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ABSTRACT.

The object of this wuorK tos first to Investigate,by-the
ionisation method the dependence on the wall-mate*?4al.o f.the
Ionisation produced within chambers by high voltage radiations
of wave lengths from 0.018 A,U. to 0.5 A.U. The ionisation
chambers were pressed from mixtures of bakolite powder and
graphite powder eitho”ith vanadium or cerium oxide. Secondly
to Investigate the possibility of measuring the quality of
radiation by means of the ratio of Ionizations in two chambers
one of them is air walled and the other of higher atomic
number. A study was also made of the validity of Gray's
theory for calculating the ratio of ionization in such small
chambers.

The results of these investigations have shown that:

Chambers moulded from the above mentioned mixtures are

satisfactory electrical conductors and behave consistently

in their interactions with the radiations used.

2* The method may be useful in examining the quality of the
scattered radiations from harder beams of X-rays generated
at say between 400 and 1000 KV. The ratio of ionization
calculated according to Gray's theory agrees with the

experimental one up to a wave lengh of 0.08AIJ.
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3- Ths effective wave lengths of the X-ray beams ware
obtained fraa the coi”lste spectral distribution of
the energy and frcan measurement of the half value layers
of the beams * It was found that in n»st cases 1t is suff-
iciently accurate, when considering the calculation of
the ratio of ionizations in two chambers, to regard the
beam as having that effective wave length corresponding

to 1ts half value layer.
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mTRODUOTIOK

The method whereby the rtitio of the ionizatioaB in
two chambers (one air walled and the other with walls of
higher atomic number) is used as an index of quality, has
been applied by many observers for the study of the quality
of the total radiations within media irradiated by X
and  2ft-rays. Mayneord 4\4>\ measured the ratios of
ionization in thin walled chaabers of different materials
and found they disa, reed with his theoretical calculation.
Clarkson and Mayneord L2\ used small ionaization chambers
of carbon (as an air wall material) and copper in their
investigations. They obtained results for the ionisation
in the two chambers which were appreciably lower than the
values calculated from the theory of Bragg or Gray
Because they used chambers of Acheson graphite electroplated
from the inside by layers of copper of thickness 8 ,
they attributed the discrepancy partly to the insufficient
thickness of copper plating to give full equilibrium elec-
tronic emission over the short wave region. Wilson
using small chambers of carbon and electron metal or copper

for investigcting the quality of the radiation used in

radium “-ray therapy (572209 X.U.) calculated the ratio



of the ionization and found it deviated considerably from

(IN

to the fact that, in this cac?e, the chambers could not be

Mayneord*s experimental results. This 1s partly due
regarded as thin. In one case the ohamber was of magnesium
4 mm thick and in the other of copper 1 mm thick.
Clarkson,in his attempts to measure by the ionization
method, the real energy absorption in differ nt gases for
X radiation of wave length 0.208 A.U. $ arrived at a
similar result i1.e. the experimental values for the
ionization deviated considerably from the theoretical ones.
He suggested that the deviation might possibly be due to
contamination on the inner surface of the ionization
chamber. All these investigations were made with chambers
constructed from materials consisting of a single elemcuit.
In recent years conducting, thermo-settirig resins have
been used for the Ifrge scale production of ionization
chambers and 1t seemed likely that by suitably adjusting
the material proportions in the resins, wall materials of
various effective atomic numbers could easily be made. It
seemed possible therefore, to press small condenser
ionization chambers, identical except for effective atomic

numbers of the walls. Pairs of them (if one was air-walled)



appeered likely to be of use for simultaneous measurement

of ”depth-dose” and **depth quality"*. In particular,

since it is possible easily to mould very small chambers,

such pairs appeared suitable for the study of the quality

of the scattered radiation generated in a medium irradiated
X-rays (\7)\ Before this stage could be arrived at,

however, it seemed necessary to investigate the behaviour

of such pressed ionization chambers in order to examine :-

1. Whether the pressed material made of such different
mixtures could be relied upon to produce a specific
interaction with x-rays i.e. an interaction which is
the same from sample to sample.

2, Over what range of wavelengths it might be satisfactory
to use Lhe method for quality deteriiinations and in
this respect whether a mixture of one particular atomic
number might be better than another.

5. How the experimentally observed ratios compare with
those calculated from the theory and whether this
comparison leads to any new information concerMilg the
ionization in a walled chamber.

An instrument for measuring directly the ratio of the



ionization currents was used as being the most appropriate™”)

The radiations ( X" Y ) available, enabled us to take

measurements over a wide range of qualities from 0.012 A.U.”a-

0.4 .A.U. For the latter the following sources were used.

I. A radium unit/\(s') of 4 gm. content was used to obtain
radiation of 0.015 A.U.

2. The Metropolitan Vickers constant potential,
continuously-evacuated million volts tube at St.
Bartholomew’s Hospital”“was used for obtaining wave
lengths 0.041 ana 0.05 A.U.

5. A Victor Ptaximar tube having electrodes designed such
that it operates almost as a constant potential x-ray
generator, the exciting voltage being nearly the peak
kilovoltage. Y/ith 220 kVp and suitable filters,
x-rays of effective wavelengths from about 0.1 A.U. to
0.082 A.U. were obtained.

4. A Westinghouse tube with Villard circuit was used tor
measurements in the region of 0.10 - 0.30 A.U.

5* A Siemen’s tube for measurement in the medium kilo -
voltage region (60 - 110 xVp) was used for obtaining

qualities in the range 0.5 to 0.5 A.U.
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DETEIIMIHATIOM OP THE QUALITY Of X-RAYS y

(p) Consideration of the Different Methods Used

The quality of x-rays has been the subject of investi-
gation since the time of its discovery by Roentgen, who
studied the quality by observing the penetration through a
Platinum Aluminium window”.

This was followed by several other attempts i),

*-ISNbased on the same principle of absorption or on others.
A variety of methods were used, but for a lon” time no
satisfactory conclusions were reached>

Radiation quality for a monochromatic beaia can be
specified by stating the wavelength of the radiation, which
gives an ecourate physical picture of the beam ana its
behaviour wupon interaction with matter. On the other
hand, radiation quality for beams of x-rays such as those
dealt with in the following investigation cannot be so
easily specified by such a simple statement as “the wave-

length” used in the case of homogeneous rays. This 1is

because of its heterogeneous nature, 1.e. 1t i1s composed of



a mixture of wavelengths, the minimum being defined by the
voltage, while the total composition depends on the
generator waveform, tae x-ray target, the tube wall, the
filters, eto. Therefore no single parameter of the
voltage applied to the tube or the wavelength describes
it completely.

The following are the methods most commonly used in
the specification of x-ray quality.

(1) The spectrometer method:

The spectrometer can be used for mapping the x-ray
spectra in the same way as it 1s used for ordinary light.
But as the wave lengths involved in the beaoi are usually
shorter than those of ordinary light, a large crystal
replaces the grating and the rays are reflected from the
different atoms and recorded photographically or by means
of a current in an ionization chamber.

Seaman”made a spectrometer for measuring the
minimum wavelength of the beam as an 1 idication of the
quality. But, as the spectrum of the beam is a function
of the waveform and the latter is exceedingly variei, it

follows that the minimum wavele”igth cannot satisfactorily



describe the quality.

Mayneord and RobertsA(”/\N' usedthe Seeman spectrometer
In studying the problem of filters and concluded that it
is too complicated to be applied for therapeutic purposes.

[t necessitates a great refinement of the experimental
technique and takes e long time. Also i1f the spectrograph
1s used instead of the ionization spectrometer, a simple
density curve of the photographic plate may be misleading
because of the many factors one has to deal with such as
the photographic halation due to scattering and the
complexity of the emulsion response toradiation.

(11) The Half value layer:

One of the earliest methods of measuring the quality
was the method of the **Half Value layer” which was intro-
duced by Oristen”””) in 1912. He claimed that it gave
desired information for the specification of the quality*
The half value layer is the amount of a specified material
which, when the x-ray beam passes through it, reduces its
intensity to half its original value. Therefore the more
penetrating the radiatio 1, the greater the half value

layer "H.V.L.”.



Holthusen and G ollw itzer®arrived at the con-
clusion that the determination of the H.V.L. in copper of
filtered radiation is a more exact method of expressing
the penetrating power of an x-ray beam.

Phole and Bernes”*") following Mayer**") obtained
the H.V.L. in Aluminium and copper photographically but
concluded that the photographic estimation was not
reliable-

Other observers™ ,22,25,24 ,25) the method of
determination of the half value layer in copper for
specifying the quality and they agree fairly well amongst
the iselves when using constant high potential.

Mayneord and Roberts” 17\ investigated this problem
thoroughly. They introduced a series of filters of a
suitable material of increasing thicknesses and measured
the intensity in each case, then constructed absorption
curves from which they obtained the half value layer.

They also investigated the question of the most
suitable metal for measuring the H.V.L. of high voltage
radiation and suggested that tin 1s the most suitable
m aterial in that case. They also recommended the measure-

ment of a second H.V.L; the ratio of the first to the



second H.V.L. indicated the heterogenity and gave a more
complete idee of the quality of the rays.

Although the H.V.L* method seeus to be the moat"
convenient ana the least open to criticism, it does not
give all the information required for the specification of
the quality. But nevertheless it can be used in many cases
satisfactorily and it is one of the best methods of
expressing the quality by a single parameter which represents
a physical picture of the quality. Provided the general
well known precf utions are talkan into account, there are
no serious difficulties in obtaining it.

As the x-ray beam generally consists of a wide range
of wavelengths it has been found that one material could
not be used in the whole range of exciting kilovoltages.
For example, aluminium i1s suitable for longer wavelengths
while for shorter ones a great thickness is needed to out
down the intensity into half its wvalue ana this, besides
its inconvenience, produces scattered radiation which
increases the ionization above its reel value. So it was
agreed at the fifth international congress of Radiology
that: /

For medical purposes it is sufficient to specify the
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quality of the x-redi“tion by the H.V.L. in suitable
m aterials which are:
For x-rays up to 20 kilovolts peak value (kVp)
cellophane or cellone i1s used as an absorber.
Between 20 end 120 kVp: Aluminium
From 120 to 400 kVp : Copper
Above 400 kVp :Tin or Lead.

Mayneord and Roberts*found that' Tin is more
sensitive at high potentials and found it was superior to
Lefd.

For a more definite specification of the quality a
complete absorption curve is preferable.

(i11) The effective wavelength

This method was suggested by Duane 1922 in
an effort to express the quality of an x-ray beam by a
single quantity.

When a layer of material 1s introduced in the path of
the x-rays a certain amount of the radiation is absorbed
and a reduction is noticed in the final intensity of the
beam after leaving the absorber. The wavelength of the

monochromatic radiation which would be absorbed in the
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same layer by the same amount as the heterogeneous x-ray
beam in question is called the ”Effective w ve length )ie -
In the case of monochromatic radiation the following

equation describes the phenomenon taking place:

where lo and Ix are the intensities of the racii? tion before
ana after passing through a thickness x of the absorber,

1s the total linear absorption coefficient of the
material of the absorber for a specified wavelength y/

In the case of the heterogeneous radiation the

equation will bo:
I, =1

ytt in this case is a composite absorption coefficient
corresponding to the effective wavelength ” ” defined
as previously stated.

The equation

(3)
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le actually used to represent the absorption of a bean of
heterogeneous radiation bearing in mind the meaning of the
different symbols as/bhey are defined In equation (2)

To obtain Duane measured the intensity of the beam
before and after passing through a standard sheet of copper
I mra, in thickness. Using equation (3) and Richtmeyer's
278) foj|l.niuia or tables he obtained the corresponding/*"*

He modified this method by constructing a standard
absorption curve representing the percentage transmission
in .85 nan. copper against the wavelenjth. He then
measured the yercentage transmission in .85 mm copper
of the beam in question and read the corresponding *
directly frcan the standard curve.

Duane *s method has the advantage that it needs only
one intensity measurement beside the original one and a
reference to a standard curve. [t gives a physical
description of the quality and is more convenient and
simple than other methods. This simplicity is outweighed
by the indefiniteness of the results. The obtained
depends on the thickness of the copper used as a
standard. Therefore a statement of the thickness used
should be expressed. As the specification of the

quality required small thicknesses (as 1 nan. or. 28 lan. )

to be used, the measurements of these small thicknesses
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are liable to be in error. Any alight error in the
thicknesB may result in considerable error in Ae _—
Also the standard used as an absorber should be carefully
chosen for what is suitable for soft rays is not so for
hard ones.

(iv) The true effective wavelengths

Another way of applying absorption data to specify the
quality was suggested bjjitaylor He expressed the
quality in what he called the "true > " which he obtained
from absorption curves by drawing a tangent at the required
point, the slope of the absorption curve at this point
gave the absorption coefficient. Prom tables for mono-
chromatic radiation, the true effective wavelength was
obtained.

This method is less practical than Duane's method, for
it needs a series of measurements for filters of different
thicknesses while Duane's method needs only two. The
drawing of a tangent at the point in question is not easy and
any slight error in this process leads to an appreciable error
in the value of the absorption coefficient and hence in the

determination of : This is outweighed by the



-14-

olsim of the author that drawxrio a complete absorption
curve will average out the error in the uieasureaent of
the thickness of filters.

An advantage in this method is that a statement of the
thickness used is not included in the expression for the
quality; the standard material used as filter must, of
coiirse, be. specified.

(v) The average wavelength method

The term “average wavelength" was proposed by
Mutscheller.) Its determination consisted in observing
the percentage transmission through an increasing thickness
of a metal axia plotting these values against the correspond-
ing thicknesses on a semilogaritlmic paper. He observed
that for greater thickness (above .5 m. copper) the curve

became a straight line indicating a homogeneity in the

radiation. He accordingly divided his curve into two parts;
l. The portion from zero filtration to the stage where 1t
became a straight line. In this part he determined

his average wavelength at any point by driiwing a
tangent at that point and determined yu and
In this case the average wavelength coincides with the

50 called true of faylor, having its advantages
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Xdieadvaxitages.

2. The straight portion of the curve. In this case he
measured the slope of the line which gaveand
consequently the average wavelength was read oil from
tables. This method is not sound from the theoretical
point of view for the plotting of log against x
does not give a straingt line; after e certain amount
of filtration, the quality of the beam changes very
little with the increase of thickness of filter and the
curve approaches linearity but does not become exactly
linear.

(vi) The complete absorption curve method
As it was the aim of the different investigators to

express the quality by as few parameters as possible

provided the main requirements are fulfilled, Taylor*"*)
approached this aim from a rather different angle.

An x-ray spectrum is a function of the potential applied
to the tube. I[f a constant potential is applied, a simple
spectrum results. This simple spectruia is reproduceable
and is a function of the value of the exciting voltage and
the target material. On the contrary, when a fluctuating
potential is applied (as i1t is usually the case) to the

tube, a “composite spectrum” is obtained. Hence the
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absorption curve of a constant potential x-ray beam can
be used as a standard of reference.

The method adopted was therefore that an absorption
curve of the beam in question was plotted on a transparent
paper. This paper was moved on the set of standard carves
of reference and a standard absorption curve was found which
fitted - as rej:ards general character as slope and curvature
the curve under investigation for the same absorber. Then
the physical properties of the "“iven beait were similar to
those of the beam obtained with a constant potential
generator. Hence Taylor described the quality of the beam
by two quantitiesI
1. The constant potential which “ives a similar absorption

curve as the one in question. He called 1t *'The

equivalent constant potential*.
2. The initial filtration.

This method of representing the quality seems to be
justifiable for, besides giving a physical picture, it
includes iniormation of x-ray tube target, tube wall and

primary filtration.
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(b) Determination of the effective wavelength from

the x-ray energy distribution curve.

In view of the above discussion one can see that the
most reliable and accurate method for specifying the
quality (lesides the spectrometer method which, as previously
stated, in not easily applicable in the therapeutic use of
x-rays, 1s the construction of a complete absorption curve """
using the appropriate material for each range of icilovoltages
used. The difference between the various methods arises
in the way the date included in the absorption curve are
utilised to obtain a significant picture of the quality of
radiation.

We shall describe the method adopted for obtaining )ie
from the energy distribution curye based on absorption data.

The method of obtaining the intensity distribution of
an x-ray beam theoretically from absorption data was first
examined by Silberstein”55", He gave an approximate method
of solving the problem.

He showed that one intensity distribution curve can be
derived theoretically from a certain complete absorption

curve and applied his method in analysing beams excited by



different kilovolts up to 100 kV. and found it to be fairly

satisfactory for practical purposes.

1. The theory of the Method
In a heterogeneous beaal of radiation, the total
intensity is given by:

i = 0)

where /*(!)= T> 1is the average intensity for the range
of wavelengths Wan > to

I[f the form of f”) 1is known then can be calcu-
lated. When the beam passes through a filter of thickness

X cm., its intensity 1is given by:

X X

N X
where is the absorption coefficient of the wavelengths
ranging between A/ and 3+ jA . The solution of (2)

gives the required intensity distribution of a continuous
x-ray beam.

For changing the variables put:

(3)
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and denoting and "(<v) = ~ , (2) becomes:

Be~f ' =4(7) 3% (
An integral equation for unknown function
Sllbersteln found that an equation of the following
type
I, =1 (6)
where A and B are constante, generally fits the
experimental date In copper and aluminium fairly well and

in some cases with great accuracy.

From (4) and (5)
c -Mx , 7, T "Ax-Bl/x

Uo

A solution of this aquation can be obtained from

a certain integral evaluated by Laplace}

NN ujzro for A



Using (2) we can return to f (}) thus

(8)

which Is characterized by the coefficients A and B.

Equation (8) gives the complete spectral distribution
of a continuous x-ray beam whose absorption curve is given
by (5).

The spectrum is sharply bounded on the short wavelength
side by the limiting wavelength = {Duane & Hunt)
the value of which is governed only by the peak kilovolts
applied to the tube. Prom monochromatic absorption
tables the value of corresponding to is taken
and hence A, which was found Identical with

Jones modified Sllbersteln's method in the
following way;

Equation (5) can be written in the form;

x . jl1'
7 " 8*
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where y

I[f, aa Silberstein proposed, equation (b) represents

the absorption data given by a beam, then the plot o1 *
against y should yiela a straight line passing through
the origin as suggested by equation (9). This was not
found to be the case. Whenever one can obtain a straight
line from the plotting of (; , Yy ), with a reasonable
percentage accuracy, from transmission data, the line does
not pass through the origin but gives an intercept on the

(; ) axis. The fact suggrsts that (9) should be modified

to the form:

-y-yZ " rC (10)
in order to represent the experimental data,

of
The solutionj(10) for y 1is:

£ +H xH J A

Consequently (3) no longer represents the transmission data

It should be modified to the form:

- T -Ax-effxtJ
iv-1 £ (11)
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Therefore equation (8) would become;

8/3" ™

This equation was found ("®) to give the continuous
spectral distribution of beams of the kind In x-ray therapy
provided tlie plot of ( | , y ) yielded a straight line.
In this case the amount of olwracterlatlc radiation 1s
negligible (equation (12) allows only on© maximum for the
intensity).

I[f» however, characteristic radiation is present in
an appreciable amount then the plot of ( 3 , Yy ) will not

give a straight line.

Recently” Grooning * has extended the Sllberstein-

Jones formula to cover beams having a certain percentage of

characteristic radiation. Applying this extension in some

of our cases, where we fail to obtain a straight line, we
find that by allowing for an amount of characteristic
radiation to be present, we can eliminate the curvature

of the line.
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I1. Correc-tion-for chai-scteristic Radiation

If It Is assuiaed that a certain amount of
characteristic radiation is present and correction for
this produces a straight line when plotting ( Jr » y)$
then for the beams used we can safely say that the
continuous spectral distribution given by (18) together
with the above amount of characteristic radiation gives
a satisfactory description of the total radiation in
the beams used, for;© (36 ) ‘

Let p be the fraction of the total radiation
attributed to characteristic radiation

and g be the fraction of characteristic radiation
due to Kg line
Ip and IX have the previous meanings.
1) and I'x are the corresponding quantities for the

continuous radiation oiily.

Then
I. - X

and
pX [ (-W ]~
wherey.,”andare the absorption coefficients of the

characteristic lines.
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We have from Jon«a* analysis
s ip AL
y a].A_ay4x
Thus for the conxinuoas realaxion in Xnis case
y = - 0 -/fx
Substixutlng the values of and X,, we get

The value of p which when inserted in (15) gives a
straight line of the plots of (~ y ') is the fraction of
the characteriBtic radiation present in the beam. p can
be found by trial.

In the above treatment it is supposed that the relative

intensities of the characteristic lines present are known.

i11. Experimental Method ¢
The experimental arrangeme its are shown in the figure
(1). A diaphragm about 0.5 cm. thickness of lead and 1 cm.
thickness of aluminium with a hole at the centre having a

diameter just large enough to ensure that the whole

* This method was adopted before the apparatus fig.(34)
was ready for use.
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ionization chamber was totally irradiated (about 1.8 om. in
diameter). The filters used were sheets of pure copper

and tin supplied by ileasrs. Johnson-Matthey. The thickness
of the filters was determined by weighing. Also it was
checked by measuring the thickness of several sheets together
and calculating the thickness of each. The aluminluia
filters were standard filters provided with the x-ray tube
and their thicknesses were known.

Siemen’s i1onization chamber was used in some of the
investigations. It ia built up from pressed terial which
is electrically conducting, and is wavelength independent
over a wide range corresponding to peak values from 80
400 kV. This was assured by the makers and has been con-
lirmed by Eddy”"""~. The intensity (which is proportional
to the dosage rate read on the scale) was measured by the
Siemen’s Momentum direct reading dosemei#er. The ionization
current set up in the ionization chamber when it is irradi-
ated is passed through a resistance connected with the
central electrode. The drop of potential across the high
resistance caused by the ionization current is measured
by an electrometer. The reading of the instrument was

noted before the insertion of any filters to represent



-26-

and then %% was read for various filters to construct an

absorption curve for each kilovoltage applied to the tube,

Iv. Evaluation of the constants
The values of ZxITo were obtained experimentally to-

gether with the corresponding thickness in cm. (x) of the

filters used. k smooth curve was drawn between

Ay, o and X from which the values of y and
X were calculated*® The value of X was plotted against ’y
i,n the cas© of a straight line the inytercept was taken to
be the value of the constant ¢ . The slope was evaluated
and 1s a measure of (equation 10) .

J was evaluated from the relation

, Bfcf
nr

The value of was obtained from a knowledge of

the kilovoltage wused and the relation
X= -AV7— V in Kilovolts

The corresponding value of ~ for | for the material
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used ss absorber was taken from the following sources as
stated above each table.
(1) Lamerton”s”58) unpublished work.
(2) Greening’s”56) table.

The values of the constants, B, G 4j A, yu and ./}A
were all inserted in equation (12) and the value of
was calculated for values of > covering a range within
the area under the curve plotted between and

In the case where no straight line was obtained from
the plot of ( 7 , y ) equation (15) wasapplied.

The ratio of the intensities” A I@icr?) with no
primary filter but, if the radiation has passed through an

added filter this ratio 1is ohgmgedaccordii®" to the material

and the thickness of the filter. When using a filter
(.5 am. Ou 4- 1 mm Al) and hence * =73
The value of was inserted in (13) then y was

evaluated for each of the filter thicknesses (x) used, with
Y having arbitrary values 257, 50" and 40yS as shown in

the tables. The value of p which reduced the plot of

( g #y ) A straight line (in this case 30") was the

amount of characteristic radiation present. From the



figura [2.)
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resuiting straight line the values of the constants B, C
and d were obtained as previously stated and the evaluation

of (13) was carried out. 1

V. To obtain Vifrom the intensity distribi®iw

curve
The area under each (]7\ wurve was divided into
strips (fig. (2)] of areas /), 9 = correeens etc. where
I - ANt ) ~ A

Thus the total area under the curve

/4 A

and

where A, is the mean wavelength in the strip of area

/\I’\ eto *eo,

vi. Experimental results
The following tables contain the observations and
results obtained with the conditions stated at the top of

each one of them.

Pigs. (3,4,5,64-7) represent the data in the tables.



Figui'e(3)
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ihe exoiting voltage - 90kVp.

Added filter = 2 aim. of sluminiaa
A = - 0.157 ATl
497 om“” (from Greening's table )
/4 w= 497
Xi«<mA 4 . y y
.05 1.922 ".179 .25 .154 .325
1 1.81)  ..345 .05 295 .340
A5 178y -.490 075  -VI5 371
2 1.735 -.610 .099 511 391
25 1.68" -.722 125 597 .419
3 1.64 -.827 .149 678 443
35 1.59y -.927 174 763 .465
4 1.555 -1.022 . 19g 823 .48¢g
5 1.474 -1.210 24¢ 96”527
.6 1.393 -1.38y .29a 1.08g .55~

7 1.32" -1.55; 549 1.205 .58"



Two lines are shown in fig. (3) for 90 tone of them
for Al, absorber (corresponding to the above data in the
table) and the other for Ou, absorber.
m the following table f(A) corroaponding to Al. and Cu.
absorbers were calculated and the mean was taken. The energy
distribution curve was drawn between f and A as
shown in fig .(4) nuuber(X).

The corresponding absorption curves are shown in fig. (10)

eurve(8).
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E ffective wavelength for 90 kVp

1875
2125
2325
2625
28?5
3125
3373
3625
5875
4125
4375
4625
4875
575
.75
95

The total

15 025 0037 .0007
775 025 0194 .004
2.10 025 0525 . 0125
3.00 025 075 0197
3.463  .025 .086g 025
3.525  .025 .088g  .0276
3.30 025 0825 .0278
2.90 025 0725 0262
2.575  .025 0647 025
2.28g  .025 0575 0236
2.025  .025 .050g 022
1.78 025 04-4Y  .0207
1.58Q  .025 .0394 0192
975 .15 146g  .084
34 20 068 051
07 .20 014 1 .0133

area under the curve 4 - t A4 - -SCSI
Al - 403

> - Jig | 4N

/) (
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E ffective wavelength

157
162

187
212

257
270

570
450

750

The total area under the curve

125

5.17

4.52
5.78
2.92

025

025
02

02
02

02,
04

06

for 150 kVp

002
058

079

102
109

108

151
146

095
057

0004
005
012

019
025

025
040
046
044
042
021



The exciting voltage s. 170 kyp

added filter

0

0,1
0,2
0,3
0.4
0,6
0,8
1.0
1.2

1.4,

70.9
61.5
53,8
48.6
43.0
35.5
30%0.
85.3
21.1
18.9

1,0

0,868
0.759
0.686
0.607
0.501
0.423
0.357
0%298
0*%267

cnf from Jones' tables

X = =0.0726
«392

A= .392

4N Ax /
2.0 0.0 '0.0. 0.0
1,932 0;148 =0.039 0.103
1.88 0.275% 0,078  0.197
180 U.3777 0.116  0.860
1.78a 0.4999 0.&55 0.343
1.70 0.691a 0.833  0.457 ,
1.687 0,859g 0.810  0.546
[.56a 050 0.392 0.638
1474 1.210 0.466 0,741
1.42a 1.347 0.543  0.798

0,0
0.971
1.01
1.15
1.17
1.31
1.46a
1.57
1.62
1,75

The straight line between (y, f ) for 170 k%)
is shown in fig.(3)

Absolution curve fig. (10)
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0975
115
155
155
175
205
245
285
530
445
575
750

35
1.75
5.427
4.25
4.44
4.18¢g
3.525
2.625
1.965
.85

262

025

58—

for 170 kVp

S JA,  AH«®” 1
015 >0055 .0005
.02 .055 .004
.02 069 .0093
.02 .085 0152
.02 .089 0155
.04 168 0545
.04 141 .054¢g
.04 105 .029¢g
.05 .098 , .032
.08 .068 .030
18 047 027
17 .0045 0052

The total area under the curve A ¢ A

f, = 914

A /4, 5-.254

=' 0.256 A.lJ«
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Absorption (Curves in Cu.& Sn.

X N CM.TIN or Cu

X ~nw CM. CU

Figure(5)
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The exciting voltage - 220 KW
Added f11 uer 1T m . Ou 1 ioa* Al
X - 0614 A.U.
AT#Y Oal (from Sreeairje;'8 table)
/) r 1.3

The absorption curves are shown in fi*;. (5)
curve (4) for Ou filters,”(l1) for tin filters.

5t li* & x/y
.025 .828 1.918 157 159
.05 .705 1.847 .288 174
075 610 1.785 S59» .189
.100 .555 1.727 500 .200

,. 125 ,.475 1.677 ..582 215
150 428 1,631 ,.0655 229
175 .588 1.589 720 243
.200 356 1.531 775 258
225 527 1.514 .829 271

250 301 1.479 878 285



cont.

Pr 25%
179 .649
129 574
.093 S17
067 466
.049 426
.035 .393
026 362
019 337
014 313
01 291

.866
167
.689
621
568
524
483
449
417
388

A40—

144
257
373
477
567
647
128

£X)2

875
247

.0325
065
0976
13
.162
195
227¢g
.26
2924

325

ts

112
.203
276
348
406

453
502

544
585
625

y-ts'
223
.846
272
288
.308
331
.349
.368
.385
400



cont.

P

286
206
.149
107
078
.056
.041

030
.022
016

40#

d0

542
497
461
426
, 397
372
. 347
326
305
285

903
829
.768
711
.662
620
579
544
508

475

101
186,
264

412
479
.545
.607
677
744

069
122,
167
211
251
285
319
349
387
422

362
408
449
474

497
.526

.549

573
581

.593






cont.
P = 503
&— ) I H~N .
215 613 875 133, . 101, 246
155 5438 .783 244 .180 278
112 498 11 341 244 307
.080 453 .647 455 306 327
.059 416 .594 521 360 347
.042 386 551 .596 402
031 557 510 672 446 .392
.023 .333 476 742 484 413
017 310 443 615 525 430
012 .289 413 .884 .562 445

fig (6):line (3) for Ou absorbera
corresponaing to the above table
and line (1) when tin absorber
used.



Figure(7)
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for 220 kVp with light filter

> /) U I m A -y <4

.0655 4.4 .009 .039¢g .0025
072 13.8 .008 1104 0079
.08 14.52 .008 1162 .0093
.088 13.15 .000 1052 .0093
.096 11.2 .008 .09 .0086
104 9.5 .008 076 .0079
A12 8.1 .008 .0648 .0073
,122 6.74 .012 *0809 .0091
134 5.3 012 0636 ,0085
.148 4.02 .016 .0543 .0095
166 2.8 .02 .056 .0093
183 10 — 1259 .023
.188 1.9 .024 .0456 ,0086
21 2934  .0616
214 1.22 .028 .0341 .0073
244 i 037 0224 .0055
.284 2 .05 .01 .0028

Total area under the curve A = " 4 A*NO8

— olp*
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Excitirig voltage A 220 kVp.

Primary filter = G A /m
x = = .0562 AL

~ — 1+ )0 Q! {from G-reeaiiig*3 tables)

Pig. (5) shows the absorption curves.
Curve (2) for tin filters and (5) for cu. filters.

Iy a4 gz

0287 920 1.964
.080 790 1.898
132 .688 1.838
191 .582 1.765
243 5225  1.718
, 306 .452 1.655
358 396 ¢« 1.598
421 343 1.535
473 304 1.483
519 281 1.V fg

.634 225 1.352



cont.

46—

The following values of T%/J,, and x
from the transmission curve after smoothing.

10

20

40

60

Fig (6): shows line
to the above table

are used.

130

195
260

390
455
520
585
650

715
780

145 080
158

-.421 226
-.548 288
671 346
-.791 401
-.908 453
501

-1.131 546
583

622

-1.435 655

are taken

625
632
663
694
723

772
798
824
856
884
915

(2) for Cu absorber corresponding

and line (4) when

tin absorbers
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064
072
.08

088
096
104
114
128
. 146
.168
196

.24

Total ares under the curve /

)le

48—

for 220 kVp with heavy filter

9.20

21.05
18.80

14.90

11.70
9.30
7.25
4.80
5.00
1.75

715
10

008
008
.008
008
.008
.008
012
016
020
.024
032

056

0736
.163"
150
1192
0936
.0744
.087
.0768
060
.042
.024
.005,

0047
0127
0121
.0105
009
001
.009¢g
0098
0088
0071
0047
0013

/l-=: *975
= .0984
. .0984 C 0*\(‘]\
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The following tablas give the data deduced
from the table on page (*7) when extra thicknesses

of tin were added to the primary filter. Each f(*)

w 11l be reduced toX'
fa) ®:'M

where is the absorption coefficient of tin
and is the thickness of tin added to the
primary filter.

Energy distribution curves were drawn for
A(h) against 2 . From those curves and
in the seme manner as described before on

page (28') >£ was calculated.
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for 220 kVp

Primary filter r (*5 IB.GU + .66 mw.5*4l -jm .A1)+,108wW6M

A=
.062 7.6 .004 018~ 0011
066  10.9 004 043g  .6029
.07 14.76 .004 .0590 0041
075  13.92 004 055y .0042
.08 11.61 008 092y  .0074
088 8.2 .008 065¢ 0058
.097 5.5 .01 .055 0055
107 5.4 .01 .054 (X)36
117 2.08 01 .020g 0024
127 1.24 .01 0124 .0016
158 .62 012 067 .00I05
152 24 015 .0038 .0005Q
A7 A2 ,02 .002 00041
»08 .195 .05 0058 00047
g
041

717F9 T .086
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for 220 teVp

Primary filter — (.5 laa.Cu + .66i«w.i»"l mm. Al 175 Aw.6?,)

"MAul

062 4.75 .004 019 00118
066 9.45 ,004 0578  .,0025
«07 11.97 ,004 0479 .00555
074 11.25 .004 ,0450  .00355
078 9.4 ,004 0576 .00295
.084 7.05 .008 0564 .00474
.095 4.5 .01 .045 00418
104 2.55 012 028 .0029
117 1.02 014 0145 .00167
152 0.58 016 .0061 .0008
16 0.05 .040 .002 .0005

- .0822y
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G - Measurement of the Half Valae Layer (H.V.L.)
and Détermination of the Oorresponding E ffective Wavelength

As a result of the previous calculations (table p. 53 )
it was seen to be sufficiently accurate for our purpose to
use the value of determined from the measurement of
the H.V.L. of the beam.

The H.V.L.’s of a number of beajas covering a comparatively
wide range of wavelengths were measured. Prom these beams
the qualities required for these investigations were ohosen.
1. Experimental method

The method adopted consists in the direct measurement
of the ratio of the intensity of the beam before and after
it passes through each filter.

The apparatus described later on page (iit) fig. (?4)
was also used for the measurement of the H.V.L.s; 1indeed
it 1s eminently suitable for this purpose.

Two of the "air wall" chambers which had been tested
for wavelength independence were mounted on the apparatus
®ud set up in the beam. A thick lead diaphragm with two

circular holes was used to define the beams falling on the



-Figure (8)

TARGET

FILTERS

DIAPHRAGM
TO MEASURING * TO MEASURING
APPARATUS APPARATUS

EXPERIMENTAL ARRANGEMENT FOR MEASUREMENT
OF THE H.V. DLs
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chambers . Pig. (1T) shows the whole arrangement.

The filters were inserted in the beam covering one of
the chambers and in each case, the scale reading was noted
and the ratio corresponding to it was taken from the
calibration curve fig.

This procedure has the advantage that the reading of
the scale (i.e. the ratio of the two intensities) is not
affected by any fluctuations in the beam for both the
chambers are equally affected by these fluctuations,
i1. Experimental results

The following tables contain the observations and the
results obtained. Pigs. [9) and (1l) show the ratio against
thickness of filter and marks on them correspond to the
number of table they represent. Pigs. (10)and (12)are the
absorption curves for tables from 1 to 11.

The ratio of the intensities at the two ohfmbers before
the insertion of ny filters 1is taken as unity and the other

values are expressed in terms of this.



Intensity Ratio Curves In AL.

X INm m.AL.

figure(»)
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Absorption Curves in Cu.
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The H.V.L.s of the above beaiis were taisen from
figs. ( lo <«¢ 1I1 ) » The corresponding effective wave
lengths were taken from figs. ( /y ~ itf ) which ere

calculated from Greening's tables.

Ho- 0T fevp Added filter H.V.L
1 60 Zero 0.7 mia.Al 0.630
2. 90 2 mm Al 2.4 mm.Al 0.402
5 106.8 4 una.Al. 4.05 mm.Al 0.322
4 120 11 mmCu 4-1 mmAl .0.356. mi.Ou. 0.236
5 120 .5 IsimOu 4-1 filiflAL 0.591mm.Cu. 0.192
6 130 4-.214 mmOu 0.7 1 6iii-.... O u. 0.177
4- 1 iiim.Al
7 150 .5 lamOu 4- 1 maiAl. 0.78 mmOu. 0,172
8 170 .5 ramCu 4- 1 wmAl 0.875 maiOu. 0.163
9 200 .5 mmCu 4- 1 mmAlL 1.072 imaGu. 0.150
10 180 1.5 mmOu. 4- 1.55 iJimCu. 0.137
4.1.ma. Al.
11 200 1.5 mmCu 4- 1.77 mmOu. 0.120

I mmATI.
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ITI

THEORSTICAIT DETEmIilIEATION OF THB RATIO OF THE
IONIZATION CURRENTS IN CHAINER PftIRS OF
DIFFERENT MA.TEHIAL0 ACCORDING TO THK THEORY
OF BRAGG AND GRAY.

(a) Introduction
The theory of the ionization produced by x-rays in an

air filled cavity was first studied by Bragg,h” In the
course of this study of the problem he arrived at the result
that the total length of the tracks of the “-particles in
m atter depends only on the nature i.e. atomic number of the
substance, and not on the density. In oth%rxwouh he
defined the range of the -particles in terms of the amount
of matter traversed and not the distance travelled. There-
fore if we introduce a completely empty cavity in the medium,
we should not expect the range and the number of -particles
traversing the cavity to be altered. If the cavity is filled
with air 1t will make no difference to the /9 -ray density
within 1t unless the atomic number of the medium differs
very much from that of air or unless the pressure of the air
1s too greav so that a big fraction of the /9-ray energy is
used in passing through the cavity. To avoid this, either

the cavity should be small or the pressure reduced.
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{b) The Theory

Gray( *, in proving that the introduction of a small
air filled cavity into a solid meium does not disturb the
electronic atmosphere as regards direction and velocity,
established his principle of equivalence, which is:

"The energy lost per unit voluuae by /9 -particles in the
cavity 1s 1// times the energy lost by y-rays per unit
volume of the solid." yo 1is the ratio of the energy lost
by an electron in traversing a certain distance (a small
fraction of its range) in the two media, (air and solid).
In this considération the voiuae of the chamber is assumed to
be very small so that the ionization produced directly in
the air i1tself is negligible.

The energy required for the ionization of air has been

thoroughly investigated experimentally and theoretically.'

The results of these inves Ligations can be summarised ; 7

1. The averag energy lost by the production of an ion-
pair in air is W—53 e-volta.

2. Wis independent of the speed of the paricles 1.e. is
the same for all particles having energies between

a 10" and 10" volts.

From (1) the energy lost by secondary electrons in crossing
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the cavity per unit vol. nr Wx J where d is the number of
ion-pairs produced per c.c. i.e. the ionization per unit
volume.
From (2) we find that the constant for converting from
ionization to energy is the same over a wide range of energy
of the secondary electrons end hence for all types of radi-
ation from the softest x-rays to the hardest K-rays.

Thus the total energy, E, of secondary electrons

generated in unit volume of the mediul is given by

£=/> yj

is proportional to the elotron density, since the rate
at which charged particles lose energy is due to encountering

the elctrons of the medioia through which they pass.

where A" and are the electron densities of the medium
and the air respectively and s, and s are the electronic

stopping power in the medium and the air respectively.
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Inserting the value of ya in (1) we get,

cr 4, (6~ H I *oE (4)
and are the absorption scattering and photoelectric
absorption coefficients respectively. I is the intensity

of radiation falling on the material and is considered
constant throughout the volume.
From (3) and (4)
3 4%

Equation (3) represents the ionization per unit volume
in a chamber specified by the different coefficients in the
right hand side.

Similarly for an ionization chamber of another material,

the ionization per unit volume is given by:
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c. The ratio P of the ionization currents in the two

chambers will be:

= L] L] L] L] (7)
This equation is true when no reduction of intensity
due to absorption in the walls of the chambers takes place

To allow for the absorption in the walls (7) becomes:

(8) if absorption to be
allowed for is true

absorption only.

T ek+ ~ N f .. . (9) 1f absorption to be
+ Sj allowed for is total

absorption.

where x 1s the thickness of the walls in cm.

J yEEl- (en

and

A -teTi) f- = (e<ni +t"-h")n,
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Expressions (8) and (9) hold when the thickness traversed
by the beam is constant and equals x cm.
In our experiments, however, the ohambers were mounted
in such a way that the leads were out-
side the field of radiation in order
to minimize the radiation reaching
them, 1.e. the axes of the chambers
were to the direction of the
beam (see fig. (i5)J. therefore the
thickness of the wall material through
which the beam passes is not always the
same. Correction for absorption was
carried out as follows. See fig, {16).
The amount of radiation incident in an
arc of length rJff y JIf oafi

The amount transm itted = Tn; Jfi

Aw /2w 9

(i (16}



_TO-

"TCo A Wy U Nf —

The fraction transmitted

I’'hUB
' A, %
_EwWJ S5 a. 1 g J. A . (10)
f - ff A -A M-«
’/\+ <7t VAN
'en +tI it
where are the external and internal radii of

the chamber.
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Having established an expression for the ratio, we
proceed to evaluate the theoretical ratio P of the i1oniza-
tions. Then, evaluating f we determine Ataking into
acooont the absorption in the walls of the chamber.

For tMs purpose, the different coefficients appearing
in (9) and (10) were determined as follows;

(c) Theoretical Determination of the Effective Atomic
Number of the W alls.

The atomic noraber of the material of the chambers is
required in the evaluation of the photoelectric absorption
coefficient. The effect of varying the atomic number of
the chamber wall, on the ionization inside i1t, is also one
of the problems to be investigated. Hence the need arises
to determine the atomic number of the different mixtures
used for constructing the chambers. A statement of "effective
atomic nuaiber,*Z"” of the pressed material replaces the atomic
number 2 which 1s used for the simple elements.

As the atomic nuraber is one of the fundamental factors
governing the absorption in a mediua, its determination
should be based on the consideration of the two components
of the absorption coefficient namely”'

(a) the scattering absorption coefficient,

and (b) the photoelectric absorption coefficient.
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It is known that the scattering absorption coefficient

is independent of the atomic number for the range of
wavelengths used in this investigation; while the photo-
electric absorption coefficient T*“ depends to a large ex-
tent on the atomic number. Therefore an expression for Z
is usually derived from the relation between 7T and“.

Workers in this field have given different formulae
for this relation leading to different values for S’
Fricke and Glasser®"'*" derived a formula for the effective
atomic number based on the fact that the photoelectric
absorption coefficient is proportional to 23. As the
absorption coefficient is purely additive and independent
of the chemical composition of the material, their formula

took the form:

A

where the a's denote the number of atoms per c.c. of each
element of the compound and the Z*s are the atomic numbers.
This formula 1s not quite accurate since 1s not
exactly proportional to 27
The expression we have used for calculating Z is based

on Waltersformula

Nee ' 11
AN zr' 1
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which was found to fit the experimental data better them
the previous one and 1t is used for calculating the
absorption coefficient in this work. We have thus taken

A to be given by:

whereA, 1sthe fractional content of electrons for an
elementof atomic number 2% and * i1s made for allthe
elements present in the compound.

Substituting in the above equation the values of

"A'S" and for different elements present in the following
compound :
100 parts of bakelite (CgH".GHg)
20 parts of graphite (C)
2 parts of vanadium oxide (VgO®)

A 1s found to be 7.64 which i1s the effective atomic
number of air derived from the previous formula. Chambers
of this mixture were manufactured [see p.(fif)J and used
as js® "air-well" chamber.

A was calculated for another mixture of:

100 parts bakelite
20 parts graphite
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X part» oeriuill oxide (Ce”g)

where x may take different values™
A curve between x and Z was drawn (see fxg. /7 )
from which the value of x required to obtain a certain 2

can be interpolated.

The following table contains the calculated Z for the

corresponding values of x chosen

The Mo. of parts
of OeOg In the 0 2 b 10 1b 20
mixture

Thezcorreapoadlms 6.095 12.82 16.98 20.84 2b.b 2b.79

(d) Galculation of the density and the Electron -density
of the chamber wall material*

The electron density was determined from the formula(4A)

& -y A electrons per c.c.

where /V 1s Avogactro®s number y = 6.06 x 102)

is the number of electrons in the molecule of weight /I
yO is the density in gm./c.c.

The following table includes the whole data for
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calculating Wg and also the electron density corresponding
to the effective numbers of the different chambers used

in the investigation.

z /f *//

7.64 46.9 24.87 1.44  4.65 X 1075
12.84 46.y  24.84 1.44  4.65 X 10™M
17.04 ' 47.75  25.13 1«d44g 4.65 X 1073
20.84 49.15 25.74 1.46 4.64 x 10"

From the table we see that the electron density is
the same for all the chambers used i.e. independent of the
atomic number which is a characteristic phenomenon in the
case of this kind of plastic.

The density # in the previous table was determined
as follows;

Uniform discs were made of each mixture by the same
process as that (described later) in making the cnambers.
The dimensions of each disc were measured accurately and t
their masses were determined on a chemical balance. From

these data the density of each mixture was computed.
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- in [
z Cm- e-nr W
1.516 494 1.281
7.64 1.516 494 1.281 1.444
1.516 492 1.287
1.507 525 1.359
12.84 1.507 483 1.252 1.447
1.516 505 1.316
1.512 550, 1.362
17.04 1.510 432 1.160 1.44¢
1.5087" 542 1.403
20.84 1.46,
1.502, 541 1.415

It is seen from the last coluian that the density is
almost constant for all the effective atomic numbers used.
(e) Determination of the Absorption Coefficients for

various Plastic Wall M aterials.

If a homogeneous bema of radiation falls on an absorber,
the intensity of the beam is reduced according to the

following formula:

see equation (3) p. (ff)
where % is the initial intensity of the beam, Xc is the

final intensity of the beam after traversing a thiokness x
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of the absorber and ~ 1is termed the linear absorption
coefficient of its material,

A is partly due to true absorption, partly due to
absorption by scattering and partly to true scattering.
Also in the case of very hard x-rays and. %-rays of more than
1 OW one may have to take into account the coefficient of
pair-production, if the atomic number of the absorber is
sufficiently great, iithia coefficient is negligible for
light materials we are considering.

Therefore the components of * (per electron ) are:
1. The scattering coefficient (per electron)
which is the suia of:

(a) The scattering absorption coefficient, per

electron
and (b) The true scattering coefficient, per electron

24 The photoelectric absorption coefficient, per electron

I, The evaluation of the scattering absorption coefficient

per electron

The scattering absorption coefficient per electron is
independent of the nature of the scatterer as shown experi-
mentally by different observers in the range of

wavelengths and materials used in this investigation. Its



magnitude depends on the wavelength of the radiation, being
predominant in the short wave length region while for long
wavelengths it becomes almost negligible compared with the
photoelectric coefficient.

Several formulae have been derived (Thomson, Compton,
Dirac) for calculating : Bone exactly fits the
experimental observations, especially when the frequency of
radiation is large.

The most satisfactory expressions are those given by
the Klein and Bishina®*'** quantum mechanical formulae, based

on Dirac’s relativistic theory of the electron, namely:

- m??
and

tf- —2Tref tO+{(r _ 1+3» 1 —-
A (SH<* 2(i+i‘r

rcc:”,the charge of the electron <f=:4.8025 X

AN 91066 X velocity of light 2.9977 X 10™ca/%gc
k 1s planck’s constant 6.624 X
The following values of and at different

are computed from these formulae.
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ueB of g~ and f<x

in this table are used

throughout the present investigation whenever required.

Pigs (18) and(19) diow these data graphically

0% i | B4

013

.40
,06
08
09
10
11
18
13
14
15
16
17
18
19
.80
ftl
88
.83
.84
.85
.86
.87
.88
.89
.30

LI.6

Zb.00
40. 93
43.94
46.49
46.79
47. 87
48. 90
49. 89
50.63
61.38
62.10
58.66
53.84
63.77
64. 96
64. 78
55.13
55.53
56. 90
56. 83
56.55
56. 85
57.12
57.38
67.63

9.370

9.670
8. 860
8.158 '
7. 805
7.488
7.185
6.906
6.631
6. 365
6.138
5.933
6.738
5. 663
6. 388
57225
5.065
4.90c
4.763
4.626
5.500
4. 382
4. 271
4.160
4.Q60
a 950

57. 87

58.11
58.33
68. 54
58.73
58.92
59.11
59.28
49.45
59.61
59.76
59. 90
60705
60.17

60. 30.

60.41
60. 51
60.61
60.71
60. 80

3.863

3.776
3.675
3.576
3.492
3.426
a 362
a 300
a 242
3 187
3.123
3.066
a 010
2.956
a 903
2.852
2.804
2 754
2.71(7
2.668
2.375
1.890
1.600
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2« Evaluation of the photoelectric absorption ooefficient
per electron

The photoelectric absorption coefficient is referred
to as the true absorption since the whole energy of the
quantum is absorbed within the atom with the ejection of a
photo-electron* Therefore 1t 1s dependent both upon the
nature of the absorber and the wave length of the incident
radiation.

Lany empirical** "' expressions based on
experimental data have been suggested for its calculation
but none of them cover a relatively wide range of wave
lengths or atomic numbers really well.

W alter's formula”®

where the photoelectric absorption coefficient per
electron

% = the atomic number of the absorber,

A zr the wave length of the radiation,
has been found to fit the older experimental observations
fairly well. More recently Victoreen” " reviewed all the
absorption data available and came to the conclusion that the

following expression
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holds for all elements whery”“iiitable values for the constants
A and /3 are chosen, provided the wave length of the
radiation used is less thrn the K absorption line.
Where (» ) corrects for the variation in the number
of atoms/gia due to the presence of isotopes, and A is the

atomic wt.

bz - ¢
VA AR

The values of « and /3 chinge at each critical wave
length. The constants, a,b.c.d.e and f change at each
critical wave length and on each side of 5.

The values of the constants used in calculating the
photoelectric absorption coefficient are those corresponding
to since we are interested only in materials of

atomic number greater than 5:

a 7 0.0000400 d - 0.000380
b - 0.00728 e = 0.00152
c -0.0114 f - 2.35

The values of ~ are then obtained from the following

relation:

Z - — =27



_82-

where is weight of the molecule
WY 1s the number of eleotrons/moleoule.
the following tables give the ~ values calculated
by applying Valter’s and Tictoreen’s formulae to the
m aterial of the different chambers used,
The values previously calculated on p, (74", are
used here.
The constants used in the calculation of * from

Viotoreen’s formula are included in the following table.

X-z
A

7.64 58.3 198 X 10~ 1.026 0.0466 2*361 2*78 0%479
12*84 165*.0 . 300 X 1Q3 1,025 0.0887 2,393 13. 77 0*85
17,0~ 230.0 , 244 2 10* 1.030 1245 2.435 37*25 6,14,
20.84 435.1. . 394 2 10* 1%024 *1579 2,484 70.30 10,06

The values in the following table are used in
establishing the tables of the photoelectric absorption

ooeffic ents.

714 12*84 17.04 20.84
1052 y 4800 y 11000 20380
Vufirtei 311 ~ 311 *313g &~ 315 A
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The Photoelectric absorption coefficient
The mpterial of the air wall chamber

Pig. ( represents against A~

~m N(. Uit- PHiO  Vic-

015 .0.0611 .0019 .0023

.04 1.768 .055 067
.06 5.948 135 227
.08 14.05 4365 .539
.09 22.49 .70 .767
.10 27.35 .855 1.05

11 36.34 1.13 1.40
12 47.12 1.47 1.374*
15 59.78 1.86 2.31
.14 74.56 2.32 2.88
15 91.48 2.84 3.55
.16 110.9 3.45 4.31
17 132.9 4.13 5.17*

.18 157.6 4.9 6.14
.19 184.8 5.75 7.21
.20 214 .96 6.69 8.42

21 243.4 7.75 9.75

22 285.3 8.87 11.21
123 324.9 10.1 12.80
.24 369.1 11.55 14.54
.25 416.3 12.95 16.45
.26 467.6 14.5 18.50
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cont.

"N 44U
27 521.5 16.2 20.70
28 581.6 18.09 2p.10
.29 642.6 19.99 25.60
.50 713.2 22.20 28.40
31 785.6 24.40 31.55
32 862.2 26.80 34.50
33 943.3 29.30 37.80
.34 1028 31.99 41.40
35 1119 34.00 45.10
36 1219 37.90 49.10
37 1320 41.05 53.38
38 1425 44.30 57.65
.39 1529 47.83 62.45
40 1657 51.50 67.40
, 41 1785 55.50 72.50
, 42 1911 59.50 78 00
43 2051 63.80 83.70
44 2190 68.13 89.50
45 2343 72.9 96.00
46 2493 77.5 102.2
47 2652 82.5 109.1
48 2825 88.00 116.2
49 3001 93.5 125.9
. .50 3180 99.0 131.0
575 4767 148.4 200-0
75 10230 318 444-0

95 19940 ' 620 902 .0
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Ifae Photoelectric absorption Coefficient

The material of the chamber No.( 2) z =<2
Pig. (21) represents the data in the following table

1.e. against > graphically.
«JqU
013 0.30 0.0093 .0105
.04 8.75 0.272 307
.06 29.49 0.9175 1.037
.08 70.15 2.18 2.46
.09 103.2 3.15 3.50
.10 136.9 4.25 4.80
A1 182.0 5.66 6.39
12 234.6 7.30 8.28
13 315.6 9.81 10.54
14 374.7 11.04 13.20

.15 460.6 14.31 16.20
.16 558.9 17.35 19.65
17 669 .4 10.80 23.60
A8 ' 7941 24.68 28.00

.19 933.9 29.00 32.95
.20 1088 33.80 38.40
21 1261 39.20 44.5

22 1445 45.00 51.10
23 1650 51.40 58.40
.24 1876 58.40 66.40
.25 2118 65.88 75.00

.26 2378 74.00 84.25
27 2660 82.80 94.40



cont.

IHA4 (/
28
29
30
31
52
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
.50

575

715
95

3148
3300
3646
4022
4416
4850
5297
5773
6282
6817
7373
7969
8603
9260
9941
10680
11420
12220
13030
13870
14760
15710
16670

25170
55310
111100

-86-
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The Photoelectric Absorption Coefficient for Ohaiaber mz.-i'i-oii

Pig. () represents against; > graphically.
)% ~-U
013 0.816 0.025( 0.024
.04 23.59 0.743 704
.06 79.72 2.50 2.38
.08 188.2 5.90 5.63

.09 267.5 8.38 8.02

10 366.4 11.48 11,00
A1 487.0 15.26 14.64
12 631.3 19.78 19.01
13 801.2 25.20 24.17
14 997.7 31.2/ 30.18

A5 1226 38.43 37.13
.16 1485 46.55 45.06
A7 1781 55.82 54.04
18 2106 66.00 64.15

.19 2474 77.60 75 .45
.20 2882 90.40 08.00

21 3330 104.4 101.9
22 3821 119.8 117.1
23 4359 136.6 135.8
24 4941 154.9 152.1
25 5585 175.0 171.9
.26 6265 196.4 193.3

27 6994 217.5 216.5
28 7798 244.2 241.5
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cont.

>in A U Uit

29 8728  273.6  268.
30 9553  299.2 297,
31 10520  330.0  328.
32 11560  363.5 360.
33 12660  397.0 395,
34 13000  432.5  432.
35 15040  471.5  471.
36 16350  512.5 513.
37 17730  556.0 557.
38 19130  600.0  603.
39 20680 648.0  652.
40 22260 698.0  704.
41 23930  750.0  758.
42 25680 805.0 815.
43 27500 862.0 874.
44 29380 919.0 937.
45 31430  984.0 1002

' 46 33460 1048 1071
47 35630 1117 1142
48 37870 1187 1216
49 40220 1261 1294
} .50 42610 1342 1375
575 64050 2007 2090
75 137600 4310 4640

95 269000 8440 9450

3
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The Photoelectric Absorption Coefficient of
for chamber No. (4)

Pig. (23) shows the relation between

A¥JT.

.013 1.54 0.048¢ 0.045
.04 44.74 1.417 1.31
*06 150.7 4.76 4.42
*08 359.6 11.32 10.44
.09 505.4/ 15.90 14.85
.10 702%9 22.15 20.38
11 921.8 29.00 27.12
12 1193 37.55 35.19
15 1511 47.55 44.75
.14 1891 59.50 55.90
i15 2321 73.05 68.80
.16 2824 88.90 83.50
17 3369 106.1 100.0

18 3994 125.9 118.8
.19 4709 148.9 139.8

.20 5463 172.2 163.0
21 6)14 199.0 188.5
22 7251 228.8 216.8
25 8269 260.5 247.6
24 9386 295.5 281.5
23 10610 334.0 318.2

.26 11890 374.0 358.0



cont.

>WAU

27
28
29
.50
51
52
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
575
75
95

'
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Vat

13300
14760
16480
18180
20000
22000
24060
26260
28600
31110
33710
36450
39380
42420
45650
48970
52410
56120
59880
63900
68000
72300
76800
81570

122500
264700
521000

418.
464.
518.
572.
629.
690.
757.
827.
900.
979.0
1062
1148
1240
1337
1438
1544
1650
1770
1882
2015
2140
2280
2420
2570
3880
8400
16520

S O U © O o @ o

401.
447.
497.
550.
607.
668.
732.
801.
874.
952.
1032
HI7.5
1208

1304

1405
1510

1620
1734
1856 -.
1983
2112
2251
2395 m

2545
3870 .

8587
nV5o

S O O o O ° O O o o
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Prom the above tables anc/ graphs we see that the values
of the photoelectric absorption coefficient calculated
from Victoreen’s and Walter*s formula© disagree consider-
ably, Ospecially at low atomic numbers anj long wave
lengths.

For Z 7.64, the value of JT given by Walter’s
formula 1s higher than that given by Yictoreen’s by 22#
at #08 A#U# This deviation increases as the wavelength
increases reéching 45#b)G at #9b AHU#

For 2 =12#84 the deviation 1s 12#8" at .08 AIT#
increasing to 19" when we reach #95 A#U.

For Z ~ 17.04# The value given by Walter’s formula
is lower than that given by Yictoreen’s by 5.174 at #08 A#U.
This deviation decreases as the wavelength increases till
they become exactly the same at .54 A/U, then the wvalues
given by "alter’s begin to be more and more than Victoreen’s
as the wavelength increases; the deviation amounts to
127 at .95 A.ir#

In the case of Z = 20.84 also the value of "7" by
Walter’s is lower by 7#8" at #08 A.U# This deviation
decreases with wavelength, being #5" at #575 AU# Then
given by Walter exceeds that given by Yictoreen# The

amount of deviation is 5.6" at #95 A.U.
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The Linear absorption coefficient for the air-wall
chamber of effective atomic number 7.64.

the electron density

4.65 x 10""electron /co

/Mh+ X, r).when taking into account the effect of the true

Fig.(24)

"N in

A

scattering.

yx Viih y=' WiM-  yt* lii/.

.0436
.0447
0421
.0399
.0388
.0389
.0404
0436
.0486
0554
064
076
.081
104
122
142
165
178
222
254
291
330
352
425
473

0436
.0448
0422
>.040
.039
.041
.043
.048,
.055
064
075
.089
.097=
A2747
150
178
.209
226
.284
328
377
430
460
552
621

.100
163
188
.205
221
234
.246
258
.270
.284
.298
315
322
350
371
395
421

435
481

S16

555
596
620
.694
.743

100
163
188
207
223
236
249
262
276
292
309
328
338
373
400
431
465
483
544
1590
640
695
727
822

.890
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The Linear absorptioM coefficient for chamber Ho.(2)
of atomic number 12.84

Fig. 25.
where Mg=4.65 z H)25 electroD/cc

Taking into account the effect of true
scattering.

ViF ye*

.015 .0434 .0434 .10 .10
.04 .0455 .0457 .163 163
.06 .0453 .0458 191 .190.
.08 .048 .049 .213¢ 215®
.10 .054. .060 2367 .239
12 056" .070 .260 .265
.14 .083 .091 288 e296
.16 108 18 322 .333
.18 .140 155 361 .376
.20 181 .205 407 429
.22 231 .260 463 .492
24 292 .329 .529 .566
.25 .326 .368 .565 .609
28 446 .508 .626 .753
.30 .544 .618 791 .867
52 654 745 905 996
.34 .780 .890 1.03 1.15
.35 .846 .970 1.1Q5 1.23
.38 1.08 1.24 1.33. 1.49ft
.40 1.25 1.44 1.5V 1.70"
.42 1.44. 1.66 1.71 1.92
.44 1.66" 1.91 1.92. 2.18"
45 1.77 2.04 2.047 2.31
48 2.14 2.47 2.41 2.74
.50 2.41 2.79 2.68 3.05



2%
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The linear absorption coefficient for chamber No# (5)
of Atomic Nwaber 17.04

Fig. (26)
y'Ne" Py "L where /fg,~4.6) a 10" electrons/c.c.

Taking into account the effect of true
scattering.

NMA'U
015  .0425  .0425  .098 098
.04 0467  .0465 1619  .l161"
.06 0514  .0508  195=  .195°
.08 065 0657 251> 250
10 .088 0855  .269 267%
12 .124 120 S18 515
14 174 169 .580 574
16 245 256 457 450
18 552 525 552 544
20 444 452 670 650
22 576 565 010 799
24 758 725 977 964
25 .854 816 1.07  1.058
.28 1.15 1.14 1.59g 1.58,
.50 1.405  1.59 1.65° 1.64"
.52 1.708 1.68, 1.96 1.94
54 2.02 2.02" 228 227
55 2.20 2.20 2.46  2.46
.58 2.79 2.81 5.06 5.07
40 5.25 5.28 551  5.59
42 5.74 5.79 4.0 4.05
44 4.28 4.55 4.55  4.62
45 4.58 4.65 4.85  4.92
48 5.50 5.64 577  5.91
.50 6.25 6.58 6.50  6.65
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Th© linear absorption coeffioient for chamber So. (4)
of atomic number 20.84

fig. (27)
a* wIf.éif7//" eleotrons/cc.

A-(fe+.<y.7)ljjiak:ing into account the effect of true
scattering.

/% VICd.
015 .0456 .0456 .100 .100
.04 .0508 .0504 .168., .168
.06 0651 .0515 2085  .207
.08 .091 .086 .256 .252
.10 .157§ .129 519 511
.12 .206 .195 401 -590
.14 .506 288 .510 494
116 440 414 .654 .628
.18 .609 576 .850 .798
.20 .822 .780 1.05 1.007
22 1.084 1.028 1.515 1.26
.24 1.59 1.527 1.65 1.56,
.25 1.57 1.51c 1.81 1.757
28 2.17 2.09" 2.42 2.541
.50 2.67 2.57 2.92 2.82
.52 5.17 5.11 5.47 5.57
.54 5.85 5.75 4.10 5.99
.55 4.19 4.066 4.44 4.52
.58 5.54 5.20 5.60 5.45
.40 6.21 6.05 6.48 6.52
42 7.16 7.00 7.44 7.28
44 8.22 ni.05 8.48 8.51
.45 8.75 8,61 8.94 8.88
48 10.59 10.44 10.85 10.70
.50 11.91 11.80 11.20 12.08
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(f) The Stopping power per electron

Thii3 question has been inves”igfitei by many authors
and seems to present pracitcal difficulties™ From
Madgwick’s measurements the relative stopping power
S, 1s found to be independent of the atomic number*
From Z = 13 to Z =7978 showed little tendency to
decrease as Z increased* Gray studied this question
experimentally and came to the conclusion that the stopping
powers of any two media are independent of the speed of
the particlea. It is also independent of the wave length
of the radiation whatever the nature of the wall material
may be. Gray also found a change of about 9" from Z - 6
to Z (L 1) and another 8" between 2 13 and 2 29.
His results are in good agreement with Bathe’s (“""“theoreti-
oal values *

The following values of the ratio of the stopping
powers for various atomic numbers are calculated from

Gray’ 8" values for 8.

= A i-B¢é¢U Ir-”
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(9) Calculation of the Ratio of Ionisation F

These values of the ratio of the stopping powers
together with the values of the quantities A
calculated in the previous tables (ff* (vf were
used for the determination of the theoretical ratio of
the ionization currents F from equation { £ Ad" h
which should be obtained if the theory is a full
explanation of the facts. is determined by inserting
the value of from Victoreen’s formula while 1s the
value of the ratio when using W alter’s value for ~

is the same for both since it is independent on
Z (see p. (777 ).

The following tables together with the accompneying
graphs fig. (28,29 and 30) represent the ratio of the
ionization for the chambers used in the investigation
calculated on the basis of Gray’s theory for the

ionization in small chambers.
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iheoreticel ratio of ionisation in ohaaber pairs of
effective atomic numbers 12.84 and 7.64 (Fig. 28) for
Z =7.64 are taken from 1i'able p. (f?) and "7

for 12.84 on p.(fy),«from 1able (yf).

yilh A (£ F 3MAV-  Tw R
013 0.95  0.95 23 3.42. 3.57
04" 1.01  1.01 24 3.53~  3.695
06 1.065 1.06 25 361  3.82
08  1.16  1.14 26 3.69  3.94
09 1.25% 1.23 27 3.76  4.03
10 1.36y 1.34 28 3.81  4.1Is
A1 150 1.47 29 3.87  4.20
12 1.64 1.6l 30 3.9\ 4.26
15 1.82°  1.84 32 4.00~ 438
14 2.01-' 1.97 34 4.07  4.59
15  2.19  2.16 36 411 457,
16 237 2.35. 38 4.15r 4634
17 255 2.55< 40 4.rr 468,
A8 272, 2.74: 42 4.20,. 4.1-y
19 2.895 2.925 44 4.22' 4.78p
20 3.068 311 46 4.247 481
21 3.18 3276 48 425, 4.83
22 330 3.42 50 4.28% 486
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Theoreticel ratio of ionization in chamber pairs of
effective atomic numbers 17.04 arid 7.64 (1'% . 29)
/T's Are taken from Stables p. { 0 ee-~ P (7" ).

NUAU-  Fy ANAU  Fy
013 923 926 23 7.28
.04 960 968 24  7.55 9.11
.06 1.05 1.07 25 7.77 9.45
.08 1.46 1.51 26 7.97 9.75
.09 1.68 1.76 27 8.16 10.02
.10 2.00 2.10 28 8.30 10.31
11 2.38 2.49 29 8.48 10.50
12 2.75 2.94 30 3.58 10.70
15 3.18 3.46 32 8.78 11.3
14 3.65 4.01 34 8.95 11.34
15 4.13 4.58 36 9.08 11.55
16 4.59 5.17 33 9.20 11.71
17 5.05 5.76 40 925 11.85
18 5.51 6.33 42 932 11.96
19 5.93 6.88 44 9.36 12.03
.20 6.32 7.42 45 9.42 12.08
21 6.65 7.88 48 9.45 12.12
22 6.98 8.35 .50 9.50 12.16
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Theoretical ratio oi ionization in ohemher pairs of
effective atomic numbers 20.84 end 7.64 (Fig. 30).
/T~% are taken from lables on p. ( fg)

from Table on p. (79).

hWAAU & VAT ff
013 914 915 23 1310 1624
04 1.03 104 =21 13.60 1695
05 1.3 137 25 1404 17.65
08 195 206 26 1440 1826
0 241 253 27 1480 1885
10 298 3 28 1507 19.16
d1 364 396 29 1540 1970
A2 437 483 30 1500 2007
15 523 580 32 1597 20.68
14 612 590 34 1630 2130
15 704 803 36 1655 21.67
.16 794 920 38 1675 22.00
17 890 1030 40 168 2229
10 967 1144 A2 169 245
19 1050 1250 4 1710 262
20 11.24 B .i6 17.16 22.80
21 1188 1450 48 1724 22.90
2 1246 1544 S0 1735 23.00
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Bo far the ratio of the i1onization currents has been
determined without absorption in the walls of the chambers.
Equation (10) p. (7h) gives the ratio taking into account
the absorption in the walla when ia neglected», and
(11) when it is put into the coefficient yu. . it was
found that the two equations gave the same value for P
for a certain wavelength and a certain pair of chambers.

We proceed now b evaluating the factor f responsible

for the absorption in the walls:

I g Js

This expression was determined graphically for each

in the Tables pp. ((<?Yo5y lo6) *

The following example illustrates the procedure
followed for calculating ”f.

Evaluation of the factor 'f, for >=0.5 A.U. for

chamber pairs of "2 (12.84 and Y.54):

I—Evaluation of

y~ 00 cm. 1*=1.15cm.
1.322
* Ideally 1t might be desirable to .eglect in the

absorption coefficient since this type of scattered
radiation would presumbbly contribute to the production

of 1tonization.
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0O O 0 1 1.322  1.15 0.150
10 0.1736 0.0301 0.985 1.292 1.136 o0.151
20 0.3420 0.1170 0.940 1.205 1.098 0.158
30 0.3Q00 0.250 0.866 1.072 1.035 0.169
40 0.6428 0.413 0.766 0.909 0.953 0.187
50 0.7660 0.587 0.643 0.735 0.856 0.213
60 0.8668 0.750 0.500 0.572 0.756 0.256
70 0.9397 0.883 0.342 0.439 0.662 0.320
80 0.9348 0.970 0.174 0.353 0.593 0419
90 1.00 1.00 0 0.322 0.567 0.567

2- Evaluation of the integrals envoived in the factor "f

= 0.621 from table on C. (%)

yHt - 2.79 from table on p. (9J)
4 3 rVkf

e ] r A \]v

0 0.0932 0911 o0.911 0.418 9¢9.659 0.659
10 0.938 0.911 0.896 0.422 0.656 0.646
20 0.982 0.906 0.852 0.441 0.643 0.605
30 0.105 0.901 0.780 0.471 0.624 0.540
40 0.116 0.891 0.682 0.521 0.594 (0.455
50 0.132 0.876 0.564 0.594 0.552 0.355
60 0.159 0.853 0.426 0.714 0.490 0.245
70 0.199 0.819 0.280 0.893 0.409 0.140
80 0.260 0.771 0.134 1.169 0.311 0.054
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The values of »~ 'i-'K* A0 is plotted
d*ainst aud the area Ajunder the curve is determined
graphically. Similarly for the ares Ag corresponding
to putting the in piece of yu,’” in the above expression

f = 0.563
F' = 0.663 X 4.28 = 2.81
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! t
Theoretical values for the ratio F* Y given by

equation (10) p. (7?) for chamber pairs of effective

atomic numbers 12.84 and 7.54 (Pig. 28).

The values of are tablulated on pp.( 77~ ) and
/w/ on pp. ( and P* are taken from tables ou
P.(ff).

f~ end fy are obtained by inserting /T from W alter's and
Victoreen's equations respectively in the expression of

f on pe {(ul) »

013 1 0.95 1 0.95
.04 1 1.01 1 1.01
.06 1 1.065 1 1.06
.08 1 1.16 1 1144
12 1 1.64 998 1.61
.16 984 2.33 .985. 2.32
.20 974 2.98 974  3.03
.25 974 3.42 956 3.65
.28 928 3.54 941 3.87
.30 910 3.56 .925 3.94
.40 .805 3.36 .820 3.84
.50 653 2.8% .693 3.35
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iheoretical values for 7v ¥a FJ (Equation 10, p. (7e)
for chamber pairs of effective atomic numbers 17.04 and
7.64 (Pig. 29).

The values of and are taken,from the tables

on pp. ( ( 9 ) respectively.

Fiff m Fy are taken from table of p (*9).

AMAU 4y 4

013 1 923 1 .Q26
040 1 960 1 .5%8
060 1 1.05 1 1.07
.08 .999 1.46 997  1.505
12 998 2.75 980 2.88
.16 960 4.41 960 4.96
20 .93 5.88 927 6.87
25 871 6.78 870 8.21
.30 7186 6.75 784 8.38
.40 572 5.29 565 6.70
.50 346 3.27 .345  4.19
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Theoreticsl velues for Fy Ya F/ (Equation 10 P. ("T0)

for chamber pairs of effective atomic numbers 20.84 and 7.64

(Pig. 50).
The values of and are taken from the tables on
pp. ( 72 ) and ( 95 ) respectively. The values”™4”

Py are taken from table on p (/&F).

>MAV- wC 4=44 4

013 1 914 1 915
.04 1 1.026 1 1.039
.06 999 1.328 997 1.366
.08 990 1.93 989 2.037
12 971 4.24 960 4.64

.16 927 7.41 923  8.49

.20 871  9.80 .863 , 11.70
22 828 10.32 .832  12.86
25 760  10.68 761 13.44
28 .686 10.34 680  13.05
.30 628 9.80 616 12.40
35 475 7.43 457 9.80
40 346 5.86 332 7.38

.50 135 2.33 129 2.97



-107

(k) Comparison between F corresponding to the complete

¢ire-tribution curve and that corresponding to H>Y,L.

[t was thought thax a point of interest might be to
determine the ionization ratio from the complete
distribution curve and to compiire it with the ratio taken
from the ratio-wav length curves fig. (28,29,30) to see

how far they agree with each other.

The P-re tip corresponding to the complete distribution curve.
For this purpose the effective was calculated

from the spectral distribution curve,

where (* -4 €T )f\ltis the value corresponding to the
mean wavelength of a vertical strip on the graph of area A
fig. (2) and the summation covers the whole srei under
the curve.

The values of (f —» A + y ! —etc.
wore taken from fig. (19720,21,227,23) for ”"6% and *
respectively. The total areas under the curves were
taken from Tables on pp. {sz, 35

The following example shows the evaluation of ( gf-i* +

for a distribution curve of 159 kVp and H.V.L. 5mm.Al. for

chamber pairs of 20.84 and 7.64.
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The values of ( «<?1 -"*T' ) used for calculating p
in the'following table were determined in the same manner
for all the Z used and all the kVp stated in the table.

Column (1) gives the kVp a, plied to the X-ray tube.

* (2) gives the effective wavelength determined
from the complete spectral distribution
energy.

" (5) gives the effective wavelength correspond-

ing to the H.V.L.

" (4) gives the effective atomic number of each

pair of chambers used.

" (5) contains the ratio P calculated by &rsy*s
theory using the («Tt+3” ) evaluated
from the spectral distribution.

(6) 1a the ratio taken from figs. (28,29,30)
which corresponds to of the H.V.L.
of the beam.

(7) the ratio taken from figs. (28,29,30)

for )i* from the energy distribution curve
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IV.

KKPFIRIMWI"AL DETERISINATION OP IHK RATIO "P°

(s)

The proceaainfi of the chambers

The hakelite synthetic resin was obtained from

Messrs.

vansdlum (VgO”) from Messrs.

"Bakolite Ltd.",

graphite from Messrs.

guaranteed very pure.

Cromile and Pieroy.

the cerium oxide (0OeOg) end

Griffin and Tatlock and the

The latter was

Chambers were made from the mixtures given in the

following table :

No.

50

50
10

50
10

50
10

Composition

gram of
gram of
gram of

gram of
gram of
gram of

gram of
gram of

.55 gram

gram of
gram of
gram of

bekelite
graphite
VgOth

bakelite
graphite
CoOg

bakelite
graphite
of CeOg

bekelite
graphite
0OeOg

glby calculation

7.64

12.84

17.04

20.84



Figure(31)

5 7 ntm.
20 MW,

— THE CHAMBER MOULD —



Figure(SE)
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The bakelite resin was first ground in a ball mill,
for about eight hours. It was then sieved through a
mesh 60 to the inch. The fine bakelite powder so ob-
tained was mixed with the graphite and the proper amount
of VgO" or GeOg. The complete mixture was placed in the
ball mill and ground for another eight hours to ensure
good mixing.

The moulds in which the ohaaber parts were moulded
figs. (51*52) wore made of high tensile steel. The mould
was first warmed on a Bunsen flame and lubricated with
paraffin wax after which it was filled with powder. It
was then put in a suitable hydraulic press and heated by
a gas ring up to 270°C. Simultaneously the pressure
was raised gradually up to about 2000 pounds to the square
inch. Under these conditions the synthetic resin
polymerises, passes into a state of flux and takes up the
shape of the mould. A fter this it was kept in the mould
until it became a hard solid material. The time required
for the polymerization process was about five minutes.

After "cooking", the chamber parts may be removed
from the mould. The method of construction thus enables
the chambers and auxiliary parts to be made exactly to one

pattern. All these mixtures were found easy to manufacture.
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They proved to be stronger than the carbon chambers.
They also proved to be reliable electrical conductors
and consistant in their interaction with radiation as
seen in the experimental data.

Two chambers of each mixture were made,
hpetalls of the lonization chambers

The chambers used in the investigation are meide in
the moulds already described (figs. 51.52). The essential
parts are illustrated in 117, (55).

The guard ring was provided so that the ionization
w ill be due to the one material. By this device we ensure
that the electrons from the walls, which produce the
ionization, come almost entirely from the wall material
being si-uaveA- Those coming from the amber insulator
are prevented from contributing very much to the ionization.

g-The leads :

The leads are telcothene cables about four metres in
length connected at one end to the central electrode and
the chamber. The other ends connect to plugs in the
instruisent via amber insulation' and make the necessary
connection to the condensers and high tension terminals.

The cables are screened and protected by metallic
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tubing covering their whole length. It is assumed in
the theory of the instrument used (p. 14 that G' and C”
{which are almost entirely the capacities of the loads)
are equal. Thus great care was taken to make the cables
equal in length to fulfil this condition.

In our experiments, however, it was never necessary
to interchange the leads and if any slight difference in
the capacity exists 1t will be included in the calibration'
of the apparatus.

(b) Apparatus for measuring the ratios of the ionization
currents in pairs of chambers.
(1) The electrical circuit

The electrical circuit used is essentially that
described by Eemp® ~ and is shown in fig. (34). The
theory of its action, which has been given by Kemp‘fﬂ\'
is 88 follows.

(11) The Theory of the Apparatus

The two chambers A and B in which the ionization
currents are to be compared are connected in such a way
that, when they arc irradiated, the central electrode of

one of them, say A, accumulates a positive ch rge while

that of the other accumul. tes a negative charge. let the
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potentiel difference of the collecting aystera of A be

V, and i1ts capacity G* and that of B be Vg and its capacity

Thas

end VQ - 7 A2 (,2)

where Qj and Qg are uhe charges collected on the electrodes

iIn a certain time.

L Yp § 0 G0~ 0)
Tpi™tQ ., Gg4-G" '
If the point P between and Cg is at earth potential,

then V* and Vg will be the potential differences across

the capacities 0j and Cg and hence

272 B

Vi I - Cg (4)

From (3) and (4) we get:

_ug,  _ Og ~ 0 3
Ql Cg Oi + 0° -0

O' and G** are almost entirely the capacities of the
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leads. They can be made practically equal and much
greater than 0" or Cg for all possible values of 0" and Cg.
[f, however, any slight difference between the values of
0' and 0** exists it will be included in the calibration

of the instrument and therefore will not affect the

observations. Hence (3) can be written:
P- % ., “l (6,
0l Ce e .

Therefore the setting of the capacity potential divider
which keeps P at earth potential after opening the

switches S., 8» and S 1s a measure of the ratio 2 1.e.
Ql

the ratio F of the ionization curreats in the two chambers.
The mbcroammeter in the anode circuit of the valve
provides a fine means for detec”ia” the proper setting
for the balance.
(i11) Practical Construction for the Circuit;
C*rand Cg are two ordinary wireless air condensers.
The capacity of each is approximately 120 They
were modified to suit the purpose to which they are put

by taking out some of the plates to reduce the capacity.
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The insulation is of amber throughout. One of the con-
densers 1s kept fixed nearly at its full capacity while
the capacity of the other can be varied. The latter 1is
joined through amber insulation to s dial control. Both
condensers are provided with amber insulated leads to the
rest of the apparatus. These two condensers constitute
the capacity potential divider.

An electrometer triode valve was used to indicate
balance. Its essential characteristic is the extremely
low value of grid current when operated under certain
conditions. This is very useful for measuring simill
currents such as the ionization currents produced in the
chambers by radiation. [t provides an alternative to
the more usual forms of electrometers which may be very
delicate and need elaborate precautions and adjustment.
The valve is mounted on a rubber base to prevent vibrations
affecting the filament which result in a change of
filament current. In our exueriments the valve was used
as a sensitive means for detecting the correct setting of
the capacity potential divider and therefore the observa-
tions are independent of its characteristics. A aicoram-

meter, reaoing 50 1 1s connected in the anode circuit
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of the valve to provide a sensitive indication of the
correct setting.
(iv) Other parts of the circuit

The grid bias consists of a potentiometer arrangement.
Two accumulators are used with a rheostat of the order of
40,0001X . This arrangement 1s found useful for it pre-
vents the anode current from drifting when the grid is
disconnected from the earth. The grid potential is kept
at a voltage slightly less then -2 volts.

A resistance of 10 ohms is included in the filament
circuit to adjust the current to the required value.

Two high resistances H and E connect the terminals
of the chambers to the high tension battery to prevent
any possibility of short circuit.

Two accumulators each of two volts are used for the
anode potential.

The arrangement for backing off the current consists
of two variable resistances S and S', one for coarse and
the other for fine adjustment, connected to the anode in
the meaner shown in fig. (54).

(v) The switches

The switches constitute a very important part of
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the circuit. They consist of three light strips of spring
(60 mm. X 7 mm x 24 8. W.G.) mounted at one end on a
block of brass and each carrying a platinum contact at
its free end. These contacts are held against similar
platinum contacts mounted in amber insulators set in a
brass blocK- The three sets of contacts are separated to
break the circuit by thref" cams which are mounted on a
shaft and press on to the steel spring so as to deflect
them when rotated. The cams are operated together by a
lever which is attached to the cam shaft* The three
amber insulated contacts are provid d with leads which
connect them with the rest of the circuit while the con-
tacts on the steel springs are connected throughout the
frame to earth. The brass block carrying the earth and
the insulated contacts are both mounted on to a base
plate of brass. The cam shaft is held in position by
two brackets also mounted on the base plate. The time
of opening each contact with respect to the others 1is
arranged by the setting of its cam on the cam shaft.
Fig. (55) shows different views of the switches.

Figs. (56,57) show photographs of the apparatus and

chambers.



Interior of the Apparatus showing valwe,capacity

potential divider ,switcties ,etc.

Figure (36)
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(vi) Adjustment of the order of opening the switches.
A circuit such &s thax ahowa in
fig. (38) may be used for adjusting the
order of opening of the switches. In
our experiments the switch 3 which is
connected to the grid of the electro-
meter valve should open first in all
cases as seen from the theory of the \
apparatus. 8"and 8g are adjusted
by,their screws so that they open almost at the same time
after S. The iaovemerit of the needles of the galvanometers

and G2 indicates the order of opening the switches.

(vii) Precautions and procedure

The insulating pirts in the apparatus must be
absolutely clean. The cleaning is done by washing them
with alcohol, drying carefully, polishing them with amber
powder and blowing them vigorously with a blower. All
the other parts of the apparatus must also be cleaned and
dried thoroughly and then a large quantity of a drying
agent (magnesium perchlorate) must be enclosed in the

apparatus. It is very important that the apparatus should
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be kept dry and clean for any slight dirt or moisture
may give rise to a drift in the mioroammeter needle and
make 1t difficult to get a steady null point. All the
insulating parts were tested for good insulation on a
Wulf electrometer.

In the method adopted here for measuring the ratio
F, 1t was found unnecessary to ma.e temperature and pressure
corrections for the two factors affect the two chambers
simultaneously and therefore will have no effect on the
ratio.

The circuit 1s oonnected and left for about 20 minutes
to settle down i.e. until the n cdle of the microammeter
indicates no motion. The backing-off device may be used
if necessary. The grid poteniiiel is adjusted until with
the grid isolated there is no drift of the needle. The
grid bise is checked every now and then to ensure that
there is no drift of the needle when the grid is disconnected
from the earth and that conditions are, therefore, as they
were originally.

The whole apparatus is tested after connecting the

chambers with the high tension to ensure that there is no
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leskatii* ill any part of the apparatas, leads or cha“uber
insulation. This is done by opening the switches and
observing the .needle of the xaicroaaimeter. If no current
flows in the iaicroaimaeter, then the insulation is good
and the apparatus 1s ready for taking readintis.

The chambers were put in the beam so as to fulfil
the requirements of the different experiments to be car-
ried out. In each case the setting of the variable con-
denser C" is found which maintains the needle of the
microammeter in the SFJU® position both before and after
opening the switches. This indicates that the co rect
ratio 8¥7 has been obtained which maintains the point P
at earth potential after disconnecting the switches from
earth, the condition required by the theory.

The reading of the scale connected to the capacity
CJ is noted and from the calibration curve Pig. (40) the
corresponding ratio of the ionization currents in the
two chambers is obtained.

(viii) Calibration of the apparatus.

The calibration of the instrument was made in

two steps:
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1. Au iiivestigetion of the inverse square law for e
specific x-ray beau.
2. Determination of the variation of the scale reading m

with charge ratio.

l. An Investigation of the inverse square law.

The calibration may be carried oufc most readily by
making use of the inverse square law”fg)" [t was there-
fore necessary to deteriuine the range of distances along
the beam axis within which the law is obeyed.

A Siemen’s tube was used together with a Siemen’s
and Yiotoreen dosemeter.

The befim was directed horizontally away from any
scattering material® The exciting voltage of the beam
was 103*5 kVp. The added filter was 2 mm A1l., so that
the H.Y.L* of the beam was between 3*3 and 4 Al A
cylindrical applicator of diaiaeter 8 cm. was used to
collimate the beaia. The Siemen”s ionization chamber was
put at the side of the applicator to serve as a monitor,
while the Victoreen ionization chamber was moved along
the axis of the beam.

The dose received by the Victoreen chamber in the
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time required '"by the Slersen'e ehsmher to Integreto froa

Ay to 180 f was found for each dletame. Each

reading w taken twice and a good agredusnt was found

between the dose obtained in each ease.

The résulta are sho«n In the followlr® table and

graphioelly in ?1g.(53)

Aor s meH Oase D
61 4 r,f» d'ckr- VD
JUe een'S

I1.ss m, G 0,106
15.85 08.7 0.121
I1G . ;#e 68 .0 0.130
BL. 50 3&.0 0.167
50.10 3 4 Y SO
SO. SO 83 0,206
So. 00 17.0 0.245
5.0 16.6 0,246
47.8 11,4 0.81i6
°€, 2 6.1 0.351
63.5 6.1 0.403
77, & 0.482

87.6. 5%86 0.510
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Pig (59) represents the relation between
a, and |jfQ which is a straight line, showing that the
inverse square law is obeyed within the range of distances
shown in the above table.
Using the results of this investigation we could
calibrate the instrument with the same beam using points

within the ea”eriaental distaiKses shown above.

The sane conditions as in the above e:“eriment being
used, two of the sir wall chambers (No.l) were mounted on
the instrument fig. (34). They were symmetrically
disposed with respect to the axis of the beam. m One of
them was kept fixed and the other was moved in small steps
along the beam.

At each position of the moving chamber, the null point
reading of the scale was observed. This was carried on
until a set of readings covering the whole scale of the
instrument had been obtained.

The following table gives the observations taken on
three different days. [t shore also the consistency

and the reproducibility of the readings of the scale.
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Ifhe distance between the centre of the fixed

chamber and the target

Oi'siAnet fIWAf

gy

28.¢gf
30.
44

32

34.
.54

36

39.
.34

41

43.
.04

47

49.
.34
.34
49
.76
34
.34

53
57
61
65
68
71

94
14
14
94
94

Pig (40)
scale re ding and "2

Y Sctte

(11

3.
12.
19.
25.
34.
41.
48.
53.
59.
63.
70.
75.
81.
86
91.
96.

4
.9
1
2

1
9
3
6
0
1
4
3
7
0
9
8

SC.U QHl« Menn

iavu Bt

cn (3,
1.3 3.1 2.5
12.6 12.8 127
19.1 19.6 193
25,5 25.6 25.6
53.4 340 337
41.2 41.1 41.1
47.1 48.0 47.8
52.9 53.3 53.2
SRR
. . 64.9
70.0 70.5 70.4
; 75.8 75.8
81.1 81.4 81.5
----- 86.9
90.2 91.1 90.8
96.2 96.2

represents the relation

Q

=28.89 cm.

<J, '(mtfKif-
1.00
1.26%

1,40
1.60
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(ix) laveatigalioa in the Saxar&i®iQu "Voltage of
the Ohembf"re.

To detemxue the saturation voltage for the

chambers the following experiments were oamed oat:

One of the "air wall™ chambers (Mo. I) and chamber
[No.4) p. (111) were mounted on the instrument. They
were put symmetrically with respect to the axis of an
x-ray beam (effective wave length 0.1501\f) at a point
where the dose-rafce was of the order of 8r/min.
I. The following table shows Ih™ variation of the
voltage applied to the chamber (No.(1)), with the ratio

of the charges collected by the two central electrodes

of the chambers, keeping the voltage of the chamber (No.

constant.

Fig. (41d.) -

Ar
vV  ah¥ 48 60 72 108 120 156 168 180

60  3.97 3.68 3.54 ).37 ).29 3.27

4)
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2. "he following table contains the observations of the
ratio with varying voltages applied to chamber (No. 4)

keeping the voltage applied (No.l) constant at 228.

Fig. (41:b)
Voltage of
chamber 72 108 120
No.(4)
Ratio 3.0 3.15 3.15

As a result of the above investigation the working
conditions for the Westinghoaae set were as follows;
l+ The minimum voltage applied to the chambers for attain-
ing saturation was 228 volts.
2. the chambers were put at a point where the dose was
of the order of 8r/min.
In the case where the Victor Maximar and the million volt
set were used the chambers were put at a distance from
the target where the dosa-rate was about the same as
mentioned above.
Since the greatest ionization current was anticipated

in the chamber (No. 4) of atomic Ho. 20.84 it was safe to
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use this voltBge for |lae other chambers of lower atomic
number in which the ionisation current was expected to be
less.

(X) Wavelength Independence of the Satio given by

two Identical Air Wall Chambera

The air wall chambers described elsewhere, which were
manufactured from bakelite graphite - vanadium oxide
mixture were tested for similarity at different wavelengths
with the same apparatus. Pig. (34).

Using qualities of radiations chosen to cover nearly
the whole range ne Hied for the investigation, a pair of
the chambers was examined, 1.?. the ratio of their
ionization currents vvas measured.

The following table contains the results.

V= aWlIfj filUr h AU

60 0 .65 .98
yo 2 mm Ai. 402 .99
106.8 4 ima. Al. 522 .98

120 0.11 mm.Ou. 4-1 Al. mm. .236 1.01
180 0.214 mm.Ou + 1 ma.Al 1/7 1.00
200 0.5 mm.Ou. 4- 1 mm.Al. 150 1.00

220 S5 mm.Ou 4- 274 mm.in .086 1.05
]l ramAl.
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The last column shows approximate constfincy of the
ratio with the variation of quality of the beam. This
giv'-s evidence of the characteristic property of the

similarity of the chambers.

8. “Experimental results;

The procedure described on p. (lie) was used when
measuring the ratio of the ionization currents in each
pair of chambers with the equivalent atomic number recorded
in the following tables. The effective wave lengths for
which the ratios are required, are taken from the tables
on pp. (5597/5). The conditions under which the X-ray
tube was operated are also stated in the same tables
pp-

Two of the chambers (the air wall and another having
atomic number as stated in the tables) were mounted on
the apparatus Fig. (34). They were put symmelrically
with respect to the axis of the beam au a point where the
dose-rst© was of the order of 8r/min. For this order of
dose-rate 1t was found by experiment p. (I”7) that a chamber
potential of the order of 228 volts was suffeicicnt for

saturation even for the greater ionization currents
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produced. in the ohaiabers with walls of the highest elfeotive

atomic nombar. Dry batteries were used to provide the
chamber potential. The following tables give the results
obtained.

The ratios recorded in these tables were taken from
the calibration curve fig. (40). They correspond to

the scale readings observed in the experiments.
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Air wall chamber (A Z =
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Expegjiaental Data

013
041
.06

,082
086
.098
120
137
172
192
.236
270
288
322
402

Pig. 42 A

ratio

Ay &A

1
1

)—A)—i)—t;—m;—m)—t;—Lh‘__"_"_"_k

,07
.6
.06
28
315
40
.52
366
.62
.66
437
447
424
.38"
237

7#64 and Chambers AdcB, Z =

ratio
Ay &B

1.045
1.0
1.06"
1.28
[.514
397
415
47

37
47
41

1.35
1.19%

I

mean
ratio

.0575

.063
28

3145
.3985
.4675
318
57
.615
.4625
427
413
368

1.213

HHHHHHHHH_’—‘*—‘HH

\

12.84
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Bxperlmaatal data

Air wall chamber

S
O 0 LD W N = T

[ S S S = U
DN A W N =

013
041
.06

082
.086
098
120
137
172
.192
.236
270
288
322
402

Fig. 42 B.

ratio

Ay &A

— NN NN NN DN DN DN —m m e e e

.08

27¢
.75
.804
.033
.29
413
525
.66
.36

.09

075
12

.70

7.64 end chembers A&B,

ratio
Ay (k4
.08
11
27g
.75
81
.043
.32
42
.636
795
.39
.25
22
.10
.696

— NN NN NN N NN /= e e

I'T

iieen
ratio
.08
.105
275
.75
.807
.040.
.30
.41_65g
.5805
.72/5
37g
17
147
A1
.70

=N NN NN NN NN - m e e e

Z

17.04
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Bxperiaentsl Data 111

Pig. 42 G.

Air wall chamber Ay Z w=7.64 and chambers A & B Z = 20.84

ratio rario mean
-U Ay &A Ay &B ratio

1 013 1.104 1.104 1.104
2 ..041 1.26" 1.26" 1.26"
3 .060 1.59 1.563 1.573
4 082 2.31 2.31 2.31

5 .086 2.51 2.465 2.4375
6 .098 2935 2.90 2.91/5
7 .120 3.39 3.38 3.385
a 137 3.57 3.52 3.545
9 .172 3.78 3.79 3.78"
10 192 3,96 4.11 4.035
11 236 3.41. 3.505 3.5475
12 270 3.018 3.10 3.059
13 .288 3.0 3.075 3.0375
14 .322 2.71 2.79 2.75

15 .402 2.01 2.115 2.06
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AND EXPERIMITNTAI DATA

In equations (10) and (11) p. (<fO), for short wave
lengths, the scattering absorption coefficient is pre-
dominant while the photoelectric absorption coefficient
is negligible.

Thus F> — 21 for short wave-lengths

For intermediate wavelengths the important factor

. . . . . — tfif
is f" . As this coefficient is proportional to Z
(in the case of Walter’s formula), we have,

"3p2-94

'"1
where 3~ and are the effective atomic numbers of

the air wall and heavier material respectively.

Therefore F’ increases chiefly aocordin, to this
relation. The amount of increase depends oh the values
of %2 being greater for greater

For longer wavelengths the factor governing the ratio
is the absorption in the walls i.e. the factor *f! This
factor decreases emd becomes very small since the absorption

coefficient becomes greater and greater as the wave-

length increases. This has the effect of causing F* to
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decrease after 1t has reached a certain maximal value.
The amount of diminution depends on the linear absorption
coefficient of the heavier wall material.

Therefore, we should expect a maximu/ji in the inter-
mediate region of wavelengths. This maximum depends on
the material of the chamber which is compared with the
air wall chamber, being greater for greater Zg.

Also we should expect the rate of decrease in F%
over the long wavelengths, to depend on this rate 1is
less for 4" nearer to Z* of air, while for
it is considerable.

The following tables contain experimental values
of the ratio (taken from the smooth curves fig. (42))
together with theoretical values at different qualities,
for the different pairs of chambers used.

The theoretical and experimental values were made to
coincide at 0.015 A.IT. and hence all the theoretical Values
were multiplied by the required factor to agree with this
alteration. This wavelength was chosen because one would
anticipate that the theory would be most accurate at this
point and indéed, 1t might be expected to be a precise

statement of the ionizations produced (Gray 195b).



-137-

Also * i1s practically negligible at this wavelength
so that ambiguities about the values of this quantity
are of little consequence.

The final oolualJiB give the ratio of the theoretical

to the experimental ratios.



Z (12.84 and 7.64)

0.013
0.04
.06
0.08
0.12
0.15
0.18
0.19
0.20
0.22
0.24
0.28
0.32
0.38
0.42
0.46

M j

0.95
1.0(7
1.065
1.16
1.64
2.185
2.70

2.845
2.9B5

3.20
3.36
5.54

3 .55 4

3.424
3.27

3.055

95
.01

0
1
1.06
1.14
l1.61

2.10
2.87

3.315

.55

3
3.87
3.98
3.905
3.76

3.57
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S (©Ocf)

1.
102
1.
1.

1

1

058

17
275

467

1 m56.

1

[ [— — [ — — [— [u— ok

.61

617
606
506
428
357
.252

tBg
125

057
114

1

1
1.186
1.291
1.827
2.43
3.01
3.165
3.32
3.565

3.955

3.96
3.82

3.645
3.4(7

Fij/

1-126
1.18

1.27
1.795
2.40
3.01
3.2(7

3.69
3.96
4.31
4.43

4 .19

3.98

tJ (»m)

1.01
1.013
1.012
1.245
1.55
1.87
1.96
2.07

2.29
2.485

2.11
\2. ;2

3.05

3.07

pexf>_

1.02
1.01

995
224

.53
.87
.98

1

1

1

1
2.12
2.37
2.625
3.02
3.267
3.47
3.53
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Z (17.04 and 7.64)

"MA'U /V(%Ly

0.015
0.04
0.06
0.08
0.10
0.12
>.16
0.18
0.20
0.22
0.24
0.26
0.28
0.52
0.5b
0.40

926
.96
10
46
.00
.76
42
19
.88
55
.67
.86
.87
.50

.95

QhO\O\O\O\O\&Il&Jl-h[\)[\)._nH

(9]
[\
o0

N3 0 oo 0 O a0 O\ W S ' T O SN

926
96
10
.50
10
.88
.96
97
.87
.56
.04
.54
45
12

47
.68

Il

P{e<p}

1.08
1.21
1.41
1.71
2.06
2.505
2.61
2.71
2.69
2.55
2417
2.305
2.206
2.02
1.86
1.70

12
28

715
45
36
.79
96
.01

F;

1

1
1
1

/'-V

.925
91
996
.13
-395
975

2.25.

3
3

W W W

.90
.22
48
.63
15

.73
.62

1

1
1
1
2
2
2
3
3
4
4

4

4.
4.

PJ(fL)
RAfJT

925

91
.02

.19
46
18
.57
98
46
.89
22
47
.69

68
55
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Z  (20%84 and 7.64)

>« AU

0.015
0.04
0.06
0.0a
0.10
'"1.12
0.15
0.19
0.22
0.25
0.28
0.32
0.38
0.44
0.48

915
1.03
1.33
1.93
2.98
4.24
6.61
9.34
10.32
10.68
10.34
9.01
6.61
4.4
2.99

915
1.03
1.37
2.037
3.22
4.64
7.55
-11.00
12.86
13.44
13.05
11.34
8.35
5.47
3.71

104

2.7b
2.26
1.76
1.444

Fwf FV/F
1.104 1.048
1.245 1.24¢
[.60s5 1.65¢g
2.33 2.46
2.59¢c 3.88
5.11 5.6
7.97 9.11
11.26 13.28
12.47 15.3
12.S 16.22
12.48 15.75
10.89 13.7
7.97 10.08
5.31 6.6
3.61 4 .48

Fj feJ’t
fiAP-)

Nuw\]hwWN\OD—k*—‘)—A;—m

W

980
016
.06
.214
51
A1
.78
.38
.83
.03
.94

53
.02

.980

1.047
1.12
1.31
1.655
2.41
3.27
4.'14
4.82
5.08
4.95
4.45
3.75
3.1
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Prom the tables and graphs we see thet the experimental
results agree with the theoretical values qualitatively;
the experimental ratio being nearly unity for short wave-
lengths, then increases rapidly till it attains a maximum
at about 0*19 A.U., then decreases as the wavelength increases.
It is also noticed (Pig. 42), as was predicted by the theory,
that the values of the maxima vary with the nature of the
material to be compared with the air wall chamber. The
greatest maximum value of P’ is for Z = 20*84 and least
for Z ¥ 12%*84. It may also be seen that the right hand
side branch of the curves 1s flattest for Z 12*84, but the
decrease is more rapid as "T increases.

Therefore the general qualitative features of the
experimental curves agree with the theory fairly well.

Quantitatively we find considerable differences between
the experimental and the theoretical curves especially for
the longer wavelengths. They seem to agree in all the
oha iber pairs used, up to .08 A.TJ*, then begin to deviate
considerably, the theoretical in one case being more than
four times the experimental as seen in Pig* (45).

When Victoreen’s formula is used in the calculation of

the I the ratios deviate more from the experimental ones
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than in the case when W alter’s formula is used for calculat-
ing gr It seems that Walter’s formula fits experimental

observations of this kind better than Victoreen’s.
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1. In the calculation of the value of P corresponding
to the complete spectral distribution of energy in the x-
ray beam, it is in most cases sufficiently accurate to regard
the beam as having the effective wavelength which corresponds
to its half value layer in copper. This 1s 1illustrated
by the calculations in which we obtained the ratio corres-
ponding to the effective wavelength of the H.V* j. of the
beam.

From the tables on p. {Ih) i1t is clear that the ratio
calculated from the effective wavelength corresponding to
the H.V.L. of the beam agrees fairly well with the ratio
calculated from the complete spectral distribution curve.
The difference between the ratios does not exceed 4"
(approximately) in all the cases shown in the table except
on”™ (170 KVp) where 1t amounts to about 77. In the latter
case the difference can be attributed to the fact that the
effective wavelengths differ among themselves by about 51"
It may be stated that the difference between the two ratios
increases as the voltage across the tube increase..,. This

is, perhaps, because the theories adopted in determining the
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the spectral distribution of energy do not completely fulfil
the requirements for hard radiation. In support of this
opinion i1t was observed in some cases that we were xinable

to get a straight line for ( “, y ) see p. (J?1) even if
we allow for the oharacteristic radiation. This suggests
that factors other than the characteristic radiation should
be accounted for in order that Jones-Silberstein formula
should fit the absorption date for hard radiation. Therefore
it was taken as being sufficiently accurate and more conveni-
ent to use the effective wavelength corresponding to the
H.V.L. of the beam, in establishing the ratio wavelength
curves. The measurements of the H.V.L.’s were carried out
by an instrument (fig. 54) which provided a good means for
measurements of such n;ture. The ratio of the intensities
of the beam before and after i1t passes through a filter

were obtained directly and independently of any fluctuetionM
which may occur in the voltage across the X-ray tube and
result in error in the measurement of the H.V.L. if the

latter 1s taken by one chamber.
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2¢ OhaiQbers which were moulded from mixtures of bakelite,
vanadium or cerium oxide with 20 parts of graphite were
found to behave remarkably well as regards their electrical
conductivity and their consistent interaction with the
radiations used in the investigations.

As shown in the table of p.(li15) individual air-wall”
chambers (no.l) pressed from bakelite graphite with 2 parts
added of were found to be practically identical in their
behaviour over the range of wavelengths examined. The ratio
of the ionization currents in a pair of these chambers was
practically constant and equal to unity over a wide wave-
length range (from 0.63 to 0.086 A ).

From the data in the tables on pp. (/31/ /J1 ~ I3") it
may be seen that where one of the chambers 1s of a higher
effective atomic number, individual chambers do not necessarily
give exactly the sajne ratio but the variations are relatively
small: it would seem that chambers having specific **wall
characteristics” can be pressed fairly reliably. This
point may be of some interest and value in relation to the

b

production of pressed chambers having specific “wall character-
istics” for the investigation of X-rays or the measurement

of neutrons. The maximum difference in ratio of i1onization
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recorded by two samples of the seme atomic number did not

exceed 5/ In the case of the chambers made of a mixture
of 7 - 12'..'84, the maximum v~ iriation in ratio of ionization
amounted to about 6".

In ell cases the variations of the ratio from sample
to sample show themselves most markedly as the long wave-
lengths are approached. The maximum variations are always
in the intermediato region of wavelengths i.e. when the
ratio attains its maximal value (see pp. 1jiiy/3 5/ ).
They are almost non-existent in the short wavelength region.
This may be attributed to the fact that ionization in this
region is chiefly due to Compton recoil electrons which are
independent of the wall material, the photo-electrons forming
a very small fraction of uhe total electronic emisalon from
the walls.

That the observations are reproducable from day to day
can be easily seen from the results on p.( ). The
values in this table were taken on different days; all of

them are practically the same within experimental errors.
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5. Previous measurements of tne ratio of ionization
currents produced in small chambers with walls of different
atomic numbers by high voltage radiation were found™ 3 ~ #
to give results considerably smaller than those calculated
from the theory; and in general the differences between
theory and experiment increased with increase in wavelength
of the relation. One of the causes of this disagreement
is perhaps because it is not yet fully realised how small
the chajuber must be to fulfil the theoretical requirements;
indeed it may be impossible to fulfil those requirements
in practice. Gray""™ sug,”ested the following approximate
limits to the linear dimensions of the chamber at which the
theory and experiment might be expected to agree in the
case of air-wall ohember”;

(1) a few am for %-rays.

(2) 0.1 im for hard X-rays (200 KV constant potential

filtered with 1.5 mm OU)

(5) still less for softer X-rays.

It is possible that other factors may also be present
when the chaubers are not air-walled.

Chambers of dimensions of these magnitudes are difficult

to manufacture. Also the i1onization currents in such

chambers are very small and difficult to measure. Any slight
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error in measureuent will lead to considerable error in the
final results. If valve amplification is used to increase
the degree oi sensitiviuy, the accuracy of measurement of
these i1onization currents may be considerably affected by
the variations which may occur due to the degree of amplifi-
cation and to the complexity of the resulting circuit.
%hile many "/ "MAM AA A gbservers using cha mbers of varying
siz s, ranging from the above orders of dimensions upwards,
failed to confirm Gray’s theory experimentally, other*""AA" 42/73 )
experimental results agreed with the theory. Fricke and
Glasser™ © ' showed experimentally that the ionization per
unit volume is independent of the size of the chambers up
to a volume of about 4.7.C.C. in carbon or aluuiiinium chambers
irradiated with x-rays of the qualities used in deep therapy
which at the time were of the oraer 0.1 to 0.2 AXI. I't
thus seems that the question of the volume of the chambers
is not the only iaiportant one when |*e raiio is concernea.
The deviation in the case of large chambers of high
atomic number has been attributed to the fact that the ranges
of the electrons become smaller BB the waveleagtu increases
until they only ionize a small layer of air near the walls.

A small part of this deviation has been attributed” AN to
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characteristic radiation from the walls.

Oa the other hand it is to be expected” that if
we use chambers of material of low atomic number, with
voluiiies considerably larger than that required by the
theory, the ionization will be the same as in small chambers
i.e. being equal to the theoretical value. This is because
the decrease in the emission from the walls should be
counterbalanced by the electrons generated in the air
itself. The volume of the cha.ibers used was about 4 c.c.
which is within the lim its stated by Fricke and Glasser**""*
required to fulfil the theoretical conditions for chambers
of Z similar to those used in the experiment.

It was thought that a point of interest in this
connexion might be the determination of the mean ranges
in sir of the secondary electrons emitted from the walls
of the different chaiibers used, since they might conceivably
be relz Led to the results obtained.

Therefore in the following* tables the ranges in air

/
have been calculaied using Wilson’s formula :

Ao 4720

where R is the range in cm. and E has been taken as the
mean energy in eKV of the recoil electrons and the photo-

electrons from the chamber walls.
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We have followed lea’s method” of calculating the

mean energy of the recoil and photoelectrons and the

following table contains the moan ranges of the secondary

electrons originating from the air wall material o1 the

chambers together with the data used in the calculation.

Ooluuan (1) gives the wavelength in A.IT.

29

29

2

2

(2) gives the quantum energy h 1.e. the photo-
electron energy Ep taxen from Lea’s table' """,
(3) gives the mean energy”of the recoil electron”
(4) gives e<5"a taken from the tables on p. (7¥).
(5) gives eT taken from the tables on pp.(
and the values of e” for other chambers are
« taken from tables on pp. .. 5.
(6)> (7) gi e the proportion of total energy A
which appears as recoil electrons and B as
photo electrons where

e a
e N eT'

Er



Golumn (10)

"

(1)

(12)
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gives the rrage of the recoil electroa

gives the range of photo electrons
2

Hp __Tig_ _
gives the mean energy Rm of the recoil

and photo electrons

Rm *= RfC 4- Rpl)
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The rarigies in "Lhie table are calculated in wuhe 'same manner

described in the previous table for chambers of 3 as stated.

N ﬂ,WNfi e f.r- Rm -
in4-U

015 249 249 249 250
03 58.7 40.46 43.25 47.76
06 4.8 7.12 9.87 14.02
08 2.39 4.45 7.61 11.85
10 1.60 4.05 7.53 11.22
15 1.22 5.85 6.90 9.84
15 1.02 ' 3.5] 6.05 8.19
16 1.065 5.43 5.74 7.59
17 1.06 3.40 5.51 7.12
18 1.07 3.38 5.54 6.75
19 1.16 3.485 5.35 6.62
20 1.24 3.65 5.38 6.56
.50 1.27 2.70 3.30 3.51
40 1.16 [ 1.82 2.01 2.09
50 0.97 1 1.32 1.34 1.37
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I[f the differences between the theoretical and
experimental results are to be attributed to the ranges of
the electrons, being small compared with the dimensions
of the chambers, it might be suggested that up to a range
of 2#59 cm. (the range at 0.08 A#U.) the ionisation due to
the electrons originating in the air inside 1/he chamber is
negligible compared with the ionization originating in the
chamber walls, since the theoretical and experimental ratios
agree fairly well up to the above mentioned wavelength,

0.08 A.U.

We notice that at the wavelength 0.08 ATJ. where the
theory and experiment seem to be”in to disagree the electron
ranges in the air wall chamber are just of the oraer of
the chamber dimensions. This ma ,be related to the observa-
tions and further similar experiments with muon smaller
chambers might be of interest in order to see whether there

is any real foundation for this poino of view.
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The calculations {table i'ijSS * luo 28,29, 50 )
show that no matter what effective atomic number be used
for the wall material of the chamber of hi“h atomic number,
(at least up to 2 =$6 20*84), this method will not allow us
reliably to relate the ratio calculated with the quality
above .50 A.U. although it can bo used for shorter wave
lengths. The reason 1s evident from the curvesof fig.
(28,29,30 ) where it 1s seen that the rate of chtnge of
the ratio with wave length i1s very small above 0.3d A.U.

When a correction is made for absorption in the wall
of the chamber the limit is still furtler reduced and we
conclude that the method is unsuitable for wave lengths
beyond 0.2 A.U.

The experimental observations show that the chamber
pair method may, in practice, suffer oven more severe
limitations. The point of inflection in the catio wave-
length curve occurs in all cases at a wavelength of nbout
0#19 A.U. (fig.42) so that quality measurements could not
be made for wavelengths longer than this; 1t would not be
possible to say whether the reading was of the shorter or

longer wavelength corresponduig to the ratio.



This method therefore, is ruled out as unsuitable for
the examinatiOii of the quality of the scattered radiations
generated in a light atom medium by 200 KV x-rays or other
softer X-rays. In these cases the secondary radiations
may be expected to contain wavelengths which are much longer
than 0.19 A.U. Wilson . It is apparent that for the
study of this particular problem some other method is
needed* The method would seem to h: ve its uses however,
for the examination of the quality of the radiations
scattered by harder beams of X-rays generated at say between
400 and 1000 KV.

If we assuuae that the theory and experiment agree at
very short wavelengths of x-rays, our experiments show
that the ratios predicted by Gray *s theory agree with the
experimental observations up to a wavelength of about 0.08A.U,
(see fig. 43) for the ionization chambers used in these
experiments. Olarkson and Mayneord**”" did not find such
agreement between theory and experiment even for wavelengths
down to 0.04 A.U. when they used chambers of graphite and
copper. [t should therefore be sufficient for investiga-

tions of this type by this means, using primary radiations
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the secoad&ry of which, are iiof greater i-hen 0.08 A.U. 1a
wavelength to use calculateci ratio values so that the need
for direct calibration of the chamber-poirs would be ob-
viated. In order to obtain the greatest rate ox' change
of ratio with wavelength it is preferable of the chamber

pairs we have studied, to use pair No.(3).
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