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i. 

PREFACE 

It is well known that the current per unit volume from 

small gamma ray ionization chambers made of light elements is 

inversely proportional to the stopping power per electron of the 

element for the secondary electrons of the gamma rays. In many 

elements, stopping powers of electrons due to radium gamma ra^s 

have been measured using methods based on this/fact./ Radioactive 

isotopes with a great range of gamma ray e&&£gy are now available, 

and it should be possible to measure the variation with energy of 

the stopping power for the secondary electrons in the same way. 

The measurements described in this paper were made using 

the gamma rays of Co u and ionization chambers of graphite, mag­

nesium, aluminium and calcium. 

The currents were measured using an FP 54 electrometer 

circuit due to Dubridge (11), modified to use a Townsend balance 

condenser. This particular circuit was chosen as the author had 

gained experience in its use while working at the Chalk River 

Laboratories of the National Research Council. All machine work 

necessary to the construction of the apparatus was done by the 

writer. 
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1. 

INTRODUCTION 

This paper describes measurements of ionization currents, due 

to gamma rays of Co°0f which pass through small aluminium, graphite, 

magnesium and calcium ionization chambers. From these measurements 

the relative stopping powers of these elements for the secondary 

electrons of the gamma rays have been deduced. 

The measurements are in a sense preliminary, since they are 

intended to reveal the accuracy of the method and the feasibility of 

extending the measurements over a wide range of gamma ray energies. 

Under favourable conditions, the variation of stopping power for 

secondary electrons with energies ranging from 0.1 Mev to 5 Mev might 

then be examined. 

n The method is based upon the fact that if a small cavity in 

an ,finfinite*1 homogeneous medium is irradiated with gamma rays, the 

4UH *f r 
distribution of electrons within the cavity is identical with the 

**) f* ̂ 4 distribution in the medium before the introduction of the cavity. 

Bragg (1) first used this fact to estimate the relative stopping power 

of various elements for/3 -rays in 1^10. Fricke and Glasser (2) (3) 

recognized and applied this fact to the problem of X-ray and radium 

dosimetry in 1925. Independently Gray (4)(5) ia 193&> measured the 

variation of stopping power in elements with atomic numbers from one 

to twenty-nine, for secondary electrons of radium gamma rays. He 

showed that this variation agreed fairly well with that deduced from 

the theoretical predictions of Bethe (6). 

This subject is of wide interest to workers in medical radiology, 

as it is from such measurements that the correct biological dose of 
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gamma rays, hard X-rays and fast neutrons is obtained. 

THBOHT 

Consider the ionization per cc. in a small air-filled cavity 

in an infinite homogeneous medium. 

Let J be the ionization per unit volume in the cavity. 

N the number of A -particles per cm . crossing the 

cavity and the medium. 

(££) the energy loss per cm. by the A -particles in air. 

i—\ the energy loss per cm. by the ̂ -particles in the 

medium. 
m 

E y the energy absorbed per unit volume of the medium. 

W the energy required to form an ion pair. 

f the flux of gamma rays in quanta per cm?/sec. 

C5T the Compton scattering cross section per electron e a 

of the medium for gamma rays of Co . 

Then J T 

\ 

Sy 

-

S 

• 

N 

N 

Jv 

*dE, 

w 

, w (dE) 
dx a J T W ^ 

This i s the Bragg-Gray Relation 
dE 

where P * *cE'm 

«* a 

Two assumptions are made in reducing E T to this form. 

a) The distribution of electrons in the medium is unaffected by the 

presence of the cavity. This is true if the atomic number of the 

^ medium is not very different from that of air and if the energy lost 

by electrons in crossing the cavity is small. 



b) The ionization due to absorption of gamma rays in the air i s small. 

For ma&ium* of different atomic number 

ET - N2 Ef ( e (T a +V) —* * f 1V 

where t i s the photoelectric ^ y o s s e c t i o ^ N 2 i s the number of electrons 

per unit volume of the medium, and E is the energy of the gamma rays 

If ^ i s small, as for elements of low atomic number, 

p j T W = N 8 E f { e ( T a ) 

1 « J v * N* K where K is constant. 

Now p i s the relative stopping power of the medium with respect to a i r . 

Therefore, i f Se i s the relative stopping power per electron of the 

medium, j„ • & 

Gray has shown that the variation in Se with atomic number, 

for secondary electrons from radium gamma rays, agrees well with that 

predicted by Bethe (6) when arrived at in this way. It i s pointed out 

by Laurence (7) that Bloch fs theory (8) of the rate of loss of energy 

of (3-rays, although not as satisfactory theoretically as that of Bethe, 

i s in better agreement with the experimental values arrived at by White 

and Millington (9) using another method. 

EXPERIMENTAL WORK 

I General 

Photographs of the apparatus are shown in Fig. 1 and Fig. 2. 

These show the position of the source and ionization chamber with respect 

to the walls of the room and the rest of the apparatus. 

The ion chamber and source were placed at a maximum distance 

from scattering material. 

The source, enclosed in a brass capsule with walls l/l6M thick, 



was held in a cup in the end of an aluminium rod l/2M in diameter. 

This was supported by the iron stand shown in Fig. 1, approximately 

90 cm. from the floor. 

II Ionization Chambers 

The medium with the small air cavity consists of an ionization 

chamber of volume approximately 10 cc. It was estimated that the 

ionization due to absorption of gamma rays in the air of the cavity 

would be only 2$ of the total ionization. As the atomic numbers of 

the medium^ (graphite, magnesium, aluminium and calcium) were low, 

this volume would satisfy the theoretical requirements. It was de­

sirable to have such a volume for the following experimental reasons: 

1) Easily measured currents of the order of 10**3 amp. could be 

obtained by using approximately 100 mc. of Co u at distances which 

could be measured with an error of less than 

2) Dead space, due to collection of ions by the guard ring of 

the ionization chamber, is practically independent of the size of the 

chamber. It is difficult to estimate the volume of this dead space 

and to apply the correction to the total volume. A correction of 0.06 cc. 

was made to the measured volumes of the ionization chambers for this 

effect. This was approximately equal to the error in measuring the 

volumes. 

3) The volume of the ionization chamber could be measured to an 

accuracy of better than 1$ by filling with a liquid and weighing. 

The design of the ionization chambers, wtfch the source position 

* p- is shown in Fig. 3. The walls of all four chambers were equivalent 

>.( i \ to 3 mm. of graphite in surface density, giving the same gamma ray 

V xabsorption in each. Mayneord (10) has shown that the ionization increases 
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with wall thickness in graphite ion chambers of this size to a flat 

maximum at 3 mm. wall thickness and then decreases slowly. He made 

. *. a 2$ correction to the ionization current for absorption of the 
. 1 P ; 

//*•% Js gamma rays of radium in graphite ion chambers of 3 mm. wall thickness. 

The thicknesses of the walls of the ionization chambers were: 

Graphite O.I25 in. 

Aluminium 0.125 in. 

Magnesium O.188 in. 

Calcium 1) O.235 in. 

2) 0.301 in. sides 

O.288 in. wall facing source. 

Two thicknesses are given for the calcium ionization chamber, 

ff-4i*r as a coating of calcium nitride formed on the surface. One series of 

measurements was first made with the ion chamber, then a fresh calcium 

surface was obtained by reboring the chamber for the second series. 

The thickness of the wall facing the source was not altered appreciably 

and no serious difference would be expected in results for the two 

series of measurements. 
The volumes of the aluminium and magnesium ionization chambers 

h L t \ were obtained by filling with water and weighing. For the calcium ion 
U,, - j 

1^ %,J- chamber oil was used, and for the graphite chamber mercury. The den­

sity of the oil was measured by using a specific gravity bottle and 

comparing the weight with that of distilled water. All densities were 

'corrected for temperature. 

An aluminium collecting electrode weighing 0.9 gm. was used 

for all the ion chambers. It was estimated that not more than 2% of 

the ionization was due to this electrode, which would give a negligible 

correction to the total ion current. The density of the aluminium 

A>, 
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was obtained by measuring the volume and weighing a cylinder of the 

aluminium stock from which the electrode was made. The volume of 

the electrode was then found by weighing and calculating from the density. 

All the ionization chambers, except the one of aluminium, 

were changed slightly in volume after a complete set of measurements 

on all the chambers had been made. This was done by trimming down 

the end at which the chamber was supported, as shown in Fig. 3* This 

change in volume, amounting to 0.25 c c , was made to see if any 

significant change would be made in the dead space. None was observed. 

The distance of the geometrical centre of the ionization 

chamber from the back wall of the chamber was compared with the 

distance of the point, from the back wall, which gave the average of 

gamma ray intensities at the front and back walls. These points co­

incided for a source distance of 60 cm. but the latter point moved 

0.1 cm. towards the source for a source distance of 40 cm. These 

calculations do not take into account the fact that the Compton 

electrons are scattered mainly in the forward direction, but indicate 

that the error in taking the geometrical centre of the ionization 

chamber as its centre cannot be greater than 0.1 cm. at a source 

distance of 60 cm. 

The details of construction of the guard ring and central t 

electrode insulator are shown in Fig. 3. This/insulator was care- )r,^r 

fully machined to give a clean surface of high insulation and was 

then waxed into position. 

Measurements of room temperature were taken on a mercury 

thermometer, and the barometric pressure was obtained from the 

McGill University Observatory. 
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III Electrometer Circuit 

The ionization current was measured using the Townsend 

balance method in conjunction with an FP 54 electrometer tube 

circuit due to Dubridge (11). The complete circuit is shown in 

Fig. 4. The circuit was so designed that effects due to battery 

drift and filament emission were minimized. The electrometer tube, 

with the Townsend balance condenser, was contained in a vacuum box 

^ u 
••I 

to eliminate ionization currents^ other than tha)t from the ionization 

chamber. Leads for the electrodes other than that to the control 

grid were brought in through wax seals. The pressure in the vacuum 

box was maintained at less than 1 mm. Hg while measurements were taken. 

The balance condenser was of the cylindrical type and was 

mounted directly above the electrometer tube with the central 

electrode making contact with the grid cap. The condenser insulation 

16 
was made of polystyrene and a resistance of at least 10 ohms was 

achieved by using clean machined surfaces. The grid electrode and 

its insulator were prevented from "seeing* other insulators by guard 

rings. 

The earthing switch was mounted on top of the condenser and 

"* (was let into the vacuum by an 0-Ring seal\ The contacts were totally 

enclosed to prevent fields present on opening the switch from affect­

ing the insulators in the grid circuit and thus causing the 

>-> galvanometer te-̂ trnp* .. Ax. [•UtJU. i I* A***-^ * 
0 

The calculated capacity of the condenser was 9.7 x Iff"*2 farads. 

• —1? 

The measured value of 10.54 - 0.02 x 10 farads was found by com­

parison with a standard condenser, calibrated by the Bell Telephone 

Laboratories, at the Northern Electric Company, Montreal„ This value 

was checked at the Mac Donald Physics Laboratory. 
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The condenser was used with the central electrode and case 

kept at ground potential and was measured under the same conditions 

so that there would be no stray capacitance between the two. Thus 

the value of the condenser in use should agree with the value shown, 

within the accuracy stated. 

IV Measurements 

In use, the electrometer circuit is balanced with the gal­

vanometer reading zero and the earthing switch closed. The earthing 

switch is opened, the galvanometer reading allowed to increase to a 

given value, and the timer started. The galvanometer reading is then 

brought to zero and kept at zero by varying the voltage on the balance 

condenser. When the voltage on the condenser has reached a known 

value the galvanometer reading is again allowed to increase to the 

former value and the timer stopped. 

If the leakage current in the grid circuit is i , the ionization 
a 

current i s i c , and i^ i s the total current, then 

l l B i c + ia " 0 S x (1) 

where C is the capacity of the balance condenser and dt is the time re­

quired to vary the voltage on the condenser an amount dV, while keeping 

the galvanometer reading at zero. 

By reversing the voltage on the ionization chamber, i is 
c 

reversed while i& remains constant, so that 

- ic • ia - - c § 2 

. _ C I dV dV 1 
Therefore, i c - j ^ * ^ | 2 ) 

c jd?__ dv l 
Xa " 2 \ d t x d t 2 ] (3) 

Voltages of 1.0 to 1»5 volts to ground are used for "d7". 



These were compared against an Eppley standard cell, using a Rubicon 

potentiometer giving an accuracy of at least 0.1%. The time f,dtM was 

usually around 100 sec, as measured by a stop watch. These readings 

were compared with those of a standard clock and the error found to 

be negligible. The accuracy with which the stop watch could be read 

was 0.2 sec, giving an error of 0.2%. 

The current " i " is mainly due to grid current in the FP54, 
a 

which is between 5 x lO"1^ and 2 x 10 - 15 amp. This estimate was made 

using Equation (2 ) , Page 8, where i„ was of the order of 10 - 13 amp. 
c 

This involved taking differences of currents 100 times greater than the 

grid current. If the grid current varies between these l imits in one 

reading i t would limit the accuracy of the results to 1%.. However, as 

readings taken with the voltage applied to the graphite ionization 

chamber in the sequence + - - + + - - + , and also in the sequence • • + 

* • - - , are a l l consistent within themselves and with each other 

to within 0.5$, i t i s improbable that the grid current varies by this 

much. 

All measurements were made with a reversible potential of 93 

vo l t s , applied to the outer electrode of the chamber from two 45 volt 

"BM batteries . As the ion chamber has a capacity of 2 uuf, a change 

of 1 volt in this voltage in 100 sec. would be equivalent to a current of 
2 X lC X l * 2 x 10-14 a.p. 

This Is eijoal to 20JE of the lonUation current. 

B e a d l e Uk.n » l ,h tt. B a n e p o l a r l t j r „ , ^ ^ ^ ^ ^ ^ 

ch-her « e c , M l . , e a , . i t h i a * maH ^ . ^ , , ^ ^ ^ ^ 

measured. 
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In measuring currents from the calcium ionization chamber it 

was observed that the current decreased slowly over a period of several 

minutes after the voltage was reversed, and then became constant. This 

was attributed to the fact that the calcium nitride layer on the sur­

face was a very poor conductor and slowly charged up to the maximum 

potential. This would affect the grid circuit in much the same way as 

the changing potential on the outer electrode, as described above. The 

variations in the current observed were of the order of 20$. This 

effect was not noticed in making measurements with any of the other 

ionization chambers. 

RESULTS 

The measurements made on the different ionization chambers are 

shown in Tables I to XIV. Each table shows a series of approximately 20 

readings, made over a period of from one to two hours on one chamber. 

The mean result of each of these tables is summarized in Table XV. 

In Tables I to XIV, ,fi M is the current calculated from the 

equation in - C _ for positive or negative 
dtl 

voltage on the ion chamber, shown under H.T. The current ffic
ff is the 

calculated from the equation i = £ J £1 
c 2 dt 

ionization current from the chamber, corrected for grid current and 

' •£ 1 
I d t2 J 

All measurements were made in groups of from four to six 

readings. The voltage applied to the condenser is shown under MdV" and 

was measured to 1 part in K P after each group of measurements. The 

variation in MdV,f between measurements is 1 part in 10^, so that a mean 

is taken between the two readings for any one group and is shown under 

"Mean dV". 

Temperature readings were usually taken after each group of 

measurements and if the temperature varied by more than one degree a 
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mean was taken for that group and the current corrected accordingly. 

All currents corrected to a temperature of 0°C are shown as such at 

the top of the column. If the temperatures did not vary appreciably 

the current was not corrected for temperature until the mean of the 

series was obtained. 

The barometric pressure was obtained from the McGrill 

Observatory before and after each series of 20 readings. In no case 

was the difference between the two readings more than 2 mm. of Hg. 

The mean of the two barometer readings is shown at the top of each 

table. The correction of the ionization currents to jbO mm» Hg is 

made to the mean of the readings of each series. 

All currents were initially calculated on the basis that 

-12 
the Townsend balance condenser had a capacity of 10 x 10 farads. 

To obtain the true current a correction is applied to the mean of 

each series of results and the result titled HI M, subscripted with 

the abbreviation for the element of which the ion chamber was made. 
fi lh+ «.'A. *~> ./*.., ** 

The volumes ,shown are corrected for the volume of the 

central electrode, the supporting insulator, dead space and, in the 

case of the graphite chamber, for the meniscus of the mercury. 

The column titled f,d" shows the distance from the front 

face of the source to the back of the ion chamber. 

The column titled Mr,f shows the distance from the centre 

of the source to the centre of the ion chamber, where the distance 

from the back to the centre of the chamber was calculated as des­

cribed above. 

The column "r2l x 10"^^M shows the calculated current for 

the centre of the source at a distance of 1 cm. from the centre of 

the ion chamber. The column HJT
ff shows the above current divided by 

the volume of the chamber. 
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Table I contains results of measurements made with varying 

voltage on the graphite ionization chamber. These are plotted in 

Fig. 4* T*1® current varied by about 1% between *Jo volts and 93 volts 

applied to the ion chamber. Clearly all but a negligible fraction of 

the ions formed in the chamber were being collected. 

Table II shows the results of measuring the ion current from 

the graphite ion chamber when placed at varying distances from the 

source. These results are plotted against i/r2 in Fig. 5* ^he mean 

slope of this curve is 6.O7 x 10 amp. cm2. This curve shows that 

taking the centre of the ionization chamber as the geometrical centre 

cannot be seriously in error. 

Tables III to VI show measurements made with the aluminium 

ionization chamber. The volume of this chamber was not changed. 

Tables VII and VIII show measurements made with the magnesium 

ionization chamber. 

Tables IX and X show measurements made on the calcium ion 

chambers. To avoid the effect of the charging up of the insulating 

layer, no measurements were made until several minutes after reversing 

the voltage on the chamber. Each set of readings on this chamber was 

made over a period of two hours. In this time a noticeable layer of 

calcium nitride formed. In Table IX the results are those obtained 

with a calcium nitride layer on the surface; in Table X the results 

are those obtained with a freshly machined surface. 

Tables XI to XIV show measurements made on the graphite ion 

chamber. Measurements were taken both with series of positive and then 

series of negative readings, and with positive and negative readings 

alternating. There were no serious discrepancies between measurements 

taken in the two different ways. 
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In Table XV the results for all measurements shown in 

Tables II to XIV are summarized. The ratios of the ionization ob­

served in the different ionization chambers to that in the graphite 

chamber are shown in the column titled M(JV) »•, and plotted 

in Fig. 6. ^Graphite 

DISCUSSION OF RESULTS 

As the graphite ion chamber approximates fairly well to 

the air walled ionization chamber specified in the definition of the 

roentgen, it is possible to evaluate the intensity of the gamma 

radiation at 1 cm. from the source in roentgen units. 

1 r/hr. gives O.926 x 10 ^ amp./cc. 

. . Intensity giving 6.O7 x 10" 3 amp./cc. = 666 r/hr. 

The ratios of the ionization in the aluminium, magnesium 

and calcium chambers to that in the graphite chamber are respectively 

1.05* I.06 and O.96. The values obtained for all chambers are con­

sistent within themselves, and the ratios between ionization in the 

magnesium, aluminium and graphite chambers are in agreement with 

ratios obtained by Gray (4) and Mayneord (10) for these materials, 

using radium garnma rays. The value for calcium, however, is 10$ low 

from what is expected by Bethefs formula. This may be due to the 

following reasons: 

1) The calcium might absorb enough air to reduce the pressure 

i in the ionization chamber. 

\ 
I 2) The face of the ionization chamber opposite the source was 

I not making good electrical contact with the rest of the chamber, so 
t 
\that the chamber was not saturated. 

To test reason 1) the following experiment was carried out: 

A freshly machined piece of calcium, weighing 10 gm. was allowed to 

file:///that


14 

stand for 24 hours, and it was found that it increased in weight 

by 12 mg. This piece had a surface area of about 10 cm . The ion 

chamber had an inner surface area of 24 cm . Therefore, the amount 

absorbed by the ion chamber in two hours would be approximately 2.3 Hig. 

This corresponds to absorption of 2 cc. of air, which would reduce the 

,pressure by 20%. 

One would then expect a discrepancy of the order of 20$ be­

tween the first and last readings taken in any series of measurements 

on the calcium ionization chamber. In the measurements shown in 

Table X there is a discrepancy of 1.5$ between the very first and the 

very last reading taken on the calcium chamber. The largest difference 

between any readings in the initial and final groups is 2$. The front 

face of this ionization chamber was quite a loose fit, so that one 

would expect equilibrium to be maintained between the pressures inside 

and out. 

Reason 2. seems the more likely, since the calcium nitride 

layer is a very good insulator and could easily form in the joins be­

tween the walls. If the front face was insulated from the rest of the 

chamber it would cause an increase in the dead space current to that 

face, which could easily amount to 20$ of the total current. 

To test the second reason measurements were made on the calcium 

ionization chamber with a separate high voltage connection to the front 

face. The current obtained from these measurements was compared with 

currents obtained from measurements on the graphite ionization chamber 

made at the same time. New measurements were made in the graphite 

chamber as the source had been removed from its capsule and might not 

have been replaced in the same position as it was for previous measure­

ments. The results of these measurements are shown in Table XVI. 
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From the results shown in Table XVI it would seem that the 

second reason is correct, as Jv for the calcium ionization chamber 

has increased from 5.83 x 10 - 1 1 amp. to 6.55 x 10"11 amp. It was 

also observed that the effect of the changing current with time was 

much reduced. It would seem, therefore, that the front face of the 

ion chamber charged up slowly through the highly insulating calcium 

nitride layer to some fixed potential. This would cause the variation 

in the observed ionization current with time due to the varying 

charge induced on the collecting electrode. The potential at which 

equilibrium was reached must, however, have been such that the 

ionization chamber was not saturated. 

This explanation could be tested by taking saturation curves 

with the front face of the chamber connected to the high potential 

only through the calcium nitride layer. These curves could be compared 

with saturation curves obtained with different measured voltages placed 

on the front face while the rest of the outer electrode is kept at a 

potential of 90 volts. 

The new ratio i£xJL—— for the calcium ionization chamber 

'Jvl Graphite 

obtained from the measurements shown in Table XVI is 1.11. Although 

not too much confidence can be placed in this last result it might be 

significant that this ratio for all the ion chambers measured falls be­

low the curve calculated by Gray for the secondary electrons of radium 

gamma rays. The differences are of the order of 2^, which is within the 

accuracy of the measurements. These, however, could probably be im­

proved so that the accumulative error is less than 1$. 

The root mean square deviation of the ionization currents from 

the graphite, aluminium and magnesium ionization chambers is approximately 

0.2$ and for the calcium chamber approximately 0.4$. This would indicate 
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that the accuracy of the measuring system is sufficient to detect 

variations of less than 1% in ionization currents due to gamma rays 

of different energy. 

The accumulative error in J is approximately 1.5%* except 

for the calcium chamber, where it is approximately 3^. This is due 

to inaccuracies in measuring the volumes and distances from the 

source to the ionization chambers. 

The error due to uncertainty in the distance from the source 

to the chamber could be reduced by taking many readings at different 

distances from source to chamber, as was done for the graphite chamber. 

It should be possible to reduce the error in r2IM to 0.5$ using this 

method. 

It is not possible to measure the volumes of ionization 

chambers of this size with an accuracy of better than 0.5$ by filling 

with liquid. By accurately machining the chambers, as described by 

Mayneord (10), an accuracy of 0.1$ can be achieved. Mayneord, in his 

precision work on the measurements of gamma rays of radium, makes no 

mention of dead space in his ionization chamber, which had a volume 

of 6.28 cc. 

From the measurements that have been made on the gamma rays 

of Co^° it would seem that it is feasible to attempt to measure the 

variation of the stopping power of electrons with energy by this method. 

There are, however, several additional factors that should be investi­

gated. These are: 

1) Scattering of the gamma rays by surrounding objects. This 

probably would not increase the ion current by more than 0.5$ and for 

the same geometry of source and chamber would not vary appreciably with 

energy. 
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2) Pair production would become important as the higher 

gamma ray energies were approached. This would make it necessary 

to investigate absorption of the gamma rays in the different 

ionization chambers to make them all equivalent in wall thickness. 

3) The variation of ionization current with the size of 

the ionization chamber and with the pressure in the cavity should 

be studied to determine what size chamber would be necessary for 

the lowest energy of gamma ray used. 
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2 volt battery 

12 volt battery 

90 volt battery 

FP 54 electrometer tube 

100 micro-ampere ammeter 

-9 . 
galvanometer; sensitivity 10 amp./mm. 

Townsend balance condenser 

Ionization chamber 
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