I 

.!_ N-r 
n 

When the standard deviation is calculated by the two' 

different methods we have 

Counter 1. 

6 - 10.95 
I 

6 = 9 .83 

Counter 2. 

6. - 5 . 57 
I 

L ;; 4 . 95 

and the reasonable agreement obtained is good p:roof that 

the events were random. This would not be so if t,he counters 

had manufactured spurious counts , 

Lastly, from the readings we see that there is no 

gradual change in the two counting rat.es with time, unless 

it is smaller than the statistical variation of the 
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individual readings . SUob a change would also show up 

as a de£inite grouping of the positive and negative 

residuals at opposite ends of the t able . 

(8) All that remains, ia to test the response 

of' the counters to the actual X- rey beams. 

The X-ray tube is switched on, and the pressure 

adjusted until it i s wor king reasonably ~teady. The lead 

shields that covf;r t.he monochromatic sl:t.:t,s are then 

removed, and the eounters a.li£'1'led in the beams for maximum 

r esponse. The beams a.re also collimated as described in 

Part 1, Section 4, of tbis thesis. 

We check that no counts occur with the EoH. T off4 

If counts are obtained, the counting equipment is not 

effectively screened from the X-ray installation, and is 

picki ng up eleetromagnetic disturbances from the electrical 

system. 

(9) Again, a check i s made on the statistical 

nature of the counting data. 

Readings are taken for ten consecutive one 

minute counting periods with both counters simultaneously. 

A typical set of such readings i s shown i.n table (2. 2), 

where the residuals and their squares are al~e tabulated. 

The output of the X-ray tube is kept as ateady as possible 

during this counting operation. 

As before the standard devia:t,ion is calculated from 

the readings by the same methods~ The values obtained are 
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TABLE 2.2 

Consecutive one miwte counts with X-rays. 

CO UN -TE R 1 c· 0 U N T E R 2 

Counter 2. Counter 
(An- ·iJ Readings Counts A - A (An- A) Readings, Counts A- A 

1'\, -n. 

309800 ' 538300 . 
I 

310380 580 - 8 64 539400 1140 - 2 4 

310970 590 + 2 4 540520 1080 - 62 3844 

311580 610 + 22 484 541685 1165 + 23 529 

312160 580 - 8 64 542800 1115 - 'Zl 729 

312760 600 +12 144 544010 1210 + 68 4624 

313370 610 -+-22 484 545190 1180 +38 1444 

313960 590 + 2 4 546290 1100 - 42 1764 

314530 570 -18 324 547370 1.080 - 62 3844 

315100 570 -18 324 548570 1200 +58 3364 

315680 580 - 8 64 549720 1150 + 8 64 
-

Counter l 
L:::,. = 4 . 67 

I 
.6 ~ 7.67 

Counter 2 
L !!!! 14.98 

I 

6 = 10.69 

In this case, the agreement between the standard 

deviations is not so good, because t he tube output is net 
\ 

constant , thereby causing vari ations in the individual. 

readings, which are not statistical. 

The ratio of t he two beams, however, should not 

depend on tube fluctuations, and so the ratio of the t wo 

counts should only show a statistical variation. 
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TABLE 2. 3 

Ratio of the Counts obtained with X•rays 

Counter l Counter 2 2 G 
RUN Counts Counts Ratio R R - R ~ n - R) X l o 11 ..,,. 

1 580 1140 0.5088 -0.0067 44. 9 

2 . 590 1080 0.5464 +0. 0309 955. 0 

3 610 1165 0"5235 +0.0080 64. 0 
' 

4 580 1115 o.s202 + 0 ,.0047 22"1 

5 600 1210 0.4960 -0~0195 380. 2 

6 610 1180 0.5169 +0.0014 1 . 9 

7 590 1100 o.5364 + 0.0100 118.8 

8 570 1080 o.5278 -+0. 0123 151. 3 

9 570 1200 0.4750 -0.,0405 164J.. O 

10 580 1150 o.5043 -0.0112 125, 4 

In table (2.3) the ratio, R-n of the t.wo beams is 

computed for each of the ten consecutive one minute 

readings, and the r-esiduals and their squares calcul.ated . 

From these, the standard deviation obtained for the mean 

val.ue of the r atio is 

.6 ~ 0.0063 

If we assume the variations to follow Poisson's Law 

the standard deviation obtained tor the ra~io of ihe tot al 

counts reeorded during the measurement is 
I 

..6 = 0 ,.0073 

which agrees quite well with the measured vaiue. The 

variations are thus entirely statistical, and the rati o 

is substantiaJ.ly independent of the tube fluctuations 

as ex:pected. 

The apparatus is now ready for intensity measl.U"ement.s 

on thi n foilsG 
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PART 3e 

THE ABSORPTION OF X-RAYS BY THIN METAL FOILS . 

3.1 I NTRODUCTION. 

When a beam of X-rays passes through a thin 

sheet of material, some of the X- r ay photons are absorbed 

and some scattered by the atoms of the materi'al .. In order 

to compar~e the amount absorbed by different specimens, the 

fractional decrease in the intensity of the beam as it 

traverses unit distance through the substance is used as a 

measure of the process, and is called the linear absorption 

coefficient. In the case of a pure monochromatic beam of 

X-rays, this coefficient i s a constant for a particular 

materi al and i s independent of the distance travelled by 

the beam. 

Mat hematica11y, if dI is the decrease i n the i ntensity, 

I, of a narrow parallel beam as it travels a distance dx 

through the material, we may write 

~ _Q:!_ = f- = {constant independent of x) 
I cix 

whieh on integration gives 

1og8 I = - f1, x + constant 

Now, if we denote the intensity of the X- r ey- beam when 

x = 0 , by I
0

, we have 

constant 

so that 

log8 I o 

loge I - loge I 0-J-L-X 

-fQ!. . I - I
0 

e ------------------------(3 •. l) 

.... -
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This equation then, gives the intensity , I, of a narrow 

parallel monochromatic beam after it haa passed normally 

through a thin foil of thickness x. If the thickness of 

the foil is expressed as the mass per unit. area w <= f -x,.) 

Vlhere f> is the density of the material the equation 

becomes 

I = 
-Ww 

I e p. ~--.. ~-~--~-------~~-~--~-- (3. 2) Q 

where the constant is nov, (fL/p ) and is called the total 

mass absorption coef'fi¢ient. 

Expressed in this way, the absorption coefficient. 

is independent of the l-,1lysical state of the absorbing 

medi um and is therefore a mo1~e convenient measure of the 

absorption process than fl itsel.f. From equation (3. 2) we 

have 

(Pip) 
I 

- 1 1 og ----2. -----~--------------eG,--------cY - e I (:3 . 3) 

and note that. it i s only strictly true i f certain condit­

ions are fulfilled by the X-ray beam and absorbing foil 

respectively. These are:-

(a) For the X-ray beam. 

(1) It must be truly monochromatic. 

(2) It 1m1st be parallel, otherwise different 

rays will traverse different thicknesses 

of material.. 

(3) It must be narrow, or the transmitted beam 

Ylill also contain a small amount of 

fluorescent and scattered X- rays to add to 

its power. 

(b) For the absorbing foil . 

(1) It must be of hi gh purity. 

(2) It must be homogeneous, otherwise diff­

erent parts will absorb differently. 
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(3) It must be of unif'orm t.hickness or 

different r~s will traverse difierent 

thicknesses ot material. 

Under such conditions, the equflt :ton {3.3) will g-.Lve 

good values 0£ the absorption coefficients if w and 

log8 (~, are measured accurately , 

During the present investigation all po.ssil11e 

precautions v1ere taken to ensure that these conditions 

were satisfied. 

(a) Two divergent 'beams of monochromatic X-rays 

were prodUced by the fine powder focussing 

monochromator. 

(b) They were collimated into narrow beams by the 

ali t systems •. 

(c) The beam intensit::t~e were a,c¢uratel.y iiomp~ed 

by the Geiger counter, and e:ny variations due 

to ·tube nuctuations were e.J.iminated. 

(d) The :tolls used, were very carefully prepared 

from high purity metals, and their thicknesses 

accurately determined. 

---~-~------------------
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3.2. PREPARATION OF FOILS. 

(a) Rolling of foils. 

M~st of the high purity meta:Ls used in 

this work were available in rod, sheet, or lump form as 

supplied by Messrs Johnson and Mathey, and were reduced 

to thin foils by rolling in_ a small hands;operated roll-· 

ing mill fitted with hardened steel rollers. 

First of all, the rollers were carefully wiped clean 

and then washed vtitb. distilled water and alcohol before 

use. A small piece of pure metal was 't,hen paaJsed. between 

the rollers several times, gradually reducing its thickness 

each time. 1fn the early stages of the reduction, the 

roll.ing process was quite simple - foils o.05 ems thick 

being very easily produced . With further 1"eduction, 

however, the tendency to cr~ck became great, even with the 

rolling _carried out with the utmost care . 

To overcome this difficulty, several sheets were 

rolled together to keep the overal1 thickness relatively 

high, and several usable :foils down to a thickness 0£ 

o.0005 ems were obtained this W83• On further reduction 

they became porous and of a net-like appearance, and 

quite unsuitable for absorption measurements. 

Since cold-work harden the metals, the foils were 

subjected to heat treatment at various intermediate stages 

in the rolling process in order to re-soften them for 

further rolling. 

Satisfactory :foils of Al uminium, I ron, Nickel, Copper, 
I 

Zinc, Molybdenum and Pal.ladium vrere obtained and a1J. of 

them subjected to a thorough inspection for pin-holes and 

any other irregularities which would af':fect the absorption 

measurements . 
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In the case of Beryllium, which is too hard and brittle 

to produce foils by ~olling, anot~er method was. used. 

Flatish lumps of this metal. were taken and two sides 

ground down quite flat and paral.lel to each other, to 

give slabs of the required tbicknesseso Since the 

absorption coefficients of Beryllium at the wavelengths 

used here, are quite small, relativel-y thick specimens 

( < 0 . 5 ems) could be ueedo 

Specimens 0£ Carbon were also prepared by a similar 

method. In this case, suitable flat graphite sheets were 

£iled down to the appropriate thicknesses. 

(b) Measurement of foil thickl1esso 

The relatively thick foils 

(Beryllium and Carbon) were measured directly by means of 

a micrometer, the mean of a large number of readings being 

taken as the correct values. In the case of very thin foils 

known areas of them were carefully weighed and the thick­

n~ss determined knowing the density of the metal . 

( c) Mounting of foils . 

Each foil was mounted on a stiff card­

board f'.rame ,having a rectangular hole cut in the centre. 

The foil was laid na.t on the i'rame , covering 'the hole , 

and its edges held in position by strips of adhesive 

cellophaneo These frames were fitted in the brass holder 

sliding along t he steel guide- way, and could be clamped 

in any required position in the monochromatic beam. 
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3 . 3 METHOD OF MEASURING . ~/ I AND CORRECTION FACTO~o 
O · 

(a) Ideal counters. 

Let us suppose that int.he first instance 

the beams are det,ected by ideal Geiger counters, that is, 
' ' 

by counters that. have no background count and no dead- time, 
' 

and that count-s are made over three consecutive and equal 
'. . 

intervals of time T, :for. both bamns simultaneously under 

the. conditions shown in the following table. 

TABLE 3. 1 

Beam l Beam 2 

,, Run l Unhindered beam Unhindered beam 

Run 2 With foil inter-
posed in .beam 

Unhindered beam 

Run 3 With ·foil· removed Unhindered beam 

Let the counts recorded during these tbree ·run~ be n
1 

n
2 

and ' ri3 for the first beam, and n ~ n12 n~ ~or .the . 
second beam, Ylhile the sensitivitie$ of the count ers are 

k 1 k 2 k
3 

for Counter l, and k ! k ~ k ; for Counter·12, 

assuming them to change slightly duri.Dg the measurement. 

The energies entering the counters ·during.these three 

runs are therefore 

Run l E - k, n , • E ' - k'n' .- '. I - I I 

Run 2 E2= k 2. n :2. 0 E' - k'n' ' I 2, ~ 2. 2 

Run 3 E = k3n , 0 E ' - k'n' 3 ' 3 - 3 , 

Now, since the tube fluctuations affect !each beam in the 

same proportion, the ratio of their energies will be 
~(. 

independent. of the changes. These normali$ed energies are 
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E = ~/E, 
kn · 

= I I / I t _____ ._•---(a} 
0 kn 

I I I 

E E 1\ n2. / k 'n* - --------•(b)~-------(3.4) - VE, -
2 2 2. 

E E 
k3 I\ /k•n• .- ---------(c) - 3/E1 ~ 

0 
3 3 3 

From (a) and (c) 

kn kn k n + kn 
E -·-I 

~ :!!!!! 
I I J 3 - -0 k 'n' k ' n ' k'n' + k 'n' 

I I 3 ~ I I 3 3 

Dividing by (b) and we obtain 

E 
0 

E (
k 'n') (k n -+ = _ 2_ 2. I I 

k n k'n• + 
2 2 I I 

kn ) "3 3 

k'n' 
3 3 

(n') {(k /k )n + . 2 I ~ · 1 

- n (k ' /k' )n' + 
2 I 2.. I 

(1\ /~ )n'3} ---(3. 5) 
(k' /k' )n' 

3 2 3 

Let us assume that any change in the sensitivit.y 0£ a 

counter will be 1n the form of a slight dritt with time 

due, f'or example, to ebanges in the composition of tbe ga$ 

or a. very small l.eak. We can then PS¥, for the first 

counter 

k -I - k.2.+~ . and 

so that k 1 'b and _, = +-
k k:2 

2. 

Similarly for the second counter 

k ' . <....' 
_, ~ l +-o 
k' k'

1 

2 2. 

a,nd 

( 
k ... k -- <'.l 3 - 2 

~ - l ~ 
k 

2 k 2 

ki = 
k ' .2 

?JI 
1- k' 

2 

SUbstitu:tj_ng these in equation (3 .5) we obtain 

E0 (_n;) {(n, + n ) + ~/k ~(n1 - n3 )} . 

-; = \-;- (n'+ .:.) + 01/ {n' - n ') --------------(S.G) 
2. I 3 k ' 

2. 
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~row (n, • n
3

) < < (n
1 

+ n
3

) and b/k2 is small , ~ we 

can therefore negkot (b/k}(n
1
- n

3
) i n comparison with 

(n, + n
3

) •. Simil-arly, we can neglect ( b/k~) (n~-~ n 1
3 

) so 

that equation (3.6) can be written 

Eo 

E 
~ ~ I 3 ~---- ~~~~~•----•--------(3. 7) (

n')(n + n J : · 
n n '4 n • 2 I 3 · . . 

The method .gives good values of YE, substantially 

independent of tube variations, and also ot slight changes 

in the sensitivities of the counters . 

If the cross- $ectional areas of· the two ~eame are 

A and. A' re·epeetively, it -follows that the intensities of 

t he b'?ams enter ing the.a counters during theee three 

measu.vem.ent s ar·e 

,Run l . 

Run 2 

Run 3 

Beam 1 

~ I .,,,,,, E. IAT 

I 2. · .!!!:. E2. /AT 

I - E /AT 3 - 3 

Beam 2 

1 • ~ 
I 

E1 / A'T 
I 

1 1 -
2. - E'/A'T 

2. 

I ' ~ 
3 

E'/A' T 
3 

so that the normalised intensities which are independent 

of tube fluctuations are 

I !!k ~/I ' = (Ey E,') (A/ A) - Eo (A/ A) 
0 

I 

I ~ ;; 
I• 

.2. 
= (YE~) t1/A) - E t;A) 

I = t,' = (ErEJ t;A) - E0 t/A) o I• 
3 

giving I /I = E /E 
0 0 

and equation (3 . 7) then becomes 
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1.,/I 

(n • + n3, (~J 
t 2 ) ll2 

01: ; n~ C~0 
2. 

to I Ny t;/ N~ ---------------- (3 • 8) 

where N -
0 

n, + n3 --. 
2 ' N = ~; N' ~ 0 

________ .. _.., ____ _ 

(b) Correction for Backgrourui Count. 

I I n, + n~ d N • = n2 C ~. aD , 
2 ' 

In practice, a counter 

will a1ways have its own cllaracteristie background count, 

due to the stray radiation in the laboratory, and this 

will always be included in SD¥ particular measurement. 

It must therefore be determined, and subtracted from 

a recorded count in order to obtain the true recorded 

count corresponding to the intensity being measured. 

In this particular case, instead of making three 

consecutive runs of duration T each, we now make five 

runs - the first and last runs to measure the background 

radiation only. During these two runs the actual 

monoehromatic beams are cut off from the counters by 

means of lead shields placed over the monochromator slits. 

The complete counting technique with a particular 

£oil w is now as shown in table (3. 2), and the counts 

corrected for background as given in table (3.3) 
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COUNTING TECHNIQUE TABLE 3.2 

Beam 1 Beam 2 

Run Measurement Count Measurement Count 

1 Background n 
I 

Background n• 
I 

2 Unhindered beam n2 Unhindered beam n' 2. 

3 With foil in position n 3 Unhindered beam n• 
3 

4 With foil removed n4 Unhindered beam n' 4 

5 Background ns Background n• 
5 

COUNTS CORRECTED FOR BACKGROUND TABLE 3.3 

Beam 1 Beam 2 

Initial beam N ~ (n - n ) 
I 2. I 

N ' = (n• - n • ) 
I 2 I 

Transmitted beam N2~ n - (n, + ns) 
3 2 

N'- n• _ (n: + n : ) 
2 - 3 2 

Final beam N ~ (n - n ) 
3 4 5 

N ' = (n' - n • ) 
3 -+ 5 

The intensi ty ratio ( 1/ 1) is still given by equation (3. 8) 

whefe this time 

N, + N3 
No= 2 ; N' ~ N2 ; 

N' + N' 
N~ ~ ' 2 

3 
; and N' !!!! N'2 

A practical example of this counting technique is shown in 

table (3.4) . The readings are taken from the absorption 

measurements on Iron with Co Ka, radiation. 



'J.'.AhLE 3 . 4 

- Counter 1 . 

Counter Counts Counts - N N Reg.dings f'o.ekground 0 

B 28'1135 
28?100 55 

Io 289605 
287100 25')5 2470 

I 291018 
289600 1418 l.385 2392 1385 

Io 293344 
291000 2344 2314 

B 293330 
293300 30 

Io 295594 
293300 2294 2204 

I 297030 
2956)0 1430 J.395 ?.342 1395 

I 299460 
0 297000 2460 2420 

B 299440 
29940'1 40 

Io 
302038 
29940:> 2638 2598 · 

I 303531 
302000 1531 1495 2603 1493 

l o 306145 
503500 2645 2608 

B 306137 
306100 37 

Counter 
Rea.dings 

227825 
22?700 
230668 
227900 
2~3269 
230700 
235895 
235c'lo 
236069 
23590') 
2'">8"122 
236100 
24).417 
238800 
244198 
24150') 
244281 
244200 
24'1008 
24430 ') 
249804 
247100 
252581 
249900 
252700 
252600 

·~xrutJ'LE OF COtlNTll10 T~CtitaQo;.... . 

Countor 2 . 

Counts - N' N' I Counts 1/r J\l\cke;round 0 

12,5 

2'168 264~ 

2569 2422 2534 2422 1 .. 646 

2595 2426 

169 , 

2622 2455 

2617 2492 2535 2492 1 .650 

2698 2617 

81 

2708 2627 

2704 2614 2604 2614 l . '750 

2681 2581 

100 

"' 

CJ1 
[\) 
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(e) Correction for Counti ng losses . 

Lastly, a practica.3:, counter 

will miss a certain number of counts due to i ts inherent 

dead-time, so that a recorded count in time T must be 

cor-rected in order to ascertain the true eount. 

This :eorrection is a fairly simple matter in the case 

of a continuous source of radiation, · but is more complic­

ated with a source of' varying intensity, such as is 

encountered here. In this case, the output of the self­

rectifying X-ray tube is not eontinuous, but occurs in 

bursts or pulses of about l/15oth sec duration, separated 

by comparatively long intervals during which time the tube 

gives no output. Thi& is because the X-rays are only 

produced duri ng a port.ion of one 'half the voltage cycle 

when the voltage is in excess of the critical. exei·tation 

potential for the characteristic radiation being generated. 

Let us suppose that the actual rate of counting at · 
• any instant of tim~ tis ~t while the recorded rate is nt, 

per second. Hence in a small intervaJ. of time tJ t, we have 

Actual number of counts = ~ ~ t 

Observed number of counts = n;,bt 

so that the number of eounts missed is (ntbt - Ilt,~t). 

If the dead- time r occurs only after recorded eounts, the 
I 

counter is insensitive ·for a portion (Ilt,bt) '1 of 'the total 

counting time ~t, and we have therefore missed (Ilt,) (J¾,~t) 

counts. 

Equating these t wo values of the lost counts we obtain . 

nt6t - ¾£t = ntrit.St(1') 

to relate the obse~ed and actuaJ. counting r at es. 
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When we count for a long period of time T we obtain 

on integration 

1 ntbt 
0 JT •c JT , ntot · = 'T'(ntnt&t) 

0 0 

- JT 'T("t,ni,hJ-----(3.9) 
0 

N - N' 

where N :! f.T ~ 6t = actual number of counts in T secs 

JT t and N ' ~ Dtbt = observed number of counts in T secs 
0 

(12.) 
According to w.cochran, we can approximate for 

small corrections, and write 

~ N' 
nt N 

and the equation (3.9) then becomes 

N - N' = 

= 

-

J. ¾(;)~St 

N N'11 ¾~ t/N2 

N N•~[f: 4E1/ {1 "t,h ~ 

N N' r( K --------------------- (3.10) T 

f'rom which, for small corrections, we have 

N N((1 - N' K;) ------------- (3 .11) 

It is st~ted @that this equation holds good for correct­

ions up to 30% o:f the actual count_. 

For a continuous source of radiation the corrected 

count in time T is given by 

N = Nf( l ...,. ~ 'f) -------------------- (3 .12) 
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By comparing the two equations, we see that the pulsating 

nature of the X-ray beam effectively increases the dead.­

time of the counter by the factor K which is given by 

K = T ! '¼_&t/ {[ ntb~ -------~------ (3. 13) 

and which can be calculated from a knowledge of 1ihe 

voltage applied to the X-ray tube and the critical excit­

ation potential V0 of 1ihe target mat erial.o 

In the present investigation the voltage waveform was 

considered to be of the form Vt= Vm cos(21T'pt) and K 

calculated for a number of values of(Vo/vmJ. The results 

are shovm graphically in :fig (3. 1) and it is seen that if 

the applied voltage Vm is not very much great.er than the 

critical potent ial VQ the f actor K is large and rapidly 

i ncreases as Vm approaches V
0

• Under these qonditions, the 

counting losses would be high, and with K varying rapidly 

with small changes in the applied voltage, it would be 

extremely di~ficult to make adequate corrections fo~ them. 

If, on t he' other hand, t he X-r~r tube is operated so 

that V0 < 0 .. 5 , K i $ small and varies so slowly that it 
Vm 

can be taken as a constant f or smaJ.1 changes in the applieq 

voltage during the counting period. It is the1 .. efore 

advisable to work the tube at a voltage > 2V O in order 

to minimise the counting losses and make accurat,e correct-

. ions for them by applying equation (3.11) wluch can be 

written 
N ~ N' (l + K; N•) 

since Kf N' .is small and second order terms are ignored. 

It follows that every observed N in equation (3. 8) 

must be replaced by a term of the form N(l + K:{ N) in order 

to correct our intensity ratio for t.ne eounts lost during 
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the measurement. 

Consider the term N e N,+ N7 
0 2 ~ 

N1+ N3 becomes when corrected 

Kr Kr 
N, (1 + T N,) + N3 ( l + T N3 ) 

K 'T"' 2. 2. 
(NI+ N3) + T ( N. + N3) 

1 K,;{ 2. - 2.J ( N. + N3) + 2 T ( N, + N3) + ( NI - N3) 

2 '2 
Now, (N, + N3 ) > > (N, - N3 ) so we may neglect. t he second 

part of the correcting tel'lll and write 

( ) 1 K 'T' 2 
N1 + N-z + - - (N + M ) ;;, '2. T I 3 

(N,+ N3) { 1 +~K;)~~,; N~} 

so that No ➔ No ( l + K; No) 

Similarly, N' ~ N' ( 1 + K 'T'
1

N' ) 
o o . T o 

I 
where'( i s now the dead-

time of the second counter. 

The observed counts N and N' become 

N(l + K ct N) 
T 

and N' {1 + K r'N• ) 
T 

and t he substitution of these terms in equation (3. 8) gives 

I (N N') {(l + K'f' N ) (1 + K'T''N• )} 
o O T O T 

I = N N' (l + K " N ) (l + K r'N•) 
o T T o 

·(N N'){ KT' K-r' } 
-

0 
- l + - (N - N) - - (N ' - N') ------- (3 .14) 

N N' T O T o 
0 

if the corrections are small and we i gnore squared terms. 
I 

Now, 1' was made equa1 t o 'f' by a su1 table ehoice of 

R and C va1ues (fig. 2.3) i n t he quenchi ng circuits , and 
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we can write 

~
0 ~ ~,:u ~ + K; {(N0 - N) - (N~ - N')}] --------•(3.Jl;) . 

Hence (I0/2:) is determined if' the N's are measured 

experimentally in the· manner described and t.he correction 

factor __ ( K T'f') is known . _for the radiation . _conc~rne~. 

(1') is then obtained by means of equation (3.3) which 

becomes, when ·we substitute ·for ( 10/2) f'rom equation · (3".15) 

·if; = tfog8 (:,:J + log8 [i + K; {(N,- N) - (N:- N'® 

2 

For small corrections [ K; { (N, - N) - (N~- N' >B < 1, and 

we can write 

~ = ..!.. [log (No N') + K " { (N0 - N) - (N~ - N ' )}~· 
P eu . e N N' . . T . Cl 

0 

Let .(No N') ~ R 
N N' 

0 

so that 

and { (N
0

..:. N) - (N1- N' >} ~ M 

-#:: !!!!!!. :!_ {log R + K'T' u} --------------------- (3.16) p w e T 

~oughout this work, logaritbins to the base 10 have been 

used to c:;aleulate the results, and so the practical form 

of the equation is 

-#- = 2 .3026 {log R + C(PJI)C 
p W 10 ) 

where C 
K tf' 

== 2 . 3026 T· 

A typical example of the application 0£ this co;rreetion 

factor to the logarithm of the . intensity ratio is shown 
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in tabl e (3.5). 

The readings are from the absorption measurements 

carried out with Carbon absorbers and Co Ka._ , radiation 
- &i 

:for which C ~ 20 x 10 • 

TABLE 3.5 

. Example of Correction for lost counts 

X N N N' N' M log R C(M) log,o R 
0 0 10 + C(M) ems 

2436 413 3456 3378 1945 o.7607 o. 0398 0 . 8005 

o.1aoo 2413 391 3314 3400 2117 0 . 8026 0 . 0433 0 . 8459 

2463 388 3430 3504 2145 0.8119 o. 0439 0 . 8558 

2345 1205 313g 3274 1275 0 . 3075 0 . 0261 0 . 3336 

0. 012s 2294 1187 3180 3200 1127 0 . 2786 o.02a1 o.3011 

2306 1136 3225 3148 1093 o.2968 0 . 0224 0 . 3192 
, 

2564 1446 3430 3320 1008 o.2656 0.0206 0 . 2862 

o.oss1 2497 1439 3221 3255 1092 0 . 2439 0 . 0224 0 . 2663 

2408 1411 3360 3420 1057 0 . 2398 0.0216 0 . 2614 
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(d) Measurement. of (K;). 

If logeR is experiment.ally 

determined for a number of foils, and the values so 

obtained plotted against CJ, the curve int.he case of a 

monochromatic beam will be given by 

µ.., K '( 'P = 1og8R + T (N0 - N) ------------------ ( 3 .17) 

Here, the term K.; (N:- N') bas been omitted because, for 

the mean of a JlllIIlber of determinations the tube fluctuat­

ions will tend to cancel out so that (N~- N') is zero. 

The type of curve obtained is shown in fig (3.2) and 

it is seen that a tangent drawn at any point will give a 

negative intercept on the log
8
R axis. The slope of the 

tangent at any point is 

d log
8
R 

dru 
Jl_ 
p 

K.'I d(-N) 

'l' deu 

We ean write to a good degree of approximation 

N= N ~{!p)w 
0 • Hence d(-N) 

dc.J 

and the slope of the tangent becomes 

-= ~N 
t° 

d logeR 
dw 

/1::PJ K ,r 
(pl (1- T N) ----------------- (3.18) 

For reasonably large values of ev , N is small. and 

therefore, since K :J i s also smaJ 1, we can write 

d log8 R = (-f¼' 
du.1 pl 

The curve therefore becomes linear for large values of u.J and 
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the slope ·will give us ( .f/) o The equation 0£ the tangent 

to the curve at any point is given by 

log8 R -= {j){l- K:;N)w + c ----------.. --
where c is the intercept the tangent makes with the 

loge R axis. 

Substituting for log8 R :from equation (3. 17) and 

we obtain 

(3 .19) 

c ~ - KT'1'~0- N(l + <1>~] ------------ (3. 20) 

where N has a value corresponding to the point at which 

the tangent is drawn, and <-/)f) i s given by t.he slope of 
. ' the linear part of the curve. 

The correction factor ( K{) can thus be calculated 

from the equation i:f values o:f the intercepts c are 

taken from the experimental curve . In practice, gowever, 

it was found rather difficult to draw the tangents 

a ccurately enough, with the resul.t that large errors 

occurred in 'the estimation of the intercepts, and hence 

in the value obtained for the correction factor. 

A better method is to use ~he linear portion of 'the 

curve to obtain (Pp) and then to ealculate ( K ,1) by 

means of equation (3 .16) for eaeh individual foi1 

measurement. 



The equation gives us 

where Cff)obs 

Hence 

W{~) -
'P 

(j-) ~ 

l - -log R. w e 
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loge R + K rr M 
T 

loge R l K,r 
w + cY T M 

(--/¾) b + ~ K cf' M 
r OS u> · T 

' 

K; = c..i[<f) - Cflob~/M ------------(3.21) 

For each i ndividual foil w, both Cif')obs and M are 

calculated from the observed counts. Then, using the value 

of (~) obtained by taking the slope of the linear part 

of the curve, (K,!) is calculated :from equation (3.21) for 

each measurement. Becausi3 of the statistical nature of the 

counting data, large diff'erences occur between the 

individual values, but the mean is fairly accurate, and 

1s taken as the correct value - t.he degree of accuracy 

being determined by a calculation of' the probable error 

by the method of' residuals. 

We may note here, that once (K~1 has been determined 
T . 

£or any particular wavelength, the value can then be used 

to correct all. subsequent measurements carried out with 

that wavelength - care being taken to operate the X-ray 

tube at the same voltage and current each time. 
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3 .• ~. ABSORPTION OF Cu K RADIATION BY THIN FOIL$. 

(a) Preliminary work, 

I j 

For this work the monochromator was 

f'itted with the silver reflector, and a copper target 

inser~ed in the X-ray tube. The whole _apparatus was then 

set up and adjusted as described i n Part 2, Section 6, of 

this thesis, and a prel1ininary series of readings, (sho~ 

in table ~.6), t,aken with aluminium foils in erder to 

TABLE 3 .6. 

Test. series with Aluminium foils 

.. 

I 
x {cms) No N N' 0 

N' M log R 
10 

Mean l.og R 
10 

1515 280 2461 2556 l.330 0,7496 

.0132 1337 253 2061 2281 1304 0,.7671 0 .,7421 · 

1416 268 2226 2159 1081 0 .. 7095 

1519 643 1735 1793 934 o . 3867 

. 0068 1165 499 1560 1571 677 0.3714 o.3849 

1366 639 1485 1?33 975 o.3968 

1494 745 1775 1674 648 0.2768 

. 0048 1966 1131 2317 2173 691 0"'2267 o.,2426 

1918 1175 2547 2615 801 0.2244 

1701 1224 2199 2185 463 0 •. 1401 

: .0030 1694 1215 2291 2314 502 o.1se8 .0 . 1496 
,· ., 

I 

1714 1220 2268 2273 399 0-.1494 

1839 1331 2373 2333 468 o.1308 

, .0026 1775 1329 2317 2370 499 o.1357 o . 1a10 
I 

1842 1385 2299 2314 472 0 .1265 

1743 1355 2344 2438 494 0.1264 

\ . 0027 1883 1355 2367 2367 528 o.1430 0 .1.443 

1643 1127 2130 -2150 536 o .1678 
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check the purity of' the monochromatic beam and obtain 

the correction f'or lost counts . 

Three counting runs were taken with each of six 

foils of diff'erent thicknesses, the. mean value of 1.og ,
0 

R 

being computed for each foil. 

First of all , log
10

R was plotted against the foil 

thickness, x to give the curve sh&wn in fig (3.3). 

The slope of the l _inear part of the curve gives 

(~ . ;: 49.30 

which agrees quite well with the accepted value for 

Aluminium at the CU Ka., wavelength. Further , the curve 

also shows that the beam is not contaminated by any other 

wavelengths, since .it does not bend in such a way as to 

. give a positive intercept on the log,0 R axis wb~n the 

linear portion is extrapolated to x ~ o. 
We have in this case, however, a slight negative 

intercept, which is ( as discussed In Part 3, Section 3 ,. ( d) 

due to e.ounti:ng losses . 

In table (3 ,7), (K;)has been calculated from each 

individual counting measurement -by means oi" equation (3.2J.) 

using ( f) ~ 49 .30 as the correct value of the mass 

absorption coefficient. 

We may mention here, that the large differences 

between the individual values are due to the inherent 

statisti~al variations of the counts~ A definite positive 

mean value is obtained, however, which thus definitely 

establishes the presence of caunting losses in the system. 

In order to calculate the probable ex-r0r oft.he mean value 

the residuals of K; and their squares a.re also given in 

the table . 
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TABLE 3 .7 

Calculation of (K;) for Cu Kct1 radiation 

w 
(*)o~s M 

M -4 (~)- (?}) K-r X 106 K'l"' l<'T' (K/ -~,r} Gi1'1S/ SQ CM 0 x 10 
ou,:, .T T - T 

42.90 468 6.664 6 .40 96.03 + 24. 65 608 

.OC'fl02 44 .51 499 7 .106 4.79 67.39 - 3.99 16 

41.50 472 6.721 7 .80 U6.06 + 44.62 1991 

39.93 494 6 . 774 9 . 37 138.32 + 66.92 4479 

00(1729 45.16 528 7 . 241 4 .14 ·57.18 - 14.20 802 

53. 00 536 7.351 - 3 .70 - 50, 32 - 121.10 14810 

39 . 85 463 5.716 9.45 165.33 + 93. 92 8821 

.00810 47.90 502 6.197 1.40 22 .59 - 48.79 2380 

42.50 399 4.,926 6 ,.80 138.04 + 66 .62 4439 

49.19 648 4.999 0 .11 2.20 - 69 ,18 4786 

.01296 40.29 691 5 .331 9.01 169,.0l + 97 . 62 9530 

39 ,87 801 6.119 9.43 152.,61 + 81.22 6596 

48.51 934 5~086 o.79 l5o53 - 55.85 3120 

.01836 46.59 677 3.687 2 .. 71 73,51 + 2 . 13 4 

49.77 975 5,,310 -o.47 - s.,85 - 80.23 6437 

48 .44 1330 3 .732 0,86 23,05 - 48. 33 2336 

.03565 49.57 1304 3.658 ~0.27 - 7.38 - 78.76 6203 

45. 83 1081 3 .. 033 3 .47 114.4.J. + 43.02 1851 

The final value obtained for the co:rreetion factor is then 

K 1' 
T 

- 6 
~ (71 ± 11) X 10 

In order to correct expex-imental values of log 10 R we require 

1 (K <r, 
..,_.2 _....,,..3=-02-6 "T) which is (31 + 5) X 106 

This value is now used to conect all subsequent. 

measurements carried out with th.is wavelength - ca.re 

1:,eing taken to keep the tube voltage and current at the 

same values throughout . 



FIG. 3.4 

-POSITION 1. Between the two slits of the collimating 

system. 

Source. Slit 1. Foil. Slit 2. Counter. 

FIG. 3.5 

POSITION 2. Near the counter window. 

Foil. 

Source. Slit 1. <t' Slit 2. Counter. 
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(b) Experimental techni_que • 

The absorption measurements 

were carried out with the f oils placed in the monochromatic 

beam in two different positions, as follows 

POSITION l • • • ••• •••• . . Between the two slits of the collim­

ating system. (fig 3 .4) 

In this position, only the transmitted X-ray beam is 

detected by the counter, the nuorescent and scattered 

X-rays not coming through the second slit, so that the 

measurements obtained with t his arrangement give the real 

total absorption coefficients, ( ; ) • 

POSITION 2~• ·•••·•••• Near the counter window. (fig 3 . 5) 

In this second position, some fluorescent and scattered 

X-rays, as well as the main transmitted beam enter the 

counter, giving a slightly increased transmitted intensity 

which should therefore give a smaller value of {; ) • In 

the rest of this work, this absorption coefficient will be 

denoted by ( ; ) '. 

For each metal, three foils of different thicknesses 

were used, and three counting runs were taken with each foil 

in both positions. Eaeh counting run consisted of five 

consecutive counting periods of three minutes duration, 

and were ca?Tied out as described in Part 3 1 Section 3 (b). 

Log 
10 

R was then calculated for each counting run, corrected 

for counting losses, and the mass absorption coefficient 

determined. Nine values of (; ) and (: )
1 

were thus obtained. 

The resul.ts, using Beryllium foils, are given in 

table (3 . 8) as a typical example of the procedure. 



Beryllium (l.82 gms/oc ) 

PO S IT I ON l 

X N N .M, N' M lQg io R 
0 0 ems 

1853 414 2 2 91 2310 1458 0 .6545 

0 . 444 l.809 3,94 2259 2286 1442 o . 6671 

2115 503 25'15 2653 1690 0 .6366 

1861 934 2299 2377 1005 0 .3139 

o.1975 1721 912 2190 2200 819 o .2777 

1959 911 2392 2260 416 0 .3078 

1829 792 2423 2440 1054 o .3665 

0.2250 1895 802 2598 2539 1034 0 . 3634 

1803 '789 2375 2466 1105 0 . 3753 

•r. AB 1.aE 3 • 8 
Cu. K ct.. 1 r ad1a t1cm 

Example ef tb.e exper1ment a l prooe"-ure. 

POS I TI ON 2 

C (M ) l0g10 R (Jf} X N. N N' N' M l og ia R coo l 0g10 R 
0 

+c(M) ems +C(M) 

. 04374 o .6982 1 . 990 1365 286 2123 2 1'74 ll30 o.ea91 . 03390 0 . 7230 

. 04326 0 . 10 04 1.998 0 . 444 1314 268 2098 21.63 llll o .7038 .03333 o . 7371 

.05070 0 . 6873 1 . 959 1269 230 21'76 2058 115"1 o . 6 1'76 . 03471 0 . 6523 

.03015 o . 3441 2 .204 1310 6 31 2235 2087 531 0 .2876 .01593 o.3ois 

. 0245'7 0 . 3 023 1 . 936 o . 19'75 1299 654 2143 2327 829 o . 3339 . 02487 0 . 3588 

,01248 0 . 3203 2 . 051 1376 656 2250 2159 620 o. ~037 . 01860 o . 3223 

.03162 0 .3981 2 . 239 1521 685 2 484 2507 859 0 .350~ . 0 25'7'7 o . 3761 

.03102 0 .3944 2 . 218 0 .2250 1554 654 2586 2643 957 o . 5853 . 02871 o . 4140 

. 03315 0 .4085 2 .297 1510 661 2635 2600 8.14 o •. 3530 . 02442 0 . 3177-4 

(-!fe-)' 

2.060 

2 . 101 

1 . 859 

1.944 

2 .299 

2 . 004 

2 . 115 

2 . 328 

2 . 122 

0) 
0) 
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(c) Results. 

Nine metals in al1 were examined with Cu K cc, 

radiation, both (;) and (;)' being measured. 

The results are given in tables (3.9---- to 3.17) 

where i n eaeh case, the values obtained with different 

foil thicknesses are tabulated, together with their 

deviations from the mean value, in order to show the 

variations due to counting statistics and between 

individual :f'oilso 

The probable error i n the mean value of each 

mass absorption coefficient is calculated from the square 

of the residuals, which are given in the last column of 

each t able. 
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TABLE 3 . 9 

BERYL LIU lV.I. P· ~ 1 .s2 sms/cc . 

Absorpti on of Cu K a, r adi ati on 

POSITION 1 POSITION 2 

~ ~ - -14 (!) .- 1#)2 ' -#--' #:' - .f:!:.' 
' - 2 

X (#/' ~ ¾') 
ems f p p p p 

' 1.990 - 0 .100 . 01188 2 . Q60 -O.Q39 oQOl52 

0 . 4440 1 ,998 - 0 . 101 . 01020 2 •. 101 - 0 . 002 .oooqo 

1 . 959 - 0 .140 .Ql.960 1.a59 - 0 . 240 . Q5760 

2 11 204 - 0 .. 105 . 01103 1 .944 -O. J,55 . Q2403 
' o.1975 1 .936 - 0 . 163 . 02657 2 . 299 -o.~oo .04000 

2 , 051 -o.048 000230 2 . Q64 - Q. Q35 oq0l 23 

2 . 239 - Ool40 . Q1960 2 . ),.15 - O. Ql6 . 00026 

0 , 2250 2 9218 - 0 ol.19 .. 01416 . 2 . ~28 -o.~29 .. Q5244 

2 . 297 - 0 . 198 . 03960 2 . 122 -0. 023 ., 00053 

-It· -If· 
Mean value 2. 009 2 .. 099 

Standard devi at ion o.046 o . 049 

Probabl e error 0 . 001 0 . 033 

. (~~ = 2 . 10 ± . 03 
J 

(;) ~ 2 . 10 ± . 03 
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TABLE 3 .1.0 

CARB0ll P ~ l . 52 gms/cc 

. . 
Absorption of CU K ct., radi ation 

POSITION 1 POSITI ON 2 

X µ. I!:_ - I:!:. (~ - -:-)2 /.1_1 /J. ' _ ./:!:-' (!f- ~'f ~ 

ems p p p p f p 

4 .303 -0.156 . 02434 4 . 441 - o.042 .00176 
' ' ' 0 . 2852 4 . 323 - 0 . 136 .01850 4 . 522 + 0. 039 .00152 
' ' 4 . 598 + 0 . 139 . 01932 4 . 543 + 0. 060 . 00360 

4 . 764 + 0. 305 . 09303 4 . 783 + 0 . 300 . 09000 
' 0 . 1800 4 . 590 + 0 .131 . 01716 4 . 365 - 0 . ll.8 . 01392 

.. 
' 4 . 358 - 0 . 101 . 01020 4 . (177 - o.406 .J.6484. 
' 

5 . 001 + 0. 548 .. 30030 4 . 950 + 0. 467 . 21.800 
,, 

o. o.551 4 . 424 - 0.035 .. 00123 4 . 685 + 0. 202 .04080 
.. 

' " ,, 
3 . 762 - 0 . 697 948580 3 . 979 -0.504 . 25402 

_fL f..J.. I 

p p 

Mean value 4 . 459 4. 483 

Standard deviation 0.116 0 ~100 

Probable error 0.(178 0 . 071 

(1P) ~ 4 . 46 + . 08 
I 

(';;) ~ 4 . 48 + . 07 
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TABLE 3 .,11 

ALUDEINIU ?JI P = 2. 7 gms/cc 

Absorption of CU K a.1 radiation ' 

POSITION i POSITION 2 

. x ·µ µ ' f-L (~ '- :/ µ '' µ'_ µ' (~'- ;J ems p p-p p p p 

si .01 +1~42 2 . 016 47. 59 + 0 . 55 Oo303 
. 

52. 00 ' I ' ' ' 
0 .0132 + 2 .. 49 6 . 200 51 .91 +4 . 87 23. 717 

' ' ' ' ' ' 
47 •. 93 -1. 66 2. 756 44. 63 - 2 . 41 5 . 808 

' 52 . 01 
I 

+ 2 . 42 5'. 856 42. 60 - 4 . 44· 19.714 
I l ' ' 

o. 0068 49. 13 - 0 . 46 0 . 212 54. 20 +7 . 16 510266 
l ' ' ' I ' 

5304.5 +3 . 86 14.900 48. 16 +1.12 1 . 254 

' ' 52. 64 +3 . 05 9 . 303 43. 94 - 3 . 10 9 . 610 

' 
o. 0048 43. 96 - 5 . 63 31.700 45. 53 - 1 . 51 2. 280 

44. 15 - 5 . 44 29. 594 44. 75 -2. 29 5 . 244 
I 

1:!:. l:!::. I 

p p 

Mean value 49. 59 47 . 04 

Standard deviation 1 . 19 1 . 29 

Probable error 0 . 80 0 . 87 

, 

(-~) ~ 49 u6 + 0 . 8 (1t) ~ 47 oO + Oo9 
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TABLE 3 . 12 

IRO N P = "1 .• 8 £!JDS/cc 

Absorption of Cu K a, radiati on 

POSITION 1 POSITI ON 2 

X - (~ - t / f::!:. ,_ I:!... ' (~' - ~f · A ti - !:!:. I:!::' 
ems p p p p p p 

'318.6 +10. 1 102. 01 301 . l + 0 . 2 o.o 
,,000623 '294.3 -14 . 2 201. 64 293. 2 - 7.7 59. 3 

3CJ"l o3 - 1 . 2 1 . 44 303. 9 + a.o 9 . 0 . 
284. 6 - 23 .9 571 .. 21 285 . J. -15. 8 249.6 

. ' . 
. 000876 303. 6 - 4 .9 24. 0l 275.7 -25. 2 635 . 0 

319 . 8 + ll. 3 127. 69 2"/? . 0 ..;.23. 9 571 .. 2 
' 

3l8ol + 9 .. 6 92.16 316. 2 +15. 3 234. J. 

0001010 314. 8 + 6 .3 39 . 69 321. 6 +20. 7 428. 5 
' 

315 . l + 6 . 6 43. 56 334. 2 + 33. 3 1109. 0 

t /J. I 

p 

!Jean value 308. 5 300. 9 

Standard deviation 4 . 1 6 08 

Probable error 2, 8 4 . 6 

(~) e 309 + 3 
I 

(lfj .... 301 + 5 
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. TABLE 3 .13 

N ICK E L P = 8 . 9 gms/cc 

Absorption of· cu K cc. , radiation 

POSITION l POSITION 2 
X if µ. _/:; et -1t/- f::!:. I H! - µ_ , (~'- f'f ems p p p p p p 

49. 51 -3.82 14. 59 58.91 + 6.79 46.10 

.000900 54.30 +0.97 0.94 41. 90 -10.22 104045 

53.50 + 0 .17 0.03 44.71 - 7 .41 54.91 

50.18 - 3.15 9 .92 
-ii' 

68 .50 

.001800 50.54 - 2 . 79 7 . 78 55.59 + 3 . 47 12. 04 

52 . 26 -1.cn 1.15 53. 46 + 1.34 1 . 80 

57.61 + 4 . 28 18 . 32 56 . 44 + 4 . 32 18. 66 

.002700 53 .54 +0.21 o.04 51. 38 .- 0 . 74 o.55 

58.53 +5 .20 27.04 54.54 + 2 . 42 5 . 86 

* Neglected when t aking mean 

.H. 1:!:...' 
p p 

Mean value 53 .33 52.J.2 

Standard deviation 1 . 05 1.84 

Probable error 0 .71 1.24 

, 
~ = 53 . 3 + 0 . 7 (~) ~ 52 .J. + 1 . 2 
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TABLE 3~14 

CO PPER p ~ a.a~ gins/cc 

Absorption of cu Ka:., radiat.ion 

POSITION 1 POSI1'IOU 2 

X f!:. _ l: 
-2 

#'-J:!::..' ~'- Jj;'f * (~ - t ) /::!:_ I 

ems p p p p p 

48. 66 - 2.12 4 ,49 57. 04 +3 . 20 10. 24 

. 002283 53 .. 15 + 2 . 37 5.62 53.06 - 0 . 78 0 . 61 

50..,05 - 0 .73 o .53 50. 66 - 3 . 18 10 . ll 

45.94 - 4 . 84 23. 43 58. 94 +5 . l.O 26.0l 

.001010 50.12 - o.66 o.44 53. 81 - o.oo o.oo 
52075 + l . 97 3 . 88 51. 23 - 2 062 6 . 86 

52.08 + l.30 l . 69 57.16 + 3. 32 u . 02 

. 002766 50 •. 73 - o.oo o.oo 51.97 + 1 . 87 3 .50 

53. 54 +2 .76 7 . 62 51.74 - 2.10 4. 41 

4 · l.l. '· 
p 7i 

11een value 50. 78 53. 84: 

standard devie:t:i.on 0.81 1.01 

FJ•obable 0.56 o.68 

I 

(f) ~ so.a + o.6 CB ~ 53. a + 0 .1 
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TABLE 3. 15 

Z I N C f> !!!! '7 . l gf!jS/ CC 

Absor1rti on of CU Ka. , radi ation 

POSITION l POSI TI ON 2 

X j!: }! _ _}! (~ - E )2 ./:!:.. I j:!:_ '_ f-.U ~'-#'f c.ius p p p p p p p p 

65. 63 +5 . 19 26 .94 55 . 95 - 3 .. 23 10 . 43 

. 00080 57 .61 - 2 . 83 8 . 01 58. 21 - 0 . 97 o.~4 

53. 80 - 6 . 64 44. 09 57 . 6]. - 1 . 57 2. <':i:7 

36.55 * 58. 41 - o . 77 0 . 59 

1' 00160 44. 32 * 61 . 11 · + l o93 3 . 73 

56. 50 - 3 . 94 1.5. 52 59. 60 + 0 . 42 0 .. 18 

67. 86 +7 . 42 55. 0o 61 . 08 + l. 9 0 3 o6l 

• CJ02•.t:O 61. 27 + 0 . 83 0 . 6~ 61. 04 + l .. 06 a . 46 

60043 - 0 . 01 o.oo 59. 60 + 0 . -¼2 0 . 18 

* Neglected when t&.ki Dg mean 

ft .j::;_ I 
p 

I.lean value 60. 44 59. 18 

Standard deviation 1 . 90 0 . 06 

Probable er ror 1 . 28 0 . 04 

' 00 = 60. 1 . 3 (f) = 59. 2 + () .. 6 
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TA~ 3 . 16 

!i O L Y B D E Ii U M p = 9 . 01 JillS / .CC 

Absorption of CU K a. 1 radiation 

POSITION l POSITI01i 2 
X _/:!: 14-~ (~ -Jf )a E. I J:!='_ j:Y ~'- Jt 'J° ems p p p p p p 

162. 4 + 4 . 3 18. 49 15203 + 1 . 6 2 ~b6 

0000672 164.9 + 6 08 46. 24 159 06 + 8 .9 79021 

155. 2 - 2 o7 '7 029 166, 8 +16. 1 259. 2 

l57o9 - 0 . 2 Go04: 146. 4 - 4 o3 18. ~ 

. 000906 153 •. 7 - 4 . 4 19. 36 13501 * 

162. 8 + 4 , 7 22. 0<J 14108 - d , 9 '7d o2J. 

158. 0 - Ool . 01 157. 2 + 6 . 5 42.25 

0001541 157. 5 - Q. 6 . 36 14¼. ~ - 5 . 8 33,64 

150 . l - s.o 64. ')0 156. 7 + 6 00 36. 00 

* Neglected when taking mean 

I¼ ~I 
p 

Mean value 158. l 150. 7 

St andard deviation 1 . G 2 . 8 

Probable error 1 . 1 lo9 

I 

(-ff) ~ 158 + 1 (-/$j ~ l5l. + 2 
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TABLE 13 .• 17 

PALLADIU Lt p ~ 1 2 , 2 gras/~c 

Absorption of Cu K a., radiat ion 

POSITION 1 POSITION 2 
2 _ 2 

X -
(~ - ,) ;C I c '-E' (1' - if) -I!.: . J!: _ ·-13: ems p p p p p p 

' ' 
2081s l + l 6 o2 262.4 21309 - 406 2l ol6 

' ' ' ' . 
0000552 19504 + 3 ,5 1 2 o2b 2 (17 .. o + 2 ~3 5.29 

' . . ' 
206 .,3 + 14. 4 2(17.4 228(;1 +1808 353.4 

17806 - 1303 l"/6 .9 198.9 - 10;4 10802 

.001026 17503 - 1606 275. 6 213.5 + 4~2 17.64 

181 .. 6 - 10 .. 3 lOOol 195.2 - 14.1 198.8 

206"2 + 14;.3 20405 210 .. 0 + 0,7 Oo49 

0001004 18605 - 5o4 29. 16 2<:J7 o2 - 2 . l 4 o4J. 

188.9 - 3 o0 9 o00 20999 + 0 06 Oo36 

~ 

4- u ' 
-· ~ 

~an value 191. 9 200-0 3 

Standard deviation 4 . 2 . 3.1 

Probable erro1• 2o9 2. 1 

I 

(f;) ~ 192 .+ 3 t!f;) = 200 + 2 
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TQ en<il this Sectien the mass absorption eee:tficient.s 

obtained with Cu K a. , radiation, are Stumna:rised :tn tables 

(3.18) and (3.19) . The mean percentage probable error of 

the measurements is found to be 1.5 %. 

TABLE 3.18 

TOTAL MASS ABSORPTION COEFFICIENTS (1) 
Atomic Absorption ProeabJ.e % Probable 

Absorber mnnber coefficient error e?TQl" 

Beryllium Be 4 2 cl0 ± 0.03 1.5 

Carbon C 6 4.46 ± 0 . 08 1.7 

Aluminium Al 13 ·19 . 6 + 0 .8 1.6 

Iron Fe 26 309 ,f. 3 o.e 

Nickel N. J. 28 53.3 ± 0.7 1 . 3 

Copper cu 29 50.8 ± o.6 1 .2 

Zinc 
j' • 

Zn 30 60. 4 ± 1.3 2.1 
, 

Molybdenum Mo 42 158 + 1 o.7 

Pall adi um Pcl· 46 192 + 3 1.5 

TABLE 3 .19 
I 

MASS ABSORPTIOM COEFFICIENTS ~ ) 

Atorµic Absorption Probable % Prebable 
Absorber number coefficient err-or error 

Beryllium Be 4 2.10 ± 0.03 1.5 

Car'bGn q 6 4 . 48 ± 0,.07 l. .9 

Aluminium Al 13 47.0 ± Q. 9 1.8 

Iron Fe 26 301 ± 5 1.3 

Nickel Ni 28 52 .. J. ± 1.2 2 . 4 

Copper Cu 29 53. 8 ± 0 .7 l..3 

Zinc Zn 30 59 . 2 .± o.04 0 .08 

Molybdenwn Mo 42 151 .j. 2 . 1 . 2 

Palladium iP.d 46 200 + 2 1.0 
-
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' · 

3 .5 ABSORPTION OF Co K cc., RADIATION BY THIN FOILS 

(a) Preliminary work. 

For this work, a Cobalt target was 

inse~ted in t he X-ray tube in place of' 1;he 9opper one, the 

rest of the apparatus being left. undisturbed $ince the silver 

reflector in the monoGhromator· reneeted the Co Ka., radiation 

along exactly the same pa.th as taken by the Cu K ct, beam 

TABLE 3 . 20 

Test series with Aluminium foils 

X Mean 
No N N' N' M log,0 R log,o R r,m~ 0 

3265 2078 4232 4253 1229 0.2012 

. 0026 3453 2197 4074 4056 1274 0.1945 0 . 1960 

2796 1882 2723 2856 1046 0.1923 

' 3617 2226 3909 3868 1349 0 . 2060 

. 0027 3624 2231 3872 3982 1503 0 . 2229 0 . 2132 

3433 2156 3980 4061 1358 0 . 2108 

2534 1506 320,5 3366 1190 0 . 2436 

.0033 3462 2080 4785 4753 1378 0 . 2220 0 . 2452 

3626 2100 4l99 4513 1855 0 . 2701 

3441 1174 4628 3972 1611 0 . 3907 

.0048 3127 1341 3'703 3881 1964 o . 3882 0 . 3718 

4050 1860 46?5 4659 2174 o . 3365 

3990 llOO 4328 4305 2867 o . 5573 

.0068 4065 1157 4431 4624 3101 o. 5642 0 . 5551 

4138 1206 4698 4788 3022 o . 5437 

2915 210 3357 3356 2704 l.1550 

.0132 3145 286 3618 3753 2994 1.0570 1 . 0940 

3231 271 3113 3660 ~(17 1 . cno1 
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TABLE 3.21 

Caleula:t.ion of (K:J) for Co Kct. 1 radiation 

lu 
15.1 - .!Sr 

_ 2. 

~M-~ 
(~o:ss M MX 106 (~)- (~) l<,,-'X1106 (V-¥) 

Sa. CM w T T T 
PBS 

66.00 1229 0 .1750 8 .. 03 45988 - 1.25 2 
' 

.00702 63. 80 1274 0 .1813 10.23 56.41 + 9.28 86 

~.10 l.046 0 .. 1490 10.93 73 .. 35 + 26,22 688 

65.('}7 1349 0 .. 1850 8.96 48.43 + 1 . 30 2 
) 

.00'729 68.80 1503 0.2001 51)23 25.37 - 21.76 474 

66.57 1358 0.1863 7.46 40~04 - 7.00 50 

63.96 ll9Q 0 .1335 10.w 75.40 + 28.27 799 

.00891 57 .38 1378 0.1558 16 .65 106.90 + 59,77 3572 

69091 1855 0~2117 4.12 19.46 - Zl .• 67 766 

69.43 1611 0.,1243 · 4.61 37.00 -10.04 101 

.01296 68 ... 87 1964 0 .1524 5.07 33.28 - 13.85 • 192 

59.80 2174 0.1678 14.24 84.85 +37.72 1423 

69.90 2867 o.1567 4ol.4 26.42 - 20. 11 430 

.01836 70.78 3101 0.1689 3.26 l9o30 - 27 .83 · 774 

68.20 3002 0,.1649 5.84 35.42 - lJ..71 137 

74.63 2704 o.0759 -0.59 -7.78 - 54~91 3015 

.03565 68.30 2994 000840 5.74 68.33 + 21.20 449 

69. 13 '29(1"/ 0 .0815 4 .. 91 60021 + J.4.,08 l.98 

in the ~prev!eus work. 

The smne !)roceaure was ador1ted, and a preliminary 

series of ream.nus taken wi t.11 A.tuminium foil.s to oheok 

the pu.ri ty ot t ,be beam and obta:tn the oovrect.ion :f'or lest 

counts,. ~:~e test reoults ere given in. tables (3.20) and 

( 3 <I 21) a.nd. by the g:-aph sbomi in fig ( 3 ~ 6) • They indicate 

a pure monochroma:tic beam of Co Ka:. 1 radiat,ion, and a 

corre¢tion factor l /K; ) - 6 
2.,3026 \:: • equal to (20.5 + 1 . 9) X 10 • 

(b) Resultso These are given in tables (3. 22) •• oto.o.(3 . 30) 
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TABLE 3. 22 

BERYLLIU M. p - · 1 . 82 gms/ce 

Absor-ption of Co K CL 1 radiation. 

POSITION l POSITION 2 
X 1::. µ. - .1:!::. (% - ¾ )2 ~I I:!:..'_ H' (1'-1t'f ome p p p p p p 

2.064 - o.ar.:n .oo.A25 2.195 - 0.213 .04537 

0 .4440 1 . 884 - 0.487 . 23717 2 . 218 -0.190 .03610 

2.054 - Oo317 . l oo.50 2.163 - 0 . 245 . 06003 

2,471 + 0 . 100 . 01000 2. 339 -0. 009 . 00476 

0. 1975 2 . 419 4-0. 048 . 00230 2. 169 - o. 239 . 05712 

2. 388 + 0. 017 . 00029 2. 160 - 0. 248 . 06150 

2.581 + 0. 210 . 04410 2. 729 + 0.. 321 . 10304 

0 . 2250 2. 827 +o.466 . 20794 2. 000 + 0. 582 . 33872 

2. 653 + 0. 282 . 07952 2. 1<:n + 0 . 299 . 08940 

.I:!:. . J:!: I 
p p 

Mean value 2.3?J. 2 .. 408 

Standard deviation 0.164 Osl05 

Preb8l:>1e error 0.012 o. Wl 

~) - 2 . 37 + . (17 

,/ 

($} !:!!! 2 . 41 + .<:17 
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TABLE 3 . 23 

C 'AR' B O N p ~ J.:.52 gms/cc 

Absorption of Co K cc.., r adiation 

POSITIO!I 1 POSITION 2 
X # ~ - Ii (~ - ~ )2 /::!:.' I:!:.' - l:!/ (1$' - i'f ems p p p p p p 

7.191 - 0 .017 .00029 6 .739 ..... o . 297 ,,08821 

0.180(? 6 . 650 - 0 . 558 .31136 7.12.J, + 0 .085 .00723 

I' 
6 . 993 - 0 .2~5 . 04623 7.,2Qq +0.16~ . 02856 

7 476 • • 
+ 0. 268 .07182 6. 9~ -o.093 . 00865 

0 -. 07,28 6 . 853 - o.355 .12602 6 . 29~ --o . 742 . 55056 

?.428 + 0 . 220 . 04840 6 . 644 - 0.392 .16366 

7 . 158 - 0 .050 .00250 7 . 157Q + 0. 834 . 69555 

o. 0551 7.951 + o.743 . 55205 7 .323 + 0.287 . 08237 

7.175 - 0.033 .00100 7.188 + 0.152 .02310 

.# # ' 
p (> 

Mean value 7.208 7.036 

Standard deviatign 0.121 o,.151 

Probable error 0 . 086 0 .102 

~ 
' 

~ 7.21 + .oo 
I 00 ~ 7 . 04 * .10 

= == 
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TABLE 3 . 24 

ALUMINIUM f> = 2 o 7 gr:J.S/CC 

-Absorption of Ce K ce.1 radiati on 

POSITION l POSITION 2 

X /:!:. 1!:_ _ .H. (1-!)2 H' /::!:...'_ 1±' (~'- ~'J ems p p p p p p 

78.17 + 3. 27 10. 692 76083 + 4 . 60 21. l.60 

0.0132 72 .. 21 - 2 o69 70236 74. 48 + 2 . 25 5 . 063 
, 

73 .01 - l . 89 3 .572 75. 28 -1- 3 !>05 9 0303 

77027 + 2 .37 5.617 70. 66 - ·1.57 '2 0465 

Co0068 78.39 + 3 o49 12.180 72.78 .f. '0 .55 0 . 303 

75.97 + 'l.107 1.145 73 .. 41 + 'L,18 l.392 

75028 + ·o.,aa 0 . 144 69 .70 - 2♦-53 6 . 4.-0l 

0 . 0048 76.11 + ·1.21 1.464 69 .. 71 - 2 . 52 '6.350 

67 .. 70 - 7 .,20 51.840 67 -. 21 -: 5 . 02 25 .. 200 

I::£ J!:: ( 
p p 

Mean value 74 .. 90 72. 23 

Standard deviation 1 .. 1.4 1,04 

Probable error 0. 77 0 . '/0 . 

(~) = 74. 9 ± 0 . 8 
I 

('10i ~ 72. 2 + 0 ,,7 
Ji}· -
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TABLE 3 . 25 

I RON p ... ? . 8 gms/ce 

Absorption of Co K cl , radic.tion 

POSITION 1 POSITION 2 

X !::.. ·/::!.: - µ. (1 -f) I:!:.' fl::..' _ /::!:. ' (K- ~) eras p p p p p p p p 

5lc,67 - 3 .39 u.~o 54.,05 - 0 . 65 o . 42 

,,001320 52. 80 - 2. 26 5 .180 b9 .7l t 5 . 01 25. l.O 

55. 20 + 0.14 0.020 54.91 4- 0. 21 o. 04 

59 .77 + 4..71 22.180 59.73 + 5.03 25 . 30 
. 

• 001010 54. 86 - 0 . 20 0.040 53. 98 + 4 .. 20 17. 64 

54. 68 - 0 . 38 o.144 56. 26 + l.55 2 . 40 

55. 61 + o . 55 0.,303 47.87 - 6 . 83 46. 65 

. 000876 56. 84 + 1.78 3.168 50.06 - 4 , 64 21.63 

54. ll - 0 .95 o .903 50 . 75 - 3185 J.4. 82 

.J!;. _f:!: I 

p p 

Mean value 55.06 54.70 

Standard devj ation 0.70 1..46 

Probable error 0.47 0 . 99 

(;) = 55.1 ± o.s 
I 

~ ~ 54.7 +. 1 . 0 
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TABLE 3 . 26 

!v I C K E L f ~ 8 . 9 gms / ce 

Absorpt ion of Co K c, , radi a t ion 

POSITIOI-1 l POSITION 2 

(1 -!J 
2 

X ./:!:. ./:=. - #- .#. I /:!:.' - ~' (f;'-f) ems p p p p p p 

69. 11 - 4 . 87 2?. 72 69 . 83 - 5 . 48 30. 03 

. 000000 78. 70 + 4 o72 22. 28 83. 33 + 8 .,02 64. 32 

79. 80 + 5 , 82 33 . 87 83 . 67 + 8 , 36 69. 89 

71 !1 36 - 2 . 62 6 . 86 77. 01 + l . 70 2 . 89 

. 001800 61 . 94 - 12. 04 145. 00 79. 99 + 4 -68 21 . 90 
' 76~37 64.49 - 9 , 04 81 . 72 + 1 . 06 1. 12 

80 . 35 + 6 . 37 40. 58 71 . 96 - 3 . 35 11. 22 

. 002? 00 86. 49 + 12. 47 155. 50 67. 20 - 8 . 11 65. 77 

73. 73 - O. 'Zl o . <:17 68. 43 - 6 . 88 47. 33 

#; -#. I 

p 

Mean value 73. 98 75. 31 

Standard deviation 2 . 66 2 . 02 

Pr·obable er ro1 .. 1 . 80 1. 37 

~) - 74 . 0 ± 1 . 8 
I 

(-1/;) == 75. 3 + 1 . 4 
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TABLE 3. 27 

C O P P E R I! = a. 89 gms / cc 

Absorption o:t' Co K it, radiation 

- POSITION l POSITION 2 
-

( - i }J- I p... '_ p.. ' (~'- ;')2 X f-'- µ µ. ; -;) ems ? - - - f' p (> p p 

', ,. 
88. 80 + 13. 02 169. 5 79. 07 + :3. 3-3 14. 67 

1 

. 002283 81 .. 19 + 5.42 29. 27 81. 02 + 5 . 78 33.41 
• 79 ~69 + 3 . 91 15.29 78 . 30 + 3 . 06 9 . 36 

75.18 - 0 . 60 o •. 36 64. 83 - 10 .• 41 108 . 40 

. 001010 69. 21 - 6 1/'57 43.16 71,.11 - 4 .13 17. 06 
. ' , 

79 . '2:7 + 3 . 49 12 f 18 74 .. 03 -- 1 . 21 1 . 46 
-I 

72. 61 - 3 , 17 l.0. 05 77 . 93 + 2 . 65 7 . 24 

. 062765 69 . 21 - 6. 57 
' 

43 .16 76. 21. + o.97 o. 94 
' ' 

66. 87 - 8 . 91 7$,}.39 74. 71 - 0 . 53 0 . 28 

µ, /V- I 

' p p 

Mean value ' .75. 78 75. 24 

Ste.n,dard deviation . 2 . 36 ~-1·. 65 

Probabl e error 1 . 60 1 . 11 

( ~) =- 75. 8 -1 1~6 

I 

(~) = 75 .• 2 ± l.l 
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TABLE 3 ,. 28 

ZINC ? - 7 . 1 gms / cc 

Absorption of Ce K~, radiation 

POSITION . l POSITION 2 

X µ. µ.. µ., (t-:t /J- I µ.-' ~ / (t '-; ') 2 - - - p - --ems p p t° ~ p 

83 . 85 - o.s2 0J 27 so. oo - 8 .• 06 64. 96 

-. 00080 79. 29 - 5 , 08 25. 81 95. 02 + 7 . 83 61 .31 

82 , 50 - l . 87 3 , 50 81.63 - 6.46 · 41. 73 

86, 07 + J..70 2 , 89 90. 58 + 2 . 49 6.20 

.00160 92. 0l + 7 , 64 5Eh 37 97. 84 + 9 . 75 95 . 06 

78. 83 - 5 . 54 30, 69 101.. 4 · + 13. 31 :i.77 . 20 

85.51. + l . 14 1 ,.30 81 . 01 - 7 . 08 50. 13 

.00240 86 . 10 + 1.73 2. 99 84,.87 - 3 .2G 10. 37 

85 . 15 + 0 . 1s 0~61 79.SJ. - a . 58 73. 62 

µ. µ.. I 

p f 

Mean value 84.37 88 . 09 
< 

Standard deviation 1.33 2 .-97 

Probable error o.s9 2 . 01 

(~) = 84. 4 i. o.9 (~)' =- + 88 ,1 - 2 . 0 
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TABLE 3 . 29 

M OLY BDENUM f -= 9 .- 01 gms / cc 

Absorption of Co Ka: I radiation 

POSITI ON l POSITION 2 
- (1-: t µ' ?-' - P-' (t' -;'t X µ. µ. µ. 

ems p p-p p p p 

200. 6 - 14 .9 222 . 0 209 . 4 - o.6 0 . 4 

. 000627 205.6 - 9 . 9 98. 0 199. 0 - 11.0 1 21.0 

218 . 8 + 3 .3 10. 9 225. 3 + 15 . ,3 234. 1 
' ' ~ 

214. 1 - 1 . 4 1.9 198 . 4 - ll.-6 134. 6 
' ' . 

. 000906 218 . 2 ·+ 2 . 7 7 . 3 172. 4 ~ 
1 . ' 

198 .1 - 17.4 302. 8 20.'3. 2 ·- 6 . '8 46~ 2 
~ 

219. 1 + 3 . 6 13 . 0 217.3 + 7 . ,3 53 ,. 3 
' 

.001368 234. 1 + 18 . 8 353. 4 211.0 + 1 . 0 1.0 
' . 

231.8 + 16 . 3 265. 7 2J.6 . 7 + 6 . 7 44. 9 

* Neglected when taking mean 

l!;- ~ I 
f 

Mean value 215. 5 210. 0 

Standard deviation 4 . 2 3 . 4 

Probable error 2 . 8 2.a 

(: ) ::;. 216 :!: 3 ( ~ ) 

1

:;;; 210 I 2 
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TAB.LE 3 .30 

P A LLAD I U M ,..o = 12 . 2 gms / cc 

Absorption of Co K a:, radiation 

POSI TI OM l POSITI ON 2 
- (;-~r P-'- µ- 1 (t'-;'/ X µ µ. µ.. µ_ I 

oms p -- - - - -p p p f' p 
' 

324 .. 5 + 36. 0 1296 . 0 296 .~ - 5 .3 28.l 
-

.000552 308. 4 + 19 . 9 396. 0 311. 9 + 9.7 94.l 
' 

293. l. + 4 .6 ~1 .. 2 290.6 - 1 2 . 2 J.48 . 9 
' ) • I -, 

265. 6 - 22 .,9 524. 4 2'76 . 2 - 26~0 671$. 0 

.001026 276. 9 - ll. 6 134, 6 308.7 + 6 •. 5 42. 3 

29? . 6 + s.1 82. 8 313 . 6 ,,,~ 11. 4 130. 0 

268. 7 - - 19 . 8 392. 0 315,2 + 13 , 0 169. 0 

.001064 287 .5 - 1-. 0 1 . 0 279~6 -· 22. 6 510. 8 

274. 2 - 14. 3 2~. 5 328. 0 + 25. 8 665 . 6 

µ. IJ-- I 

f p 

Mean value 288., 5 302 .• 2 
, 

St andard deviation 6 . 5 5 . 7 

Probable er ror 4 .4 3.9 

( ~ ) = 289 .:!. 4 
I . 

( ~) ;;; 302 i 4 
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The mass absorption coefficients obtained with 

Co K a:
1 

wavelength are summarised and given in tables 

(3o3l) and (3.32) . The mean percentage probabl.e error 

of the measurements is 1~6 %. 

TABLE 3 . 31 

TOTAL N"JASS ABSORPTION COEFFICIENTS (;) 

Atomic Absorption Probable % Probable 
Absorber number coet'f'icient error error 

Berylli um • Be 4 2. 37 .;!; 0 .(17 3 . 0 

Carbon . C 6 7.21 :!: o.09 J.. 2 

A;Luminium ·Al 13 74.9 1 o.a 1.2 

Iron Fe 26 55.l ;;t o.5 0 . 9 

Nickel Ni 28 74.0 ! 1.-8 2 .4 

Copper Cu 29 75.8 :t l.6 2.1 

Zinc Zn 30 84~4 :.t 0.9 1.1 

Molybdem.un Mo 42 ' 216 ! 3 1 . 3 

Palladium F@.l, 46 289 .t 4 l.. 5 

TABLE 3~32 

MASS ABS?RPTION COEFFICIENTS (; ) 

I 

Atomic Absorption Probable % Probable 
Absorber number cr:,e:f"ticient error error 

Beryllium Be 4 2.41 ± 0.07 2 .9 

Carbon C 6 7.04 :!; 0 . 10 1.4 

Aluminium Al 13 72. 2 ;t. 0.7 1.0 

Iron Fe 26 54.7 ~ 1.0 1.8 

Mickel Ni 28 75.3 ! _ 1.4 1 . 8 

Copper Cu 29 75.2 ±. 1.1 1.5 

Zinc · Zn 30 88.l ;!. 2.0 2 .3 

Molybdenum Mo 42 210 .!. 2 1 .·'l: --- ' 
+-

•-S 

Palladium Pd 46 302 ;!;, 4 1. 3 
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3 .6 

COMPARISON OF THE TWO Mli'J\.SURED ~.ASS ABSORPTION COEFFICIENTS 

( ,-,.. ) AND { ~ } ' p . p 

The mass absorption coettieients of nine metals 

were measured tor CU K a:, and Co K a: 1 radiation, by mounting 

t,he absorbing f'oils in two different positions in the x-r~ 

beam, t.o give ( ; ) and ( ; ) ' respectively. In the firet 

position, only the unabsorbed transmitted beam enters the 

counter, while in the second, some scattered X•l'8¥S thoul.d 

al.so be collected. The difference between the -t,wo values 

should therefore give us an. indieation ot the amount, of 

sca:t.terillg that oecurs dur-ing the ab$orption process. 

Values ot c; - ;') dedueed from the result$ ob'tained 

with CU K a:, end Co K. c:t, radiation, are given in tables {3.,33) 

and (3 . 34) respectively. 

In nearly every Qase, a positive or negative value of 

TABLE 3 . 33 

CU K Ci, RADIATION 

Atomic < !!. ) - ( µ.. ) ' Probable 
Element number 

p p error 

Beryllium Be 4 o.oo ! o.oo 
Carbon C 6 - 0.02 t. 0.12 

Aluminium Al 13 4- 2 . 6 ~ l .l. 

Iron Fe 26 + 7 . 6 ~ 5 . 3 

Nickel Ni 28 + 1.2 ! l , 4 

Copper cu 29 - 3.J. !. J..4 

Zinc Zn 30 + 1 . 3 i l . 3 

Molybdenum Mo 42 ..- 7.4 ! 2 . 2 

Palladium Pd 46 -17.4 !. 3 .6 
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TABLE 3.34 

Co Ker, RADIATIOI, 

A'tomie c: > • c;>1 Probabl.e 
Element, number 81.'TOr 

Beey-llium Be 4 - o.04 .;:;; 0. 10 

Carbon C 6 ..,.. 0 . 17 ;t.; 0 . 1a 

Aluminium Al 13 + 2.7 ~ 1.0 

Iron Fe 26 ,... 0.4 ;t; l..l 

Nickel Ni 28 · - l.3 .t 2 .3 

Copper -CU 29 . + 0 . 5 -J. 2.0 

Zinc Zn 30 - 3 . 7 J; 2.2 

Molybdenum Mo 42 + 5.5 .t 3 . 6 

Palladium. Pd 46 - 13. 7 " ~ 5.8 

the same magnitude as the probable error of the result 1e 

obtained, which leads us to conclude that , at tJleae two 

wavelengths and for the metals coll$i dered, we obtain within 

t.he e:x:perimental error oft.he measurQltlent the same Dla.$S 

absorption eoetticient value irrespective of whether the 

foils are placed in Position l or 2. 

This means that the port.ion of the scatte1•ed x-reys 

colleeted by the counter when the toils are in the second 

position, is too small t,o be detected i n a measurement ~f 

the transm:ttt,ed intensity since it is of t.he same magni:t,ude 

as the experimental. error of' 'the measurement.. 

This is explained by the tact that only the x- ra¥s 

scattered througl1 a smal.l solid angle in the forward 

direction reaoh the sensitive x-egion of the counter, al1 the 

X-rays scattered at other angles being undetected, so that 

a large fraction oft.he total scattered is not measured. 
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Further, at these wavelengths, even if all. the scat,t,ered 

X•rays leaVing the specimen are collected and. mea.B\U"ed by 

means of suitabJ.e apparatus, it wouJ.d not give a true 

pieture of the sca,tering proeess, because the fluoresoent 

a~sorption is relativeJ.y high and· a large propo:rt,ion of 

the scattered r~s would be absorbed before tney leave 

the specimen. 

As the waveJ.ength of the radiation decreases, the 

fluorescent absol'I)tion becomes amaJJer and small'#r, so tJ'lat 

the scattering of the x-r~s becomes more and more 

important. However, even at these shart wavelengths, direct 

measurement of 6/p is very difficult, because elabol'&te 

correction$ tor the self-absorption of 'the .sc;attered r~s 

by the .ecatterers themselves, have to be carried out. 

~-----~--~•---~-~--~---
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3. 7 ABSORPTION OF CHROMIUM RADIATION BY THil-l METAL FOILS. 

(a) Preliminary work. 

For these experiments a Chromium plated 

target was inserted in the x .. ray tube, and the -menochrom­

ator initially fitted with an A1umi.nium reflector. When 

the collimating slits and Geiger counters were then aligned 

to receive the best p0ssible beam from the monochromator, 

it was founa to be ~ather weak for absorption measurement$, 

and. so the Aluminium reflector was replaced by Tantalum, 

whi~h gave a more intense reflected beam. 

Some preliminary meaaurements with A1uminium .foils 

gave a log
10 

Ii1
0 

against. w curve ef the f'orm shown in fig 

(3.7), whieh for small thicknesses has a slope, changing 

continuously, instead of being constant as is required for 

a pure monochromatic beam. This indicates that the beam 

contains some other wavelengths as well as the Cr K c,:. , , 

probably arising f"rem the White radiation produced by the 

x-ray tube. An attempt was made to el.imina:te them by 

working the t.ube at a lower voltage, but this also 

decreased the intensity of' the required_ wavelength se much 

that acQurate log
10 

1/I
0 

measurements were diffieult to 

obtain. Further, all attempts to tilter out 'the unwanted 

wavel.engths were unsuccessful , because they are far more 

penetrating than the Cr Ka:, wav~length. In fact, the Cr Ka:, 

radiation is atteruated 50 % in passing threugh 20 oms 

of air, whil.e shorter waveleDoooths are hardly a.ti'eeted. 

This means that, even i f there is only l % of short wave­

lengths present in the beam leaving the monochromator, it 

has increased to 20 % by t.he time the 'beam arrives at the 
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counter. 

Because of these dif't'iculties, it was decided to 

use the beam without any modij:>icati"on and attempt to obtain 

the absorption coefficients by graphical analysis of the 

intensity against thickness curves. 

(b) Measurement of mass absorption coefficients with beams 

containi_!J_g more than one wavelength. 

Suppose the x-ra¥ beam 

contains a number of wavele~hs_ A,~, A.2. ,, A3 • ••• J:,he fraction 

of the total intensity of .the beam due to eacn wavel.ength 

being cc · o: a: , as detected by the Geiger 
I J Z, ,1 3 · • · • • ·• •• ·• -- · • 

counter. Then the total intensity I O of the hetero~eneous 

b,eam is made up of cc, I
0 

due to A, , crtl
0 

due to Ai. and so on. 

If 1:Jle mass absorption ceef:t'icients ef the absorbing 

material at these wavelength& are ( ; ), ( ; >z. ( ~ )
3 

etc 

then the intensity I transmitted thr0ugh a foil of thick~ 

ness LJ is given by 

- I;.) - - w (µ) ' {~) 
-p, I r, - •l'z. . 

I ~ o:: , 1 0 e + a:?. o " • • • ·• • • • • • • 

I 
I o 

- (P.•) I,.) 

-= er, e . P , + 
ex,~ - (f )i w 

--------- (3. 22) 

Now , on physical. grounds, it is apparent that when w 

is la:rge, the transmitted beam will <;ontain only the most, 

penetrating wavel.ength that was present in the initial. 

beam, the more readily absorbed radiations having been 

filtered out by the abeerbing material.. 

suppose that in equation (3. 22) we have written the 
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terms in the order of decreasing penetrating power, that is, 
µ µ. µ . • 

( p ), < C-;:a ). < ( 7)3 ••••••••••• •i A, being the most 
' 

penetrating wavelength, Aa the ne~·, and so on. 

The equation can then be writ.ten 

("_,._) I,.) [ -f·e .. ') -(!:.-))w ] 
P I P a P d 

a., + a:i!. €, + a., . " " • I 
I,, 

= -e 

so that 

. logJ~J- - (:\ w + 
2 .. 3026 

log [a: t - {(~\ -(L)) w 

,. ' "','" , '5 + ... ] 

-------------~----- (3.23) 

The ess_ential_ shape of this " transmission eurve 11 is 

sho~ in fig (3.3). The straight line gives the form of 

the curve · if all the radiati'ens were of wavelength .. 
It is seen that at large values of~ the curve becomes 

parallel to the straight line and is given by 

log (1; 1 ) = - (_:\ w /2.3026 + log ( q;..) 
10 o IQ_ « 

the slope of which. gives us ( ; ) , and the intercept \ on .! 

the log (111 )axis log (a:,). The mass absorption coefficient 
lo o J 1• 

at wavelength and the :t'ractiena1 intensity due to this 

wavelength can thus be determined. 

Fig (3 . :-.'9)) shows some calculated transmission c\.U'"Ves . 
for an·x- ray beam containing t wo wavel.engths when they are 

present in different amounts. It shows that quite ~arge 

dep~tures from the ideal linear relat.1onsh1p obtained 

with pure_ monochromatic beams are possible, and that the 

curves always bend away from the log ( 1 /1 ) axis~ It iilhould 
•fo o 

thus be possible to analys~ an obse~ed transmission curve 

by the method just qesoribed and obtain the percentages 
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of the different wavelengths present and their associated 

mass absorption coeffic;ients reasonably aecui-atel,.y. This 

would be carried out as follows :-

(1) Experiment.ally determined values of I/I a:t>e 
0 

f 

plotted against w , and from the curve a graph of log
10 

(
111 ) 

0 

against w eomputed. 

(2) 
,u. 

( P) and oc for the most penetrating wavelength 

are then obtained as already expl¢ned. Let them be 
µ. C-p ) and o: 1 , • 

• _(f<-),w • 
(3) The component cc, e.. P is then drawn on the 

I/ I diagram and subtrae.ted from the observed t:ransmission 
0 

eurve to give another elll"'Ve which -is aue t o all the wave-

lengths except · A 1 , The equation of this modified cw:-ve will 

then be 

I 

l o 

- (.U) ...:, 
p i 

a:~e + 
- (f-'-) "'--> 

p 3 
eel e + ...• •• • •• • • ~ .• ~ 

(4) Transfer of "this curve on to the log
10 

(
1/1.

0
) 

diagram will then give 

(
I . ) - - (; )~ w 

log,o I - 2.3026 0 

+ log [ cc t- a: ,, -R;)1- ( ~)) ~ ,o :i. 
3

___, ,- 2.S _+ .. . ] 

:from which another component a:~ and 

as before. 

JJ-( y >a_ can be determµied 

In the present investigation, a straight line is 

genera.:uy obtained here, which means that there are no more 

components to consider~ 

However, if the curve obtained is not linear, the 

component a:a. ~ - ( ;:-)1.'"> is now drawn on the I/ I diagram 
" 

and subtraeted from the modified curve to leave, this time 

a transmission curve due to all. t he wavelengths except 
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:\ and A,. 

(5) This is then transferred on to the log 1111) 
10' O 

diagram and cr3 , ( : )
3 

determined, and so on. 

Proceeding in this way the complete curve is analysed . 

into its component wavelengths, the fractional intensity a: 

and mass absorption coefficient. { ; ) for each component 

being determined. 

{c) Counting Loss Corrections. 
I 

In this case the previous 

method used to calculate the correction fa~tor K:[ is not 

applicable, beca.use now, the departure from the ideal 

linear log R against w eurve is not o..,.,,r due to the corr-1Q ~-., 

ecting term (K; ) M, but also due to the wavelength comp­

osition of t he x ... ray beam. The effective absorption 

coefficient now varies with the thickness w in a manner 

depending en the combination of wavelengths present in the 

X-ray beam. 

For one particular foil thickness, hGwever, the 

absorption coefficient ( and hence log 10 R ) is comstant, 

so that any variations observed when log
10

R. is measured 

f'er various values of N 
0 

will be entirely due to oounting 

losses. Further, if the measured values of l0g 10 R are 

plotted against {N
0

- N) the beet ourve through the points 

is given by 

where 

slope 

c;) ~ = 2.3026 lo~ R + KT~ (N - N) 
b 10 o 

{ ; ) w is a constant. This is a straight line of 
1 Kr C - 2. 3026 ---i:r) and gives therefore the correction 

factor. 
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The results obtained by using an Aluminium foil of thick­

ness (0.0132 cm) are shown in table {3.35) and by the 

graph (fig 3 .10). 

TABLE 3,35 

No N ( N
0 

- N) log
10 

R 

1214 173 1041 0.8467 

1009 160 939 0.8318 

1082 161 921 0 . 8278 

912 130 782 o.8450 

729 100 6~ 0.8642 

726 169 617 0.8223 

587 86 501 0.8340 
. . 

During these measurepients the _X-r,ay output was kept 

as steady as possible and N
0 

varied by alt ering the width 

of the first slit of the eollimator. It can. be stated lle;re, 

that i t is not admissible to vary ~~0 by changing the tube 

voltage, or by inserting filters in ~he primary beam because 

this would .also change the wavelength eomposition and henoe 
µ. 

(p) for the foil . 

Since the correction factor KTY is small in this case, 

it is difficult to ascertain the exact slope of the log
10

R 

against {N
0

- N) graph, because it is nearly completely 

masked by -the inherent statistical varie.tions of the 

counting measurements. Th~ ... results, however, do indicate 
- l:, 

an approximate value of ( 15 X 10 ) for the eorrection 

factor, and show that it is smal.l enough to be neglected 

in comparison with the statistical differences o'£ 
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individual measurements, especial],¥ when we consider 

that the absorption coefficients are to be obtained .in this 

case by graphical analysis, and will therefore ~ot be so 

accurate as the preVious measurements. 

(d) Results~ 

Transmission <nU"Ves were obtiU:ned for the 

passage of the heterogeneous beam through thin foils of 

Beryllium, Carbon, Aluminium, u-on, Nic:kel, Coppe1•, Zinc 

t!olybdenum and Palladium, and in discuaaing the resuJ.ts, 

it will be advantageous to divide them into three groups 

nrunely 

(l) Those of the light substances ( :Se, c, and Al ) 

whose absorption ltes whol.ly in the K-series. 

(2) Those elements whose absorptions lie wholly in 

the L-seriea. { Zn, Ho, and Pd ) 

(3) Elements whose absorptions lie partly in the 
and partly in the L-series. ( Ni, cu, and Fe ) 

(1) Group l _.,. Beryllium, Carbon, and. Al\lJl1inium • 

The three 

graphs, figo (3ill), (3. 12), and (3.13) give the 1/ 1 f,Uld 

log (1; 1 ) curves obtained with ea.eh ot tthese elements 
0 

10 . 0 

respectively, together with the components into which they 

are resolved by the method of analysis Just. described. 

In eac'h case, two components (one hard and one so:tt) 

are obtai.ned, each being present in approximately ·tJle ~e 

amount (50 %). The two mass absorption eoeX--ficiants and 

the percentage of each component wavelength in the main 
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beam; obt.e.1ni!1~f~t11 'tie : three , ab8orber.s-, ~fa ·. g1 v~n in 

t~b1J_:e {3.36) 
• 

· .. TABLE 3~36 ·.', ·:.: \., 

Long wavelength· · short waveJ.ength .. 
Element - .. '• . ' 

I 
µ · .· µ 

% ·(-;o) % (p) ; 
.!'. •i -=~-·h, .. •~--

· · I "Be17Jt:tium I Be I · 50*·0 4 •. 51 ·49"0. ·1.27 

I Carb~n C I . 49~()···1 ·t~~4 - · I. •_;. :., .. = I·. 

4~).6 
.,;.. '.., 

2.99 

. A1~~· 1··Ai'·I ·:: ·s2.s· 'I i6s · .· " :j:: -~·49~0.I· ·s1.1.-· ... ·· 
~- I • • -

'.· 
• : • ; . ,.. • • ; • _ 1 , • 0 . · •· ,1 • .:i .-~ ,L , . . · 

Mean ·- so.5lo Mean ·- ~ .,2 % 
,_ .. _, • •• 1 t 1, 

. .. . 

.. 

~ .CQrµp.e.;r-1~~+>--fif·'. th~· .. inass absQrption:·c<'1etficients with,.-µ,.~·-. 

\lS~y ,aee~pted valuee ind;te:a:bes · .thia.'b · the, lGng· waveJ.ength 
. . . . . . 

. . ' 

· :ts ·the· •C.r : Ka.., .. ~s, expe:ct-ed·, , while:, -~l?-e , -e.~o~er :- '¥av~lel:lgt,h ,; 

:ts . l 1~60 Ir~. ~its. 

(2) ·GrQul) 2., . Zine:1 Molyb<iiellUID, ,and ?.all~clium .. 

' . : . , ,. ·. • .. ' .. \ , . The . resul\:-s 

.~b~ined .. with the$~ tnre-e mettds are , ,shown en tae graph$ . 

figs (3.~4), .(a •. 1s)., and (:a.,16.)..,· AE! li>eto~e, t.he 1testµ:ts 

. i,n &aek ~ase . indiea:te one hard ·. and. one .. soft wave~ength as 

the main eemp(l)nent of -the Chl-0Ili1um b·eam. 

. TABLE : , '3l ,~7 

El:eme'rt't 
Lopg . wav·elength .. ShGrt wavele.ngth ' .. ' .. .- .. . . 

µ .. . µ. . . 
% . ( T ) ,: , . % , ( T >.:_ 

[Zine. Zn· 4~. O I. l59_:. &l~9 .. 39 

M~iy~detlllm Mo · : · 5Q. i . 455 · - , ·;. ~0,. 1 . 1,2_;1. . · : ; ...... 

Palla.di\tni' P<i. · .. 48.-9 572 -49~9- .. 150· . ~ .. ' .' :, ' ·. _. ' . ' ·- ... -

: Mean ~ 49,.3 % . ' . .Mean~ 9Q.6 % 

-::-:=~·---,- -
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A. eoinp~lsen :or the re·su1 t-s Wi 1Jl the Ueua.Uy aceept·e« 
' . 

values-aga;tn,\.~~eates that: on~ component. ot· the,·· beam i$ 

.th~ · .CP ,Ka:, . wav.e1engtb_., .. Whil.e· the o't,lieio -1s a. shol"t,el!' wave-­

~~~, ·1.,-3&0 ~ ~te~- each rnaki:ng .\lp· ·5~ %. .of the total. 

be~,. -In u.ie _ c~se of! ·· t>al.l~um; · o~ a Peugh·_ value ot the 
. . 

~bso,:Ptioa Qoe:tt1cd.ent _ tot! the aec·ond · component coui.d be 
. . 

.. 9-~~i~'3~,, _s-~e·- :f()_ils .. <, .o.~._006. gms/sq ··E$i~ ,e;fo~4-not be 
. • . ' • . ·t . • •• 

. . , . prQdtl'eed · 't.G . give experimental point-il eii th~ cui-ve between . . . . ' . . 
, . . . ' .· . ~ 

A .a,n9, ~ · (fig 3 . 16) .: ·In ·,this . 'Case, ( P } is eal.C\Jlat.ed 

tr.om t.he points . , A _.- _and B. onJ.y ,_ · and 1'.Jle portion Qf the 

-e~e-between . A. an4 B. de.due.ea t,:om . it so t,hat, an idea 
: •. . . 

_of 'the., ,c.~let.e. o~e, <:~ be ctbtained. 

(3) Group -. 3~. ·. Iron, ,Nick~l, and Copp~F. 

Tne :r~sults~ taken 

SQ far, _ illdi,a.te the ·pr-e'senee tr£: tw9 w~velengths; ( Damely 

. the· Cr K~,' ~ . 4 360 kX. >- 'tn i t}~ ~ompo~ite beail:t~ . and that, . . . 

for· the ·Iri~tal-s ·exsmjn~d~ · the 'iho.trter w~"JeJ.e~ is al.w~s 

-~he . uio~t· p.e~~t.rat~hlh .. This ·do~$ ·not··. ne'~essarily' .:follow 

. f'or ··the . metals' in_ tbis: grou~-, .. be.e~t?~ we: ·~v(have -- a K 
I 
! 

I 
·~ · . .: • ~•1-• ,. ·.• · ,• ':, - .. . ;. ; _~;t: _.;...• ~ .· j 

. · ,abQ~t,i~n ~•. betw:e~~-- the ft~? ,wave~~~,$:,, }~Q that e-:L-~b~:r • , •t 
\ , ,: ~ • · •• ·• , . , , I ,• . . ;, ·• a ' .••' ' •• 

one can be tb~-®DO$t., p,netl-ati.Dg, : as Bh~wn 1~ t.he diagram . . ·• 

' , I • ' • • ' , { • ;• 

0 

j -•- J • ,..: .. \ -~-. , • ' \ 

. fig (3.~7). . .. , I 
I 

Aga:tn, · wavelengths wI11cb were not.- dete:cie.d befO:t'e / 
. . . . . .·. . . . . . . . . i 

1 
i~ migl;lt. 110Vl ·show up,. The_ graphs., .tigs (3 ,.l8J,_,: (3.~19), and. ' 

. . . (. 

··(3~2b) give ·t.he 1/1 ~d log :(111· .. )-·c~e~ obtai,ned rith . ,' 
· · o · 10 - o . . · •, . . I 

Iron, ~ielce1., a.nd CopJ>er ~espective"ly, together with tlle 

c~mpotients- into which:. tlley· -;esel.ve.'. ~ , each a~E>, tile -t~o 
. . - . ; 

main · comp<1n(!nts · are er K~, ~ l.360 kX as 'b-eto~e., . but · ~lJ. t~e 

.caee ·of Il'G·l.1:, the . er K. ex., :l.s _the· most p~netrating _ rad.ia,ion . 

~~-; ;:': · . : 

-~:;:.a,, ~ •; (~ 



CASE 1 . The l onger wav.elengt h ~eing the most 

penetrating o 

~1 

t, ;l_ L 

CaSE 2 . The shorter wavelengt h ~ ~1ng th& most 

penet.ra ting,. 
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as opposed to the shorter wavelength in the other _two 

cases. 

A trace of another wavelength component is indicated 

by Iron and Nickel , but with Iron the curve is not 

sufficiently accurate at small values of w for the 

corresponding absorption coeff icient to be determined. 

Table (3.38) gives the maas absorption coefficients 

and the percentage of each component wavelength i n the 

beam, obtained for the three absorbers. 

TABLE 3.38 

Fe, Ni , and Cu. 

Long wavelength Short wavelength Other wavelengths 

c..t> p % ( ~ ) p % <:) % 

Iron 106 54. 9 258 35. 5 - 8~5 

Nickel 146 41. 7 29D 16. 4 46 .• 8 16. 4 

Copper 152 60.3 38.5 41. 7 

These results seem to i ndicate that t he short wave. 

length in the beam really consists of a small band of 

wavelengths, ranging from 1. 2 ~ l. 7 kX units. A mean 

value of the absorption coefficient ove_r this band is 

obtained for the meta1s which have no ~ritieal absorption 

edge in t his region, beoause the method 0:f graphical 

analysis is not sufficiently aeeurate t o resolve t.he 

band into its component.a. 

When measurements are earried out, howeve~, on a 
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metal which has its K critical absorption edge within 

this smal.1 -band o-f -wavelengths, the differen~e between 

the absorption coefficient each side ·. of t ~e edge , is 

sufficient for two components to be d~te~ted, which, 

toget~er with the Cr K a:, give ~bree components for 1;,he 

whole curve. 

TABLE 3. 39 

MASS ABSORPTION COEFFICIENTS 

Absorber 1.,360 1'..X Cr K a., 

Beryllium Be 1.27 4 . 51 

Carbon C 2.99 13. 4 

Aluminium Al 31.7 165 

I r on Fe ?.58 . 106 

Nickel Ni 290 146 

Copper cu 38.5 152 

Zinc Zn 39.0 159 

Molybdenum Mo 121 455 

Palladiwn Pd 150 572 

In the above table (3.39), the values oft.he absorption 

coefficients obtained with Chromium radiation iWe given. 

,.._ .. ____ .. __ ...,, _______ ..,.. ___ __ 
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PART 4 

4.1, COMPARISON OF THE PRESENT MASS ABSORPTION COEFFICIENTS 

WITH VALUES OBTAINED BY OTHER INVESTIGATORS. 

In tables (4 .1) , (4.2) , {4. 3 ) , arui (4. 4) 

t he measured mass absorp~ion coefficient& are compared with 

the values obtained by some other inyest.igators • 

. Since very few actually measured v~ues Catlee f oUilt'\ 

fer .these eJ.ements at the waveJ.e:ogths considered here, table 

values from Internationale Tabellen zur Beetimmung von 

Kristallstrukturen (1935) Vol.2, page 575, are al.so included. 

Be 

C 

Al 

Fe 

Ni 

Cu 

Zn 

Mo 

Pd 
A kX 

TABLE 4.1. 

Comparison of ( ~) :fer CU K a.1 radiation 

wit h values given by other observers. 

. Martin 
& From 

Andrews Allen Grosskurth Lauber"t Lang Tabl.es 

4 .87 1.35 

' 4.87 4.9 5 .50 
I 

49.7 48. 5 51.15 48. 7 

330 3'Z'/ 324 . 
47.5 50. 0l 49. 26 47.3 49.3 

50.0 50 51 . 25 51. 49 49 . 4 52.7 

59 58.3 59 .0 

164 

2crl 
1,5386 1.5386 1.5386 l .5386 1.5386 1 . 542 

Pres-ent 
~~Ol."k 

2 . 10 

4 . 4.-6 

49. 6 

309 

53. 3 

50. 8 

60. 4 

158 

192 
1..5374 



Be 

C 

Al 

Fe 

Ni 

cu 

Zn 

Mo 

Pd 

~ kX 

Be 

C 

Al 

Fe 

Ni 

Cu. 

Zn 

Mo 

Pd 

A kX 

105 

TABLE 4 . 2. 

Comparison of ( 1:,) for Co Ka: , radiation 

with values given by other observers. 

From 
Andrews Allen Grosskurth Laubert Tabl.es 

5.04 2.42 

7.3 8 .50 

74.2 76.34 73.4 

56 59. 5 

69 72.&9 72.68 75.1 

76 77.70 79. 8 

90 88.5 

242 
. 

308 

1 . 753 l..752 1.,7866 1 . 7866 l. . 790 

TABLE 4 . 3 

Present 
Work 

' 
2 .37 

7 . 21 

74. 9 

55. l 

74. 0 

75. 8 

84.4 

216 

289 

J.~7853 

Comparison of ( ~) fo:r, Cr K a, radiation 

with va.luee given by other observers. 

From Present 
Andrews Allen Grosskurt'h Bie:i. _____ 

nt Tables Work 
-~ 

4.74 4.51 

15.5 14.7 17.9 13.4 

153 148 151.9 152.3 149 165 

113 115 106 
-

142 145 146 

155 156 154 152 

182 ' . . ' 169 159 
'· 

439 455 
' . 

545 572 

2 . 285 2 . 24 2. 2863 2 . 2863 2 . 291 2 +285 
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TABLE 4.4 

Comparison of <? > for l.360 kX units 

with values given by other observers. 

*From 
Grosskur-tb Laubert Allen Laubert Allen Tables 

-

:b.l -~-

Present 
Work 

Be o.75 J.. 27 

C 3 .52 3 .80 3 . 2 3.4 2.99 

Al 36.0 29 .8 ,34 ·31 •. 7 

Fe ' 213 240 258 
·-

Ni ', .. 
305. 3 253.3 237 Z75 290 

Cu ' 41,6 41 .. 4 38.0 252.8 266 35 · ,, 38. 5 · 

Zn 45.o 38.0 -42 39. 0 

Mo • J 108 121 

Pd 148 150 

A kX 1.433 1 .433 l.389 1.337 1.293 l . 360 l..360 

~ 
Val.ues obtained by interpolation from ot,her wavelengths. 

(13) 
The values by A11drews were measured for the 

charaet.erist,ic emission l.ines 0£ various elements aelected 
. ~ 

by means of a vacuum spect,rometer, while those by Allen, 

Mart.in and Lang G41 are for homogeneo~s characteristic X- rays 

reflected from calcite . Allen's results at 2. 24 kX units 

were measured £or filtered general radiation, the ef'fective 

wavelength being estimated from the absorption by Aluminium. 
05) (1&) 

The other investigators , Grosskuri.h, Biermann,. and 

Laubert (i,) used X- rays monochromatised by a filter method 
. Q~ . due to Kust.ner , where the characteristic radiation of 

an element was excited by irradiation with short wavelength 

X-rays · and the KC(,o:,_doublet separated by m~ans of selective 

filters. 
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We see therefore that X-ray beams eonWn:l.ng. K a:, and K a:,_ 

wavelengths were employed by ·a11 the ' obs&rvers mentione<1, 

while the _prese..~t Werk vdth Copper and Cobalt radiation 

was carried out with very pure beams. of only the K a:, 

wavele:rt..gths .. 
' ' 

The ·results may be directly compared, however, 

because the two wa.veJ.engths are ae near that. there is 

practica11y no difference between ·the mass .' abso:rpt,ion 

coetttoients at the K a:, and K a:1.. wavele-ngths. It is seen 

from the tables that the pJ"esent, resul t.s ate in good agreement 

with 'those e-£ the o"ther investigatore. 

Reasonable agreement is also shov.rn at 2,.285 and 

l . ~60 kX uni:ts, for which the pr.esent values were obtained 

by graphioa.1 analysJ.s of absorpt,ion cuwes t,aken with 

a beam of Chromium K ix, radiation eont.amina;ted by Qthex­

wavelengths, and were the-refore not so accu.rate as direct 

measurements with pw.--e wavelengths. 

It mus'li be noted thatnmost 0£ the values used for 

comp~ison were not measm~ed with pure monoehrQJDatic 

X-rays of wavelength 2 .. 285 k]C, but were due t.o Allen, who 

employed filtered general radiation with an e&tima'ted 

effective wa:-'1'elength of 2. 24 kX .• 

The only measured values at these wavelengths for 

Beryllium are oue to Andrews, who employed evapo1Jated 

:foils and fiakes tor hi s measurements. It is seen that 

his values a:t~e consiste11tly higher than the present 

results. as shown separa:tel.y i n table (4.5). 
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TABLE 4 _,_5 . -

Present Work 
Andrews 

Lump Table 
Specimen Flakes Foils specimen 

Values 
Impurities 0.4% Fe cu Fe Si w Mg Fe Mn Si 

Wavelength ( ~) ( ;:) ( ::-> ( ~ ) 

1.537 4 .87 6 . 0 2.10 1~35 . . . 

1.753 5.04 2.37'· ~ 2' 42 .• 
2 . 285 10. 01 · 16.3 . 4 . 47' 4 .74 

Since the Beryllium used by Andrews contained nearly 1% of 

higher at omic number impurities, he states that the values 

obtained are possibly as much as 100% higher than they would 
. . ' 

be :for pure BerylliuJU, The present results are in vecy good 

agreement with table values, and as far as ls known are the 

only other measurements carried out with Beryllium at these 

wavelengths. 

Andrew •s resuJ.ts indicate the marked effect impurities 

have on the absorption coefficient. 

THE ATOMIC ABSORPTION COEFFICIENTS ( f!a. ) 

( as given by the present resul.ts) 

The absorption coefficients for single atoms 

may be obtained from the mass absorption values by 

Illllltiplying by the absolute mass o-t: the atoms A;N where A 

is the atomic weight of the element concerned., and !f the 

Avogadro munber. The values caJ.culated from the present 

results are shown in tables (4.6) and {4.7). The figures 

show how the values depend on the atomic number and 

wavelength. 



'fABLE 4.6 

(z: ' 1,.53'74 k.'I{ J. . 7853 kX , 

Atomic Atomic A 2?. 

Number We i ght (A ) - x 10 ~ 'l 1. log ( 11--.._x1ol.'l ) µ. ;13 l og ( fJ-.._x 10:i.3 } N f-~ X IQ 
f' P.a..>< 10 p 10 lo 

.Be 4 ·9 . 02 1 . 49? 2 . 10 3 . 14 0 . 487 2 . 37 3 .• 55 0 .550 

C 6 12 . 01 1 . 993 4. •. 46 8 .89 0 . 949 7 . 2 1 14. 4 1 . 158 

Al 13 26.97 4 . 4'78 49 .6 222 2 . 347 "/4 . 9 336 2 . 526 

Fe 2.6 55 . 85 ~,. 2r/2 309 2860 3 . 46? 55. l 512 2 . '709 

Ni 28 58 . 69 9 .?44 53 . 3 ,52.0 , 2 .716 '14 . 0 '72 1 2 .858 
I 

Ou 29 63 . 57 10.,56 50 . 8 5~~6 2 . 789 75 . 8 600 2 . 903 

I-' g 

zn 30 . 05 . 38 1 0 . 85 . 60 . 4 656 2 . 817 84. 4 916 2 .962 

Mo 42 95 . 95 15. 9~ J.58 2520 3 . 401 2 16 3440 3 . 536 . , 

Pd 46 106 . 7 17. 72 192 3390 · 3 . 531 289 5120 3 .709 



(Z) 

Atomic A.tom1c · · .A, ' ' l.l 

Number Weight (A ) 
- x 10 µ. 
N 7' ' 

Be 4 9 . 02 1 . 49'7 4 . 51 

0 6 J.2 . 0l l.993 1 3 . 4 . 
Al 13 26 . 97 4,-4'73 l65. 

J.1,e 26 55 . 85 9 . 272 106 

Ni 28 58. 69 9 .744 146 

cu 29 63.57 10 .,55 152 

Zn 30 65 . 38 1 0 .• 86 159 

Mo 42 96.95 15.93 455 

Pd 46 106 .7 1'7.72 5 72 

TABLE 4 .7 

2 .2850 kX 

:i. '\ 18g 
10 

( J-'-~ x I O 
1 3

) 
µ 

µ. ,. " 10 p 

6 .'76 o.e29 1 .27 

26 .7 1.42'7 2 . 99 . 
'738 2 . 868 31.7 

983 2 . 993 258 

1425 3 . 153 290 

1603 3 . 205 38 .5 

1725 5.237 39. 0 

7245 3 . 860 121 

10140 4 . 006 150 

l . 36_0 kX 

;>.~ log ( ,1,LQ..I( 10
1 1

) p.,., >< 10 
l<:1 

l . 90 0 . 279 

5.96 0 .775 
.. ·• 

142 2 . 152 

2392 3 . 379 

2826 3 . 4'51 

406 2 . 609 

423 2 . 627 

19~8 3 . 285 

2659 3 .@05 

..... ..... 
0 
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VARIATION OF THE ATOMI C ABSORPTION 

COEFFICIENT WITH A'l'OPJIC NUMBER. 

S.ince the atomic absorption coefficient cha.t\g'es 

abruptly at- the K critical absorption wavelength, we ,can 

divide 'the results at any one wavelenoath .A into t wo groups , 

namely, 

(l) T"nose of elemen-t.s for which /\1< > A 
(2) Those of elements tor ·which ~1< < A 

where AK is the eri t,~cal absorption wavelength of the 

element concerned. 
2.3 

The graphs , figs (4. 1) and (4 o2) show log
10 

( JJ-,., X ·10 ) 

against. log (Z) f ox• the elements in the two groups at. the 
ro 

f our different wavelengths used i n tbi.a invest:i.ga:t ion, and 

i n each case straight l i nes are obtained, which indicate 

tbat t he atomic absorption coefficients are p:roportionaJ. 

t o powers of the atomic numbers. We may the;refo:re write 
. n 

JJ-Q. -: CA z 
where Ci\. i s a constant, which hae different, values at. 

different wavelengths and for t he two groups A.,. > A and 

AK < A • The values obtained for C x and the exponent. n 

from t'he graphs are shown in t abl e (4.,8). 

TABLE 4.8. 

Wavelength A > .\ 
I< 

A < 
I< 

A 

kX units C X 10
25 

A 
n C X 10~5 

}. 
n 

1 .360 0.6<:n 3 .,92 0 .. 0569 4.,00 

lo5374 0 .. 962 3.88 0.0795 / 3.99 

1.7853 lo479 3.88 0.1140 4.00 

2.285 3 .000 3e86 0.2291 4 . 00 

JJean ;.; 3 . 9 Mean • 4. 0 
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We may no;te here, that at the shorter wavelengths, and 

for the 1ight element Beryllium., the curves depart from 

straight lines because the scattering of the X-rays is 

becoming appreciable. 

(b) Comparison with the results of other investigators. 

This 

variation of the atomic absorption coefficient with atomic 

number has not been ver-J extensively investigated. Earl.y 

work wit.h short wavelengths gave a value 4 fort.he exponent. 

of' z, while recent measurements at long wavelengths indicate 

a much higher value of about 4 .5. The few results availabl e 

are given in table (4.9) together with the wavelength range 

over which the measurements were carried out. 

TABLE 4 ,.9 
' . 

.\ > >... , 
I( •. A" ~ A 

Author ~avelen.gth raT1ge n Wavelength range n 

Bragg & Pierce 
(.i q) 

o.491--0.615 4 .0 0.491 - 0 .6J.5 4 .• 0 

Walter(2.?.) 0 .1 1,0 3i.94 0.1 J.. O 4.3 

Grosskurth(is) 0.1279- 2 . 2863 3.7 0~1863-2. 2863 4 .04 

Present work 1.332-2 ,286 3 .9 1.332-2. 286 4 . 0 
' 

Woernle~0
) 3 .5 3 . 9 

Woernlel20
) 9 .5 3.7 9.5 4 . 6 

(?.1) 
Der shem & Schein 44. 5 4 . 4 

Kurtz~) 44. 5 4 . 4 . 

The present results are in good agreement~ and 

there seems to be evidence that for metals in the group 

( AJ( > .A ) the exponent n decree..ses as the wavelength 

increases, while f'or ( A\(< >. ) , the exponent n increases 

with the wavelengtli. 
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4 .4v VARIATION OF THE ATOMIC ABSORPTION COEFFICIENTS 

WITH WAVELENG'l'H. 

(a) Again it is convenient to consider the results 

in two groups , 

Cl) :\.I< .:::. A (2) :\. < ). 
K 

H 
~ the graphs, figs, (4.3) and (4.4) show log

10 
( µ. ,,_ X 10 ) 

against log ( A·x 10
8

) for different elements in each 
l o 

group respectively. 

The straight lines obtained indicate that for all 

the elements considered here, with the exception of 

Beryllium·, the atomic absorption coefficient is proportional 

to a power of' the wavelength. For the 1.ight element 

Beryllium, however, we get a departure from the st1•aight 

line at the shorter wavelengths because the scattering of 

the X-rays has become an important factor. 

We may write this time 

11-<>- = Cz:X.. 
m 

where cz is a constant which has different values for 

different elements and :for the two wavelength r~s 

( AK> A ) and ( AK< ;t.). The values obtained for Cz 

and m from the graphs are given in the table (4. 10) 

together. with the mean value of A/Al( and A/)..._ f'or the 

elements over the wavelength range covered by the 

measurements . 

We see at onQe that there is a distinct change in 

the value of the exponent m with atomic number at these 

wavelengths. With t he exception of Beryllium, the elements 

give a value for the exponent m which decreases as the 

atomic number increases. 



• 
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(b) Comparison with the result's of other investigators. 

TABLE 4 .1.0 

A<:: AK \>\ 
K 

Mean 1'/ .\K C X 10 n A 23 
m Mean hi. C X 10 m z . 
' ' ' L. z ' 

4 0. 7228 2. 79 

6 .0420 2 .530 2 . 97 

13 . 2304 60.64 2 . 89 

26 .8363 941.9 , 2 .73 0.138 107. 2 2.77 

28 0 .154 151. 0 2.1.3, 

29 0.161 163 .. 7 2 . 73 

30 0.177 194. l 2~67 

42 ·0.424 822.1 2 . 60 

46 0 . 531 1188 2 .50 

This clumge of the exponent m with atomic num.ber 
,~~ 

was first observed by Allen'~ in 1926. He also shows a 

eha,.;"'lge in m with wavelength, quoting values between 2. 6 

and 2.7 near the edges of· the K a'bsovpti'on bands oft.he 

elements, but becoming greater than 2.9 for shor-ter wave­

lengths. 

This suggests tbat for measurements in the range 

A ~ A" the exp_onent 0£ A is a function of ( Af AK) having 

a value 3 when ( A/ A ) ~ o, and then decreasing to about 
. K 

2.,.6 as ).. /A increases to unity. 
K 

It then follows that for measurements carried ou.t 

on a number of elements at the same wavelength, we have m 

decr easing with increasing atomic number, because '\;AK 

increases. 
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Similarly for measurements in the region A ~ AL we can 

postulate that m decreases from 3 to about 2.5 as 

A/A increases from zero to unity. 
I.. 

The present results as well as the large amount of work 

that ha.s been carried out by many investigators , on the 

best exponent for A f or different elements and over different 

wavel.ength ranges verify these statements. 

The two graphs, figs (4. 5) and (4. 6) show values of m 

at different values of A..;).. and 11.;A respectivel y, a s 
K L 

given by the present results and deduced from other sources. 

.------·•-------------------
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4 . 5 EMPIRICAL ABSORPTI ON li'ORMULAE DEDUCED FROM THE RESULTS, 

(a) 

A number of investigators have put 

for ward empirical expressions to represent the absorption 

coefficients in terms of the atomic number Z of the 

absor beP, and wavelength A of the absorbed I•adiatio~. 

At short wave1engths expressions of the form 

4- 3 
f w..-= A Z A -+- B ~---~---(4. l.) 

were given, where the first term represents the fl.uorescent 

coe:f£icient ( To.. ) and the second t erm the scattering 

coefficient ( 6 ~ ) • The value of the constant A changes 

at the critical absorption wavelengths , while t he constant 

B has a different value for each element. 

At longer wavelengths the scattering coefficient is smaJl 

compared with the fluorescent coefficient, so that express­

ions of .the f orm 

f a.. : 10., = A zn A m ---------------- ( 4 e2) 

were given, where the exponents n and m have values - -
lying between 3 .5 and 4 . 5, and 3 and 2. 5 respectively, 

depending on t ,he wavelength range covered by t he various 

formulae. 

For e:,r.am.ple , 
Q5) 

Walter (0 .1-1.0 kX) 

(\ < AK) J-,L &. 
= l o60 X 10 -2. Z 3 ·94-- ,A 3 IN 

( A > AK) 
u.... - -4 4-. 30 \ 3 / 
r a - 5 • 29 X 10 Z / \ N 

23 
where N is Avogadro ' s number (6.0228 x 10 ) 

\ 

~ \ 
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~s) 
Grosskurth (0.l - 2.3 kX) 

/J'- a ;;;;; 2 .836 X 10 Z A N 
_ 2. '3•?0 '.1.,-, :n I 

- 4- 4-·04- :l.·)3,/ f-'-- cl ;;;; 12. 66 X 10 Z .A N 

The present resuJ.ts cover a part, of thi$ longer wavel ength 

region, so that similar empirical relat.ions mExy be deduced 

from them .. 

We se9 that for a constant wavelength \ the express­

ion (4.2) reduces to 

P.. a =- C .:t Zn wher e CA = A A m 

and. g ives the variat,,ion of' the atomic absorption coefficient 

wit h atC1mic mzmber • . Similarly, for a constant Z , that i s , 

for one particular element the expression becomes 

11 - c A m where C - A zn r a - z z -

and gives the variation of the atomic absorption coefficient 

with the wavele~~h. 

[Ua.tions of this type were obtained in Secti ons 

(4.3) and (4.4), where for the wavelengt.h range covered the 

mean values obtained £or the exponents m and n were 

(1) (;\. ~ \,) 

(2) C\. > A1<) 

m = 2 . 9 

m = 2.7 

; n =- 3 . 9 

; ll • 4 e0 

A number of values of C::t and Cz were also given fr,eom which 

the constant A is readily calculated, as shown in 

the table (4,11). 

We find that it has a different value for A.::: AK and 

A> AK . 
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TABLE 4 .11 

;\ <: ,\ 
K /\ > AK 

2S 2l. 25 n 
A (kX) 

m CA X 10 A X 10 A (kX) m CA x 10 Ax 10 

1.360 . 2 . 9 0 . 607 2 . 452 l.360 2.7 0.0569 2.640 . 

1.537 ' • 0 . 962 2 .800 l .. 537 0.(1795 2 . 533 

1.785 ' 1.479 2.804 1.785 0 . 1140 2 "450 

2 . 285 , 
3.090 2 . 863 2 . 285 0.2291 2 . 541 

2 3 23 
n Cz x 10_ n Cz x 10 z !7. 

4 3,, 9 0 . 7228 3 . 243 26 4.0 107.2 2.360 

6 2 .530 2 .. 334 28 151.0 2. 456 

13 60. 64 2 . 747 29 163.7 2. 315 

26 941. 9 2 . 858 30 194.l 2 . 397 

42 822. l 2 . 643 

46 ll.88 2.653 

- :i.(, - :l."7 
Mean A -: 2 .80 x 10 Mean A - 2 ,50 x 10 

our empirical absorption formulae then become 

(1) (). .:: \1<) 

·' 

,1 -2" ~-9 A :2.·9 ,- = 2 • 80 X 10 Z a 

(2) ( ;\, > :\." ) 

µ. -21 4--0 ) :t-1 
a = 2 • 50 X 10 Z /\ 
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4 .5. The K absorption jump r atios , as given by the present 

(b) empirical fonnula. 

A good check on the accuracy of an 

. empirical absorption formula i s to compare t he K absorption 

jump r atios calculated from it, with the usually accepted 

values. In t he present case, the absorption jump Rk is 

given by 

Rk -

-?<. 3·9 2.·'l 

2 .80 x 10 Z AK 
0 ·2. 

11.20 AK 

2 .so X 10-l7 z l+,· O /\. :·"7 
= z O·I 

Mow according to the Bohr t heory, the energy of binding 

of an electron i n the K orbit i s given by 

2. \4 
Vl = 2 1f m e z' 

h " 
2 -rr: m h ~ :oo is called the Rydberg constant. 

. ? 

R ch Z 

where R = 

Hence if Vk is the critical absorption frequency we can 

write approximately vk .:: R C Z
2 

l) so that A k :;; l.zi!. 
R 

and our equation for the absorpt ion jump ratio becomes 

Rk = ll.20 
Ro-a Z o·S 

43.75 7 
z 'lz. 

Values of Rk calculated from t he present ferm.ula are given i n 

table (4.12) and are compared with the experimental values 

of several observers in table (4. 13) . I t is seen t hat they 

are in excellent agreement wi th the observed values, 

especially when the large differences between the values 

of different investigators are taken into account. 

The agreement is not nearly so good for otller absorptio~ 

formulae, as seen from the dotted curves (fig.4.7), which 

v..-ere drawn from the empirical formulae of Walter and 

Grosskurth ~ as typical examples. 
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TABLE 4~12 

Calcule.ted K absor ption jump rati0s 

2. l . ~ _ 40 .,75 
z zZ 1 / z2 K Vi -z 

0 8 2 . 828 o . 3536 15 . 47 

Al 13 3 . 606 o .2773 12 .13 

s 16 4 . 000 0 . 2500 10 . 94 

Cl 17 4 .123 0 . 2425 10 . 61 

A 18 4 . 243 0 ~2356 10.31 
. 

Fe 26 5 . 099 0 . 1961 8 . 580 

Ni 28 . 5 . 292 0 .1889 8 . 265 

cu 29 5 . 385 0 .1857 8.123 

Zn 30 5 . 477 0 .1826 7.990 

Me 42 6.481 0 .1543 6 . 75D 

Pd 46 6 .782 0 .14'73 6.453 

Ag 47 6 , 856 0 .1459 6.38 4 

Sn 5 0 '? , 071 0 .1414 6 .185 

I 53 7.280 0 . 13'74 6 .010 

Ba 56 7.483 0 . 1336 5 . 845 

Ta 73 8 ,544 0 .1170 5 .120 

w 74 8 . 602 0 . 1163 5 .090 

Pt 78 8 . 832 0 .11 33 4 . 957 

Au 79 8 . 888 0 . 112s 4 . 921 

Fb 82 9 .055 0 . 1104 4 . 830 

u 92 9 . 592 0 .1043 4 . 562 



(l.S) (.;a;~) 0 

Jonsson 

Woernle 

Walter 

Allen 

~artin 
. & LanizJ 

Richtmyer 
& warbur-tol!l. 
Gray 

1 4 
Holweck 

1 7.6 
Rudfl e i s eh 

Stoner 
& Martin 
Riaht myer 

Spencer 

Mean Values 15 . 8 
Calculated T 5 .n 

values 

TABLE 4.13 

Compar i son of the ca lculat ed K absor pt i on jump rat i os wi t h some obse r v ed values 
•. 

Al s Cl A Pe Ni Cu 2 1'1 Mo Pd Ag Sn I Ba Ts. w Pt Au 

12 . 6 8 . 3 ·a.2 
11 . 0 1 0 . 4 10 . 0 

9 .4 9 .1 9 . 0 8 .9 7 . 6 7 . 6 

9 . 2 8 . 2 8 .5 7.5 7 . 3 8 . 9 5 . 5 5 . 2 4 . 2 6 . 0 
0 

8 . 8 8 .'&. 8 .. 3 7.7 6,6 6 .? 

7.5 '7 .a 6 . 6 5 . 65 5 . 65 

a.o 7.7 7.6 '7 it4 
' ,, 

5 , ? 5 . 5 
13 

I _<(,~ 

13 . 0 8 . 5 8 . 1 7 . 9 7.7 5 . 9 5 . 8 ,' 4 . 4 4 . 2 

6 . 8 6 . 7 

8.,7 7 .3 
9.96 

" -

12 . 9 11.0 1 0 ~4 9. 98 8 . 8 8 . 2 s :2 7 . 85 a·;1 6 . 5 6 . 84 7~ 75 5 . 5 5 ~2 4 . 2 5 ~02 6 ~0 4 . 93 
-i2 .l --i o . 9 1 0 . 6 10 . 3 !8 . 6 8 . 3 8 . 1 e.o 6 . 3 6 . 5 6 . 4 6 . 2 6 . 0 5 . 8 5 .1 5 . 0 5 . 0 4 . 9 

' 

Pb 

5 . 40 

4 . 1 

4 . 45 
4 . 8 

u 

2 .9 

2 ~9 
4 . 6 

I-' 
l\:l 
I-' 
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4.,6. Approximate mass scattering coefficients deduced from 

the empirical absorpt,ion f'o:rmula and known values of 

·total mass absorption coefficients. 

In table (4.14) some mass ~bsorption coefficients 

calculated by means of the empirical formula were compared 
~5) ~b) 

with the usually accepted val.ues . There is good agreement 

except for the light elements at the shorter wavelengths , 

where ·the accepted values are consistently higher than those 

calculated, due to the i ncreasi ng contribution of the X-rays 

scattered by tne oleJT_tent.s t o their absorption coefficients. 

TABLE 4 .14. 

It = 0 . 50 kX: 1 . 00 kX 1 . 54 kX 2. 50 kX 

Z Cale Obs Cale Obs Cale Obs Cale Obs 
Pip to/p Pip P/p l'-/p H,a fl1p µ./p 

C 6 0 . 204 0 . 355 1.52 1.60 5 . 34 5.5( 21. . 7 20. 0 

0 8 0.470 0.520 3.51 3 .15 12. 2 ll.2 50~0 45. 0 

Ne 10 o . 896 0.930 6 .64 6 .50 23o2 24.0 95. 5 100 

Al 13 1 .85 1 . 90 13.8 14 .l 48 .1 49 .0 197 196 

A 18 4.45 5 . 00 33.2 35.0 116 116 473 475 

Ca 20 6 .68 6.70 49.9 49.0 173 172 711 620 

Fe 26 13.6 14 . 5 9949 101 ·347 328 

cu 29 18 . 0 18 .. 6 134 l.30 51. 4 50.9 

Mo 42 50.4 50. 2 49.0 52.0 158 164 

Ag 47 10.0 10.5 68.4 73 .0 220 217 

Sn 50 12. 3 13. 0 79.5 8?.0 253 247 

w 74 37 .9 39 . 0 246 260 

Au 79 45. 9 49.0 

Pb 82 50.7 53 .. 0 



'rABLE 4 . 15 

Mass scattering coefficien ts obta i ned by means. of the empe.rical e.bsGrpt tQtl formulae 

I l I I I I I I 
Wp I 1p I ~ ,u~ ·I ,,/,o I ~ Pip l '1p I Vp µ/p I "'~ I 6f;> 
obs I calc I oos1 cmlal obs

1 
cs.le \ @'bs I c9..lc 

1 

• 

Li 3. 0 . 12 5 1 ~ . 000 10.125 0.151 : 0 . 0021 o .149 o .. 198
1 

0 . 0241 o . 174 o . 43O1 0 . 17'7 ; 0 . 253 

Be 4 o .13110 . 000 1 o .150 0 . 160) 0 . 0041 o . 156 o .2101 o ,0561 o . 154 o . 550\ o .• 4181 0.11>2 

B 5 o . 10a1 ,:, . 001 Io . 13'7 o .1051.o .ooal o .157 o . :?.sol 0.111
1 

o •. 139 o . 9301 o . s;11 I o . 100 
l I . I . . . . ·, 

C 6 0 . 142 10 .002 0 .140 0 .1?6 0 . 014 0 .161 0.3551 0 .204 0 .151 1 . 60 1 . 53 I 0 . 07 

Na 11 o.15o
1
0.011 lo.14o o.22s1o.oeol o.145 1.25 I 1.13 : 0.12 e .;o I s .47 I o.33 

I l I Al 13 0 . 156
1

0 .017 o . 139 0 . 210 0 .13010 . 140 2 . 00 I 1.85 I o . 15 14 .12 1i.eo 0 . 32 

Fe 20 o . 275 0 . 126 10 .149 1 .20 10 . 93810 ~260 14~5 113 . 6 10 . 9 101 I 99 .9 I 1 .1 

I I I . l I . Ag 47 1 . 05 o . 655 o . ~ 95 5 . 40 4 . 88 l o . 52 10 . 5 10 ~0 I o .• 5 I 
I I I l · 

Sn 50 1 .. 17 
1
o.?58

1

o.412 6 . 10 
1
s . ss 10 . 44 ll> . O 

1

12 . 3 Jo . '7 I I 

Pb 82 3 . 50 j 2 . 99 10 .l&iO I \ ·, J I I I 

1--1 

~ 

I 

A kX 0 ,. 10 · 0 . 20 0 . 50 1 L, 00 
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Si.nee the empirical formU1a was deduc.ed for a wavel.ength 

region where the scattering was very small compared with 

tlle fluorescent absorption of the X-rays, it gives i n effect 

values of the fluorescent mass absorption coefficient s at 

these wavelengths. I~ follows that, if the tomula is 

reasonably accurate at shorter wavelengths, we can obtain 

approximate values for the mass scat~erin.g coefficients 

by subtracting the calculated fluorescent coefficients from 

the usually accepted totaJ. mass absorption values . 

This has been done for a few elements at four 

different wavelengths, as shown in table (4.15), and the 

values aro compared in table (4 . 16) with the measured 

values of several. :investigators. 

We may note that, since the scattering coefficients 

are small, slight variations in the· values of t he total 

mass absorption coef'f'icients of' different observers will 

result: i n large erroi:-s in the values of' the scat. t ering 

aeef:f'icients. On the whole, however, the resul ts are in 

reasonable agreement with the given val.ues , especi aJ.ly when 

we t ake into consideration t hat scatt-ering coef ficients are 

rather difficult to measure experimentally and that 

disagreements of as much as 30% are net uncommon bet ween 

the results of different observers. 

The graphs, :figs, (4 .'-7) and (4 .8) &how how the scatter­

ing coefficients vary with atomic number and wavelength. We 

see that :for l i ght elements, over a wavele~cth range 

{ 0 . 1 to o,.5 kX} the mass scattering coefficient is al n1ost 

constant e.nd i ndependent of' at omic number and wavel ength 

as i s required by the classical scatteri ng theory of 

J .J .Thomson. 
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'FABLE 4 ,16 

1/,ASS SCA'r ~~ER I NG COEFFICIENTS ( i ) FOR DI FFERENT ELEMENTS AT VARI OUS WAVELENGTHS 

>i. 4<x) Li Be B C Ma Al Pe Ag Sn Au Pb 0 ' 

Allen ~1) • 0 98 i (l . 139 . • 1 43 . .162 1 . 934 
.. 

Present worH . 100 .125 • 130 . 137 · , 140 .140 . 1~9 .149 . 395 . 4-12 . 51 ,, : . ;\ . - . 
Allen .130 . 151 . 149 . 189 2 . 582 3 . 12 

Allen . 200 . • 167 .155 , 254 4 . 04 

Present worg . 200 .149 . 156 .157 . 161 .145 .14 0 ,262 . 52 0 . 44 

Allen . 41 7 . 1 73 .161 . 282 4 . 44 

Mertzl5) • 430 . 166 .162 .182 .1,91 . 

Cea.de ~s-) . 48 .183 .16 . 25 0 . 40 • 9~'> 

I-' 

~ 

Pre s ent work . 50 . 174 . 154 .139 .151 .120 .150 . 40 .50 0 . 70 3 . 1 2 .3 
., 

' 
Me rtz . 54 .157 .169 . 1 94 . 248 

Ceade . 55 " .186 . 200 . 320 . 52 0 . 56 1 . 32 

Goade ... 09 . 330 . 420 

1.0 0 .132 . 100 ' . 3°3 Pre s ent wor k . 253 . 32 1 .1 
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For shorter wavele11gths the scattering rapidly becomes less 

than t his theory predict s, while for heavier elements and 

longer wavelengths, it rapidly i ncr eases above the classical 

vaJ..ue. This is explained by the quantum th.Bory whieh 

considers the radiatio1-i s cattered by a material to consist 

cf t wo parts :-

(1) The incoherent or modified scatter t ·or which the 

wavelength oi' the scattered r adiation is chang-ed. 

(2) The coherent or modified scatter where the wave-

length remains unchanged. 

The mass scattering coefficient is than due to these two 

types o:f scattering proc.esses, the relative L-npo1.--tanee 0£ 

each part depending on the at.omie n.:.nnber ef the scatterer, 

and the wa-veleilgth of the radiation scattered. 

For light elements irradiated with X-rays in the 

region 0 . 1 to 0.5 kX units, the two parts eontribute 

more or less equally to the .scattering eoef:ficient, while 

at shorter wavelengths the scattering coefficient is almost 

ent:l.rely due to the incoherent part which diminishes slowly 

w:J. th the wavelength. 

At longer wavelengths and £or higher atomic numbers, 

the coherent part is the mor e importent, and we have excess 

scattering which increases rapidly above the classical 

value? being proportional to, approximatel y Zz A , according 

to the pr esent results. 
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COWCLUSION. 

We end thi~ section with a brief SUillDlar.Y of 

the main ~onclusions arrived at duri.J'l...g the co~se of the 

invest.igat.ion. 

The pro(:esG Gf the abserption of x-r~s over a wide 

range of wavelength a."'ld atomie r».1mber is not ~iraple, an4 

the fluorescent mass absorption coefficient cai.""U'lO~ be rep­

resent ea accurately over the wnol~ range by a simplf# fol-mula 

ot' the type 

-Y/p = a An ~ 

where n and m are eonstants and ·ct is a pw. .. amet.er wr1Q.f;e 

value challges at the critic~ absorption edges. 

!nstead, the pr~sent 1:·esult.s, as· wel.1. as 'tohose of 

other wGrkera, indicate t.hat the exponent.a . !! and m vary 

with 'the wavelength and a.t.omio number over an extended r ange 

of values of theae q\tantitleS.9 

A survey of' the work eez>ried _out on t.he exponent. m 

of the atomic lll.4'1l.'bor shows t,.;at the value increases v,itb 

wavelength, but there is not eno~h data available to arrive 

at a definite l aw concerning tbe variation. 

Int.he case of t he variation of the fluoreseent. m&.ss 

@sorption coeffi·eient with wavel e%-rth, the results indic;ate 

that the exponeni~ n of the wavelength decreases wi t.h )../ A I< 

on the short wavelengt,n side of t ,he K · absor ption egge , and 

with A/ )._ on t he long wavele4)£-tb side o-£ t.he edge . 
L 

Over a $Dlall ra:nge of A and Z however, ~ and n 

can be eonsidered .as constant and empii•ical fem-ulae of t,he 

form ~ .: ex. A. n i11 g-J.ve r easonably good values of t.he 
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. fi~0re:sceli-t ~~s~ a.bso~ti-0n-ceei'fieients. 

. .Tb¢ -:te~ae. aed~i-~~d:·. in' :,ih~:; ~1~,e~en~ ea~e ·~e. . 

tif A.::· A . . · K 
• •r ; 

/..{ - , q 80 'l -2.£.'. 3.9 '\ 2.•9' 
I a. - c:;, ~ X: .£0 - Z /\. 

; ; . • "i .. / ~,_ •.. :» ,'I ' • 7, ~ - ~ •• ~ ; - ~- • • - . .·.,, .. \ . . ,, 
. . A . . .. -~-i ty-0 ) . 2.-, . 

r . ·>· . . . - ' • . , - - . . - . . , . -I\ - .. .. - (2) ,. A_ .,. ·K ' ,,, ..,.,,. ·.,. , \ _/J-.q,- .2~50 .X -.,lO··•·•Z.,, . . _ .... ,,; :, 

. ,,,' .• ... - 1., 

whe~~ f<>- is ·the :at;omte mass af.>SOfPt"ion .c;oet".fi<atent ... 
: • ,;. •{:f_.,:; •. I:. ~• , ·b fs° · ;: ... , • ~--,t :, ~._ •. ,:;\' . , v•,' • ' :~\. ·!.:::, ~I \-1 ,' ,t 

· .·ma.e~ t~ K abaerpt·!on Jump rati.e . is~ .e~eula~ed f;rom 
':i . \:, ; .. .-. •.-!t • .r ,. ___ ._·: \ . ·,; .·, •• ~- ·.-... _ .... ,;·,; •·\ ..... ~-- ! :, \ , •· .. ;_ t :. - .; : ' \ ';,·:. ~ 

these empiriea:l. a'laso?'ption :formulae \~e obtain 
. t\• •,, • ,:r .. ;,,:,:,\,. ,, , -~• , •,: •, ~ c :.•, : t ;,; ... ' ,' , ·,:,i \: .. .,. _\1\i,- , ; ;_; 1',' ..,,. 

~- ~· !, " ;, {~ 
. . ,.. . . . . - 43· .. -/ · - •h . -, .. . ,--.. . ,,R,, ...,.. .... - ,..75 , .g ·, , 

> , ' • . .K,' . 
•\ .. . ... - . ' ,. .. ~. j. ~. ·-..1 

\1 . .'·. 

whiGh indi:tates that tne ratie is inversely proportional -

· to the square root or t he · atomic number~ The formula g-J.Ves 
.. , ....... 

values ~ -exceilent ag;F"eement with the~e O!}served -bY, ·v~t~s 
•, .. , · , ' , ' ! ' I · ,, •, , - , ;, • • , :- , • ' ·,·-1 ,'.:,'~,.(_ .~' < p1..j~ t_;. 

.., 

iRv~stiga·u,rs ~ . · 
,, ' ' ; ; • . . ~ ' ' • . . . .• ,.. • ', 't ' ,· . '~· -.• ;, -~ 

tastJ.y'~ val.tie$ of t.:fu.e· mass seatterillg coef'fieients: 
· ~, • , 'i, ··, , . : : . ,,_': .- , · · 1 •-=':,. , I ) ·•.::_.--{.!' _: ' • ;. l.':.- •-: '- •, :., "', ":~ -; .•• ~:~,:>'; ·· 

estimated by I!lBai--is of the empirical absorptie:n f o'.rmula.e, 
• : l ,; ' ! •<· t ·, . : • '. ' l , ''. • • I • I . • • ; •' .• "'•,:, ,. I ' ., • 1 ~; I • 

are in. x-ee.senabl.e agre ement .wtt~ the f'~w di-rec:tly .. meas~e.4 
.: ·.. . ... ,,: -'; . ~. ~ 

values- ·available , and · obey the gen.er.al l aws ot seat,t.~:ving, • . • 
.I ; . • 

... ~ -• 

IR the exeerss soatt.er ~-egur~= t.h_e :restillt-s indicate that tbe, 
. '· . . ,, ,, '' ' .. , • 'Z. 

coefficient :L.a appr eximately propQrtiona!l "t,f.> Z . ., 

- ' ., 
{', 

.. .-~-:~ ,~~""9---·•--

----

•. • , . 1:• 
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