
STAMDARD MEASUREIvIENTS OP THE PHYSICAL PROPERTIES 

OF SHORT WAVELENGTH X RAYS

A Thesis 
submitted to the 

University of London

for the degree of Ph.D. in Physics

by

J.H. Martin, B.Sc.



ProQuest Number: 10097950

All rights reserved

INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,

a note will indicate the deletion.

uest.

ProQuest 10097950

Published by ProQuest LLC(2016). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code.

Microform Edition © ProQuest LLC.

ProQuest LLC 
789 East Eisenhower Parkway 

P.O. Box 1346 
Ann Arbor, Ml 48106-1346



TABLE OP CONTENTS

Page

Introduction - The Production of Short
Wavelength X R a y s ........................ 1

Apparatus and Its Calibration ................  1|_
Radiations from High Energy Generators ........  9
Absorption of X Radiation ....................  22

(1) Experimental w o r k ....................  26
Discussion of the Problem of Measurement of

X Radiation ............................ I4.I
Experimental Measurements of Short Wavelength

X Rays   ^0

(1) Effect of chamber wall thickness on 
ionisation current ....................  0̂

(2) Effect of chamber wall material on 
ionisation current............  .. .. ^6

(5 ) Measurements of stopping power .. .. .. 59
(Ij.) Measurement of short wavelength X rays

in rontgens ................  . • . • 69
(5 ) Comparison in rontgens of output of

British and American high energy generators 7I}. 
Measurement of Radioactive Isotopes .. .. .. •• 80
Measurements in a Scattering Medium ..    9̂4-
Protection from Stray Radiation .. .. .. •• 101

(1) Stray radiation measurements ........  102



Table of Contents (cont.) Page

(2) Sensitivity of photographic films
to short wavelength X r a y s .............. 108

(5 ) Protective materials .................. Ill

References ......................................Il6



INTRODUCTION - THE PRODUCTION OF SHORT WAVELENGTH X RAYS

Recent developments Lave made available to
physicists and other workers a variety of sources of short
wavelength electromagnetic radiation. Included among such
sources are electrostatic generators of the Van de Graaff 

1 2type  ̂ , where a high voltage is obtained by conveying 
charges to an insulated terminal by a rapidly moving belt, 
this voltage then being applied across an X-ray tube in 
the conventional way. The voltage obtainable is limited 
only by the insulation which can be provided for the high 
voltage terminal. Generators of this type have been 
developed to give voltages up to about ten million. By 
enclosing the entire generator under pressure in a bell 
the dimensions of these units have been greatly reduced, 
a very compact two million volt source being, in fact, in 
production.

5-10The betatron""̂  is a high energy generator 
utilising magnetic induction to accelerate electrons. The 
acceleration is carried out in an evacuated toroid, usually 
called a donut, which is placed between the poles of a 
large A.G. electromagnet. Electrons are provided by an 
electron gun mounted in the donut. The gun is pulsed to 
fire the electrons in when the magnetic field is just 
beginning to increase above zero, in the first quarter 
cycle of the current sine wave. The increasing magnetic
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field then accelerates the particles. The shape of the 
magnet pole face is designed such that the magnetic field 
not only accelerates the electrons but also curves their 
path. When the condition ^  - <̂77 is satisfied
where » flux v̂ ithin the orbit at radius Y;

Hq = magnetic field at
the electrons settle into a stable orbit at a fixed radius
and are accelerated during the first quarter cycle as both
pç̂ and Hq increase. Near the point of maximum current the
electrons are made to spiral in or out to hit a target on
the inside or outside face of the donut. Generators of
this type have been developed to give energies up to 100 MeV

31 12 15The synchrotron  ̂ * is a development of the
betatron. Here the initial acceleration only is by 
betatron action, up to an energy where the electrons 
approach the speed of light. Thereafter the magnetic field 
merely holds the electrons in their orbit while additional 
energy is given to them by a time varying electric field 
provided from a quarter wave radio-frequency oscillator 
mounted in the donut. Since changes of energy are now 
reflected in a change in mass rather than velocity, it is 
possible to arrange for the circulating electrons to be 
synchronised with the variations of this electric field 
and to receive additional energy from it at each revolution. 
The frequency of the electric field required is of the



order of 5ÛO megacycles per second and since the electrons 
make of the order of a million revolutions in the donut a 
small field will suffice to add an appreciable total 
increment of energy.

This type of generator enables a saving to be 
made on the size of magnet required as compared with a 
betatron designed for the same energy.

ivlachines of this type have operated up to 7  ̂MeV, 
and a few are being built designed to operate at $00 - 
14.00 MeV.

Also being developed as sources of high energy 
radiations are linear accelerators. Originally used by 
Sloan and Lawrence,^ these have been rapidly developed 
following the advent of radar techniques where high peak 
powers and short wavelengths can be obtained. 
electrons are accelerated by the field due to a travelling 
radio-frequency wave. They are fired into a wave guide, 
at a suitable point in the cycle, carried down the guide 
and accelerated by the wave travelling in the guide. Such 
a generator has been operated up to I4. MeV. in a length of 
6 feet and designs are in hand for a 20 MeV. model.

Also available as sources are a range of 
artificial radioactive materials produced, principally, 
in atomic piles.

The experimental work here reported has been
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carried out with, a I5 MeV. synchrotron,^^ a i}. MeV. linear 
accelerator^^ and up to 21}. MeV. on a JO MeV. synchrotron^^ 
during development at the Atomic Energy Research 
Estahlishinent (A.E.R.E.), Qt. Malvern, a 20 MeV. betatron^ 
in the Physics Department, University of Illinois, Urbana, 
Illinois, a 10.9 MeV. betatron^^'^^ and a 70 MeV. synchrotron^^ 
at the General Electric Research Laboratories, Schenectady,
New York, a J MeV. Van de Graaff at Massachusetts Institute 
of Technology (M.I.T.), Cambridge, Massachusetts, as well 
as with radioactive cobalt 60 and iodine IJl sources in the 
Physics Department, Royal Cancer Hospital, London.

APPARATUS AND ITS CALIBRATION

Most of the early measurements at the
Telecommunications Research Establishment (T.R.E.),
Gt. Malvern, were made using a direct-reading ionisation
system embodying an P.P.5I4. electrometer valve in a

21Du Bridge-Brown circuit , with a set of ionisation chambers
of fixed volume connected to the measuring system via an
evacuated lead to avoid stray ionisation. The chambers,
whose internal volume was cylindrical 2*000 cms. long by
2*000 cms. diameter, were those used by Mayneord and 

PPRoberts some years ago in measurements in rontgens of 
the gamma rays from radium. They were carefully machined 
from pure materials and were available in carbon, graphited



paraffin wax, magnesium, copper and lead. Use was also 
made of air wall condenser chambers designed and constructed 
at the Royal Cancer Hospital.Chambers of different 
designs gave maximum dose measurements up to O.ÜJ, O.25 
and 2.50 r respectively when used on a valve electrometer 
system of a type developed by Newbery^ at the Royal Cancer 
Hospital (Pig. 1). A simple portable direct-reading 
protection meter rendered valuable service. This consisted 
of a large ionisation chamber with variable type of end, 
from open work graphited gauze to various thicknesses of 
approximately "air-wall'* materials, connected through a 
simple amplifier to an ordinary JO ̂ -amp. meter.

For the visit to America, in the light of 
experience gained at Malvern special apparatus was designed 
and constructed at the Royal Cancer Hospital. This apparatus 
consisted of both direct-reading dosage-rate meters and 
condenser meters. The dosage-rate meters were of the 
**probê * type 5̂ having a balanced pair of miniature valves 
used inverted and embedded in ceresin inside a small 
duralumin tube. Three ranges of sensitivity were available, 
namely, full scale deflection of JO ;u-amps. for J, JO and 
JOG r/min. These units were designed for use with the sets 
of ionisation chambers mentioned above.

For the measurements at high energies the range 
of wall thicknesses available was extended to 6 cms. in
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magnesium and 8 eras, in carbon by means of shells which 
slipped over the existing chambers. Carbon, magnesium, 
copper, lead and graphited paraffin wax chambers (the latter 
for neutron measurements) were constructed and taken to 
the United States, a graphited ‘*Perspex” chamber of larger 
volume (jBij. cc. ) (Pig. 2) was used on the probe system for 
^'protection" measurements and also adapted as a 
standardisation chamber. Part of the end of this chamber 
could be removed and replaced by a similar wall to which 
was attached a radioactive cobalt disc. The resulting 
ionisation in the chamber corresponded to a dosage-rate of 
0.110 r/min. and the disc was used to intervals between ^  
measurements to check the constancy of the apparatus. By 
means of a carbon adapter the smaller condenser chambers 
could be made to fit the series of chambers used with the 
probe unit, thereby providing a reserve system of instruments 
and checks. The whole apparatus was carefhlly fitted and 
packed in a duralumin case and constituted ’.a small 
travelling "laboratory" which could be carried by one 
person and easily handled by two. The instruments' are 
illustrated in Pigs. 2, J and Ip.

The carbon chambers on the probes were carefully 
calibrated against a standard victoreen condenser dosemeter 
kept for some years as standard in the Physics Department 
of the Royal Cancer Hospital. Immediately prior to these



7-

calibrations the victoreen was checked by the National 
Physical Laboratory over a range of X-ray qualities from 
a half value layer of O.OJ to 2.1 mm. copper. The probe 
units were calibrated against this victoreen using the 
2 mm. carbon wall chamber at a half value layer of l.J mm. 
copper. On return a further check of probe units against 
the victoreen was made. The only change recorded was one 
of 8/ in one of the probes, the others having remained 
constant to within jt 1%. On examining the complete series 
of check measurements made with the radioactive cobalt 
disc on both sides of the Atlantic and at sea and making 
the necessary corrections for temperature and pressure, it 
was found that the change had occurred between leaving 
this country and arrival in Schenectady, after which the 
apparatus remained very constant.

The condenser ionisation chambers were calibrated 
using a standard 69.7 mgm. radium gamma-ray source also 
kept in the Physics Department of the Hospital. They were 
calibrated by mounting them at a known distance from the 
radium source, both source and chambers being arranged to 
be some metres from any possible scattering material, 
giving them a known time of exposure and calculating the 
dose received in rontgens. This could be obtained from 
the known relationship that at 1 cm. from 1 mgm. of radium 
filtered by Û.J mm. platinum the dosage-rate is'S.J r/hour.
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A typical calibration curve is shown in Pig. J. The 
longer chambers, which were designed to measure a maximum 
dose of O.OJr, were charged to 10 volts and since the inner 
and outer electrodes were some J mm. apart as compared with 
about 1 mm. in the smaller chambers some doubt was felt 
as to whether they would be working under saturation 
conditions. The original model was therefore carefully 
tested at various dosage-rates, varying from 1.J8 x 10 
r/min. to 7.6 x lO"^ r/min. with the results shown in Pig. 6, 
The full scale deflection of the measuring instrument v/as 
JpJ divisions and it can be seen that although there are 
slight changes in the slope of the curve with dosage-rate 
the variation of deflection with dose remains linear down 
to a point at which the field in the chamber is extremely 
low. Over a range of dosage-rates up to approximately 
20 tolerance dosage rate(T.D.R. » 10  ̂r/sec.) the readings 
will not, however, be in error to greater than 1. For
ease of construction the design of the chambers was 
slightly modified and the maximum which could then be 
measured rose to 0.OJr.

As originally constructed these condenser 
chambers utilised an amber ring to hold" the central 
electrode and insulate it from the outer shell of the 
chamber. Amber, however, became unobtainable and two series 
of chambers were constructed and tested, one with insulators



of alkathene and the other using distrene insulators.
The chambers were thoroughly tested over a wide range of 
dosage-rates and for natural leak. It was found when 
these insulators were pressed out and not machined that 
no spurious conducting effects appeared in the insulators 
when irradiated and that the natural leak of the chambers 
over a day was negligible. Pressing the insulators proved 
a great saving of time and trouble and it was found, since 
the entire chamber was now pressed out, that the 
calibration of all chambers ?/as the same. Distrene vi/as 
finally chosen as the standard insulator as the spongy 
nature of alkathene allowed the central electrode to work 
loose.

The direct-reading "protection meter” was also 
calibrated using the 69*7 radium standard. The
calibration curve was linear and full scale deflection of 
50 ^-amps. corresponded to a dosage-rate of J x 10"^ r/sec.

RADIATIUNS PROM HIGH ENERGY GENERATORS

VJhen a charge moves non-uniformly, i.e. is 
accelerated, it generates an electromagnetic field vjhich 
propagates itself with the velocity of light.

The first hypothesis of this kind concerning 
the nature of X rays was given by Stokeŝ "̂  who supposed 
that X rays consisted of irregular electromagnetic pulses
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due to the irregular accelerations of the electrons as 
they are stopped by the atoms of the target. Ualculations, 
carried out by Thomson^® and by Sornmerfeld^^ using a 
simplified form of the above hypothesis, in that the 
accelerations were presumed to be opposite to the direction 
of motion of the particles, were confirmed, at least, in 
part by experimental results.

This simple treatment of the problem by the 
classical electron theory is for many purposes adequate 
but a number of phenomena associated with X rays such as 
the production of characteristic radiation, the occurrence 
of modified tind unmodified scatter X rays are often better, 
and sometimes only explicable using quantum mechanics. It 
was, in fact, in the theory of radiation that the breakdown 
of classical concepts first became evident and led to the 
introduction, by Planck in I9OO, of the quantum of action h,

In the quantum theory the particle or particles 
occupy discrete states characterised by their energy, 
momentum, spin, etc. and the transition from one state to 
another is «.ccomplished by the emission or absorption of 
radiation in bundles of a definite size knoivn as quanta.
The energy (E) of a quantum is related to the frequency (n) 
of the radiation by the relation

E = h.n.
Quantum mechanics further requires the association of a ^
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wave with a beam of electrons. The velocity (v) of the 
electrons is associated with a wavelength, A , given by

\ h h
mv p

Thus we have a connection between the particle properties 
of a beam of electrons (velocity v and energy E = -%- mv ) 
and its wave properties

Wavelength: Frequency:

The reconciliation of the wave and particle views leads 
to the principle of uncertainty, it being found that 
sharp values cannot be attached to every physical quantity. 
Certain of the quantities associated say v/ith the electron 
are sharp according to the nature of the experiment. For 
example the velocity of the particle may be measured and 
hence a sharp value assigned to its velocity, energy and 
momentum, but its position will be unsharp and only 
probability values can be given for the latter.

Using quantum mechanics to obtain a theory of 
the production of X radiation by the impact of electrons 
on a target, a certain probability exists that a light 
quantum of momentum k is emitted while the electron makes 
a transition from the initial state (energy E^, momentum p^) 
to another state (energy E, momentum p) where

E -f k = Eq
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Bethe and Keitler^^ have obtained, in this way, 
an expression for the probability that a quantum of 
radiation is emitted in a direction forming a given angle 
with the direction of the primary electron.

Prom this basic theory it is known that the
intensity of the X rays produced is a function of the
electron energy, atomic number of the target and the angle
between the direction of observation and that of the
incident electron beam. The angular spread of the high
energy X-ray beam due to the radiation process alone is

2of the order of where 2 is the energy of the incident
electron. By integrating the Bethe-Heit1er formula 
Sommerfeld^^ has obtained an expression for the distribution 
of radiation produced by fast electrons in a thin target. 
These calculations are not applicable to the thicker 
targets normally used in betatrons and synchrotrons which 
are usually of the order of 1 to J mm. thickness. Schiff^^ 
has, accordingly, used W i l l i a m s 5 5  distribution of electrons 
after penetrating a thickness t of a target and, since the 
electrons are radiating at all values of t, has integrated 
?i/illiams * formula over the thickness t and combined this 
electron distribution with Sommerfeld*s radiation 
distribution formula. He shows that for a given target 
thicicness and given fraction of the intensity at 6 = 0
the product E.6. = constant. His results are valid
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provided the target thickness is not sufficient to cause 
excessive straggling of the electrons. This thickness for 
tungsten is approximately O.ÜJ cm. At high energies an 
appreciable fraction of the incident electron energy is 
converted to X rays. The conversion in a tungsten target 
varies from about 8% at J MeV. to about at 20 MeV., 
both figures showing sharp contrast with the corresponding 
figures of fractions of 1% in the region below say 200 kV.

With high energy generators the radiations 
emitted afford some interesting results. From generators 
of the betatron and synchrotron type, where the electrons 
being accelerated have to be held in a stable orbit by the 
magnetic field, it is found that in addition to the beam 
of high energy radiation emitted from the target in the same 
direction as that in which the impinging electrons were 
travelling there is a background of high speed electrons. 
Some of these undoubtedly escape by a "Catherine-wheel" 
action all round the donut. Also one of the problems, 
not yet solved, in the operation of the these generators 
is how the electrons, fired by the gun tangential to the 
orbit, escape hitting the gun during the early revolutions 
since the rate of contraction of the orbit is slow. 
Undoubtedly a number do hit the gun and provide a further 
source of scattered radiation.

A large proportion of the electrons radiated



U MeVHorizontal Distribution across Beam

per oent- 
of max. : 
value

•fTiXFrLgg:
--H— — 1 im 3 im. 
, - i  l _ l _ A l .  f l l t e n /

2 ran. Pb, 
filter

Angular width 
degrees10: 10

II
i
i I

-:±
3t

Fig. 7



1 -̂

result from deflections at the target. Many of the electrons 
not completely stopped in the target get deflected and are 
curled by the fringing magnetic field and are recorded 
in any measuring apparatus set up in front of the generator.

Angular distributions of the radiation from the 
15 MeV. Malvern synchrotron were measured by setting up 
a row of the small condenser ionisation chambers perpendicular 
to the expected direction of the beam. This, in fact, was 
the first experiment performed on the machine at each visit 
as it was the method used to determine the direction of 
the beam. This direction could easily be, and was, altered 
by a rotation of the donut relative to the magnet in the 
horizontal plane. This occurred each time the machine was 
stripped to fit and test various components. The results 
of the measurement of the ionisation in these individual 
chambers after an exposure at I4. MeV. were then plotted 
with the results shown in Pig. 7* The background of high 
speed electrons whose presence has been explained above is 
clearly demonstrated. Their removal by filtration left 
the narrow beam of high energy gamma radiation as shown.

Some experiments were undertaken to trace the 
source of these soft radiations. It was at first thought 
that some parts of the donut,for example,were being struck 
by electrons and’giving rise to soft X radiation providing 
thus, several sources of radiation. A lead marker was set
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up on the edge of the magnet coils and in the beam of 
radiation. Two photographic films were placed, one JO cms. 
and the other JO cms. from the marker, at right angles to 
the direction of the main beam. An exposure was made and 
resulted in a uniform blackening of both films vjith no 
trace of the shadow of the marker. The experiment was then 
repeated with a J mm. lead filter in the beam when sharp 
shadows of the marker appeared. A line through the edge 
of these and the edge of the marker passed as well as could 
be judged tixrough the target. This v/as a clear demonstration 
that the softer radiations, which were removed by the 
filter in the second experiment, were coming from several 
directions and producing shadows of the marker edge so 
diffuse as to be undetectable.

A further test that the main beam was in fact 
coming from the intended target was made using a pinhole 
camera. This had a lead front J mm. thick and two pinholes 
of 1 mm. and 2 mm. diameter. As expected the lead front 
proved rather thin for the penetrating radiation, but against 
a background of "fog," due to the radiation penetrating 
the lead front, could be detected images of the target 
spot. The geometry of the experiment showed that these 
were in fact images of the correct target. The size of a 
betatron or synchrotron target is extremely small, the 
linear dimensions being of the order of 0.1 mm. so that a
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measure of its size could not be obtained v/ith "piniioles^ 
of the size required in the above experiment to transmit 
sufficient radiation.

Finally it was suspected that the soft radiations 
were, in fact, electrons and it was thought that these 
were perhaps being sprayed out by a ”Catherine-wheel^' action 
all round the donut as mentioned above. Accordingly a 
number of condenser ionisation chambers were set up round 
the periphery of the coils at positions shovm in Fig. 8.
After exposure the readings shown were recorded. The wide 
angular spread of the unfiltered beam is confirmed while 
between 1 and of the primary beam intensity is detected 
behind the instrument. The slightly higher value obtained 
near the gun corroborates the belief that some of the 
electrons collide with the back of the gun during the initial 
stages of acceleration. That this radiation is, in fact, 
electrons becomes more apparent as a result of stray 
radiation surveys made around two of these generators.
These will be described later.

There have been few experimental determinations 
made of such high energy distributions and in such diverse 
conditions that any exact comparison of theoretical and 
experimental distributions and of different experimental 
results is impracticable. It is interesting, however, to 
survey the experimental work which does exist.
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A distribution of radiation from the same machine
has been measured by Appelyard and Allen-Williams^^ at
IJ4. MeV. They obtained their distribution using as threshold
detectors copper foils to obtain the reaction Gu^^ {Yn) Gu^^

d.y dy
v;hich has a threshold of 10.9 ± 0.5 MeV. By fixing one 
foil in a definite position as a monitor and making a 
number of measurements with another foil in different 
positions a relative distribution of the number of photons 
between ll-ll|. MeV. was obtained.

In both these measurements with the Malvern 
machine a slight asymetry of the distribution is noticeable 
and the beam angular distribution is narrower than that 
predicted by Schiff for a tungsten target 0.0  ̂ cms. thick.

The target of the Malvern synchrotron was known 
to be a metal foil bent into a short V-shaped channel and 
fixed to a wire support v̂ ith the angle of the V vertical 
and nearest the electron orbit. The dimensions were not 
known.

Westendorp and Charlton^^ show distributions 
measured with the 100 MeV. betatron. Their target was a 
vertical piece of wire O.25 cms. diameter. Their 
distributions show the asymetry similar to that previously 
mentioned. Again considering the thickness^of the target 
the distributions are too narrow as compared with Schiff*s 
theory. Later measurements by Gharlton and Breed^^ on the 
same plant do not show the asymetry previously observed.
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though they give no details of changed experimental 
conditions which could account for this. The distributions 
are again narrower than the target thickness, given in 
this case as 0.^8 cms., would lead one to expect.

As already stated the diverse circumstances 
prevent any rigorous comparison of the measured values and 
of the measured and theoretical values. It is, however, 
worthy of notice that the rate of collapse or expansion of 
the electron orbit on to the target is slow, the difference 
in successive orbits as the electrons spiral in or out 
being of the order of 10~̂' cms. There is therefore a 
distinct possibility, since the targets have had curved 
surfaces, that thin target radiation is being obtained.
Two possibilities also exist and may be superimposed. 
Deflection in the.target may result in electrons being 
deflected such that a greater target thickness is traversed 
and this may explain the asymetrical distributions. 
Depending upon the magnetic field conditions electrons 
scattered in the target may be re-focussed and pass through 
the target again. Such repeated traversals may mean that 
a reasonable total output is being obtained from a thin 
target. Further doubt, however, is cast on the theoretical 
values of the angular distributions by some experiments 
made by Buechner and his c o l l e a g u e s ^ ?  with a 5 MeV. Van de 
Graaff generator. They used targets thick enough to stop
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the electrons completely and despite the effects of the 
various scattering processes their angular distribution 
for a tungsten target is narrower than predicted by theory.

The bremstrahlung theory of Bethe and Heitler is 
worked out for one collision but the expression given can 
be integrated over the whole range of the electrons in 
the target to obtain an approximate expression for the total 
quantity of X rays produced. Such a calculation has been 
performed by Ghien-Shiung Wu^® and she finds that the total 
energy radiated will vary almost linearly with atomic number. 
She herself concludes that the variation is linear with the 
square of the atomic number, but her results clearly show 
an approximately linear variation. Bueciiner̂ "̂  and his 
colleagues have found a similar linear variation of total 
output; obtained by integrating over the solid angle 
surrounding their target, with atomic number.

These results and similar work by Ivanov et al^^ 
may be taken as substantiating the Bethe-Eeitler theory 
of the process. It should, however, be noted that in the 
energy region in which these experiments were carried out 
the inelastic collision losses, only, need be considered 
in calculating the range as compared with higher energies 
where the radiation losses become significant.

It therefore appears that the discrepancy between 
theoretical and experimental angular distributions arises
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in the deductions made as to the electron scatter in the 
target. The scatter must be considerably less than 
predicted by theory. The theories of electron scatter 
are sufficiently at variance to make their conclusions 
doubtful and it should also be noted that, as demonstrated 
later, the stopping power for fast electrons in high atomic 
number materials increases considerably as compared v\7ith 
lower energies.

This means that the electron range in the 
material is considerably reduced with, consequently, less 
scattering.

l\̂ uch more experimental work is, however, required 
before rigorous comparisons with theory can be made.
Targets of various thiclmesses and atomic numbers will 
have to be tested and it is recommended that the targets 
be flat sheets of material placed such that the electrons 
will impinge perpendicular to their surface thereby 
avoiding the complications introduced by the oblique 
incidence in Buechner*s work and the curvature of the 
surfaces of the targets in the other experiments.

For some purpose^ an even field of irradiation 
will be desirable and this can be obtained by using a 
differential filter of cigar shape placed in the beam 
with the long axis parallel to the beam. Such a filter 
v̂ ill reduce the dosage-rate at the centre of the field and
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if properly designed will provide a flat field of 
irradiation. A filter of this type has been designed 
and used by Kerst^^ and his colleagues. Despite the 
apparent deviations from Schiff*s theory it was thought 
worth while to use his values to indicate the order of 
size of flat field which would be available at various 
energies. The calculated values are shown in Table I, 
the edge being taken as the place at which the intensity 
falls to a given fraction of the central maximum.

TABLk I 
0.5 mm. Tungsten Target.

Fraction of max. Diameter of circle in cms. at 100 cms
defined•as - edge.   focal distance. - -

' 0 . 5 0  0 .2 0  0 .1 0

10 55-5 8 1 .6 1 1 9 .7

20 1 7 .5 ’ 5 9 . 2 9 9 .2

50 1 1 .6 2 6 . 0 5 6 .5

50 7 . 0 1 9 .9 2 1 . 6

100 5-5 7 . 7 1 0 . 8

It is clear that even up to 100 MeV. flat fields 
of reasonable size may be obtained, the possibilities 
depending on the output, which determines the amount of 
radiation which may be wasted in a filter.
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ABSORPTION OF X RADIATIQE

vühen penetrating radiation passes through an 
absorbing medium the absorption of the radiation takes 
place by three processes. The energy of the radiation 
may be transferred to the electrons in the medium by either 
or both of tv/o processes. Vdien the v̂ hole quantum energy 
is transferred to the electron the process of photoelectric 
absorption takes place and a secondary electron results.
The quantum-electron encounter may also occur according to 
the Gompton^^ scattering process when a quantum of lower 
energy (i.e. longer associated wavelength) and a secondary 
electron results. Thirdly the quantum may interact with 
the nuclei in the medium and create pairs of particles, 
comprising positive and negative electrons. It is also 
possible for pair formation to occur in the field of the 
electrons in the mediumTbut the effect is small and the 
theories so far given for the effect do not agree.

The theories for the photoelectric absorption and 
Gompton effect have been developed and tested by a number 
of physicists and the predictions are well known. V̂ here 
values of the coefficients of photoelectric absorption (T) 
and the Gompton effect cross-section (cr) have been required 
in the work to be described they have been calculated from 
the theories due to Fowler, Eulme et al^^ and Klein-Nishina^5 
respectively.
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Pair production is w. process which, since it 
involves the creation of two particles each of mass equal 
to that of the electron (but of opposite charge), cannot 
begin at energies less than 1.02 MeV. (i.e. -4̂ 2 me. ).
The present theory of pair production is based on Dirac * s ^  
wave equation. His ”hole theory" postulates that, in the 
absence of an external field, all the negative energy states 
of a free electron are filled. An energetic quanta of ■ '
radiation or a particle of sufficient kinetic energy can 
cause the removal of an electron from one of the negative 
energy states. The "hole" thus left has a positive charge, 
positive energy and momentum opposite to that corresponding 
to a negative energy state. It therefore behaves as a 
positron. As mentioned before, since two particles of mass m 
have to be"created" the minimum energy required to create

pa pair is 2 me. Also in order that energy and momentum 
conservation is possible a third particle (e.g. a nucleus) 
must be present. A provisional estimate of the probability 
of the process was first given by Oppenheimer and flesset^^ 
and a formula for the effect deduced by Bethe and Heitler.
The latters* values for the cross-section for the creation 
of pairs will be used in the subsequent calculations.
Direct experimental proof of the creation of such pairs has 
been obtained in Wilson cloud chamber experiments by Curie 
and Joliot^^, Chadwick and others. Further, v/hen the
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pairs so created are annihilated, which occurs, usually,
once they have spent all their kinetic energy, the process

2gives rise to annihilation radiation of energy 2 me. This
appears as excess scattering of the incident radiation.
The cross-section for this process is theoretically
proportional to and it has been found experimentally^^

2that this excess scattering is proportional to Z , a further 
indication of the validity of the theory. Further, indirect 
check on the theory of the process may be obtained by 
measurement of the absorption coefficients of high energy 
radiations.

From the above theories the values of the absorption 
coefficients in any given material may be calculated. The 
total absorption coefficient is given by

^  := T +  <5- -f Tf
where Y is the photoelectric absorption coefficient^^, cr the 
cross-section for the Gompton scatter procèss^^, and 7f the 
cross-section for pair formation.The values of the 
absorption coefficient per electron have been calculated 
for a range of atomic numbers up to an energy of JOG MeV. 
and are shown in Pig. 9* As previously stated the 
absorption due to pair formation in the field of the 
electrons has been neglected since the effect is small 
and agreement on its value not yet o b t a i n e d . S i n c e  
further, the theories for the cross-section for pair formation
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have been calculated using the Fermi-Thomas model of the 
atom and the Born approximation, the latter being doubtful 
for heavy elements and the former for light elements 5 
precise values are not to be expected. It is doubtful if 
the theory is much guide above 100 MeV., although the values 
have been calculated up to 5OO MeV.

The photoelectric cross-section, except for 
elements of high atomic number, rapidly becomes negligible 
as the energy increases. It is roughly proportional to 
Â 2;5 per electron. It is appreciable in lead up to 2 MeV. 
but in aluminium only up to ^0 KeV. Gompton effect then 
becomes most important until above 1 MeV. when pair formation 
(proportional to Z per electron) commences. At about 
5 MeV. in lead and I5 MeV. in aluminium Gompton and pair 
formation effects arê  equal and thereafter pair formation 
becomes increasingly important. The'effects of these various 
factors can be seen in Pig. 9 the changing slopes of the
curves. The coefficient is surprisingly constant in the 
region 1 - 2  MeV. while, as could be expected at higher 
energies, it varies roughly linearly with Z.

Linear absorption coefficients have also been 
calculated for a number of materials up to the same energy 
and are shown in Figs. 10 and 11. The values for bone vjere 
calculated for calcium phosphate by calculating, as also in 
the case of water, the fractional absorption due to the



26.

constituent elements. For concrete the calculations were 
made for silica. In each case the appropriate density 
was used. Here we see clearly the effect of pair formation 
on the linear absorption coefficients of the various 
materials, the initial decreasing values with increase in 
energy are due to decrease in the values of T and <r and 
the subsequent rise at higher energies, always exceeding 
1.02 MeV., is clearly due to the advent of absorption by 
pair formation. It is interesting also to see how the 
position of minimum absorption coefficient moves with 
atomic number. Reference to the importance of this point 
will be made later.

Experimental Work
If the primary intensity of a beam of radiation 

be Iq and the intensity after passing through a thickness d 
of material be 1, then the absorption coefficient for any 
wavelength present will be given by the exponential
expression

I.

It is clear that the result obtained will depend on whether 
or not any radiation deflected from the original direction 
of the beam can enter the measuring system and therefore to 
minimise the deflected radiation measured a beam of small 
cross-section is usually employed along with as small a 
measuring system as possible. The latter is also removed
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as far as possible from the absorber and other material 
which may scatter radiation into it.

Using the X-ray beam from the I5 MeV, synchrotron, 
filtered with a 5 lead filter, absorption coefficients
were measured in aluminium, copper, steel, tin and lead, at 
I|-, 8, 11 and ll{. MeV. Some preliminary absorption experiments 
were undertaken during the early part of the work at Malvern 
to Investigate the quality of the unfiltered radiation.
These were carried out with aluminium absorbers, this being 
the only material then to hand. The results are shown in 
Fig. 12 and clearly demonstrate the large amount of soft 
radiation emitted from the generator. A few millimetres 
of aluminium is sufficient to cut out the bulk of this 
radiation. The strange relative positions of the ij. and 8 MeV. 
curves are undoubtedly due to the conditions of operation.
At J4. MeV. the machine was operating as a betatron while at 
8 MeV. as a synchrotron. The resonator does not always 
succeed in collecting and accelerating all the electrons 
set in motion by betatron action and many of these are 
probably thrown out, making the 8 MeV. beam, initially, 
appear softer than the I4. MeV. The slopes of the curves 
after the removal of the electrons show the expected 
difference.

The filters used in the later tests were held 
and inserted in the beam, at a focal distance of I05 cms..
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 ̂ĥLog 
trans. lu trans,rml .,1

tnergy = 11+ MeV 
Filter = 5 rams. Lead 

Material = Steel
H = 0, 271ora.-■>

:‘:-i Filter
thickness raras,10

ii|l% i

Fig. 16



100 2.0 Absorption Curves - Copper

KU% #Log 
trens3 trans,

4:̂ ' Energy » k MeV 
™  .Filter » 2 î=5. L=. 
1-5 Material = Copper

p = 0.37om. -1
2 nma. Lead

Filter
thickness inm,X ’5 - IQ

2.0100

trans.; trans.

Energy = 8 MeV 
Filter = 5 ntns. Lead 

Material = Goooer
p = 0.336 omT1.5

|lif Filter 
J ihSi thickness nuns,15 .:; I III I I .10

Fig.17



50

1  r

1
!

!Î1 :

g

3
Ej

a 1
3

Ü

-
T "

: F S

5
' a 1 ? ! #

iM
g 1F F

i
• L _ 0 -H 4 - T K

I s t t lE i Z ii i: ÏÏFiM P
& T.nrr É a

IB , t r a n s M H l

B #  E n e r g y  »  11 U e V  
P j k  F i l t e r  >  5  m m s . L e a d  
1 ? * *  M a t e r i a l  »  C o p p e r

M
i l

iiip H
M i

& l t u p  ■  0 .  2 f a 3 o m . - '^
_ l _ ::::

1[ I ii i ; 1 p p i i 1 ■Jii hÜ
a  £5 1_ W 'iu H ilU s I ü :4É'

Ü =h: IS: _i _ m il-In! _ L _ P

1 - Eü #
} i i i i j i i i i H ITS: •

M P P

1HI- ! 1 m it : ' : t :!-:ü  I
_

1 3 .Hr :4
m i j d N n n iE i " S p i i  i is !

X^  - ii:': [■mii i ÿ i iE E il ; H:'! m I 1 TX

I 1 1 i i i f i S s :
..IT  .

l j - 3
r ü B i Î 1 ^

X

E E p

-

I i

E l w i i 1 - -
k—

I '' 

iE i

. - I b ' '
î i i
a i  r i T l j r l

- EE EÜHri r i Ï u ili

Ü
F

I -
Ü i t

"ÎT

iE
'h i m '

3Ê 1
i i i i

1
i l g P im

- - - i i i i -
?

y

“ ■ t r r r -
~ 11g

ï
1

- - - - i - Î 4  i i i
1 I$ 2 Üa ESi:

I z i u u ? #

= 0 •S j I E X

l i a i rX lïï!M
i l _ LLx:F i t i l

nni
Filter 
thickness im

Ü Ë Ü É i i

Energy = lU MeV 
Filter = 5 mm. Lead 

Material = Copper
p » 0.27om.-1

Filter

- Tirs- 1 ‘! -iihr 1 '
liiXf -h
( É
|d#iI #1 ikF-iî Eil ::.:! i1

"î
i 4 _

iil.mi -
i -!

!ü#m '
ul thickness mma.L 

1 5  .1 I ^

F ig .18



I 100 Absorotion

bnergy = 4 MeV 
; Filter = 2 inm. Lead 
! Material = Tin

H = 0.26cm.-1

Filter 
15 ■ thickness mms

îæ trans.

ES5
Energy = 8 MeV 
Filter = 5 inns. Lead 

Material = Tin
= 0.23 cm.

Filter 
15 : thickness nuns.

Fig. 19



Absorption Curves Tin100 2 .0

H # L o g  
jtransÆtrans.

Energy = 11 MeV 
Filter = 5 rams. Lead 

Material = Tin
p. = 0.2260m.

Filter 
15 thickness nuns,10

2.0,100

.Log
itrans,trans.

E n e r g y  - Ih MeV 
Filter ■ 5 mms. Lead 

Material - Tin
p. - 0.179oin.-■>

Filter
thickness mms,

Fig. 2 0



Absorption Curveo - Lead

Energy = k MeV 
Filter = 2 mms. Lead 

Material = Lead
Li = 0. 6l am.trana

Filter
thickness mms

Energy = 8 Mev 
Filter = 5 mme. Load 

Material = Lead
0.1+52om.-->-

trans.

“ Filter 
ISIthioknesa nmns.

Fig. 21



100 Absorption Curves - Lead m
11 MeV 
5 nuns. Lead 
Lead
0.435cm.-1

Energy
Filter

Material

1.5

- : Filter 
15 Thickness mms,

2.0o
Energy ■ 14 MeV 
Filter ■ 5 nins. Lead 

Material ■ Lead
h ■ 0.4lcm. -1

trans.

r3l1.5

g g M B ieini
Mi: Filter 
15| thickness

Fig. 22



28.
by a remotely controlled rotating wooden v/heel. Twelve 
holes 5 cms. square, which just admitted the filters to 
be used, were cut on the ivheel. Alternate holes contained 
filters, the other holes being left blank and affording a 
check on the unfiltered intensity before and after each 
measurement with a filter in the beam. The filters, vjhich 
were 5 cms. square, just covered the measuring chamber, a 
carbon chamber of 1.0 cm. wall thickness, set up 2i| cms. 
from the wheel. The wheel, which was faced with lead 1 mm. 
thick to prevent soft scattered radiation reaching the 
measuring system, v;as rotated by a motor operated from the 
control room of the synchrotron and a simple signalling 
system indicated when an aperture was in the beam. The 
system was satisfactory and speedy in operation but suffered 
the disadvantage that the beam was not well canalised. The 
measuring system was the system previously mentioned.
'The results of the experiments are shown in Figs. IJ to 22, 
where it will be seen that the log transmission curves 
yielded straight lines from which the absorption coefficient 
V'/as calculated. That these lines did not pass through the 
origin probably showed that the soft radiation previously 
found in the beam had not been completely removed. The 
values of absorption coefficient obtained are shown plotted 
in Figs. 25, 2L1- and 25* The dotted curves are the 
theoretical values calculated as above. The measured values
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are plotted as short horizontal lines extending from one
half to one third of the peak excitation energy, since,
owing to the heterogeneity of the original beams it is
difficult to assign a unique ’̂equivalent mean energy. " No
measurements of the spectral distribution of radiation from
high energy generators are available and the theoretical

RPvalues given by Heitler-̂ ' have been used. Some verification 
of the correctness of the shape of these curves has been 
obtained by Lawson*̂  ̂who has observed the ratio of the 
intensity in adjacent energy bands and found agreement vâth 
theory and we can therefore assume the distributions correct 
without introducing appreciable errors. The factors one half 
and one third correspond to the mean values of the shapes 
of these spectral distribution curves which can be assumed 
roughly triangular or rectangular.

It will be seen that, except at the highest 
energy for the two elements of highest atomic number, tin 
and lead, the measured values are in fair agreement Vi/ith 
theory, and in the case of steel with s ome early measurements 
by We 8 tend or p and Charlton.

Calculations using Tarrant’s theoryshow that 
this discrepancy is not due to scatter. Part of the 
discrepancy is undoubtedly due to the fact that the high 
energy quanta produce pairs and recoil electrons which in 
turn, particularly in a heavy element, v̂ ill produce a 
continuous X-ray spectrum. The result will be a decrease
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in ’̂mean” quality of the beam which, if the primary energy
of the quantum is higher than the energy of minimum
absorption coefficient of the material, will result in
the material appearing more transparent. For lead and tin
this would be possible at the maximum energy of lij. MeV. at
which these measurements are made. It has not been possible
to repeat these experiments under more exacting conditions
to determine more exactly the cause of the discrepancy.

In addition to these measurements, while at
Malvern a measurement of the absorption coefficient of
water was made at 12 MeV. Using a trough made of thin
"Perspex" the transmissions through thicknesses of water of
10, 25 and 5  ̂ cms. were measured. A measurement was also
made to enable a correction to be applied for absorption by
the "Perspex" ends of the trough. The value of the, -1coefficient obtained for water at 12 MeV. was O.O5I4.2 cm. , 
in fair agreement with theory.

At Urbana similar measurements were made vfith 
carbon absorbers {f> = 2.5 ). The values of absorption 
coefficients obtained were, at I9 MeV., 0.1̂ 5 ^m. and, 
at 20 MeV., O.lqÔ  cm.” , in reasonable agreement with theory 

A variety of other experimental data appears in 
the literature on measurement of absorption coefficients 
in various materials and using a number of different 
tecliniques. Most of the work is at energies between 1 and 
5 MeV. but a few values at higher energies have been
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obtained by some workers using as sources either induced 
radioactive transformations or high energy generators.

A particularly fine series of investigations at 
88 MeV. has been carried out by Lawson^^ using the 100 MeV. 
betatron at Schenectady. Using a gold radiator to produce 
pairs he was able to restrict the spectral energy range in 
which he was measuring to between 82 and 100 MeV. and 
assuming this section of the spectral distribution as given 
by Heitler for 100 MeV. he finds his mean energy to be 
88 MeV. Lawson has also checked the shape of the spectral 
distribution curve given by Heitler by comparing the 
intensities in adjacent energy channels and is satisfied 
that the theory and experiment are in good agreement. By 
using a narrow band of energies near the top of the spectrum 
he minimises the effect of scattered radiation on the 
radiation transmitted. This scattered radiation is of 
lower energy and therefore more penetrating since the 
absorption coefficient is rising with energy In this region. 
Any scattered radiation, if the energy band be narrow enough, 
v;ill be so degraded as to be undetected. By means of a 
spectrum analyser, using a carefully designed arrangement of 
Geiger Muller counters, the relative intensity of the 
radiation with and without absorbers in the beam is obtained 
from measurements of the pairs formed in the gold radiator. 
His absorption coefficients, measured in beryllium.
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aluminium, copper, tin, lead and uranium, compare well
with theory but discrepancies exist, particularly in the
heavier elements. Lawson attributes the discrepancies to
the Born approximation used in the calculation of pair
formation cross-sections• The ratio of theoretical value
to experimental would, he points out, be expected to be
proportional to (Z/157) and a plot of the ratio as obtained

2by him against Z shows a straight line, the values for 
beryllium, however, showing an inexplicable deviation. He 
thus obtains a clear indication that the disagreement arises 
from the approximations used in the theory.

By bombarding with X rays targets of different 
materials designed to be of such a thickness as to give 
the same theoretical scattering, the ratios of 88 MeV. pairs 
ejected was measured for equal X-ray bombardment.

Now if u ’ and u" are total absorption coefficients 
in the materials, and TT" are the pair formation coefficients 
and <r ’ and cr" the Compton coefficients, we have

^  " " 77" ( ^ ")

Now jaYja" can be measured as above and obtained from
the ratio of the pairs from the pair forming targets. If 
also, say element II, is of high atomic number and the 
energy being used is high, as it is in this case, the value 
ofoc" is very small and can almost be neglected and certainly
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is so small that variations in theoretical predictions will 
have little effect on the value of oC * as calculated from 
the equation. Thus knowing p* by measurement and  ̂ a 
value of can be deduced and, of course, a value of 6**. 
Lawson finds that, using several elements in this experiment, 
the values of ^  are v/ithin V^% of the values given by 
Klein-Nishina formula, a very satisfactory result.

Appeiyard and Allen-Williams^^ and also Adams55 
have made some measurements using an activation technique.
By this method also it is possible to limit the energy band 
v/idth in which the measurements are made. A material which 
has an activation threshold about the energy which is to 
be measured is used. For example, Appeiyard and Allen- 
Williams have used the copper reaction Cu^^ (/h) Gu^g 
which has a threshold at 10.9 ~ O.J MeV. By operating the 
generator at 1J4. MeV. they restricted the measurements to 
the 11 - 1I4. MeV. region. One foil of copper was placed in 
front of the material whose absorption coefficient was to 
be measured and the other at the back. After an exposure 
the relative activities were compared and the absorption 
coefficient calculated from this ratio for several absorber 
thicknesses. The Appeiyard-Allen-Williams value of 
0.62 - 0.02 cm.”^ for lead at 11 - lij. MeV. is in good 
agreement with theory. Adams used the same technique using 
the copper reaction for measurements at 11 MeV., the
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(^n) reaction with a threshold at 15-9 - 0.$ MeV.
12 11and the n) G^ reaction with a threshold at I8.7 1 Ü.1 MeV

for values at approximately ll(. and I9 MeV. Adams has also
assessed the mean energy of the spectral band he has used
by weighting the relative number of quanta at each energy
level, with an e stimated cross-section. Adams found that
some of the secondary Gompton quanta are sufficiently
energetic to activate the detectors and he has made a
correction for this effect. Unfortunately in publishing
his results Adams has applied this correction to his
theoretical values and it is difficult, since he does not
state the method and values of the correction, to compare
his results with other published values, but his values
appear in fair agreement with theory. In his calculation

2of the theoretical values Adams has used, in place of Z 
in the Be the -Heitler formula for pair formation, the value 
Z (Z + 1) to allow for pair formation in the field of the 
electrons. This correction, ?/hich as stated before is small 
and not included in the calculations of Figs. 10 and 11, 
is based on Y/atson’s ,calculations . 5̂

Gowen^^ has also measured values of the absorption 
coefficients in carbon, aluminium, copper, tin and lead.
His measurements, made up to 2.$ MeV., have been carried out 
using the more conventional technique of measuring the 
total electromagnetic radiation before and after filtration 
by the material in question. He has, however, used 
monochromatic radiations using as sources the isotopes
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Gs 157 (Ü.65 MeV.), 8b lllj. (I.72 MeV.), Zn 65 (1.11 MeV.) 
and Ha 2I4. (2.^0 MeV. after filtration), and has taken 
elaborate precautions to avoid scattered radiation by 
mounting his absorbers, which were small, his source and 
geiger counter tube used for the measurement on slings out 
of doors and at long distances from any likely scattering 
sources. His results are in excellent agreement with his 
theoretical calculations. These latter values differ slightly 
from those given in Figs. 10 and 11 and it is not clear from 
Cov;en’s work on vhich theory he bases his values of the 
photoelectric absorption coefficients. Variations of the 
order of 10^ can be found here owing to the empirical nature 
of some of the factors in the formula for the photoelectric 
absorption coefficient. A survey showing a variation of 
this order is given by J ones.57

Cork and Pidd5̂  using carefully collimated sources 
of radioactive substances, Zn 69 (1.11 MeV.), Co 60 (1.^0 
MeV.) and Na 2I4. (1.^8 and 2.76 MeV.) have made absorption 
coefficient measurements in copper and lead. Their values 
for the 1.11 MeV. and I.5 MeV. radiations are in good 
agreement with theory, but their measurement for the high 
energy line of Ha 21}. is lov/er than theory and in particular 
for lead is lower than the minimum theoretical value of the 
absorption coefficient of lead. The source of this error 
appears to lie in their method of correcting for the presence
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of the 1,58 MeV. line. They have measured the transmission 
through various thicknesses of absorber for the two lines 
together. Then using the calculated transmission curve 
for the 1.58 MeV. line the values so obtained have been 
subtracted from the total values. Since the mean quality 
of the radiation as the absorber thickness varies in the 
first case will change this subtraction is not valid. Further 
a change in sensitivity of the ionisation chamber is to be 
expected between I.58 and 2.76 MeV. for which no allowance 
has been made. No details of the chamber used are given, 
but by assuming a reasonable wall thickness and atomic 
number for this chamber and then making a rough correction 
for the change of sensitivity it is found that the absorption 
coefficient measured by them can be brought into better 
agreement with theory. The value should, of course, be 
related to an energy of 2.76 MeV, and not 2.85 MeV. as given - 
by them for the Na2[}. line. A similar method but using as 
detector a Geiger counter for measurement was used by 
Alburger59 again using a Na2i|. source. His values are in 
good agreement with theory as also are values measured for 
the 2.76 MeV. line by Groetzinger and Smith,

A later series cf measurements by Gork^^ using 
stronger sources of Zn 65 and Go 60 shows divergences from 
theory. No information is given which would enable an 
explanation to be made. In later measurements v/ith Go 50
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Mayneord and Gipriani^^ have obtained excellent agreement 
between measured and. theoretical values of the absorption 
coefficients in a range of materials and it therefore 
appears that the experimental technique used by Cork is at 
fault,

Mayneord and Cipriani have also shown that for 
the elements of low atomic number which they have used, 
where photoelectric absorption is negligible, the absorption 
coefficient per electron is constant and equal to 1.gO x 
10^5 cm.^ per electron. This value is in excellent agreement 
v\/ith the value of scattering absorption coefficient as 
calculated from the Klein-Nishina formula.

Pair formation^being negligible for Go 6o radiation 
these workers have, further, shown that the values of 
photoelectric absorption coefficients per electron obtained 
by subtracting the above value for the scattering coefficient 
from their measured total absorption coefficients are in 
good agreement v/ith the Pov/ler-Hulme theoretical values.

An interesting determination made by them of the 
absorption of the radiation in water and heavy water showed, 
as expected, that the linear absorption coefficient (but not, 
of course, the mass absorption coefficienty^/^ ) was the same 
in both cases.

Using as source the heterogeneous but heavily 
filtered radiations from a Van de Graaff generator Petrauskas,



58.
Van At ta and Myers ^ have made transmission measurements in 
water, carbon, aluminium, tin, copper and lead and these are 
again in reasonable agreement with theory. Some early 
measurements by Westendorp and Gharlton^^ using the 100 MeV. 
betatron give reasonable values for steel except at the 
higher energies where the values are rather low. Their values 
for lead particularly at the higher energies are far too low. 
No details are given of their experimental arrangements but 
the shape of their transmission curves for lead, lead one to 
suspect that the measuring chamber has been too close to the 
absorber resulting in spurious effects due to scatter.
Further, at the higher energies it is not considered that 
measurement of the transmission in this way will give correct 
absorption coefficients owing to the effect, now present, 
that the scattered radiation may be more penetrating than 
the primary radiation. It should, however, be stated tliat a 
measurement of the values of total transmitted radiation is 
of interest, for example, in protection problems. Other 
values of absorption coefficients by the transmission 
method have been made using the 6 MeV. gamma rays from 
fluorine bombarded by protons^^^^5 and give good agreement 
with theory.

Several other workers have used the method of 
counting pairs created by radiation bombarding a target before 
and after an absorber has been inserted in the beam. A 
number of measurements have been made using the I7 MeV. gamma
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radiation from bombardment of fluorine. In the earlier 
w o r k ^ ^ t h e  measurements were made using a cloud chamber. 
A strong magnetic field was used to separate the two particles 
and their energy could be then measured from their radius 
of curvature in this knovm magnetic field while the number of 
pairs as well as the number of recoil electrons could be 
determined. Thus a measure of the absorption coefficient 
in the particular material and also the ratio of Compton 
coefficient (^) to pair formation coefficient (/T) could be 
obtained.

Satisfactory agreement with theory was obtained 
for measurements in aluminium and lead although the ratio of 
^ i s  difficult to measure accurately owing to difficulty in 
determining the origin of some of the tracks seen in the 
cloud chamber photos.

Finally a similar measurement for the I7 MeV. 
gamma-ray line from the lithium bombardment was obtained in 
lead and aluminium by McDaniel, Von Dardel and Walker^^ 
using this time a coincidence counter method, the two 
particles being bent through l80^ by a magnetic field and 
recorded by two counters appropriately located. Their 
values are again in good agreement v/ith theory.

It appears, therefore, that the Klein-Nishina 
formula for the Gompton effect is accurate certainly to 
within up to the highest energy of measurement (88 MeV.) 
and apart from deviations due to the knov/n approximations
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made in the theoretical calculations of the pair formation 
effect this coefficient is also calculable to reasonable 
accuracy.

Using the calculated values of absorption 
coefficients some interesting results may be obtained by 
considering the effect of filtering a high energy X-ray 
beam with thick filters of various materials. From the 
Heitler spectral distributions and the absorption coefficients 
of Figs. 10 and 11 the distribution after passing through 
thicknesses of carbon, water, concrete, copper and lead 
filters have been calculated and are shown in Fig». 26 to Jl. 
The distribution through a lead filter shows hoiv the radiation 
of energies above and below the J - I4 MeV. region are 
heavily absorbed and an almost monochromatic radiation 
results. Lead Y/ould obviously be a bad filter for radiations 
from generators of energies above Ij. MeV. In contrast to 
the practice at lower energies where a filter of high atomic 
number is used to filter the radiation produced;the 
appropriate filter for the higher energies is one of low 
atomic number. For example a carbon filter with a minimum 
absorption coefficient at approximately yO MeV. would be a 
good choice. The effect of a carbon filter on the quality 
of the radiation will be demonstrated experimentally later. 
Since pair formation and photoelectric coefficients both 
depend on powers of Z greater than one the selective effect
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is more marked in elements of high atomic number. Low 
atomic number materials give a fairly flat transmitted 
spectrum as can be seen in the cases of water and carbon.

DIbüUSSION OF THE PROBLEM OF IvIFABUHEÎ lEiMT OF X RADIATION.

The measurement of a beam of X rays is an. old 
problem and the ansT/er not an easy one. We must first 
decide what we V\/ish to measure. Do we wish to measure the 
electromagnetic radiation at a point or do we v/ish to measure 
the effective parameter, biologically, chemically or otherwise, 
at a point?

The physicist would, of course, desire to measure
pthe energy flux in say ergs/cm. sec., but this quantity is

often of little interest and the fraction of that flux left
behind (i.e. absorbed) in say ergs/gm. is a more interesting
quantity. Since the fraction of energy absorbed is small and
varies with the penetration of the radiation a knowledge of
the energy flux does not give much assistance.

70Attempts, notably by Stahel' and Murdoch and 
Stahel*̂ ^̂  have been made to measure the energy absorbed 
from a beam of X radiation directly, but the results, while 
valuable, are difficult to assess as to accuracy. This 
approach to the problem is difficult as the energies involved 
are so small. For example, if all the gamma-ray energy from 
1 mgm. of radium could be absorbed in 1 cc. of, say, water
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and the heat retained the temperature rise in 1 hour v/ould 
be approximately O.Ol^G.

It is now almost universally agreed tha.t the best 
method of measuring a beam of X radiation is to make use 
of the ionisation of a gas produced by it under standard 
conditions, e.g. saturation conditions in a given mass of 
dry air.

The ionisation observed in a given mass of air 
subjected to a beam of X or gamma rays depends on several 
factors such as the nature, extent and shape of the material 
surrounding the air. The unit of dose, however, should be 
related to the e.g.s. system and not arbitrarily dependent 
on one experimental set up and the ideal method of stating 
quantity or dose should enable us to express the energy 
absorbed per unit volume at any point throughout an 
irradiated mass.

Over a period of many years now the rontgen has 
established itself as a unit of the greatest value for the 
measurement of X-ray and gamma-ray dose. It was first 
defined in 1^28 and later, in 1^57  ̂redefined in the following 
way: "The rontgen shall be that quantity of X or gamma
radiation such that the associated corpuscular emission per 
0.001295 gm. of air produces, in air, ions carrying 1 e.s.u. 
of quantity of electricity of either sign." The definition 
was revised principally to cover the measurement of gamma 
rays from radium in r ont gens and the fundamental idea that
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we take all the electrons set free in a given mass of air, 
utilize as much as possible of their energy in producing 
ionisation in air and measure the number of electrostatic 
units of charge thus liberated appears more clearly in the 
new definition.

In order that the measurement of a tertiary effect, 
such as the ionisation produced in air, may serve as the 
measurement of the primary X rays it is necessary that a 
clear correlation exists between the effect measured at a 
certain point and the flow of primary X rays at the same 
point, a "point" meaning a region of space sufficiently 
large so that the fluctuation arising from the atomic 
properties of radiation or matter may average out and still 
be sufficiently small so that the average distribution of 
radiation and matter throughout it does not show a systematic 
lack of uniformity.

Since the range of the electrons set in motion 
is not negligible above say 0̂ kV. it is essential that 
the measurements be carried out under conditions of equilibrium 
between the primary X rays and their secondary electrons.
Hiat is, conditions in which the total ionisation due to all 
electrons set free in the element of air in question is 
exactly equal to the ionisation produced in tliat air by 
electrons coming into it from outside. Vfe must have, in 
fact, "electronic equilibrium."

Measurements in rontgens have been carried out
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in great detail in the "free air" or parallel plate chamber 
notably by Behnken^^^^^, Duane"̂ ,̂ Taylor*̂ ,̂ Kaye and Binks"̂ ,̂ 
Failla'̂ '̂  and Mayneord and Roberts"^^ and in an international 
comparison in 1$^1 of the apparatus at the National Physical 
Laboratory, the Bureau of Standards, the Reichanstalt and 
the French Standardising Laboratory agreement was reached to 

up to 200 kV.
however, considerable difficulty was encountered"^^ 

in measuring tlie gamma rays from radium in rontgens in a 
parallel plate chamber. 'Phis was due to the long range, some 
5 to I4. metres, of the fastest recoil electrons involved.
The dimensions of the parallel plate chambers used meant 
that the electrons reached the plates before they had 
expended all their useful energy in ionisation and also that 
equilibrium had not been reached in the distance between 
the collimating system and the measuring volume. The plate 
separation required, for example, would be of the order of 
150 cms. A chamber of suitable dimensions was built at the ^

O qNational Physical Laboratory by Kaye and Binks and 
successful results obtained. Obviously this difficulty 
caused by the range of the recoil electrons in air becomes 
even greater at energies rising to, say, 100 MeV. where the 
range of the electrons in air will be of the order of hundreds 
of metres.

Let us therefore consider the more convenient
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"thimble" ionisation chamber which has been largely used in 
X-ray measurements and whose principles were first elaborated

O "1 O Qby Bragg and later and independently by Fricke and Glasser 
Gray^^ and Bruzau.^^ These workers showed that the 
introduction of a cavity in an irradiated homogeneous medium 
does not disturb the "electronic atmosphere," the number, 
speed and direction of the electrons crossing the cavity 
being unaltered by its presence. The introduction of air 
into the cavity makes little difference unless an appreciable 
fraction of the energy of beta rays is used up in crossing 
the cavity. This means the cavity should be small or the 
pressure low. The electrons are produced in the walls of 
the chamber and the vmrk of Bragg and Gray^^ shows that the 
ionisation is a measure of the energy absorbed in the material 
surrounding the chamber provided the walls are too thick to 
be penetrated by the beta rays of highest energy.

For dosage measurements in rontgens the cavity 
should be surrounded by material having the same effective 
atomic number as air and of extent sufficient to allow of 
building up of the electronic equilibrium in it. In these 
circumstances the ionisation in the cavity is a measure of 
the energy absorbed per unit mass of air from the radiation 
and therefore a measure of the electromagnetic radiation 
itself. This implies, of course, that the current measured 
when the conditions of wall thickness and atomic number are



correct should be equal to that produced in a column of 
free air, i.e. in a parallel plate chamber. This conclusion 
has been tested®^and found to be true to a fair degree 
of accuracy for moderate voltage X rays. Fortunately the 
energy lost by an electron in producing an ion pair in air 
is independent of the speed of the electron and is found^®^®^ 
to be 52.5 e.v. and. we can, therefore, easily convert a 
measurement in rontgens to a measurement of energy absorbed 
in unit mass of air. In a limited range of X-ray energy up 
to say 2 MeV. it is possible, therefore, for such a unit of 
dose to characterise both the primary radiation incident 
at a point and at the same time the physical quantity 
underlying any changes in tLie medium which take place at 
the point under consideration. This is not, however, the 
case at higher energies. The condition of electronic 
equilibrium is only simply related to the energy flux if 
the primary radiation is of constant quality and quantity 
throughout a region of extent equal to the range of the 
secondary particles produced in the medium, v/hich, to measure 
in rontgens, must have an atomic number equal to that of 
air. Up to about 2 MeV., since the range of the electrons 
is relatively short, little variation of the primary radiation 
occurs but in the 10 to 100 MeV. energy band the range of 
the recoil electrons becomes comparable with the mean 
penetration of the X rays which set them in motion. Also
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the absorption coefficient of the radiations ceases to 
decrease with increasing energy and then increases again 
so that the scattered X rays may become more penetrating 
than the primary ones. These, combined with the fact that 
secondary electrons are now produced also by pair formation, 
whose cross-section, in opposition to effects like the 
Compton effect, increases Y/ith energy, mean that the 
conditions underlying the establishment of equilibrium are 
poorly fulfilled. Also since the range of the secondary 
electrons is now of the order of centimetres the thickness 
of the wall of the ionisation chamber required becomes 
excessive, particularly if a measurement in true rontgens 
inside a medium is required.

Nov; the principle of X-ray dosage in rontgens may 
be said to be in two parts, (1) conversion of a portion of 
the X-ray energy into energy of secondary corpuscular 
radiation under defined conditions, and (2 ) measurement of 
the ionisation produced by the corpuscular radiation. In 
the high energy range it is the first step which causes 
the immediate difficulties and in fact the endeavour to 
characterise the quantity governing the changes which take 
place in a medium by a measurement of the X rays themselves 
ceases to have a meaning v;hen the secondary corpuscles 
spread a relatively great distance from the "point" where 
the X rays deliver their energy.
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A new system of dosimetry is at present under 
review which will avoid the now cumbersome task of attempting 
to measure the X rays themselves, but will attempt to obtain 
a measurement wiiich will characterise the corpuscular 
radiation traversing the medium at the point under 
consideration since this will be a measure of the physical 
quantity underlying any changes which take place in the 
medium at that point.

The unit, suggested by the British Committee for 
Radiological Units,9̂  is based on the measurement of the 
number of ion pairs produced in one gramrae of air in an 
ideally small cavity in the medium of interest. The walls 
of the cavity will not now require to be air wall but of 
wall equivalent to the surrounding material and no conditions 
as to thickness need b;e imposed. The next point to be 
considered is the number of ion pairs per gramme of air 
which will constitute a unit. The Committee call the unit 
the J unit and suggest that "One J unit has been received 
at any point in a medium when the ionisation which would 
have been observed in an infinitesimal cavity containing 
the point is 1.^8 x 10^^ ion pairs per gramme of air enclosed 
in the cavity."

This number of ion pairs per gramme of air 
corresponds to the absorption of 95 ©rgs/gm. This value 
has been selected as 1 rontgen of electromagnetic radiation 
delivered to 1 gm. of water corresponds to an absorption
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of energy of 95 ergs.
Since the unit will be used largely in clinical 

practice it was considered preferable to choose the energy 
absorption in water (i.e. approximately soft tissue) rather 
than the similar value (8i|. ergs/gm. ) for air. The Committee 
have preferred the measured quantity (number of ion pairs 
per graimne) to the significant quantity (95 ergs/gm. ) for 
the unit and since the conversion from one to the other is 
straightforward it seems preferable to express the unit 
in this way.

The reasons for avoiding the adoption of ergs/gm. 
as a unit, which from the purely physical point of view is 
the most acceptable unit, lie, no doubt, in the desire to 
have a unit such that for all ionising radiations the exposure 
of unit dose implies approximately the same absorption of 
energy per unit mass of tissue as an exposure to one rontgen 
of X or gamma radiation. In addition by maintaining a 
system of dosimetry based on the specific effect of the 
radiation there is the advantage that equal flows of the 
same charged particles constitutes the same "dose" no 
matter in what material the flov/ takes place. If a system 
of dosimetry based on a unit of energy absorption were 
adopted then the ratio of the ionisation produced in air 
by an equal flow of primary particles to the energy absorbed 
is a characteristic of the material.

Finally the unit suggested assists the correlation
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of the effects of various types of particles and radiations 
causing ionisation such as neutrons, alpha particles and 
X or gamma rays.

EXPERIMENTAL I\ÆSÀai3RhlViENTS OF SHORT VaVhLSx^aTH X RAYS.

The current in an ionisation chamber due to a 
beam of electromagnetic radiation being a function of size, 
wall thickness and material of the chamber a study of two 
of these factors has been undertaken, as at high energies 
the range of the secondary particles in air at atmospheric 
pressure is large compared to the dimensions of the usual 
chamber, Bragg's condition is fulfilled and the ionisation 
is accurately proportional to volume. The effects of wall 
thickness and material were therefore studied using the 
series of chambers described.

(1) Effect of chamber wall thickness on ionisation current.
' Results of the experiments on the variation of 

v;all thickness are shown in Pigs. to 2̂ in a range up 
to approximately 0̂ MeV.

The first results were obtained v;ith the Malvern 
synchrotron up to lij. MeV. and more recently, with the 
50 MeV. synchrotron being developed there, at 2!q MeV.
(Pigs. 52 to lj.0 ). At Urbana the measurements were made on 
the 20 MeV. betatron, (Pigs. J4.I to Ij-5 ), while at Schenectady 
a relatively small number of measurements were made at 11,
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I4.7 to 52 MeV. (Pigs. Ijij. to I4.9). The number of measurements 
obtained here was cut severely by the incidence of technical 
troubles with the generators. Finally, a number of measure
ments were obtained with the 5 MeV. Van de Graaff generator 
at M.I.T., Cambridge, Massachusetts (Pigs. 0̂ to 52)*

In all cases the measuring apparatus was set up 
at a convenient distance from tiie target, this distance 
being a compromise, particularly where output was low, 
between obtaining a dosage-rate of sufficient magnitude for 
measurement and a beam of sufficient width to ensure uniform 
irradiation of the chamber. The output of the particular
machine in use was monitored during the course of all
experiments by a separate dosage-rate meter.

The first results shown in Pigs. $2, 55 sind 5It- 
are those obtained at T.R.E. before the nature of the
radiation had been fully realised. They serve to illustrate
the presence of large quantities of electrons, the main 
result of increasing wall thickness being to decrease the 
ionisation current measured. Evidence of the expected 
"build-up" resulting from the establishment of electronic 
equilibrium can just be detected in magnesium chambers at 
the higher energies. Pigs. 55 8ind 54" These curves
represent an absorption curve (of the beta rays) superimposed
on a build-up curve (for the X rays) of the usual type. In 
Fig. 55 an interesting result emerges from plotting the
curves at various energies on one diagram. It will be seen
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that in a magnesium chamber it is possible to demonstrate 
that the intensity of radiation increases, decreases or 
stays stationary with change of excitation potential 
according to the chamber wall thickness selected! It is 
worth pointing out that, for just this reason, prior to 
these experiments some confusion had existed as to the 
output of this plant as a result of measurements made by 
different workers.

The experiments were repeated with a 5 lead
filter in the beam. It has been shown earlier that this 
was not the best filter to have used but lead was the only
material readily available at the time. This set of results
is shown in Figs. $6 to 59*

The ‘*build-up’* of the ionisation current with 
increasing wall thickness is now marked. The depth of the 
maximum build-up is due to the long range, at these energies, 
of the electrons set in motion by the incident X rays. At
li|. MeV. evidence of the build-up even in lead is apparent.

More recently the $0 MeV. synchrotron being 
developed at Malvern became available and preliminary 
results were obtained at 2lj_ MeV. and are shown in Fig. 1̂.0.

The results obtained at Malvern at 11 MeV. can 
be compared vt/ith some obtained at Schenectady at 10.9 MeV., 
the latter being shown in Figs. [j.5 and i|_6. The large 
amount of soft radiation found in the beam of the 15 MeV.
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synchrotron was not found with the American machine, but 
evidence of the presence of electrons in the unfiltered 
beam is seen in the upward turn of the curve (Fig. I1.5) for 
small wall thickness in magnesium (in v/hich metal the 
thinnest chamber, one of 0.2^ mm. v/all, was available).
There also appear signs of subsidiary maxima which are very 
possibly due to electrons. The results for a filtered beam 
compare well with those obtained at Malvern.

The build-up in a carbon wall at 1|_Y MeV. obtained 
with the FO MeV. betatron at Schenectady is shovm in Fig. i|_7 
and the results of similar measurements at ^2 MeV. with the 
70 MeV. synchrotron also at Schenectady in Figs. i|8 and ip̂ . 
The technical trouble referred to prevented the completion 
of these experiments.

Probably the most reliable set of data was 
obtained at Urbana witli the 2Ü MeV. betatron. The success 
of Kerst*s^^ technique for removing stray electrons from 
the beam is indicated by the large ratio of maximum 
ionisation to that observed with very thin wall chambers, 
as well as the very smooth shapes of the curves (Pig. i|.l). 
The ratio of maximum to surface value may be as high as 
eight to one.

It is also interesting to see the result of using 
a 2l{. cms. carbon filter in the beam of the 20 MeV. betatron 
(Pig. J4.5 ). The choice of this material as filter is
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explained earlier and we note here thé greater thickness 
of wall giving maximum ionisation current in the filtered 
beam due to the fact that carbon is more transparent" to 
the higher energy components of the beam emitted by the 
generator.

The precise shapes of the ionisation curves are 
evidently dependent on experimental conditions and an 
endeavour to provide a theory of the "build-up" for 
comparison with experiments is difficult since different 
assumptions as to absorption, scattering, etc. of the 
electrons in the wall of the chamber lead to quite different 
shapes. As would be expected, however, for thin v;alls, 
where complications are fewer, the current increases 
linearly with wall thickness. It is, however, interesting 
to collect with the above results the positions of maxima 
obtained at various potentials by other w o r k e r s .5^
The positions are ill-defined and cannot be accurately 
determined. The position at any particular energy depends 
upon both focal distance and density of medium used for 
the measurements. A number of the measurements have been 
made with measuring systems completely surrounded by 
scattering material, but since backscatter at these 
energies is small (a value of about 5^ has been measured) 
the effect on such measurements as compared to those made 
with chambers whose front and side walls only had been
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increased is negligible. The values published have been 
corrected to a value for a medium of unit density taking 
the densities published by the various workers for their 
materials. Correction for focal distance is more difficult 
as a direct application of the inverse square law is not 
valid. However, Kerst as well as Charlton and Breed have 
published data of positions of maxima with varying focal 
distance and using these observations correction factors 
have been deduced to estimate the position of the maxima 
at 100 cms. focal distance (Pig. 55)* final corrected
data are shovm in Pig. 5̂ 1 it is interesting to see how 
well the values obtained î lth carbon chambers on changing 
wall thickness and reported above agree with observations 
made in "phantoms."

The values obtained by Pailla and his colleagues 
and by Charlton and Breed with the 100 MeV. betatron in 
the lower potential range are evidently anomalous. Some 
of the results with this machine were obtained using a 
photographic method^^ and examination of the published 
photographs indicate that these discrepancies are due to 
the effects of stray electrons as already emphasised. It 
will be seen that the variation of depth of maxima with 
energy is approximately linear up to about $0 MeV. (roughly 
5 MeV. per cm. depth) and sufficient data has been obtained 
up to about this energy to enable the curve to be used 
with confidence to estimate the position of the maximum for
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"clean*’ beams.

(2 ) Effect of chamber wall material on ionisation current.
It is to be expected that the ionisation current 

observed would depend upon the atomic number of the wall 
of the chamber both because of the variation of real 
absorption coefficient and of stopping power of the material

In Figs. 55? 5  ̂and 57 the chamber wall thickness 
has been expressed in electrons/sq.cm. It will be seen 
here that in media of low effective atomic number such as 
carbon and wax the variation of ionisation current with 
wall thickness is approximately the same, but that for 
magnesium, chambers higher currents are shovm, the divergence 
increasing with energy.

Vvhere the absorption of energy is predominantly 
by the Compton process,as is the case in low atomic number 
materials, similar ionisation currents are to be expected.
The differences shown for magnesium chambers are due to 
pair formation which becomes significant in magnesium 
about 5 MeV. (approximately 25% of the Compton effect) and 
also to differences in stopping pov/er.

The experimental ratios of ionisation currents 
in chambers of different materials over the energy range 
investigated have been obtained relative to that in carbon.

It is convenient as a first approximation to 
compare values of the ionisation currents at the maxima.
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In Fig. 58 are plotted, against peak energy, 
the results of a comparison of maximum ionisation current 
in magnesium, copper and lead chambers relative to that 
in a carbon chamber. The results have been obtained with 
a wide variety of generators on both sides of the Atlantic 
and also include some values, to be described later, 
obtained with radioactive GobO sources and they show the 
small differences to be expected, even over a wide range 
of energy, in the relative currents in various materials.

G r a y h a s  shown that the relation between energy 
absorbed per unit volume of a medium and the ionisation 
current to be observed in a sma.ll cavity in the medium 
containing air is given by

Ey = 1.55 X 10"^^ fg n ergs/cc.
where = energy absorbed per unit volume of medium

fg = function of atomic number representing the -
relative stopping powers of the medium and air 

n = electronic density of the medium 
= ionisation current per unit volume.

The values of the energy absorbed can be calculated from 
a knowledge of the real energy absorption coefficient 
given by /7
where T is the photoelectric absorption coefficient, dZ 
is the real part of the absorption coefficient due to 
Compton scatter and 77 the absorption coefficient due to
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the production of pairs. These coefficients can be
calculated from the theories previously m e n t i o n e d . 5^
From the work of Bethe^^ and Gray®^ the stopping pov/er
relative to air is seen to be a very slowly varying function
of Z and therefore a determination of the relative amounts
of energy absorbed per electron in various materials over
a range of energies would be expected to give a measure of
the relative ionisation currents to be observed.

qIiIVLayneord*̂ *̂  has calculated the relative energies
absorbed up to 100 MeV. Using these values a ratio of about
6 to 1 would be expected between the ionisation currents to
be observed in a lead and a carbon chamber exposed to a
beam of radiation of peak energy ^0 MeV. It is clear from
Fig. 58 that the ratio is much smaller.

It should now be observed that at high energies
electrons begin to lose energy by radiation. The cross-
section for this process increases roughly proportional

2to the energy E and to Z and is therefore most important
2in heavy elements. At energies about 20 me. an electron 

in lead loses about half its energy by radiation while in 
a ligjat material such as carbon the process becomes

2significant much later at energies of the order of 200 me.
At high energies, therefore, the wall of the 

chamber becomes the source of penetrating electromagnetic 
radiation which is relatively inefficient as an ionising
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agent, while, of course, the electron range is relatively 
reduced in heavy elements. Thus, v/hen this new mechanism 
of energy loss becomes important, the stopping power 
becomes dependent to a greater extent upon the energy with 
the result that the ionisation current observed is less 
than would be expected using the energy absorption theory.

(5) Measurement of Stoppinp; Power.
The energy loss of charged particles when passing

pthrough matter is at low energies ( < 5  Die." for electrons) 
mainly due to ionisation and excitation of the atoms of 
the substance traversed. The probability of these inelastic 
collisions depends on the velocity and charge of the 
particle and the atomic number of the material traversed.
A great deal of work has been carried out on the rate of 
loss of energy of such charged particles in passing tixrough 
matter beginning as early as I895 ^ith the experiments of 
Lenard. The early work is difficult to interpret on 
account of the complications which arise from the considerable 
8cattering^straggling of the particles, particularly beta 
particles, in their passage through the materials. Later 
measurements, first using thicknesses of material small 
compared with the range of the particles in the material 
concerned and secondly using cloud chamber techniques, have 
yielded more reliable results.

The theory for the loss of energy by moving
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electric particles according to classical mechanics was 
considered by Bohr in 1^1$.95 it is interesting that later 
treatments of the problem by quantum mechanics have not 
greatly altered the values obtained for the energy losses.

Later Bethe^?^ using quantum mechanics, developed 
a theory for the energy losses due to such inelastic 
collisions based on Born* s approximate treatment of the 
collision processes. The formula found by Bethe for the 
average rate of loss of energy {- dE/dx) for a particle 
of charge ze and velocity v is : -

_ #  = . rziogSi^ax mv.^ I

where I = average excitation potential of the atom 
N = number of atoms per cc. of the material 

Bethe * s formula is valid only if the velocity of the impact 
is great compared with the orbital velocity of the electrons 
in the atom. Values obtained from Bethe * s calculations 
shov/ good agreement with experimental détermina tiens at 
lov/ atomic numbers, reported by him. For higher atomic 
numbers the stopping powers per electron determined 
experimentally are lower than the theoretical values* 

Williamshas considered the effect at 
relativistic energies of the change of impact parameter 
and shows that although the time integral of the force on 
the atomic electron is unaltered the atomic binding forces
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alter the resulting energy transfer. He obtains a correction
for the effect depending upon /? « v/c where v is the velocity
of the incident beta particle. This correction to Bethe *s
formula occurs in the logarithmic term and is similar to
a correction worked out by Bethe.97

The discrepancy between the experimental values
and Bethe * s calculated values for high atomic number
materials is thought to be due to Bethe * s assumptions in
the evaluation of I. He has assumed that the wave function
of a complicated atom can be considered as the sum of
hydrogen wave functions of the same quantum number. This
part of the problem has been investigated by Bloch^^ using
the Permi-Thomas model of the atom and also by Livingston 

99and Bethe. The latter workers have endeavoured to make 
a correction by determining the **effactive** number of 
electrons involved in the stopping processes, since Bethe * s 
calculations were made on the as sumption that the velocity 
of the incident particle is large compared to the velocities 
of the electron in the atom, a condition which may not be 
fulfilled in all the levels of the atom.

All these corrections to the original Bethe 
formula are still uncertain, there being little or no 
experimental data with which to compare the calculated 
values. The corrections are also in most cases small, 
occurring in the logarithmic term only, and in the subsequent 
comparisons with experiment the original Bethe values have
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been used.
In Fig. 59 is plotted curve of relative stopping 

power per electron (̂ ) against atomic number as obtained 
from Bethe * s calculations. The values so obtained have been 
checked against the corresponding values obtained at values 
of Z up to 82 from Bloch’s formula as quoted by Heitler^^ 
and only very small deviations found.

Experimental values of stopping power have been 
obtained by Bragg®^, Vifhite and Millington^^^, Williams^^^ 
and G r a y ® among others. The experiments of Williams and 
Gray show good agreement with the values of Bethe given in 
Fig. 59, while the earlier work of Bragg also shows fair 
agreement. Gray’s values do not lie accurately on a smooth 
curve and he is of the opinion that the irregularities are 
real, his measurements were made for light elements up 
to Z = 29 and he suggests that as the stopping power is a 
function of the ionisation potential of the individual 
electrons in the atom the stopping pov/er may increase in 
passing from one row of the periodic system to the next 
rather than between neighbouring elements in the same rov/.

White and Millington’s experiments show that the 
stopping power does not vary over a range of energies from 
0,15 MeV. to 1.55 MeV.

The measurements with ionisation chambers of 
different atomic numbers reported above along with similar
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measurements, to be presented later, obtained using radium 
and the radioactive isotopes Co6o and II5I have been used 
to calculate relative stopping powers.

As shown earlier, from a knowledge of the real 
energy absorption coefficients the ratio of the energy 
absorbed in various materials can be obtained. The values 
of the relative ionisation currents in ionisation chambers 
of these materials have been measured and we have therefore 
a means of measuring the effective stopping power using 
Gray’s equation;

E = 1.55 10""̂  ̂ J ergs, ■ .
where E and J are the energy absorbed and ionisation current 
respectively per electron and is the stopping power.

For two different materials we have:-

I? I o Î T tJ' . r  E'J”

Prom the calculated values of E'/E" and measured values of 
J"/J' the value of the relative stopping powers /’'/^” can 
be obtained.

From the measurements made using radium and the 
radioactive isotope sources the relative stopping powers have 
been calculated and are shown in Table II. These experimental 
values are plotted in Fig. 59 8.nd will be seen to be in good 
agreement with the values of Bethe.

A similar treatment has been used in obtaining
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the relative stopping pov/er per electron at high energies 
(relative to carbon in this case) from the ratios of the 
ionisation currents plotted in Fig. 58 and the calculated 
real energy absorption values. The results are shown in 
Table III. The values obtained at 5 MeV. peak energy 
(corresponding to I.5 to 2.5 MeV. mean energy) have also 
been plotted on Fig, 59. The agreement v/ill be seen to be 
good confirming and extending to about 2 MeV. the result 
of Vi/hi te and Millington that the stopping power does not 
vary over a wide range of energies.

In Fig, 60 the results of Table III are plotted 
and show the variation with energy of the stopping power 
per electron relative to carbon for the three materials 
lead, copper and magnesium. A considerable variation with 
atomic number and energy is now evident. As mentioned 
earlier this is due to the advent of energy loss by radiation 
In the theories of stopping power previously mentioned only 
the collisions processes have been considered. At energies 
above 5 mc.^, however, the energy loss of electrons passing 
through matter, as the energy increases, arises more and 
more from radiation losses. The theory of the process has 
been discussed by Eeitler.5 "̂
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I n t r o d u c t i o nThe following report describes the conversion of 
a 5 gm. teleradium unit to a 10 gm. unit. The 

results are published in the hope that they may be 
of use to those faced with similar problems. The 
report covers the measurement of radiation in the 
primary beam, the investigation of stray radiation, 
and details of the transference of the radium.
A 5 gm. unit has been in use at this hospital since 

1936, but for some time it has been apparent that a 
larger unit would have considerable advantages, 
such as the possibility of treating approximately 
twice the number of patients in a given time, or 
alternatively the attainment of greater effective 
penetration by the use of larger radium skin dis
tances. The main problems were the packing of a 
large quantity of radium into a small bobbin and also

aluminium-magnesium alloy. The beam of radiation 
is parallel to the axes of the radium tubes. The mean 
radium-skin distance is fixed at approximately 8-3 
cm., and various sizes and shapes of nozzles may 
be fitted to give dift'erent fields (Lederman, Clarkson 
and Mayneord, 1944). This radium-skin distance 
has been preserved with the 10 gm. loading.
The radium containers available for packing in 

the unit are shown in Table I.
It was thought necessary for the beam of radiation 

to have an axis of symmetry but found impossible 
to utilise all the radium and fulfil this condition. 
Brass models of tubes were used in experimental 
trials of possible arrangements, with the result that the 
arrangement shown in Fig. 1 was selected. Use was 
made of a group of seven closely packed 400 mgm. 
containers in the centre, surrounded immediately by

T A B L E  I

1
1 N o .

of tubes
N om inal
content

Overall
length

External
diam eter Filtration Ownership

25 200 m gm . 13-0 m m . 5-0 m m . 0-5 m m . m onel m etal Royal Cancer Hospital
15 200 m gm . 14-5 m m . 4-5 m m . 0-5 m m . m onel metal R oyal Free Hospital

8 400 m gm .
1

16-5 m m . 6-5 m m . 1-0 m m . m onel metal N at. Rad. Commission

the protection during the conversion and subse- twelve 200 mgm. containers and an outer ring of
quently during use. Until recently it has been twenty-four 200 mgm. containers. It might have
unusual to pack more than 200 mgm. of radium been preferable, given suitable strong sources, to
directly into a single tube, but with the availability have used a more peripheral arrangement of radium
of 400 mgm. tubes, the attainment of the con- to obtain an approximately uniform radiation field
centration necessary is greatly facilitated.
Description of the unit
The unit is essentially similar to that described 

by Grimmett (1937), known as the Radium Beam 
Therapy Research 5 gm. Unit, No. 2. It incorporates 
pneumatic transference from a heavily protected 
safe located against a wall at a distance of 8 ft. from 
the head, protection from stray radiation being by 
means of lead and heavy tungsten alloys. The 
radium is contained in a spacer consisting of an 
elektron metal cylinder having holes drilled parallel 
to its axis to hold the radium tubes. This spacer fits 
inside a bobbin, in our own case constructed of light

F i g . 1.

44
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Report on the Installation of a

on the skin. However, this was not possible with the 
radium available and differences in distribution of 
radiation over the skin would in any case be small 
at this radium-skin distance.
The total nominal content is 10 gm. radium 

element, and the equivalent filtration was estimated 
at 1 mm. of platinum. It was found that the extra 
weight of the bobbin due to the radium did not 
seriously affect the pneumatic transference, although 
with the beam pointing vertically downwards, hesi
tation in starting was noticeable.

M e a s u r e m e n t  o f  R a d i a t i o n  

Before clinical use could be made of the apparatus 
it was important to solve two main problems:
(a) the determination of absolute dosage-rate at the 
centre of the field on the skin of the patient and
(b) the distribution of radiation inside tissues.
(a) Absolute dosage rate
For the measurement of absolute dosage-rate, 

reliance was placed on small condenser ionization 
chambers constructed as shown in Fig. 2. The air

Ten Gramme Teleradium Unit

Elek t ron

Amber

Aerion

Graphite
F i g .  2 .

volume is cylindrical and approximately 2 mm. long 
and 2 mm. diameter, the walls being aerion and 
graphited amber with a central electrode of elektron 
metal. Similar chambers have been described by 
Farmer (1945).

Calibration. The chambers were calibrated with 
the help of a 400 mgm. tube of the type used in the 
teleradium unit. Its wall thickness is 1 mm. monel 
metal, the total absorption correction in salt and 
wall for radiation emerging at right angles to the 
length of the tube being estimated as 6 per cent. 
The loss of charge of the chambers during exposure 
was measured with a Lindemann electrometer 
connected in a compensating circuit employing a

null method devised by Honeyburne and Strong 
(1943). Times of exposure during calibration were 
of the order of ten minutes.
The content of the tube was estimated by com

parison with a 69-7 mgm. radium standard 
(Mayneord and Roberts, 1937), used for some years 
in this department and initially measured at the 
National Physical Laboratory. Two separate mea
surements yielded 395 mgm. and 402 mgm. res
pectively as the content of the tube. In the 
subsequent measurements it was assumed that 
within experimental error the content was 400 mgm. 
radium element at an equivalent filtration of 0 5 mm. 
Ft. During calibration seven chambers were exposed

VOLTS
Î0 90 Too

F i g . 3.

simultaneously in a specially designed perspex 
holder which fixed precisely their position with 
respect to the 400 mgm. radium source. The 
distance from the centre of the radium source to the 
centre of the measuring volume of each chamber 
was approximately 6 2 cm. and was measured 
accurately by means of a travelling microscope 
reading to 10'̂ mm. The absolute sensitivities of the 
chambers differed considerably among themselves, 
but in each case the loss of charge increased linearly 
with dose within the limits of accuracy of the 
measurements (Fig. 3).
The chambers have been tested for wavelength 

independence over a wide range of quality and show
45
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little variation for radiations whose half-value layers 
are sufficiently great to render negligible absorption 
in the walls of the chambers (Fig. 4). A correction 
has been made to the results for the fact that the 
source was not a geometrical point, and for lateral 
filtration, use being made of the experimental result 
(Mayneord and Roberts, 1937), that a point source 
of radium with a filtration of 0-5 mm. of platinum 
delivers 8 3 r per mgm. hour at a distance of 1 cm. 
In all, twenty-eight calibration exposures were made.

Measurement of surface dosage-rate. Measurements 
of the dosage-rate at the surface of the applicator of 
the 10 gm. unit were made by fixing seven small 
chambers in close contact with its chromium-plated 
brass end. The charge lost during a five-minute 
exposure was measured with the Lindemann 
electrometer as above, the number of rontgens 
received being estimated directly from the cali
bration curves. Three complete sets of experiments 
of this type were made. The resulting observations 
were corrected to the temperature and pressure 
obtaining during calibrations and a correction was 
also made for wall thickness of the chambers. The 
latter correction was made in accordance with 
previous investigations (Mayneord and Roberts,

in a water phantom, and agreed with previous 
determinations (Mayneord and Honeyburne, 1938). 
This backscatter is small and estimated at 4 per cent, 
for an 8 cm. diameter circle field. In view of the 
finite size of the chambers a correction was also made 
according to the inverse square law in order to 
obtain the dosage rate in the plane of the end of the 
applicator.
In addition to these investigations with condenser 

chambers a direct comparison was made between 
the dosage-rates from the unit when loaded with 
5 gm. and 10 gm. respectively, using an F.P.54 
direct reading dosage-rate system described else
where (Mayneord and Cipriani, 1947: Mayneord, 
in press); this comparison gave a value approxi
mately 9 per cent, higher than the condenser 
chamber measurements {i.e., 1040 r per hour). The 
output of the 5 gm. unit was measured some years 
ago with larger Sievert condenser chambers, and the 
result was liable to more error than the present 
measurements. Also in view of the fact that the 
5 gm. unit had been in use for several years and 
small changes in the position of the radium may 
possibly have occurred, this value has been included

J. H. Martin, T. J. Tulley, and E. B. Harriss

only once in assessing the final result. The three 
sets of measurements with condenser chambers 
made on separate days were treated separately, and 
three mean values of the dosage-rate at the surface 
of the unit thus obtained. These values were 
961, 943 and 941 r/hr. respectively. The final 
weighted mean value thus obtained for the surface 
dosage rate was taken as 970 r/hr.
{b) Distribution of radiation in a ivater phantom
The distribution of radiation in a water phantom 

was measured using the remotely controlled 
dosefinder (tele-dosefinder) described elsewhere 
(Mayneord and Cipriani, 1947; Mayneord, in press). 
This consists of an F.P.54 D.C. amplifier (DuBridge- 
Brown, 1933, circuit), attached to an ionization 
chamber with an evacuated lead. The dosage rate is 
read directly on a Cambridge spot galvanometer.
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The ionization chamber is mounted on three slides 
at right angles to each other (Mayneord, 1939), and 
may now be controlled in position by means of three 
small electric motors. The position of the chamber 
may be read by balancing potentiometer systems at 
the control panel. The controls are connected to the 
measuring system by means of long screened cables 
and consequently measurements may be carried out 
at any required distance from the source of radia
tion, thus avoiding the necessity for removing the 
source or shutting off the plant each time a different 
measuring position is required. As used in work on 
the 10 gm. unit, the cables were 24 ft. long and 
enabled the operators to work at a distance where 
the dosage rate was 0*2 tolerance dosage-rate 
without extra screens. The cylindrical chamber used
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for the distribution measurements was made of 
elektron metal and had internal dimensions of 
6x6 mm. and wall thickness of 2 mm. With this 
chamber at the surface of the water phantom, a 
current of the order of two /xA was observed, repre
senting a current gain of 10 .̂ In determining the 
final distribution, appropriate corrections were 
made for the wall thickness»and finite size of the 
chamber on the lines already indicated.
Measurements were made in the usual way along 

a number of carefully chosen vertical axes, and 
isodose curves were drawn by interpolation. It was 
found that the distribution of radiation with the 
10 gm. loading was very similar to that obtained 
when the unit contained 5 gm. (except, of course, 
for a factor of two in the absolute dosage-rate), any

Ten Gramme Teleradium Unit

well-protected radium table behind a thickness 
of lead increased for the purpose to approximately 
5 in. The operations involved unscrewing the end 
of the bobbin, removing the 5 gm. of radium from
the old spacer, transferring it to the new spacer and
adding the extra 5 gm. of radium. The 10 gm. of 
radium in the new spacer had then to be placed back 
in the bobbin and the latter again sealed.
The operators carried “air-wall” ionization 

chambers, reading up to 2 5 r, in the breast pocket. 
The doses received during the operations, which 
took about a quarter-of-an-hour, were as follows;
Operator 1 0-9 r and 0-5 r
Operator 2 0-5 r and 0-2 r
In addition both the operators carried two con

denser chambers, as used for the absolute dosage-
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slight discrepancies observed being probably attri
butable to the change of distribution of the radio
active sources. Two of the observed isodose curves 
are shown in Figs. 5 and 6. It is perhaps worth 
noting that during the distribution experiments, 
measurements of surface dose were noted to be 
constant to approximately 2 per cent., even after the 
bobbin had passed to and fro between safe and head 
of unit several times. It appears, therefore, that the 
bobbin returns accurately to the same position.

P r o t e c t i o n  M e a s u r e m e n t s  

(a) Doses received during loading
It may be of interest to record the doses received 

during the loading of the bobbin. The bobbin was 
removed from the 5 gm. unit and manipulated on a

5 C M . d i a m e t e r  c i r c l e  f i e l d  

F i g . 6.

rate measurements, strapped to the middle phalange 
of the first and second fingers of the right hand. 
Operator 1, who loaded the tubes into the bobbin, 
received 4-0 r and 11*6 r on the fingers, while 
Operator 2, who carried the bobbin to and from 
the safe, registered no measurable dose. The dose 
received on the fingers of Operator 1 was much 
higher than need be as some delay was caused by 
one of the fixing screws of the bobbin cap being 
faulty.
(h) Investigation of stray radiation in the neighbour
hood of the unit
After the 10 gm. unit had been put into use a 

survey was made of the stray radiation to be found 
in its vicinity.
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The measurements were made with a portable 
direct reading protection meter developed in the 
hospital. It consists of a simple D.C. amplifier 
coupled to an ionization chamber of approximately 
1 litre capacity. The reading instrument, a standard 
microammeter reading to 50 /xA, covers a range 
up to ten times tolerance dosage rate. (T.D.R. =  10“̂ 
r/sec.)
The distribution of radiation is shown in Fig. 7.

y O 45 X T.D.R.

OUT.P.R.

20

25

■30

35

i. L o o k  li

vicinity of the hand loading slot, where it is 1-0 X 
T.D.R.
With the radium in the head and the beam 

pointing vertically downwards, the dosage-rate 
immediately below on the next floor is 0*45 T.D.R. 
The distance is then approximately 16 ft., and the 
beam has passed through a floor of 11J in. of con
crete. The distribution of radiation on this floor is 
shown in Fig. 7.
The region of high dosage-rate (0-45 T.D.R.) is 

not normally entered by staff, being behind one of 
the X-ray plants. Surrounding this a dosage rate of 
0-1 T.D.R. was recorded over a fairly large area. 
No radiation could be detected anywhere else on 
this floor or in the rooms on the ground floor.
It was therefore necessary to employ more sensi

tive means of detection in order to map the stray 
radiation on this floor completely (Turner and 
Sinclair, 1948).

S u m m a r y

T h e  report describes the conversion o f a 5 gm . te le 
radium  unit to a l U  gm . unit. A detailed description  is given  
of the m easurem ent o f the output, and the determ ination  o f 
dosage d istribution  in a water phantom . T h e  dosage distri- 
‘.)ution was m easured w ith  a new  “ teledosehnder” system  
V hich  enables the operators to work at a safe d istance from  
the unit. P rotection  m easurem ents on the radiation in thethe unit. P rotection  m easurem ents on the radiation in the  
neighbourhood  o f  th e un it w ere m ade, and the protection  
was found  to  be satisfactory.

ftgtt:

The measurements of radiation around the 10 gm. 
unit were made during the treatment of a patient 
with the beam pointing horizontally in the direction 
indicated. The dose received in the observation 
room is certainly below 0-01 x T.D.R., and too 
small to be measured accurately with the direct 
reading protection meter. It will be noted that 
tolerance dosage-rate is received at a distance of 
9 ft. from the unit. The dosage rate approximately 
obeys the inverse square law. For details of thickness 
of protective material in the head reference should 
be made to Grimmett’s (1937) paper. When the 
radium is in the safe, the radiation outside is never 
more than 0-2 x T.D.R. except in the immediate
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TABLE II

Source

Go 60 
Radium 
I 151 
Go 60 
Go 60 
Go 60 
Go 60 
Radium 
Radium 
I 151 
Go 60 
Go 60 
Go 60 
Radium 
Radium 
I 151 
Go 60 
Go 60 
Go 60 
Radium 
Radium
I 131

Material

Garbon 
Carbon 
Carbon 

Magnesium 
Magnesium 
Magnesium 
ïvlagnesium 
Magnesium 
Magne sium 
JVIagnesium 
Copper 
Copper 
Copper 
Copper 
Copper 
Copper 
Lead 
Lead 
Lead 
Lead 
Lead 
Lead

Relative Stopping 
power/air

Mean Value

1.02
1.02 
1.02

0.95

0.88

0.81
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TABLE III

peak
MeV.

mean
MeV. Material

Energy absorbed 
Energy absorbed carbon

J/J 
' c

measured ÊJ
5 1.6 2.5 Lead 1.2 - l.I}. 2.05 0.59 - 0.68
10 5.5 - 5.0 Lead 1.7 - 2.5 1.95 0.88 - 1.19
15 5.0 - 7.5 Lead 2.5 - 5.2 2.05 1.12 - 1.56
20 7.0 - 10 Lead 5.0 - 1|_.0 2.22 1.55 - 1.80
50 10 - 15 Lead ip.O - 5.0 2.1A 1.614. - 2.05
50 17 - 25 Lead 5.5 - 7.0 2.6I|. 2.09 - 2.65
5 1.6 - 2.5 Copper 1.02 1.28 0.8
10 5.5 - 5.0 Copper 1.12 - 1.52 1.52 0.85 - 1.00
15 5.0 -7.5 Copper 1.55 - 1.60 1.58 0.96 - 1.16
20 7.0 - 10 Copper i.5t - 1.86 i.lj-6 1.05 - 1.27
50 10 - 15 Copper 1.86 - 2.20 1.56 1.19 - l.l4_l
50 17 - 25 Copper 2.55 -2.75 1.14.8 1.59 - 1.86
5 1.6 - 2.5 Magnesium 1.01 1.06 0.95

10 5.5 - 5.0 Magnesium 1.05 - 1.08 1.02 1.01 - 1.06
15 5.0 - 7.5 Magnesium 1.08 - 1.15 1.06 1.02 - 1.08
20 7.0 - 10 Magnesium 1.15 - 1.21 1.1I+ 1.01 _ 1.06
50 10 - 15 Magnesium 1.21 - 1.50 1.2I4. 0.98 - 1.05
50 17 - 25 Magnesium 1.50 - 1.1|_0 1.06 1.28 - 1.52
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TABLE IV

Peak Energy Material Stopping Power
relative to carbon

10 MeV. Magnesium I .03
10 MeV. Copper I.I7
10 MeV. Lead 1.62
20 MeV. Magnesium 1 .06
20 MeV. Copper 1 .14.2
20 MeV. Lead 2*33
50 MeV. Magnesium I .23
50 MeV. Copper 1.88
50 MeV. Lead 3*^^
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Using Heitler*s formula for the total energy loss ' 
of a fast electron in passing through matter the relative 
stopping power per electron has been calculated for a range 
of energies and atomic numbers. The effect of the 
heterogeneity of the incident radiation has been taken 
into account. The appropriate Heitler spectral distributions 
have been divided into a number of bands to which a mean 
energy has been assigned; the energy losses for these average 
energies have then been calculated and the values so obtained 
weighted according to the relative intensities at each 
energy. The relative stopping powers per electron for 
magnesium^ copper and lead relative to carbon obtained in 
this way are given in Table IV. It will be seen that the 
values for the heavier elements are considerably higher 
than the experimental values obtained and plotted in Pig. 60. 
This is probably due to the fact that the incident radiation 
sets in motion electrons with a v̂ ide range of energies 
resulting in a lov̂ er average energy for the electrons 
traversing the material and hence a lovmr stopping power. 
Point is added to this explanation by the small deviation 
from theory found for the low atomic number material 
magnesium, where the change of stopping power with energy 
is small. To obtain the average energy of the electrons 
set in motion by the incident radiation a knowledge of their , 
energy distribution is required. Calculations are in hand
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to enable, in this way, a more exact comparison of theory 
and experiment to be made.

([}.) Measurement of short wavelength X rays in ront^ens*
To measure the flux of an electromagnetic 

radiation by the measurement of ionisation in a small 
cavity it has been shown that arbitrary measuring conditions 
must be imposed. In order to compare the above measurements 
with similar measurements at lower energies we naturally 
try to impose the same conditions relating to atomic number 
of gas and chamber walls, electronic equilibrium and 
scattered electromagnetic radiation as implied in the 
definition of the rontgen.

V\fe must first have a wall thick enough to supply 
all the electrons crossing the cavity, which means the wall 
must be at least as thick as the range of the fastest 
secondary particles and since this thickness is seen (Figs.
32 to 52) to amount to several centimetres it must now be 
decided:-
(a) l/l/hat correction must be made for the absorption of 
primary radiation in the wall?
(b) What correction must be made for the effects of the 
secondary electromagnetic radiations comprising scattered 
quanta, annihilation radiation and radiation loss by electrons?
(c) At what point in space is the electromagnetic radiation 
measured?
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The best answer which can be given to (c) is that the 
measurement is made at the "centre of gravity of the 
’build-up’ portion of ionisation-wall thickness curve." 
Electrons enter the measuring cavity from elements of mass 
throughout the whole thickness of the v^all required for 
build-up and any of these elements can influence the 
resulting ionisation. It seems, therefore, that the 
position of measurement may be best regarded as the "centre 
of gravity" of tiie electronic distribution reaching the 
cavity, the electrons arising in different elements of mass 
being suitably weighted as to their effectiveness. Since 
experiment shows the effectiveness to vary approximately 
linearly with distance from the cavity the centroid is a 
reasonable position at which the measurement of energy flux 
may be regarded as being made.

This decision determines the correction which 
need be applied for absorption of the primary radiation in 
the front wall of the chamber. A correction for absorption 
in a thickness of wall equal to the depth of the centroid 
from the front wall of the chamber must be made. This more 
exact correction differs little from that applied by 
Mayneord and Roberts®^ when the correction for the wall ^
thickness from the front face to the position of maximum 
ionisation was applied.

This method of correction for absorption partially.
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at least, takes care of the correction for scattered 
electromagnetic radiation.

In Fig. 6l is shovm the curve of log. ionisation 
current against wall thickness obtained in a carbon chamber 
with the 20 MeV. betatron. The centroid of the build-up 
curve is found to lie 2.0 cms. from the front face. The 
slope of the curve beyond the maximum is taken as a measure 
of the absorption of the primary radiation in the material 
of the walls. Extrapolating, therefore, as shown the 
absorption correction is the ratio of the ionisation current 
at 2.0 cms. to that at zero wall thickness, that is to
1̂1 7̂* The maximum ionisation current (3^.8 ) is then 
multiplied by this ratio so that the final current is

39.8 X  = 1).2.7 e.s.u./cc./min.

Three further corrections must be applied before the 
result is in rontgens. These are corrections for temperature 
and pressure of the air and atomic number since carbon is 
not strictly an "air-wall" material though the deviation is 
small. The final corrected value is i|_3 .9 r/min. This was 
obtained at 125 oms. focal distance and therefore at 1 metre 
the dosage-rate is approximately 68.7 r/min., a good 
example of the order of dosage-rate consistently observed 
at 20 MeV. with this instrument. It will be shown later 
that this is in good agreement with Kerst’s own measurements.
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These results indicate that up to 20 MeV. at 
least, it is possible to obtain a reasonable estimate of 
dose in rontgens. Obviously, hovmver, difficulties are 
appearing which as stated earlier make the rontgen an 
unsuitable unit in which to measure high energy radiations. 
The lack of knowledge as to what we may now interpret as 
"associated corpuscular emission" is aggravated by the 
great wall thicknesses required to establish equilibrium 
which may introduce unknown quantities of secondary 
scattered radiation and finally the difficulty of deciding 
v/here the measurement is taking place will increase the 
higher the energy.

It is quite clear also that inside a medium at 
points nearer the surface than the point of maximum 
ionisation current the measurements cannot possibly be 
called rontgens. Since a measurement at points nearer 
the surface than this are frequently of interest we are 
faced with the choice of making the measurement with a 
chamber of wall of sufficient thickness to measure in 
rontgens or of one v/hose wall is so thin that it contributes 
nothing to the observed ionisation. That is we have the 
choice between imposing unique measuring conditions in an 
endeavour to measure the primary radiation or making a 
measurement which characterises the conditions existing, 
however complex.
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A modified approach to the problem of measuring
1 OPthe primary radiation is suggested, by Lax. Here an

ionisation chamber whose wall thickness is considerably 
less than tiiat required to build up electronic equilibrium 
is suggested. For measurements on the 100 MeV. betatron 
he uses a chamber consisting of two carbon plates separated 
by a thin gas layer. The thickness of carbon wall is 
1|_.5 cms. He applies suitable corrections for the thickness 
of the wall, absorption of the beam of primary radiation in 
the wall, scattering and losses by radiation from the 
electrons in the wall and computes the sensitivity of such 
a chamber to an accuracy of 5%-

This solution is attractive for measurements at 
very high energies where, normally, very thick chamber 
v/alls would be required but for energies up to say ^0 MeV. 
the introduction of the uncertainties due to calculations 
of scatter, losses by radiation and the possibilities of 
repeated Compton encounters of scattered quanta in the walls 
of the chamber make it preferable to use direct measurements 
as outlined above.

It seems possible then, from the experimental 
evidence obtained, that the definition of the rontgen may 
be sufficiently accurately fulfilled to enable an 
estimation of dosage-rate in primary beams to be made to an 
accuracy adequate for comparison of different pieces of 
apparatus.



Fig. 62
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(5) Comparison in rontgens of output of British and American 
high energy generators.

Using the above method an endeavour has been 
made to compare the output of American and British machines 
in rontgens as follows.

First, in the laboratories of the Royal Cancer 
Hospital the standard victoreen kept in the Physics 
Department of that hospital was used to calibrate, at 200 kV., 
the probe system with a 2 ram. wall carbon chamber. As 
stated earlier the victoreen, just prior to these measure
ments, had been standardised by the National Physical 
Laboratory over a range of qualities enclosing the one 
employed for the probe system calibration. The probes 
were, therefore, calibrated in e.s.u. of charge per cc. per 
minute, per division of scale. A typical curve is shown 
in Fig. 62. .The carbon chamber probe system was then placed 
in the high energy beam to be measured, the variation with 
wall thickness of carbon observed and the value corrected 
as explained above. This reading was then corrected for 
temperature and pressure to the conditions under which the 
probe was calibrated. Finally, correction was made for 
the fact that carbon is not strictly "air-wall." This 
correction as will be seen from Fig. ^8 is negligible at 
10 MeV. and at JO MeV. is estimated at only J%, the carbon 
chamber reading too low. The resulting value of the ionisation



75-

current is then in e.s .u./cc./min, under conditions 
appropriate to the definition of the rontgen. The dosage- 
rate is then known in r/min.

The measurements thus made were compared with 
values previously given as r/min. by the workers at Urbana 
and Schenectady. At Urbana, Kerst and his colleagues had 
used a victoreen condenser dosemeter inside a block of plastic 
to build up its wall thickness. This plastic cylinder had 
a wall of J.7 cm. and was suitable for the purpose, but no 
correction had been made for absorption in its mass. The 
Urbana team nov; use the victoreen in a "pressdwood" phantom 
in which small animals had been irradiated.This 
measurement of dose seems, therefore, to be valid when made 
at depths greater than the equilibrium thickness.

In order to compare the probe system measurements 
with those of Kerst it was first necessary to compare 
victoreens. This was effected by comparison of the Kerst 
victoreen and the carbon chamber probe system in a 200 kV. 
pulsating iC.M.P. X-ray plant. It was thus found that the 
Kerst victoreen read lower than the probe system. 
Experiments were then carried out with the two systems at 
10 and 20 MeV.

It might be mentioned that a comparison of the 
naked victoreen and the probe system in the 20 MeV. beam 
showed that the victoreen read too low by a factor of 2.9
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owing, of course, to lack of electronic equilibrium. This 
serves to emphasise the misleading and possibly dangerous 
results which would arise from the use of the instrument 
in this way to compare effects at high and low voltages.

Comparisons of the two systems under proper 
conditions were carried out by building up the wall 
thickness of both the victoreen and the probe unit chamber 
with the same blocks of carbon. Convenient blocks of 
carbon 6 cms. thick were available and therefore used for 
the experiment, the instruments being placed in the beam 
as close as possible behind the carbon blocks. The beams 
were monitored continually by a second victoreen dosemeter 
during the experiments. A sample of the observations made 
is given below.
20 MeV. 6 cms. carbon front wall for both instruments.
Kerst(s victoreen reads (mean value) I9.7 r/min.
Carbon probe system reads (mean value) I7.6 e.s.u./cc./min.
Carbon probe corrected to standard
conditions of temperature and pressure l8.2 e.s.u./cc./min.

Corrected to value at centroid 21.6 e.s.u./cc./min.
Corrected for carbon to ^air-vmll** chamber 21.8 r/min.
Kerst victoreen corrected for
temperature and pressure 20. r/min.

Thus the victoreen reading uncorrected differs by 7% from 
the r/min. estimated by the probe system. If a correction
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for wall thiokness be made to the victoreen it is found 
to read about 10^ higher than the probe system. A similar 
comparison at 10 MeV. showed a difference in the same 
sense of Thus relative to the probe system the
victoreen reads at 200 KV. lower, at 10 MeV. higiier 
and at 20 MeV. 10% higher.

A comparison with the victoreen in the plastic 
shell was also made at 20 MeV. The composition of the 
shell was not known and the corrections to be applied 
were, therefore, uncertain but agreement in readings to 
within 10% was again obtained.

In view of preliminary nature of the results 
this comparison shows good agreement with Kerst ̂ s measure
ments and certainly it appears that at 20 MeV. agreement on 
a measurement in rontgens, to a reasonable accuracy, can be 
reached.

At Schenectady the method of measurement used 
had consisted in surrounding the chamber of a victoreen 
condenser dosemeter vâth a lead cap thick. A comparison 
of this system and the carbon probe system was made at 
11 MeV. and at Ij.7 MeV. It is found that the uncorrected 
readings of the victoreen in the lead cap read 1.JO times 
the estimated r/min. at 11 MeV. and 2.8L}. times the value 
at Ij.7 MeV. Comparison w ith Pig. J8 shows that at 11 MeV, 
the ratio is less than that between pure lead and pure
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oarbon chambers, evidently due to absorption of electrons 
from the lead in the wall of the victoreen chamber. The 
ratio at [j.7 MeV. agrees roughly with that found in Fig. J8 
for the ratio of maximum ionisation in pure lead and carbon 
chambers.

Similar measurements have been made at T.R.E., 
Malvern, on the 1J MeV. synchrotron and at 2i| MeV. during 
the development of a JO MeV. synchrotron in order to 
determine the true output in rontgens and to standardise 
measuring systems in use at T.R.E. The output of the 
IJ MeV. machine was very low and found to be at 1 metre 
approximately 0.2 r/min. at IJ MeV. The output varied 
little with energy. It was known, however, that this 
machine had not a very good field shape and it is probable 
that electrons were being lost as the energy increased, 
a possibility substantiated by the measurements reported 
earlier showing the large background of stray electrons 
found round the machine.

The output of the JO MeV. synchrotron measured 
at 2i|. MeV. was J r/min. at a metre. This has subsequently 
been increased to IJ r/min. at 1 metre.

Two further possible difficulties arise in these 
measurements and comparisons. The radiation from 
betatrons and synchrotrons is emitted in bursts of the 
order of 1 - J jn sec. at intervals depending on the 
excitation frequency but usually of the order of 1/ JO sec.
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The instantaneous dosage-rate is therefore of the order 
of icA times the mean value. The two difficulties 
introduced are first that of saturation ionisation current, 
there being a possibility of loss of ions by recombination 
and secondly possible errors due to the inability of a 
dosage-rate measuring system of relatively long time 
constant to follow the instantaneous variations. No 
effects have been observed which could be interpreted as 
lack of saturation. A direct test was made using the 
I4. MeV. linear accelerator at Malvern as source of radiation. 
The output pulses from this machine are of the order of 
1 ̂  sec., at least as short as those from betatrons and 
synchrotrons. The voltage in the carbon probe chamber was 
changed in steps from I80 volts (the voltage usually 
employed) up to JOG volts at an observed dosage-rate of 
15 r/min. No change greater than 2.% was observed in the 
ionisation current witti this change of field.

Mr. J.Vi/, Boag of the Medical Research Council 
has carried out certain calculations on this problem 
and checked these with measurements using the I}. MeV. linear 
accelerator, obtaining very good agreement between the 
two. The writer is indebted to him for the use of the 
information by which it has been calculated that with the 
geometry and field strength used in the carbon chamber the 
error due to lack of saturation does not exceed The

particular geometry used in the carbon probe system does
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not allow the best application of Boag’s theory but this 
value is in fair agreement with the value of 2% observed 
above.

No effects of wave form have been observed.
The ratio of probe to victoreen readings (a condenser 
dosemeter with high field strength in the chamber) remained 
constant to within a fev; percent whether the comparison 
was made on a constant potential X-ray plant, a pulsating 
potential X-ray plant or a generator of the betatron type 
emitting very short pulses.

It therefore seems tliat the absolute values of 
dosage rate are acceptable to an accuracy of say lÔ o, no 
evidence having been obtained that either of the effects 
suggested has appreciably influenced the results given 
above.

mASURBMBNT OF RADIOACTIVE ISOTOPES

It is obviously of interest to be able to 
correlate the dosage-rate at a given distance from a known 
quantity of a radioactive isotope and tJriat due to a beam 
of radiation. It is significant that the steps required 
to achieve correlation are to calculate the energy absorption 
in ergs/gm. from the radioactive source and then to relate 
this to the energy absorbed when 1 rontgen is delivered to 
1 gramme of air or water. This might well be, and has no
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doubt been, used as an arguiaent for the adoption of energy 
absorption in ergs/gm. as a unit of measurement of 
radiation.

The preliminary theory has been developed very
clearly for beta and gamma-ray emitters by Mayneord9̂  and
for beta-ray emitters by Marinelli. Mayneord has shown
that the theory leads to a satisfactory correlation betv/een
the experimental and calculated values for the dosage-rate
at 1 cm. from 1 mgm. of radium (8.J r/hr. when filtered with
Ü.J mm. platinum) and the theory provides similar constants
for other radioactive sources of different energies.

Using some sources of radioactive Go 6o and I IJl
an endeavour was made to measure their value and also
through the means adopted for this evaluation to provide
a check on the theory by which the evaluation v/as made.
The measurements were made using the P.P.jlf system along
Vi/ith the set of ionisation chambers described earlier.
Some difficulty was experienced in getting the requisite

12sensitivity with the P.P.JI4. system, the use of a 10 
resistor in the circuit resulting in a very long time 
constant. A few early results were, hoy/ever, made with 
this arrangement (Series III) until a more sensitive 
galvonometer made the use of a 10^^ resistor practicable. 
(Series I and II). The sensitivity of the system was 
approximately I4. x 10  ̂r/sec. per cm. division of the
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galvonometer scale which, with the ionisation chamber 
volume used, corresponded to S.Ij. x 10"^^ amps, per cm. 
division of the scale. V/ith some of the weaker sources 
the accuracy was, however, less than would be desired.

The sources available included a number of Go 6o 
sources comprising some granules enclosed in a thin celluloid 
tube, a l'* diameter cobalt 6o disc and a short length of 
cobalt wire which had been gold plated to absorb the 
0.51 MeV. rays emitted in the disintegration. The range of 
these beta rays in gold is approximately Û.05 mm., so a 
comparatively thin coating of gold is an adequate filter.
An autoradiograph of two lengths of the v;ire is shown in 
Pig. 65 along v;ith that of a length of bare cobalt 60 wire. 
The beta radiation is clearly seen around the bare wire and 
also around the parts of the gold plated v/ire from which 
the plating had been stripped. In the case of the short 
length of wire no beta radiation can be seen to come from 
the end of the wire where it has been cut. No doubt the v/ell 
known property of gold whereby it welds under pressure has 
resulted in a layer of gold plate at the end of the wire.
This has, however, not happened in the case of the longer 
piece of Ŷ lre and a "jet" of beta radiation can be detected 
corning out from the gold plated end of the wire. The 
effectiveness of the gold plating is clearly demonstrated. 
Other sources were a glass ampule containing a quantity of
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I 151 in a sodium iodide solution and two radium needles 
of 2.11 mgm. and Ü.  ̂mgm. value kept in the Physios 
Department of the Hospital as standards.

The comparisons were effected by measuring the 
ionisation currents in ionisation chambers of different 
wall thickness and different materials with the sources 
placed one at a time at a distance of 11.Ü cms. from the 
measuring volume. This distance was chosen as a compromise 
between that required to obtain a deflection of sufficient 
magnitude to ensure accuracy and that to give uniform 
primary radiation throughout the irradiated material as 
well as to ensure that each source could be regarded as 
nearly a point source. The error involved in the latter 
was negligible. The largest linear dimensions of any of 
the sources was 2.  ̂cms. and the error involved in regarding 
this as a point source is therefore less than Vfo. For the 
iodine measurements a distance of 8 cms. had to be used 
but the error involved is still small enough to be neglected 
The curves obtained from these measurements are shown in 
Pigs. 6I4. to 7^. The rather odd maxima shown are thought 
to be due to the electronic build-up for the gamma rays 
on which is superimposed the effect of the beta rays emitted 
from the sources. This latter effect would explain the 
sharp drop of the curve occurring at a thickness equal to 
the range of the electrons. The O.J MeV. electrons from
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Co 6ü have a range of approximately 1 mm. in a light 
material such as carbon. The subsequent fall of the current 
measured as the wall thickness is increased is due to 
absorption of the primary radiation.

To interpret the results the measurements v;ere 
plotted as in Pigs. 76 to Bij., showing log^Q (ionisation 
current) against wall thickness in electrons per sq. cm.
The value of the ionisation current in conditions 
appropriate to measurement in rontgens was obtained by 
the method adopted by Mayneord and Roberts,^^ the curve 
being extrapolated back to zero wall thickness thereby 
correcting for absorption in the walls of the chamber and 
at the same time satisfying the condition that electronic 
equilibrium should be built up. The very small difference 
between this correction and the true one described earlier 
is neglected.

Unfortunately the value of the high resistor vms 
not knov/n to any accuracy and the absolute values of these 
currents could not be obtained.

The values of the isotope sources could be 
obtained as follows. The rontgen as explained earlier is 
essentially a unit of energy absorption in a given mass of 
air. For our purpose it is important to determine the 
energy flux, in beams of quanta of various energies, required 
to record one rontgen. The theory has been discussed by 
Mayneord.The fraction of the incident energy converted
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into energy of electronic motion may be written

( r  t  *-7tJ  -y. ̂

where 6̂  and Tr are the usual real absorption coefficients 
expressed per atom and N dm is the number of atoms in 
the mass dm.

If Ep is the energy flux of the radiation per
2cm. per rontgen we have in air

£fr (T" ̂  ^  = 8Ij. ergs .

Mayneord has calculated the values of Sp over a range of 
energies and finds the energy flux is roughly constant at 
$000 ergs/sq.cm./r from 0.1 to 1.0 MeV., thereafter rising 
slowly to about twice the value at 10 MeV,

If we now consider a point source of 1 curie 
strength of any gamma-ray emitting substance, emitting 
for simplicity one quantum of energy E MeV. per disintegration 
the intensity of the radiation at 1 cm. from the point 
source will be

I = ^  (5.7 X 10^^ X 5600 X X 1.59 X 10“ )̂

= 1.689 X 10  ̂ epgs/sq. cm./iir.

Where the number $#7 x 10^^ represents the number of 
disintegrations per second from a source of 1 curie strength. 
From the previous calculations we obtain the dosage-rate 
in r/mc.hr.: -

D = 1.685 ^ ^MeV.
&
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Prom Mayneord*s calculations a value of 
15.55 r/hr. from a point source of 1 me. of Go 60 at 1 cm. 
is obtained.

Using this value and the known value for the 
dosage-rate at 1 cm. from 1 mgm. of radium filtered by 
0.5 mm. Pt, we have:-
Value of Go 60 source in me. = x x (mgm. of Ra)

^Ra 15*55
where J « current measured.

• 18 2 o %. • Value of granule source = x lF^ 5  ^ 2.11 = I.76 me

Similarly the value of the disc source (No. 11) = 0.68 me. 
and the value of the gold plated wire source = 0.19 me.

In order, however, to verify the validity of 
these calculations the following method was used.

Gray * s equation for the ionisation current per 
unit volume in an ionisation chamber gives : -

= 1.55 X 10“51 n f(Z) ergs/cc.

where as before = energy absorbed per unit volume.
n = electronic density of medium in which

measurement is made. 
f(Z) = slowly varying function of Z depending

on the relative stopping powers of the
medium and air.
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It is possible, knowing the appropriate absorption 
coefficients, to calculate for any given material and 
it should therefore be possible to show that the different 
ratios of ionisation current for say a cobalt source and 
radium source obtained in chambers of different materials 
do, in fact, represent the same relative activities.

" 'co

V  « v
For a chamber of the same material we, therefore, have : -

fco _ fco
% a  “ JRa

But the rate of energy absorption is given by

E = 1,685 X -i-Ti ) X ergs/cc-/hr.

where X = strength of source.

J 1.685 ^ % e V . p  (  ̂^* to „ to
■̂ Ra 1.685 X %ev.jjĝ  ( ■* 6%^  ̂ ) % (mgm. of Ra)

. , Strength of cobalt source in me.

‘’’co & a   ̂ ^ (mgm. of Ra)_ . . . (1 ) 
f //. Ja

The values of the real energy absorption coefficients for 
cobalt, a source of almost monochromatic radiations, are 
easily and accurately calculated as before from the iCLein-
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NisJaina values for , Fowler-HuIme values for V  and the 
Heitler-Bethe values for 7f. The values for radium and 
iodine are, however, much more difficult to calculate owing 
to the width of the energy spectrum in their disintegration 
scheme. To obtain the appropriate value of the real energy 
absorption for each material, the absorption coefficient 
appropriate to each spectral line was calculated and the 
overall value obtained by weighting the individual values 
in relation to the intensity of each particular line. The 
spectral distribution used for radium is that of Ellis 
and Aston^^^ and the one for iodine that of Deutsch and 
Mitzger.^^^ Allowance has been made for the filtration of 
0.5 mm. Pt in the case of the radium source and 1 mm. 
glass in the case of iodine source.

The values for paraffin wax have been calculated 
using an "effective" atomic number calculated from its 
proportional composition.

The results of calculations of the values of the 
various sources based on the tlieory above and those values 
thus obtained of the energy absorption coefficients are 
shown on Tables V and VI. It will be seen that on this 
basis there is fair agreement between the comparison (in 
chambers of different materials) of radium and cobalt, 
radium and iodine, and cobalt and iodine sources. Ttie 
comparisons in lead chambers are somev/hat uncertain owing
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to the difficulty in estimating the true current due to 
the radium and iodine sources, the quality of the radiation, 
from these sources, changing rapidly with the thickness of 
the chamber v/all.

It will be seen, hov\/ever, that the measurement 
of the activity of radioactive materials by comparison with 
a standard source when the two sources differ in the energy 
of their gamma-ray emission may be satisfactorily carried 
out by an ionisation current comparison in an air wall 
chamber of suitable design.

Disagreement still exists between the absolute 
values obtained as above and shown in Tables V and VI and 
the values obtained using the "k" factor of Mayneord. This 
is certainly due to differences in the value of the 
absorption coefficients adopted. Since the divergences 
are all in the same direction and of the same order the 
disagreement undoubtedly arises from the values of the 
coefficients calculated for radium.

The ionisation current ratios for chambers of 
different materials have been used in the calculation, 
earlier, of relative stopping pov̂ ers and are found to agree 
well with the values obtained by Bethe and Gray. In 
consequence the above measurements can be regarded as a 
demonstration of the validity of Gray * s equation

= 1.55 X 10“5  ̂n f(Z) Jy ergs/cc.
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As will be seen from Table VII there is agreement between 
the values in the column showing the relative energy absorbed 
as calculated from the real energy absorption coefficients 
and these in the column showing the relative energy absorbed 
as calculated from Gray*s equation.

From the slope of the curve of log ionisation 
current against wall thickness the value of the real energy 
absorption coefficient may be obtained. It is unfortunate 
that tlie extended series of chambers giving large vmll 
thicknesses v/as not available during these experiments since 
the small number of points (often only two) after the 
maximum of a curve makes the measurement of the slope of 
lov/ accuracy. The values obtained have, however, been given 
in Table VII and these v;ill be seen to be of the ri^t order 
but tend to be higher than the theoretical values computed 
as described above. As already stated, the nuiiiber of 
points available to determine the slopes of the curves was 
small and it is, further, possible ti'iat some scattered 
radiation is being recorded. The distances from possible 
scattering objects were as large as possible but no 
collimating system was available for the various sources.
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TABLt; V.

Source

Radium 2 mgm. 
standard needle 
= 2.11 mgm.

Chamber
Material
Carbon
Wax

Magnesium
Copper
Lead

J

15.514-12.70
15.50
16.22
55.00

-A mo.

Cobalt 60 
granules

Carbon
Wax

Magnesium
Copper
Lead

18.20
17.50
21.88
59.80

2.16
2.16
2.52
2.59

Cobalt 6o 
disc No. 11

Carbon
Wax

^lagnesium
Copper
Lead

6.99
n i
8.61
15.2IJ.

0.8k
0.8Ô
0.97
0.91
0.96

Gold plated 
Co 6o wire

Carbon
Wax

Magnesium
Copper
Lead

1.95
:2.oo
2.22
2.16
I4-.07

0.25
0.2k
0.26
0.25
0.25

Radium
2 mgm. needle

Carbon
Lead

11.05
_̂6«8o

-

Cobalt 6o 
disc No. 11

Carbon
Lead

6.50
15.50

0.90
1.00

Radium
2 mgm. needle

Carbon
Lead

l̂ -.ôo
19.95

-

Cobalt 6o 
granules

Carbon
Lead

6.85
iL̂.ii.5

2.56
2.51

Series I

Series II

Series III
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TABLE VI

Source Chamber J 
Material

X me.

Radium 0 .̂  mgm. 
standard needle

Carbon 6.O5 
v/ax 6.09 

Magnesium 6.87 
Copper 7#9u 
Lead 28.20

1 151
s our c e

Carbon 2.2? 
Wax 2.09

Magne s ium 2. Lj.0 
Copper 
Lead $2.$0

i.6$x0.9
1.62x0.^
1.66x0.9
1.77x0.9

lod ine-Radium 
Comparison

G060 disc No.5 
= y me.

Carbon "J .16 
Magne s ium 7*^5

0.89x0.9
0.87x0.9

Cobalt-Radium
Comparison

Carbon
Magnesium

1.89 X y
1.82 X y

Iodine-Cobalt 
Comparison

By factor:

Xj = I f 9 “ l.l)-9 X 0.9

^Co “
7-16 ^ 8 a  ^ 
6.05 15.55 0.9 = 0.79 X 0.9 me.

2_.aZ ^ ,U.,.55 ^ 
7.16 2.1 y « 2. oLj. X J

where y = strength of cobalt 
source
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TABLE VII

Source ChamberMaterial
J

stopping 
power f from Fig.52

Realabsorptioncoefficient
u X 10^5 e

RatioJ
carbon

Ratio

carbon
ÏÏ . P 3 
1 - 1.02Jcarbon

Slope of curve 
per electron

Cobalt Carbon 18.20 1.02 0.907 1.00 1.00 0.922Wax 17.50 1.04 Q.906 0.96 0.997 0.98granules Copper 21.90 0 ^ 5 1.20 1.02 1.00Lead 5^^o 0^^ 1.491 2.19 1.65 1.61 1.750

Cobalt disc 
No. 11

Carbon Magne siiMi 
Wax Copper Lead

8.6115.24

1.020.941.04
0.75

0.907
0.907Ü.9060.9251.491

1.00
1.17 1.02 1.252.18

1.00
1.000.9971.021.69

1.08i.o41.021.60

0.610
1.540
0.905
1.880

Carbon 1.95 1.02 0.907 1.00 1.00 1.020O.P. Magnesium 2.22 0.94 1.14 1.00 1.05 1.150Wax 1.99 1.04 0.906 1.02 0.997 1.04Co wire Copper 2.16 0.85 0.925 1.16 1.02 0.97Lead 4.07 0^^ 1.491 2.08 1.65 1.55 1.440

Radinm 2 mgm. needle

CarbonMagnesiumWax
CopperLead

15.5415.5012.7016.2255.00

0.880

0.9715.160

1.00
1.01 0.95 
1.52
4 . 1 4

1.001.01 
0.99 1.10 
5.60

0.950.971.10

Cobalt 
disc No. 11

CarbonLead
6.5015.50 0.9071.491 2.15 1.001.65 1.58

Radium Carbon
2mgm.needle Lead

11.0546.80 0.880
5.160 4.24 5.60 5.10

Cobaltgranules Carbon . Wax • 
Lead

6.85-6.70M.45
Carbon L-.60. 2 mgm. 'Oax 4*70

needle Lead 19*95

0.9070.9061.f̂U

5.160

0.98 ̂ 0.997
'-21.1 -^"50
4^1 5.600

1.00
1.55

0.8800.750
0.920

1.69

1.76

"1.04
5.20

Carbon 2.27I 151 Magnesium 2.40 Wax 2.09
ampoule Copper 5 *4° Lead 52.50

0.9681.000
0.(#^
1.28511.950

1.041.06
0.92
1.5914.20

1.000
1.010
0.9921.26012.800

0.98
1.16010.500

Co 60disc No.5 Carbon esium
7.16
7.85

0.9070.907
1.001.09 1.000

1.000 1.Ü0

Radium 
0.5 mgm. needle

Carbon 
slum Wax 

Copper Lead

6.05
6.87

28.20

0.880 
0.890 0.870 0.c%l 5.160

1.001.191.011.52
4-70

1.000
1,0100,990
1.1005.600

1.10
1.05
1.10
5.50
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MJiiASUREMENTS IN  A SGATTmiNG IvIüIDIUM

The X radiation measured at a depth in a 
scattering medium comprises primary radiation which has 
penetrated to the point of measurement and radiation which 
has been scattered to the point of measurement from 
adjacent elements of medium. The scattered radiation v/ill 
reach the point of measurement from all directions and 
the relative amounts of forv/ard, side and backscatter will 
depend upon the conditions pertaining. For primary radiation 
of low energy, say 200 kV., a large fraction of the 
radiation V7ill be scattered back, the percentage back
scatter being of the order of 1|0^̂. As the primary energy 
is increased the scattered radiation, due mainly to 
Compton encounters, tends to go more and more in the 
forv7ard direction and the percentage backscatter rapidly 
decreases.

Where back and sidescatter are important the 
dose of radiation measured at a point in a scattering 
medium will depend greatly on the volume of medium 
irradiated since the amount of scattered radiation received 
will increase as the number of possible scattering elements 
increases. The limit to the increase is reached when the 
edge of the irradiated volume is at a distance from the 
point of measurement greater than the range of the scattered 
radiation. At 200 kV. this condition is reached when the
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irradiated field on the surface of the scattering medium 
has a diameter of approximately 22 cms. When the energy 
of the primary radiation is high the scattered radiation 
goes, predominantly, forward and consequently the amount 
of scattered radiation received at a point in a scattering 
medium depends to a smaller extent on field area.

As the radiation received at any point comprises 
both primary and scattered radiation the quality of the 
radiation will depend in a complex way on the relative 
amounts of primary radiation and of f orward, back and 
sidescattered radiation received. The change in wavelength 
due to a Compton encounter resulting in scatter backwards 
is large (O.OlqSS) but decreases as the scattering direction 
approaches that of the primary quantum. Further, in tlie 
case of a heterogeneous primary beam the medium will act 
as a filter transmitting the more penetrating v^avelengths. 
Mayneord and Clarkson^^"^ have studied extensively the 
variations of quality of the radiation in a scattering 
medium for energies up to approximately $^0 kV. These 
workers used a double ionisation chamber, the two parts 
of which were of different materials. A comparison of the 
relative ionisation currents in the two parts served as an 
indication of the mean quantum energy of the beam being 
investigated. They found that, at the energies they 
investigated, the scattering effects masked the filtration 
effect and the beam of radiation became softer as depth in



$ 6 .

the scattering mediiuii was increased.
A number of measurements of the distribution 

and quality of radiation in and around a scattering medium 
have been made. Measurements of backs catter have been 
made on the surface of "pressdwood" phantoms, one at $ MeV. 
using the Van de Graaff generator and one at I4 MeV. V7ith 
,the Malvern synchrotron.

The former measurement was made using the 
carbon chamber probe system, a value first being obtained 
for the dosage-rate in air and then values for the dosage- 
rate for various field sizes, obtained with the chamber 
lying close against the surface of the phantom. A similar 
measurement using the small condenser chambers described 
was made using the open filtered beam of the Malvern 
synchrotron. In both cases the generator output was 
independently monitored during the experiments.

The value of percentage backs catter obtained 
at 5 MeV. v;as 5%, apparently independent of field size 
as expected, and the value at I4. MeV. was The back
scatter is certainly low at these energies and the values 
obtained are in approximate accordance with theory.

Some measurements of the distribution of radiation 
inside a "pressdwood" phantom were made with the open beam 
of the Malvern synchrotron at I}. MeV. The "pressdvjood" 
phantom consisted of a number of I4.O cm. square blocks of
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thickness varying from 1 cm. to 10 cms. Two blocks of 
1*5 cms. thickness had a Ij.5̂ sector cut out as shown in 
Pig, 85 and. the inside faces of these two sectors were 
machined by a special cutter to hold the small ionisation 
chambers described earlier. Vi/hen filled with chambers the 
sectors could be refitted to the blocks from which they 
were cut and the whole 5 cms. tMck block placed at any 
depth in the phantom so that measurements from I.5 cms. to 
some I4.O cms. depth were obtained. Surface values were 
obtained by using only the back half of the block and fixing 
the chambers, buried to half their depth, in the face of 
this half. By rotating the block, at each depth, at a
time through distributions along eight radial lines 14,5̂
apart were obtained. The distribution measurements were 
made before the presence of the electron background in the 
beam was realised. The curves (Pigs.86, 87, 88) show three 
of these distributions in parallel planes at depths of 
Ü, 5,5 and 25*5 cms. at right angles to the direction of 
the beam, points at which equal doses were observed being 
joined to form isodose curves. Pig. 86 serves to emphasise 
the asymetry of the beam already noted in Pig. 7 while 
Pigs. 87 and 88, where the electrons have been filtered 
out by the surface layers of the phantom, show that in a 
*'clean** beam symetrical distributions may be expected.

In Pig. 89 can be seen the distribution in a 
plane containing the centre axis in which the above features
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are again evident. In Pig. 0̂ the centre axis depth dose 
is shown. The initial sharp drop here represents, clearly, 
the removal of the electrons from the beam. The subsequent 
slope of the curve, however, is about ttiat to be expected 
at an energy of II MeV.

These distributions serve to emphasise the 
erroneous interpretations, and in the case of the medical 
use the danger to a patient, Vi/hich could, in adverse 
conditions, result from lack of care in determining the 
nature of the radiation emitted by a generator of the type 
used and also from dosage measurements made without an 
understanding of types of radiation emitted.

Distributions have been measured by herst and 
his collaborators^^ at 20 MeV. showing the possibilities 
of well defined beams with sharp edges and flat fields 
obtained by differential filtration. Their centre axis 
depth dose distributions are in accord with what would be 
expected judging from the observations reported above in 
carbon chambers of varying wall thickness. A number of 
distributions over a range of energies have also been made 
by Charlton and Breed^^ using the 100 MeV, betatron. Their 
distributions, certainly at lower energies, show that they 
have not taken adequate precautions to remove the electrons 
present in the beam. Their maxima, therefore, appear closer' 
to the surface.
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Yüiile in Urbana and Cambridge, Massachusetts, 
a short study was made of the variation of quality of 
radiation inside a "pressdwood^* phantom.

It was desired to find out if the presence of
secondary scattered radiation appreciably alters the mean
energy of the electromagnetic radiation received at a
given point. The technique used v;as that of Mayneord and 

1 O PClarkson. The type of double ionisation chamber made
of two materials which they used was not available for 
these experiments but the ratios of maximum currents in 
lead and copper chambers to tl'iat in a carbon chamber v/as 
determined and plotted in Fig. $1 showing the variation 
as the peak energy is increased from 10 to 20 MeV, 
Measurements of the ratio of the ionisation current in two 
chambers of different materials evidently serve to Indicate 
whether the radiation in a phantom is changing in ’‘̂quality''® 
at different depths.

The values of copper-to-carbon and lead-to-carbon 
ratios obtained at different depths are given in Table VIII. 
The chamber v/all thicknesses used have been chosen to give 
approximately maximum ionisation in each material. It 
will be seen that at 20 MeV. the ratio of Copper/carbon 
increases with depth indicating a slight hardening of the 
radiation and at a depth of 6o cms. the filtration effect 
is evidently predominant. It is interesting that, using
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a 2li cms. carbon filter at a distance of 8i|. cms. from the 
measuring chamber, a much more marked change in quality 
is produced than is produced by 6o cms. of "pressdvmod" 
when the chamber is in contact with the scattering medium.

TABIiB VIII

MeV. = 20

MeV. = 5

Depth in phantom Ratio Gomsr carbon Ratio —carbon

Zero-in air I.J4.I 2.25
7 cms. 1.50
% cms. 1.55cms. i.u6
6o cms. 1.67 2.k3

2k cm. carbon filter 2.69

Zero-in air 1.12
I[-.6 cms • 1.11
9.2 cms. 1.17,1.18

18.1; cms • 1.12
29.Ü cms • 1.ÛI4.

As shown by Mayneord and Clarkson, at lower voltages, 
the filtration and degradation effects are struggling for 
mastery and at the higher energies the filtration effect 
wins in contrast with the result found by Mayneord and 
Clarkson at say 55  ̂kV. This is undoubtedly due to the 
smaller amounts of back and sidescatter at higher energies, 
the scattered radiations going predominantly f orv/ard.
Also, the phantoms, being of low atomic number materials.
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were the type of filter whieh would most readily transmit 
the hard components of the beam. At 5 MeV. using the 
Van de Graaff generator it is difficult to draw any 
conclusions owing to the small rate of change of the ratio 
with quality. It would seem that the two effects of 
filtration and degradation just balance at this energy 
which must represent the energy region in vhiich the 
transition from increasing dominance of scatter to increasing 
dominance of high energy components takes place.

PROTECTION FROM STRAY RADIATION

It is important to measure the stray radiation 
in the vicinity of high energy machines in order to provide 
a sound basis for adequate protection for users of the 
equipment. A survey has therefore been made around the 
15 MeV. synchrotron in Malvern, certain measurements around 
kerst*s 20 MeV. betatron and observations near the 5 MeV.
Van de Graaff at the Massachusetts Institute of Technology, 
Cambridge.

During the experiments at Malvern where a larger 
number of observations were made, condenser chambers were 
carried by all personnel to assess the stray radiation 
received.
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( 1 ) stray Radiation Measurements.
Malvern Synchrotron.

The measurements in the vicinity of the synciirotron 
were made with the direct reading monitoring system described. 
The wall of the chamber of this instrument was ordinarily 
1 cm. thick but the figures in brackets in Fig. $2 give the 
values observed when the end of the chs.mber v;as removed and 
an openwork graphited gauze front substituted. Thus even 
low energy electrons were recorded.

The distribution of stray radiation round the 
synchrotron as shown in Pig. $2 is based on values observed 
at 1 and 2 metres radius from the target in the plane of 
the donut, as well as at several points above the plane and 
also points in adjacent rooms.

The values are quoted in terms of the dosage-rate 
at 1 metre from the target in the primary beam as 100%.
The absolute value of this dosage-rate was approximately 
0.2 r/min. The values observed here are in good agreement 
with measurements made at the edge of the coils and shown 
in Fig. 8.

During the observations in the vertical plane 
the effect of the shadow of the magnet was obvious, while 
in the horizontal plane that of the yoke is evident.

The quality of the radiation in different 
directions varies. For example, on thickening the wall of
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the recording chamber to 1 cm. of carbon the ionisation 
drops to approximately one half at positions at the side or 
behind the plant, but in the direct beam on thickening the 
chamber v/all the ionisation current rises in the way already 
discussed in detail. As already emphasised the radiation near 
these instruments contains many high speed electrons vdiich
constitute a serious problem in its vicinity but, of course,
little difficulty behind reasonable protective V\/alls.

Assuming an output of 1 r/min. at 1 metre in the 
primary beam, the dosage-rate 1 metre sideways behind the 
yoke is 10 ^'tolerance dosage-rates, " the tolerance dosage- 
rate being taken as 10  ̂ sec. At 1 metre behind the 
synchrotron the value is $0 T.D.R. hear the operator's 
controls, at a distance of about $ metres behind the 
synchrotron and behind a 1$" brick wall, there was difficulty 
in measuring the radiation with the system available but
the value is certainly not greater than 0.$ T.D.H.

The quantities of radiation recorded by the 
protection condenser ionisation chambers carried by personnel 
working on this instrument .were very small. In most cases 
no detectable radiation was found during an intermittent days 
working and values never exceeded 0.002 r in tiiis time. Two 
members of the team recorded $ x 10""5r in a days working on 
the plant room at about 6 feet behind the apparatus. Two 
members of the team performing experiments which involved 
working for about half an hour at the edge of the beam
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received a dose of 6 x 10“5 r/hour.
The National Physical Laboratory have carried 

out a survey of the stray radiation received by all workers 
with high energy generators at Malvern using films carried 
by those workers. These fihns are partly covered by 2 mm. 
lead and partly uncovered apart from the light-tight holder. 
Thus they will record the beta radiation as v/ell as the 
hard X-radiation. The blackening of the film per rontgen 
was determined by exposure to gamma rays from radium.
Evidence will be given later that the sensitivity of film 
to radiation does not appear to alter greatly as the energy 
is increased to 12 MeV. and the values obtained by 
densitometer measurement of the films carried by these 
workers should be a reasonable guide to the true doses 
received in rontgens. The author is indebted to Mr. W. Sinks 
and his colleagues of the Physics Department at the National 
Physical Laboratory, who carried out this survey for 
information about their findings. Their figures are in 
approximate agreement with the values obtained and given 
above using condenser ionisation chambers. The weekly values 
of dose received lie between 0,01 and 0.0$r for a 5 day week 
which compares well with a value of 0.002 r/day recorded 
by the condenser chambers. Since the small change in film 
sensitivity is found to be in such a direction as to lead 
to an overestimâtion of the dose received when the sensitivity
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to radium gamma rays is used to interpret the blackening, 
the agreement is rather better than appears. Both systems 
are working at their lower limit and the absolute values 
are, therefore, not regarded as very accurate, but it is 
certain that stray radiation received does not exceed these 
figures•

The doses recorded are low but it must be pointed 
out that with higiier primary beam dosage-rates they will 
become significant and even dangerous. For example, a 
dosage-rate of 20 r/min. at 1 metre is of the order which 
might reasonably be required for some purposes. This is 
100 times the output of the machine during these measurements 
and, assuming the other figures rise proportionately, 
operating personnel would receive about 0.2 r/day which 
exceeds considerably the present figure for maximum 
permissible daily dose (O.O5 r/day or 10""̂ r/sec. )

20 MeV. Betatron
Measurements were made in the vicinity of Kerst*s 

20 MeV. betatron running at 20 MeV. and delivering 
approximately 60 r/min at 1 metre. The measurements were 
made with the probe system using the large volume ^^Perspex" 
chamber having a 6 mm. wall. Unfortunately, no measurements 
with a very thin wall were possible. In Fig. 95 the dosage- 
rates at a radius of 2 Metres from the target are shmn 
expressed as percentages of the value at 1 metre in the primary
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beam. Behind the betatron the dosage-rate, due to stray 
electrons as mentioned before, is approximately 5^00 T.D.R,
An even more spectacular demonstration of the presence of 
these electrons is given by the measurement at point P shown
on the diagram. This value (of the order of 5 x 10^ T.D.R. )
was observed when in line with the back face of a block of wood 
placed in front of the betatron and used to deflect the
electrons from the direction of the primary beam. Evidently
these electrons are deflected into a narrow angle betv/een 
the back face of the wood block and the yoke of the magnet. 
These measurements emphasise the danger of remaining in 
the vicinity of such installations without special precautions.

In particular, machines for therapeutic use will 
require careful preliminary study of these dangers and 
continuous monitoring during use, especially as the intensity 
of soft radiation may change from time to time, for example, 
with the state of the vacuum in the donut, the scattered 
electrons increasing in number as the vacuum deteriorates.

The intensities of radiation in adjacent rooms 
is low; Kerst himself records that "operating personnel 
outside the room receive less than O.Olr even on very 
prolonged runs v/ith a beam intensity about ^0 r/min. at 1 
metre" and measurements made substantiate this claim.

It is worthy of note that the percentage of 
stray radiation around botLi the Malvern synchrotron and the
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20 MeV. betatron are similar in value. For example, at 2 
metres behind both plants the dosage-rates for stray radiation 
are l6 and IJ T.D.R. respectively per r/rnin. at 1 metre in 
the primary beam.

 ̂MeV. Van de Graaff
Similar stray radiation measurements made around 

the 5 MeV. Van de Graaff are shown in Fig. 1̂|_. As will be 
seen from the diagram the unit is mounted above floor level 
but the accelerator tube goes through into an underground 
room, the only access to which is by a steel -f- lead 
door located at the bottom of a flight of steps leading to 
the room. It v̂ ill be seen that there is a very high 
background of radiation all round the generator. The output 
during these measurements was, at J MeV., appr oximately 
50 r/min. and, at 2 MeV., approximately 2  ̂r/min. In the 
room itself a large fraction of this stray radiation is due 
to electrons. The X-ray tube has a thin window and an 
external transmission target is used and this gives rise to a 
large amount of scattered electrons. The stray high energy 
radiation measured above the plant is probably due to the 
target acting partially as a reflection target and giving a 
beam of radiation vertically up through the floor. At the 
control desk located on ground level some 15 feet from ttie 
generator and partially shielded from the generator tank 
by a wall, no detectable dosage-rate was observed.



108.

As a matter of interest it was found that when 
the X-ray tube, which was continuously evacuated, went "soft" 
the background of scattered radiation round the tank on the 
ground floor may rise by a factor of 10 or more. This is due 
to electrons scattered out of the beam in the tube.

(2) Sensitivity of photographic films to short wavelength
X rays.

To assist in the use of photographic film in 
monitoring stray radiation and for other purposes, a number 
of measurements were made to determine the sensitivity of 
film at these high energies. A number of strips of "Ilfex" 
film was exposed at [j., 8 and 12 IvIeV. and the doses received 
recorded simultaneously by ionisation chambers. The blackening 
of these films was measured by my colleague Dr. G. Spiegler, 
who had previously considerable experience of the blackening 
of X-ray films by lov̂ er energy radiations. It was found that 
the sensitivity, as judged by density of film per rontgen, 
remained approximately constant at all energies investigated. 
The values obtained were in fair agreement with the 
sensitivity for the gamma rays of radium. (Table IX). The 
results are preliminary and the opportunity has not occurred 
to carry out the considerable amount of further work required 
but there is certainly no evidence of falling sensitivity 
in the higher energy region and, in fact, at 12 MeV. the 
blackening per rontgen as shown in Table IX is some 20%
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higher. This result is to be expected theoretically since 
the energy loss of high speed electrons per centimetre of 
path shows a minimum at about 2 MeV. and then remains fairly 
constant, there being a very slov; rise with energy above 
2 MeV. At 12 MeV. for small densities it will be seen that 
the blackening rises approximately linearly vi/ith dose, a 
result previously well established for gamma rays from radium 
and 200 kV. X rays.

TABLE IX
Radiation Dose Blackening Blackening/r

12 MeV. (5 mm. A1 filter) 0.1$r O.I7 l.lip
o.i75r 0.25 1.51
O.lBr 0.2% 1.28
o.$5æ o.l̂ L 1.26

Ij.MeV.(5 mm. A1 filter) 0.2^r O.Ij.0 I.60
Radium gamma rays 0.1$r 0.11 0 .88

0.26r 0.25 0.76
l.Olj-r 1.00 0.76

56Charlton and Breed^ use photographic measurements
in some of their work with the 100 MeV. betatron. Their
tests of Kodak film at 200 kV. and 100 MeV. show almost
identical sensitivity as well as a linear relation between
density and dose. The former result is surprising and may
be fortuitous since the energy loss per cm. of path given by 

82Heitler at 100 MeV. does not differ greatly from that at 
200 kV.
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At energies up to say 20 MeV., hovfever, the values 
of radiation recorded by photographic films are capable of 
fairly accurate interpretation and the agreement betvmen the 
National Physical Laboratory film survey and the condenser 
ionisation chamber measurements for stray radiation received 
by workers at Malvern gains in significance thereby.

It should be pointed out that considerable care 
must be taken in the choice of conditions under which the 
measurements of stray radiation are made. It has been clearly 
demonstrated that electrons scattered around these machines 
may well constitute one of the main dangers. To record these, 
as we must, a thin walled ionisation chamber is required while 
to measure correctly the hard X radiation a chamber of some 
centimetres wall thickness is required. The corresponding 
difference for use of films has not been investigated yet 
but such a condition no doubt applies. In practice it is 
suggested that tv/o condenser chambers be carried, one with 
a thin and the other a thick wall. It would obviously be 
inconvenient to carry a chamber whose wall thiclmess was say 
6 cms. as required to obtain complete build-up for ^0 MeV. 
radiation. The correction required to the reading obtained 
with a chamber of 1 cm. wall thickness at this energy is small 
(a factor of about 1*5 ) and since this thickness is great 
enough to avoid errors due to variations in scatter caused 
by different geometrical layouts of plant it is suggested that
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a condenser ionisation chamber of 1 cm.' wall thickness be 
used for energies up to JO MeV. to measure the dose of hard 
X radiation received.

(J) Protective materials.
The problem of protecting personnel working with 

high energy generators obviously requires considerable 
study. The curves of Fig. 10 and 11 give preliminary 
guidance as to the protective barriers required at various 
energies and dosage-rates. Hitherto, lead has been the 
material principally used as a protective screen, at any rate 
in the energy range up to JOG kV., and despite the sharp 
drop in its linear coefficient of absorption to a minimum 
at J - !{. MeV. it is still the most effective barrier per 
unit mass.

The curves of Pig. 95 Ĝive been calculated using 
the Heitler energy distributions and the appropriate 
absorption coefficients thus calculating the spectral 
distribution after filtration through the barrier. The areas 
under these curves have been used to calculate the fractional 
transmissions for various thicknesses of material and these 
are plotted in Fig. 95 for various energies.

It Vi/ill readily be seen that the thickness of lead 
required, at these energies, would be prohibitive from the 
point of view of cost and possible difficulty of assembly.
For example, at JO MeV. for a plant giving say JO r/min. at
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1 metre^ to reduce the dosage-rate to 10“  ̂r/sec. at a 
distance of J4. metres from the plant in the direction of the 
beam vmuld. require about 20 oms. of lead. To obtain 
corresponding protection with concrete some 200 cms. is. 
required. Vvhere space is unimportant a concrete barrier is 
to be recommended since it is structurally self-supporting 
and relatively inexpensive.

An interesting result emerges from a plot of the 
variation of transmission of radiation against energy 
through a fixed thickness of lead and concrete absorber 
shovm in Pig. 96. The peak value of transmission for lead 
corresponds to its minimum absorption coefficient v/hich 
occurs at 5 - 1). MeV. The maximum transmission calculated 
from the spectral distribution curves occurs about 10 MeV. 
i.e. at between two and three times the energy at which 
lead has its minimum absorption coefficient. As the values 
of the transmission were calculated from the spectral 
distribution of the radiation this is an interesting 
demonstration that the mean energy corresponds to between 
a half and a third of the peak energy.

No comparable measurements exist but some 
observations at lower energies on the transmission through 
lead and concrete barriers have been made notably by Wyckoff 
and Braestrup^^9?ll^ and their colleagues, in which they 
have studied the effects of broad and narrow beams on the
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radiation transmitted. Part of the radiation measured on 
the far side of the barrier from the source comes as 
scattered radiation from a large volume of the barrier, 
thereby reducing the apparent absorption coefficient. At 
the energies up to 1J4.OO kV. at which these measurements 
have been carried out the scattered quanta have higher 
absorption coefficients than the primary beam and the volume 
of material from which scattered radiation can contribute 
to the ’transmitted dose is, therefore, limited as shown 
by Wyckoff and his c o - w o r k e r s ,^^9 in particular for lead 
where the absorption coefficient rises rapidly wi’idi A . At 
energies above I4. MeV., however, this condition no longer 
holds for lead and the scattered quanta may well have 
greater penetrating power than the primary radiation. In
the case of concrete this does not arise until the primary
energy exceeds about 5^ MeV.

The problem is further aggravated by the effect 
of the distance of the measuring system from the barrier,
i.e. the angle which the irradiated area of the barrier 
subtends at the chamber of the measuring system.

The reduction factor in dosage-rate which a
barrier must introduce is so great that the radiation 
undergoes repeated changes in wavelength and direction and 
it becomes well-nigh impossible to allow suitably in 
calculation for all these variations, any necessary
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simplifying assumptions reducing the value of the result. 
Further, a protective barrier should not be reduced to such
fine limits that all these factors require to be considered.

IllFailla in discussing the problem has suggested a simple 
method of computing the required barrier thicknesses by 
means of half value layers. These, of course, must first 
be measured under the appropriate conditions. Failla 
suggests that the most appropriate type of absorption curve 
to use would be one in which the measurements were made with 
the absorbing material completely surrounding the measuring 
chamber. Braestrup^^^ has obtained an absorption curve in 
lead for gamma rays from radium under these conditions and 
shown the greater transparency as compared with "narrov,/ 
beam" measuring conditions. 'This method is akin to 
measurements made in ionisation chambers of varying wall 
thickness. It will, therefore, tend to underestimate the 
effective absorption coefficient of the barrier.

Circumstances Vi/ill vary so much between 
installations that a complete answer to the problem is not easy 
but it is to be recommended that where the excitation energy 
exceeds this value, the barrier should be designed for the 
energy of its minimum absorption coefficient. For protective 
barriers, concrete in the form of loose readily transportable 
blocks which can be built up to make thick barriers, as used 
in some existing installations, is considered the most 
practical method of solving the problem. The beam of the
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generator should be directed away from adjacent rooms and 
buildings and where a separate building is not available 
the installation should be below ground level and the beam 
fired horizontally into a "black body" out under the 
ground.



REPEREHGES

1 1 6 .

1. Van de G-raaff R.J., 
Compton A.T. and 
Van Atta L.C.

2. Trump J.G. and 
Van de Graaff R.J.

5. Kerst D.W.
Ij.. Kerst D.W.
5. Kerst D.W.
6. Kerst D.W.
7. Kerst D.W.
8. Kerst D.W.
9. Kerst D.W.
10. Kerst D.W.
11. Goward F.K. and 

Barnes D.E.
12. Fry D.W. et al.
15. Elder F.R. et al.
llj.. Sloan D.H. and 

Lawrence E . G .

15. Fry D.W. et al.
16. Walkinshaw W.
17. Harvie R.B.
18. îv-îullett L.B. and 

Loach B.G.
19. Westendorp W.F.
20. Westendorp W.F.
21. Du Bridge L.A. and 

Brown H.

Phys.Rev., i+5 , 1̂ 9, I955.

Phys.Rev., 55, II60, 1959. 
Phys.Rev., 58, 8i|.l, 19ij.O. 
Phys.Rev., 59, 110, 19i|_l, 
Phys.Rev., 60, , 19F *
Phys.Rev., 61, 95, I9I4.2. 
Rev.Sci.Inst., 15, 587, I9J4.2. 
Amer. J.Phys ., 10, 219, 19̂ 4-2. 
Radiology, l+O, II5, 191+5 . 
Nature, 157, 90, I9I+6.

Nature, 158, 1+15, I9I1-6.
Nature, Ibl, 5^1+, 19^8.
J.App.Phys., 18, 810, I9I+7.

Phys.Rev., 58, 2021, I95I. 
Nature, 160, 55 ,̂ 191+7 - 
Proc.Phys.8oo., 6l, 2 6̂ , I9I+8. 
Proc.Phys.Soc., 61, 255, 191+8*

Proc. Phys .Soc., 61, 571, I9I+8. 
J.App.Phys., 16, 657, 191+5* 
Phys.Rev., 7I, 27I, I9I1.7.

Rev.Sci.Inst., 1+, 552, I955.



117

22. May ne or d W.V. and 
Roberts J.E.

25. Mayneord VLV.
2J4.. Newbery S.P.
25. 'Turner R.C. and 

Newbery S.P.
26. Turner R.C.
27. Stokes G.
28. Thomson J.J.
29* Sommerfeld A.

50. Bethe H. and 
Heitler W.

51. Sommerfeld A.
52. Schiff L.I.
55. Williams E.J.
5l)_. üppelyard R.K. and 

Allen-Williams D. T.
55* Westendorp W.F. 

and Charlton E.E.
56. Charlton E.E. and 

Breed H.E,
57* Buechner W. et al.
58. Chien-Shiung Wu
59* Ivanov L. et al.
J4.O.. Kerst D.W. et al.
Ij.1. Compton A.H. and 

Allison S.K.

Brit.J.Rad., 6o, 565, 1957. 
Proc.Phys .Soc., 5I4., , 19lj.2.
In publication.

In publication.
In publication.
Proc.Manch.Lit. 3̂. Phil.Soc., I898.
Phil.Mag., Ij.5, 172, 1898.
Atomic Structure and Spectral Lines 
Methuen 1925.

Proc.Roy .Soc., ll(.6, 85, 195-Î4-* 
ünn.d.Phys., 11, 257, I95I. 
Phys.Rev., 70, 87 , I9J4.6.
Phys.Rev., 58, 292, 19l)_0.

Brit.J.Rad., 22, I06, I9I1.9.

J. App.Phys., 16, 581, 19 4̂-5•

Amer.J.Roent., 60, I58, I9I4.8. 
Phys.Rev., 7l|_, 15)48, 19)48.
Phys.Rev., 59, k8l, I9I1.I. 
J.Phys.,D.S.S.R., jq, 519, 19i|l. 
Amer.J.Roent., 60, 155? 19^8 *

X Rays in Theory and Experiment, 
MacMillan I955.

I|.2. Hulme H.R. et al. Proc.Roy .Soc.A, 1I49? 151? 1955*



118.

1|_5. Klein 0, and 
Nisiiina Y.

I4J4.. Dirac, P.A.M.
14.5. Oppenheimer J.R. 

and Plesset M.S.
14.6. Curie 1. and 

Joliot P.
lj.7. Chadwick J. et al.
1̂8. Heitung Th.
I4.9. Wheeler J.A. and 

' Lamb W.E.
50. Watson K.M.
51. Votruba V.
52. Heitler W.

55. Lawson J.L.
5I4* Tarrant G.P.
55* Adams G.
56. Cowan C.L.
57 * Jones M.To
58. Cork J.M. and 

Pidd R.W.
59* Alburger D.E.
60. Groetzinger G. 

and Smith L.
61. Cork J.M.
62. Mayneord W.V, and 

Cipriani A.J.
65, Petrauskas a .A. 

et al

Zeit.f.Phys., 52, 855, I929.
Quantum Mechanics - Oxford 1955*

Phys.Rev., l|i+, 55, 1955.

Comptes Rendus, I96, IIO5, 1955 *
Proc.Roy.Soc., ll|l|., 255, 1954" 
Zeit.f.Phys., 87, 127, I955.

Phys.Rev., 55, 858, I959.
Phys.Rev., 72, lû6o, 19I+7.
Phys.Rev., 75, l4^8, 194-8•
Quantum Theory of Radiation - 
Oxford 19I48.
Phys.Rev., 75, 455, 1949*
Proc.Camb.Phil.Soc., 28, 475, 1952* 
Phys.Rev., 7i|., I7O7, 19I+8.
Phys.Rev., 74, l84l, 1948*
Phys.Rev., 5 ?̂ 110, I956.

Phys.Rev., 66, 227, I9I1I+.
Phys.Rev., 75, 544, 1948•

Phys.Rev., 67, 55, 1945"
Phys.Rev., 67, 55, 1945"

Canadian J. of Res. A., 25, 505, 191+7. 

Phys.Rev., 65, 589, 1945"



1 1 9

61|.. McMillan E.
65. Delsasso L.A. et al.
66. Delsasso L.A. et al.
67. Delsasso L.A. et al.
68. Halpern J.A. and

Crane H.R.
69. McDaniel B.D. et al.
70. Staliel E.

71. Murdoch J. et al.
72. Behnken H.
75• Behnken H.
7)4. Duane Vf.
75* laylor L.S.
76. Kaye G.W.C. and 

Binks W.
77. Pailla G.
78. Mayneord Vf.V. and. 

Roberts J.E.
79* Pailla G. and 

Henshaw W.
80. Kaye G.Vf, C. and 

Binks W.
81. Bragg W.H.
82. Pricke H. and 

Glasser Ü.
85. Gray L.H.
81}.. Bruzau M.
8 5 .  Gray L.H.

Phys.Rev., 1)_6, 525, I95I4. 
Phys.Rev., 1̂6, IIO9, 195J4.. 
Phys.Rev., 5I, 589  ̂ I957. 
Phys.Rev., 51, 527, I957.

Phys.Rev., 55, 258, I959. 
Phys.Rev., 72, 985, 19)4.7.
Strahientherapie, $1, 50. 1929* 
Strahlentherapie, 55 ? 290 ? 1929#
Acta Radiologica, 11, 55O, I95O.
Z. Te ch. Phys., 5? 5 ? 192l{_.
Strahlentherapie, 29? 19 ?̂ I928. 
Amer.J.Roent., 19? I481, I928. 
Radiology, 16, 1, I951.

Brit.J.Rad., 2, 555, I929.
Amer.J.Roent., 21, I4.7 ? 1929*

Brit.J.Rad., 7, 158, I95I}.. 

Radiology, I7, 1, 195I*

Proc.RoylSoc.A., 161, 5̂ )4? 1957* 
Studies in Radioactivity, I912.

Fort.Rontgen Strh., 55? 259? 1925*
Proc.Roy.Soc.A., I2i|., 6)4.7? 19^9*
Ann.de.Phys., 11, 5? 19^9*
Brit.J.Rad., 10, 600, 1957. 
Brit.J.Rad., 10, 72I, I957.



120 .

86. Mayneord W.V. and 
Roberts J.E.

87. Kaye G.W.G. et al
88. Rutherford fî, 

Chadwick J. and 
Ellis C.D.

89. Gray L.H.
90. British Committee 

for Radiological 
Units.

91. Kerst D.W.
92. Trump J.

95. Bethe H.
9)4. Mayneord W.V.
95. Bohr V.

96. Williams E.J.
97* Bethe H.
98. Bloch F.
99* Divingston M.S. 

and Bethe H.
100. White M. and 

Millington S.
101. Williams E.J.
102. Lax M.
105. Quastier H. and 

Clark R.K.
IOI4.. Marinelli L.D.
105. Ellis C.D. and 

Aston F.

Brit.J.Rad., 10, 565, I957. 
Rep.Prog.Phys., 6, 95, I959.

Radiations from radioactive 
substances - Cambridge 1950.
Proc.Roy.Soc.A., I56, 578, I956

Memorandum B.R.U./15, May 194-8 • 
Radiology, 40, 120, 1945-
Paper before Amer.Rontgen Ray Society 
1942 (quoted by Kerst 9I)
Ann.d.Phys., 5, 525, 1950*
Wat.Res.Council of Canada, G.R.M.Jl^-
Phil.Mag., 25, 10, 1915.
Phil.Mag., 50, 581, 1915.
Proc.Roy.Soc., I50, 528, I95I.
Zeit.f.Phys., 76, 295, I952.
Zeit.f.Phys., 8I, 565, 1955.

Rev.Mod.Phys ., 9? 2i}-5? 1957 *

Proc.Roy.Soc.A., 120, 701, I928.
Proc.Roy.Soc.A., I55, 11$, I952.
Phys.Rev., 72, 61, 19)4,7.

Amer.J.Roent. , 5)4? 7^5 ? 19)45* 
Amer.J.Roent., , 210, 19)4.2.

Proc.Roy.Soc.A., I29? I80, 195 *̂



12 1 .

Iû6. Dentsch M. and 
Mitzger F.

107. Mayneord W.V. and 
Clarkson J.R.

108. Lamerton L.F.
109. Wyckoff H.O. et al

110. Braestrup C.B. and 
Wyckoff H.O.

111. Failla G.
112. Braestrup C.B.

Phys.Rev., 7I+, 16I+O, I9I+8.

Brit.J.Rad., 12, ].68, I939. 
Brit.J.Rad., 21, 552, I9I+8.
J. of Res. of Nat. Bureau of 
S tandards , J4.1, 22$, 19^8.

Radiology, 5I? 8)4.0, 19l|_8. 
Amer.J.Roent. , 5)4., 555, 19)4.5 
Quoted by Pailla, Ref.111.



SUmiARY OF THESIS

The work described covers an investigation of 
some of the physical problems associated with short wave
length X rays.

The radiations emitted from high energy generators 
are discussed and it is found that the experimental results 
of the writer and the small number of other experimental 
results available do not agree with theoretical predictions 
for the angular distribution of the radiation. Possible 
explanations are given.

A number of measurements of absorption coefficients 
of high energy radiations in various materials are reported. 
Values of the coefficients calculated from the theories for 
the various absorption processes are also given and the 
agreement between theory and experiment is, in general, good. 
A review of other measurements of absorption coefficients 
using various techniques and at energies up to approximately 
90 MeV. show that generally speaking the theories for the 
various processes are substantiated. Some effects are 
demonstrated resulting from the change from a decrease of 
absorption coefficient with increasing energy to an increase 
with increasing energy resulting from the advent of the pair 
formation process.

The problem of the measurement of high energy X 
radiation is discussed and experimental results presented



which indicate that it is possible to measure the radiations 
in rontgens up to an energy of approximately JO MeV. Some 
comparative measurements with American workers show 
satisfactory agreement with the dosage measuring technique 
of one team and demonstrate the errors introduced by the 
method adopted by another team.

New processes which alter the effective stopping 
power of the materials become evident from the experimental 
results and values of these stopping powers are deduced.

The problem of measurement of the radiation from 
radioactive isotopes has also been investigated and measure
ments made with ionisation chambers of different materials 
show that a satisfactory system of measurement of the 
dosage-rate for radiations emitted from these isotopes can 
be worked out from considerations of the energy absorbed. 
Values of stopping power calculated from these measurements 
show good agreement with the values given by Bethe and Gray. 
Measurements and calculations pertaining to the protection 
requirements for personnel operating high energy generators 
are given along with recommendations on the solution of the 
problem.

Some photographic dosage measurements are also 
presented from which it is concluded that the sensitivity 
of photographic film measured in "blackening per rontgen" 
changes very slowly in this high energy region, a result to 
be expected theoretically.



Some measurements of the distribution of radiation 
in and around a scattering medium and the variation of 
quality of the radiation inside the mass are also presented.
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A NOTE ON THE MiOUNT OF RADIATION INCIDENT IN THE DEPTHS 
OF THE PELVIS DURING .RAJJIQIDGIOAL PELVIIVIETRY

By J.H. Martin, B,Sc.,A.Inst.P. and E. Rohan Williams, M.D.,
F.R.O.P.

Physics Department, Royal Cancer Hospital (Free), London,S.W.J 
and Radiological Department, Queen Charlotte*s Maternity

Hospital, London, W.6.

Amongst radiologists there has always been some 
unease in carrying out major radiological investigations 
during pregnancy, especially in its earlier stages. It has 
seemed desirable actually to measure the amount of radiation 
incident in the depths of the pelvis dui-'ing the performance 
of radiological pelvimetry. This has recently been done 
at Queen Charlotte’s Hospital, and the results are recorded 
below.

Two patients were selected for the investigation 
of similar general build, one being fourteen weeks pregnant, 
the other thirty-seven weeks pregnant. In each patient the 
ionisation chambers v/ere placed in the postero-superior 
limits of the vaginal vault by Miss K. Robinson, F.R.C.S., 
the Resident Surgeon at the Hospital. On each patient, a 
full standard pelvimetric technique was carried out 
appropriate to the stage of pregnancy. Briefly, the 
technique used is as follows : -



2.

(1 ) Antero-posterior, patient supine, centring in 
mid-line 2 in. above symphysis pubis, cone covering circle 
of 17 in. diameter at 57

(2) Supero-inferior, patient sitting inclined 
backv/ards, plane of inlet parallel to film, centring 2 in. 
behind symphysis, cone covering circle 10 in. diameter.

(5) Lateral, patient erect, centring 2 in. above 
upper margin of greater trochanter, cone covering circle 
ll\. in. diameter.

(I4.) Sub pubic arch projection, patient sitting 
inclined forwards, centring approximately over spinous 
process of third lumbar vertebra, cone as in (2).

The focus-film distance used in projections 1, 2 
and 5 is 57 in., and in projection Iq is 5^ in.

In relation to the bony walls of the pelvis, the 
chamber in each patient was l.J in. anterior to the sacro
coccygeal junction and approximately 1.0 to 1.5 in. belov; 
and behind the mid-point of the true pelvic cavity.

The table belov; is given to show the general 
build of the two patients chosen.

In order to measure the doses received in the 
depths of the pelvis during the pelvimetric examination, 
use was made of "thimble" ionisation chambers. The chambers 
used were made at the Royal Cancer Hospital (Free ) They 
are pressed out of a bake1ite-graphite mixture which gives a



very satisfactory "air-wall." The chambers were charged 
to a potential of 165 volts, enabling doses up to about 
1.5 rontgens to be measured. Measurements v/ere made using 
a Lindemann electrometer system.

For these experiments, although their vmvelength 
dependence is small, the chambers were calibrated for the 
wavelength range to be used in the radiographic examination.

In use the chambers were encased in a thin rubber 
sheath, inserted as described above and left in position 
during the radiographic examination.

For the measurements made on the patient fourteen 
weeks pregnant, the chamber was removed after two exposures 
(projections 1 and ip ) and another substituted as slightly 
higher doses were expected which might have led to the complete 
discharge of the one chamber if left in position for all 
four exposures.

The various physical and technical factors, and 
the results of the measurements, are tabled on page 5*

Comments. It is somev;hat gratifying to note that even with 
this somev̂ hat extensive pelvimetric examination (admittedly 
without the duplicated exposures of a stereoscopic 
technique) the dose received at the vaginal vault was less 
than 0.9 rontgen both early and late in pregnancy.
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I S O D O S E  C U R V E  P R O D U C T I O N
N ' \

I n t r o d u c t i o n  

'THE distribution of X radiation in planes at 
* various depths below the surface of the skin is 
frequently required in order to build up volume 
distributions.
A considerable amount of work has been carried 

out on the measurement of depth doses under a 
variety of conditions and as a development of the 
work done (Mayneord and Lamerton, 1941) 
Clarkson (1941) used a means of constructing the 
necessary isodose curves using graphical integration. 
The method has been further developed by Meredith 
and Neary (1944).
The method (Meredith and Neary, 1944) is rapid 

for circular fields but for rectangular fields where 
the contribution of eight triangular areas to the dose 
at a point is required in each case it becomes in
volved and is not sufficiently straightforward to be 
performed by an unskilled person. The method is 
illustrated in Fig. 1. The values of p and a are 
measured for each of eight triangles covering the 
area of the field; p is then multiplied by a factor
A / depending upon the half-value layer of the
radiation and the depth of the point O below the 
surface, the values of the appropriate '"scatter
integral” for the particular A( f + d )  

f
. p and a in

volved being obtained from a table and these added 
to give the total "scatter integral” at the point P.
It will be seen from Fig. 2 that the scatter con

tribution of area O N M at O is given by 
•pSec  0

= O
dd

r =  O
It is therefore possible to consider the area AB CD  
(Fig. 1) to be divided into triangles of 10° angle 
(Fig. 3) and to integrate over each of these triangles 
and sum as before. The advantage is that a is 
constant (= 10°) and only p varies. In order to 
obtain the "scatter integral” for these triangles it is 
required to measure ̂ in each case and multiply it by
a factor Â ~̂ ̂  , which is fixed for set conditions

of half-value layer and depth below the surface. 
This product then corresponds to a particular 
"scatter integral” since a is constant.
In practice the length of the bisector O S should 

be measured since this will give an integration over 
OQR, a close approximation to OQ'R' in which we 
are interested. Performing the integration in this

F ig. 1.

o

F ig- 2.

way enables the method to be used without further 
modification for fields of any shape. The above 
process can obviously be performed by a slide-rule
on which A / is multiplied by p and the answer
read on a scale on which the graduations are

(/ +determined by values of the product A— j — p
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but which is actually marked in values of the 
corresponding "scatter integral”.
A linear slide-rule was first designed, but owing 

to difficulty in correlating a linear scale on which to 
measure p with a log scale for p with which to carry 
out the multiplication this was abandoned and 
recourse made to a circular slide-rule of the type

shown complete in Fig. 4a and in an exploded view 
in Fig. 4b.
The part A has a curved edge which has the form

9 =  k log. p where k is an arbitrarily determined 
constant. The straight edge continued passes 
through the pivot point. At a radial distance of
10 cm. (the radius of part B) a scale D is fitted to the

■600 
900  j 
i O O  1
qoo . .

F ig . 4a .

; Vbnvi«Ca

9 0 0

F ig . 4b. 
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underside of part A such that it moves round flush 
with part B. This scale is graduated in values of

at angles given by ̂  =  k log. ) -̂  ^
The scale is removable, the reason being that for
any half-value layer the values of A— vary only
with depth so that for a known half-value layer this 
scale can be graduated in depth, a different scale

F i g . 5.

being used for each half-value layer. We have made 
scales for the two half-value layers which we require, 
namely 1 *5 mm. and 3*6 mm. copper. Part B has the
values of y plotted (corresponding values of
"scatter integral” are actually marked) at angles
given hy f  =  k log. Â*̂ ̂  Part C is merely
a protractor marked off in angles of 10° with one 
intermediate line at 5°. It fits flush into the under 
surface of B. The three parts when assembled 
rotate about a central pivot O (Fig. 5).
In use O is placed over the point under con

sideration (the hollow boss fitted with a central spot 
facilitates this), the 5° line on C being set parallel to 
one edge of the field. This enables the computer to 
be set up in the same position again if checking is 
required. The field is now divided into triangular 
areas of 10° apex angle of which the divisions on C 
are the bisectors.
The base line of the scale B is moved to the first 

10° line on C and A rotated until the curved edge is 
at the intersection of the edge of the field and the 
base line of scale B (point 5, Fig. 5). The rotation 
of the part A to this point has rotated it through an 
angle proportional to log.(06'), namely log. p. All

A u g u s t  1946
Isodose Curve Production 

that now remains to be done is to multiply by 
(̂/ + d). done by the scale D on part A.

The value of the scatter integral is read off on scale 
B under the appropriate point on the scale D. The 
process is now repeated, the base line of B is moved 
to the next 10° line on C and A rotated to the inter
section again, and so on right round the field. 
Obviously at each setting of A the values of the 
scatter integral for all the depths in which we are 
interested can be read off against the graduations on 
the scale D. In this way we obtained for each depth 
a column of thirty-six figures which are summed on 
an adding machine. Obtaining the values at all

F ig . 6.

depths simultaneously in this way facilitates the 
calculation of a volume distribution. The radius 
of B is 10 cm. and consequently for the field sizes 
generally in use the base line will intersect the edge 
of the field. If this is not so the straight edge of A 
can be used to determine the intersection by laying 
it along the base line of B and in this way it is 
possible to deal with greater values of p.
From Fig. 3 it will be seen that at the corners of 

the field discontinuities occur. These discon
tinuities have been ignored, the triangle being 
regarded as normal and the resultant error found to 
be negligible. For points outside the field the 
method is similar, the triangular areas outside the 
field (shaded Fig. 6) being subtracted from the 
total.
Examples
A few examples have been worked out using a 

10 X 6 cm. rectangular field; focal-skin distance 
50 cm. and half-value layer 3 6 mm. Cu.
The points chosen, when the isodose curves in a 

plane are desired, are taken one centimetre apart, 
starting from the axes of the field up to a distance of 
1 cm. outside the geometrical edge of the field. 
Three such points Â  B, and C have been selected
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(Fig. 7) and the scatter contribution for these 
points on the surface determined using the com
puter.
Point C is completely inside the field and con

sequently thirty-six readings will be obtained, all 
positive:—
0*0143 0*0197 0*0067 0*0143
0*0147 0*0201 0*00685 0*0147
0*0155 0*0172 0*0075 0*0156
0*0169 0*01295 0*0085 0*0169
0*0187 0*0102 0*0099 0*0189
0*0213 0*00865 0*0123 0*0169
0*0210 0*00755 0*0156 0*0155
0*0202 0*00695 0*0147 0*0147
0*0197 0*0067 0*0143 0*0147

Total scatter integral = 0*5105
To obtain the actual "scatter contribution” it is 

now necessary to multiply by a factor M  (Table IV, 
Meredith and Neary, 1944). For half-value layer 
3*6 mm. Cu. and focal-skin distance 50 cm. the value 
of M  at the surface is 30*5. Therefore the total 
"scatter contribution” for 100 r primary radiation 
is 30*5 X 0*5105 = 16*1 r.
Point B is at the geometrical corner of the field 

and consequently only nine readings wiïTbe obtained, 
all of them positive:—

0*0197
0*0201
0*0209
0*0220
0*0235
0*02525
0*0257
0*0253
0*02505

Total scatter integral = 0*2075
Therefore total "scatter contribution” for 100 r 

primary radiation is 0*2075 X 30*5 = 6*3 r.
Point A is outside the geometrical edge of the 

field and in consequence two columns of figures are 
obtained. The positive column represents the whole

triangles subtended by the far edges of the field at A 
and the negative column those subtended by the 
near edges. The difference of these figures gives 
the contribution at A due to the field. The figures

F ig . 7.

obtained using the method described above are as 
follows:—

Positive
0*0216
0*0219
0*0226
0*0236
0*0248
0*0261

-0T)2575
0*0253

0*19165

Negative
0*0031
0*00315
0*0035
0*0038 ‘
0*00455
0*0058
-0-80825-
0*0131

0*04525

Therefore total scatter integral = 0*1464 
Therefore "scatter contribution” of A for 100 r 

primary radiation is 30*5 X 0*1464 = 4*5 r.
A c k n o w led g m en ts  

I am indebted to Professor W . V. M ayneord for drawing  
m y attention to the possibilities o f the m ethod and for his 
help and interest in developing it; also to M r. H . H odt, Jr., 
w ho show ed considerable patience, ingenuity, and skill in 
constructing the com puter.
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I n t r o d u c t i o n  

“THERE is a growing tendency in diagnostic X-ray 
* “practice either to forget the dose received by the 
skin of the patient or to dismiss it as being negligible. 
At first sight it may appear strange that plants of 
low kilovoltage and exposures of the order of 
fractions of a second or possibly seconds should 
result in doses of even a few rontgens. A little 
reflection, however, will draw the attention to the 
fact that, although diagnostic plants are of low kilo
voltage, high currents are employed and, more 
Important still, low filtration and often short focal- 
skin distance, the result of which is an output in 
r/min. often several times that of a therapy plant of 
higher kilovoltage.
Several workers (Braestrup, 1942; Smedal, 1942

Jaderholm, 1935; Stevenson and Leddy, 1937
nn i 11 . 1  T 1 1  inorr t t i  ^ r, a k
X UlllUUii ituxi X j c u u y ,  1 5 U U ,  iiUllllglCU, 1

Zimmer, 1935) have realised the possible dangers, 
especially in unfavourable conditions, and have in 
many cases measured the doses and indicated the 
factors which influence the surface dose.
So far, however, no really systematic investigation 

has been made indicating the average doses received 
in various examinations and estimating the improve
ments which may be expected. It is the purpose of 
this paper to present the available information in 
this way.

Influence of filter and focal-skin distance factors
In order to assess the effect of filtration and focal- 

skin* distance as factors influencing the skin damage, 
the output of a diagnostic plant run at 70 kV was 
measured. This value was selected as being a mean. 
The output was measured under several conditions 
of filtration and focal-skin distance, using a 25 r 
Victoreen condenser chamber. This chamber had 
been calibrated by the National Physical Laboratory 
down to a half-value layer of 0 33 mm. Al. The 
values of the outputs in r/sec./mA plotted against 
filtration for several focal-skin distances are shown 
in Fig. 1. The curves have been drawn through the 
points measured, which do not appear on the

diagram. Marked on the diagram are values obtained 
from other sources (Braestrup, 1942; Smedal, 1942; 
Stevenson and Leddy, 1937; Barclay and Mayneord). 
As the filtration used in diagnostic work is so low, 
the inherent filtration of the tube plays an important 
part and these curves have, consequently, been 
plotted against total filtration, i.e., inherent -f- extra

IA•ii'.. :i ÎÎ ■■■T' 1 zrrri- :l;l: ::ïï!ir/I!,:M> ' .. : : -Mr ■î::;
fix,M'r t - j-1; # 4
mil : piLU--p-j;

<̂Oi

___________________________________ MMS. Al. TOTAL FILTER--------------------------------------------------

F ig . I.

filter. Inherent filtration has been estimated where 
possible using published curves (Thoraeus, 1940). 
Since, obviously, no tube can have exactly zero filtra
tion, it has been assumed that the minimum possible 
filtration is 0-2 mm. Al. The outputs are plotted 
with backscatter which, however, only amounts to 
10-15 per cent, under the conditions used.
It will be seen that the values obtained from other 

sources fall fairly well on the curves so that they may 
be used, without errors of magnitude, to assess the
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output of a tube under given conditions and they 
have been so used at a later stage.
Some values of the order of things may be 

obtained by examining the curves. At 16 in, focal- 
skin distance a tube with minimum inherent filtra
tion run at, say, 20 mA, gives an output of some 
175 r/min,, while with a 0-5 mm, Al filter the output 
falls to 90 r/min. At minimum inherent filtration, 
increasing the focal-skin distance from 16 in, to 
30 in, reduces the output from 175 r/min, to some 
50 r/min.

reduces the surface dose from 0*119 r/sec./mA to 
0*075 r/sec./mA, a drop of some 40 per cent. The 
dose at the film is reduced from 0*0065 r/sec./mA 
to 0*0052 r/sec./mA, a drop of only 20 per cent. 
With 1 mm, Al added filter the surface dose is 
reduced by about 55 per cent,, while the film dose is 
reduced by just over 30 per cent. In the 30 in, focal- 
skin distance case the inverse square law gives us 
a further gain and while the 0*5 mm, Al filter reduces 
the surface dose by 40 per cent, again, the film dose 
only drops by 13 per cent. With 1 mm, Al filter the

# # #
F.SJi.=i:30

 UiSUtt
THICKNESS

    _/'I pj!L
1 liTimA

«

£1afetii
■Ji

LLMLE!
F i n a l

_  MMS.  AL e x t r a  F I L T E R H1CKNE-S5_-_.C.MS.

F ig , 2. F ig , 3,

These effects are, of course, well realised and are 
of little value in diagnostic procedures unless, at the 
same time, the effects of these factors on the dose at 
the film are studied.
Using a wax phantom and correcting for the wax 

absorption (Spiers, 1946), values of r/sec./mA at 
the surface and at the film have been obtained for

surface dose is reduced by 55 per cent, and the film 
dose by 27 per cent,
A variation of up to 30 per cent, in film dose will 

in general be undetected on a diagnostic film and in 
fact as much as 100 per cent, variation will be found 
in the films used by a single radiologist. Accepting, 
however, the 30 per cent, drop, it will be seen that,

a tissue thickness of 10 cm, and are shown in Fig, 2 while obtaining a satisfactory radiograph, a reduc-
plotted against extra filter thickness at two focal- 
skin distances, viz., 16 in, and 30 in. Again, cali
brated Victoreen chambers were used.
Considering first the 16 in, focal-skin distance 

case it will be seen that 0*5 mm, Al added filter

tion in skin dose of over 50 per cent, may be effected 
by increasing the extra filtration from 0 to 1 mm, Al, 
no other change in conditions being necessary.
Considering a tube with 0*5 mm, Al extra filter, 

which is the thickness normally employed, an
280
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increase to 1 mm. Al will reduce the skin dose by 
26 per cent., other conditions again remaining the 
same.
Now investigating the effect of focal-skin distance 

only it will be seen that, at zero extra filter, by 
increasing the focal-skin distance from 16 in. to 30 in. 
the skin dose is reduced by 71 per cent, and the film 
dose by only 65 per cent. In this case, of course, 
increased tube loading will be required to keep the 
film dose within 30 per cent, of the original figure, 
and so the improvement is not so great as with 
filtration.
One other case should be considered— the use of 

a fairly heavy filter of 3 mm. Al. This produces a 
reduction of about 75 per cent, in the skin dose and 
about 55 per cent, in the film dose. Assuming that 
the permissible drop in film dose is only 30 per cent., 
the exposures will have to be increased 1 -8 times and 
the resultant drop in skin dose will now be just over 
60 per cent. It seems, therefore, since the further 
gain is so small and results in an increased tube 
loading, that it is not economic to increase the extra 
filtration beyond 1 mm. Al.
The data may be presented in another and more 

direct ŵay. Thv̂  ( f  P  ̂ « n r f a r e  d n s p i  rqn
be divided by the exit dose {i.e., film dose) and this 
ratio plotted against the thickness of tissue involved 
for various conditions (Fig. 3). These curves repre
sent a kind of inverted percentage depth dose curve 
series. The measurements have been extended up to 
20 cm. tissue thickness. These thicknesses are 
measured from the film as zero at which, of course, 
the dose ratio is unity. In the worst case measured, 
viz., 16 in. focal-skin distance and no extra filter 
for a tissue thickness of 20 cm., the surface receives 
120 times the film dose. The tube used for these 
measurements had an inherent filter of 0-4 mm. Al, 
so this ratio might well be greater in other circum
stances. Zimmer (1935), in making similar measure
ments during routine radiography of pregnancy 
cases, obtained a value of about 100 for this ratio. 
The conditions are not detailed, but this is interest
ing verification of the magnitude of the ratio under 
normal diagnostic conditions.
The order of the dose required at the film when 

no screens are used is 0-05-0-1 r. The use of screens 
will enable the dose to be cut by a factor of 10 or 
more. It would, therefore, be expected that skin doses 
should not exceed, say, 12 r, and generally to be of 
the order of 1-2 r. Another factor, however, enters

in when use is made of a Potter-Bucky grid. This 
will increase the surface film dose ratio required.

Effect of Potter-Bucky
The effect of a Potter-Bucky grid has been 

measured using a Victoreen condenser chamber and 
bakelite-graphite wall ionization chambers made in 
this hospital. These have been calibrated against the 
Victoreen. The ratio of the surface to film dose was 
again measured (a) using the Potter-Bucky, {b) 
without Potter-Bucky, but with the ionization

;oo
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chamber measuring the film dose at the same level 
as in (a). This was done for several tissue thicknesses 
and the ratios plotted as shown in Fig. 4.
Case (b) immediately brings out an important 

point. The ratios here are some three times those 
shown in Fig. 3. The reason for the difference is that 
in the cases of Fig. 3 the film dose was the dose at 
the rear surface of the phantom, while in Fig. 4 the 
film dose is the dose some 5-7 cm. from the rear 
surface and with the filtration of the table top, which 
in this case was 1 mm. Al. As the table top accounts 
for a 20-30 per cent, drop in the emergent radiation, 
the thickness and composition of the table top are
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obviously of importance (Stevenson and Leddy, 
1937). Considering case (a) it will be seen that 
between 5 and 15 cm. tissue thickness the skin to 
film dose ratio is roughly three times that of case 
{b). Thereafter it rises rapidly until at 20 cm. tissue 
thickness it is about six times. As the values in case 
{b) are three times those in Fig. 3 it would be 
expected that the exposure time required to take a 
radiograph using a Potter-Bucky would be nine 
times that required for the case without Potter- 
Bucky. In practice a factor of about 3 is used.
To investigate this discrepancy, three radio

graphs were taken of the phantom. First without 
Potter-Bucky and then with the Potter-Bucky grid, 
using three times and then four times the first 
exposures. After photometering the films it was 
found that to obtain equal blackening in the two 
cases the exposure factor should be about 5. The 
discrepancy is explainable by the action of the 
screens. The contribution to the blackening by the 
screens increases markedly with the hardness of the 
radiation. Since when employing a Potter-Bucky 
only primary radiation is used, and is filtered by the 
table top, the source of discrepancy becomes 
apparent.

Surface doses in routine practice
So far only the factors affecting the surface dose 

have been considered. It is now required to obtain 
an estimate of the values of these doses. Data has 
been collected for a number of techniques from 
various sources, including the diagnostic depart
ments of the Royal Cancer Hospital, Royal Free 
Hospital, Moorfields Eye Hospital, and Queen 
Charlotte’s Hospital, and from published papers 
(Braestrup, 1942; Smedal, 1942; Jaderholm, 1935; 
Turnbull and Leddy, 1935; Holmgren, 1945; 
Zimmer, 1935; Kolbow, 1940). In some of the 
published work the actual surface doses have been 
measured, but in the majority of cases the doses 
have been estimated, using the curves of Fig. 1 along 
with a curve of output variation with kilovoltage. 
The results are tabulated below. They represent 
average values found for the various techniques, but 
in many cases values well outside these limits have 
been found.

Chest: The chest is an interesting case as it 
demonstrates the value of a long focal-skin distance. 
It would be expected that because of the thickness 
of the part that a relatively high surface dose would

J. H. M artin

result. That this is not so is due to use of very long 
focal-skin distance, usually of the order of 5-6 ft. 
Extreme values are 0-04 r-0-4 r per exposure. 
Mean value is about 0 2 r/exposure. This value also 
covers chest tomographs. These figures represent 
the lowest surface doses found although the thickest 
filter used was 0-5 mm. Al.

Heart: 0-1 to 0-4 r/exposure.
Heart kymography : Approximately 2 r/exposure. 
I .V .P .: Doses range from 0-5 to 1-5 r/exposure. 
Skulls, Sinuses: Approximately 4 r/film for A.P. 

and 1-2 r/film for laterals.
G astro-intestinal examination (including barium 

meal work): Range 1 to 8 r/film. Average value is 
5 r/film.

Spine: Range 2 to 34 r/film. Average value 
5 r/film.

Gall bladder cholecystograms: Average 1-5-4 r/ 
film.

Dental work: Owing to the short focal-skin dis
tance and low filter used these units are very 
dangerous. The output of the unit used in  this 
hospital is about 250 r/min. Values vary from 
1 to 15 r/exposure. The average value is 5 r/film. 
The danger here lies in the large n u rn b eiL iiL fih n s- 
required with the consequent dangers of overlap.

Pregnancy: The range here is wide. One case of a 
supero-inferior radiograph resulted in a surface dose 
of 65 r per film. Average value for this projection is
24 r. Average value for other projections is 10 r/ 
exposure. These high values result from the short 
focal-skin distance used, rarely more than 20 in.-
25 in., and the low filtration.
Some work has been done in connection with this

technique to assess the dose received at the ovaries. 
The author recently made measurements of this 
(Martin and Williams, 1946) and found a dose of 
approximately 0-2 r per film. Kolbow (1940) gives a 
value of 0-1 to 0-5 r/film, while earlier works by 
Zimmer ( 1935) and by Witte ( 1933), and Neef ( 1934) 
give estimates of 0-4 to 0-5 r/film for the dose, all of 
which, considering the variation in techniques used, 
is in good agreement.

Screening: The variation in surface dosage-rate 
here is considerable, rising in cases of short focal- 
skin distance and low filtration to 40 r/min., and 
Braestrup (1942) quotes a case measured by him in 
which the dosage-rate was 127 r/min.
Most examinations seem to result in dosage-rates 

between 10 and 20 r/min. at the skin so that a
282
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screening time of a few minutes will administer 
quite a heavy dose. An average screening time seems 
to be 5 minutes. Increased filtration and focal-skin 
distance are certainly to be recommended.

X-ray Cinematography : Two types of this appara
tus were met. One in Sweden (Holmgren, 1945) 
which photographs the image on the fluorescent 
screen, and one at the Nuffield Institute at Oxford 
which takes true radiographs. The two plants seem 
under the conditions used to give roughly the same 
dosage-rate of between 4 and 8 r/sec. At Oxford the 
practice is to expose for about 80 frames which 
results in a dose to the skin of an average patient of 
64 r. The apparatus is already well filtered with 
2 mm. Al, but the focal-skin distance is only 17 in.

C o n c l u s i o n s

It will be apparent from the above data that the 
skin doses received in these diagnostic examinations 
must not be neglected, especially if multiple films or 
repeats are required. Greatest care seems to be 
necessary in dental and pregnancy radiography and 
during screening, it being possible in unfavourable 
screening conditions to deliver an erythema dose in 
between 2 and 5 minutes.
In almost every case the skin doses could be cut 

by 50 per cent, by increasing the focal-skin distance 
or the filter or both, and it would certainly be 
advisable if the filtration of all diagnostic plants in 
use were checked and fixed at a definite value, the 
value to be recommended being 1 mm. Al.

S um m ary

T h e paper draws attention to the relatively high output o f  
diagnostic plants under the conditions normally used. T h e  
influence o f various factors in reducing the surface dose for 
given conditions at the film is also discussed and finally a 
table is given indicating (for a num ber o f parts o f the body) 
the order of dose to be expected on the skin during an X -ray  
examination.

A c k n o w led g m en ts

I am indebted to Professor W. V. M ayneord who pointed  
out the lack o f correlated information on the subject and 
suggested the investigation. I am also grateful to Dr. G . 
Spiegler and M r. L eslie Sm ith, o f this hospital, for their 
assistance in m aking som e o f the m easurements; also to 
M iss M ount and M iss L loyd-Jones, o f the X -ray depart
m ents o f the Royal Free H ospital and M oorfields Eye 
Hospital respectively, for information regarding techniques 
used.
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F l i g h t  m e a s u r e m e n t s  of* t h e  h i n g e  m o m e n t s  o n  s i n g l e  a i l e r o n s  o f  
t h e  S p i t f i r e .  P a r t  I .  T e s t s  o n  p o r t  a i l e r o n  W o . I

b y

D .  J .  L y o n s ,  B . S c . ( E h g .  )'
J . H .  M a r t i n ,  B . S O . ,  A . I n s t . P .  

a n d
G . H .  W a y l o r ,  B . S c .

M . A . P .  R e f e r e n c e : W i l  * ,
R . À . E .  R e f e r e n c e  : A e r o / 1 1 3 0 . R / 28  *
I t e m  Wo, : 5 C ( 6 ) / l / 3 8

R ■■■•• . ^ S U M M A R Y  ^ '* - t-
R e a s o n s  f o r  e n q u i r y  ' ‘ V  '

P l i g h t i m e a s u r e m e n t s -  o f ' t h é  h i n g e  m o m e n t s  o f  a ' s i n g l e  —
a i l e r o n  o f  t h e  S p i t f i r e  w e r e  r e q u i r e d  t o  h e l p  i n  t h e  i n v e s t i 
g a t i o n  o f  S p i t f i r e  a c c i d e n t s .  C o m p a r i s o n s  o f  w i n d  t u n n e l  a n d  
f l i g h t  m e a s u r e m e n t s  o f  a i l e r o n  h i n g e  m o m S n t s  w e r e  a l s o  r e q u i r e d .

R a n g e  o f  i n v e s t i g a t i o n  '

M e a s u r e m e n t s  o f  h i n g é  m o m e n t s  on  p o r t  a i l e r o n  .Wo, I  w e r e  
m a d e  o v e r  a  s p e e d  r a n g e  f r o m  1 5 0  -  4 0 0  m . p . h .  j A . S | . T . Th e  e f f e c t  
o f  a  ' p u l l - o u t ’ on  t h e  a i l e r o n  h i h g e  m o m e n t s  w a ^  a l s o  d e t e r m i n e d ,

Results  ̂ ^
The  m ax i m u m  c a b l e  t e n s i o n  r e c o r d e d  w a s  3 3 0  l b .  A g r e e m e n t  

w i t h  w i n d  t u n n e l  t e s t s  w a s  e x c e l l e n t  l ip t o  f l i g h t  s p e e d s  o f  
2 0 0  m . p . h . , A . 8 . I . , b u t  a s  * t h e  ' s p e e d  i n c r e a s e d  a f t e r  T h i s ,  b o t h  
b n  a j ï d  bp  becëtme m o r e  n e g a t i v e  t h a n  i n  t h e  t u n n e l .  '

F u f t h e r  i n v e s t i g a t i o n

* R e c o r d s  o f  s t i c k  f o r c e s  a r e ' ' t o '  b e  t a k e n  s i m u l t a n e o u s l y  w i t h  
t h e  s i n g l e  a i l e f p n  f o r c é s ,  a n d  t h é  c h a i ' a c t e ' r i s t i e s  o f  o t h e r  
a i l e r o n s  a r e  tdC b e  i n v e s t i g a t e d ,  ■;

1 .  I n t r o d u o t i ^ h .

T h e  h i n g e  m * m e n t  c h r f r a o ' t e r i s t i c s  o f  t h e  * F r l s e  a i l e r o n s  s n  t h e  
S p i t f i r e  h a v e  b e e n  t h c f t r o u g h l y  i n v e s t i g a t e d  i n  t h e  t u n n e l  u s i n g  
b o t h  m o d e l s ^ a i M  a c t u a l  f u l l  s c a l e  a i l e r o n s  #n  f u l l  s c a l e  
w i n g s ^ .  T h e s e  t e s t s  h a v e  s h o w n  l a r g e  v a r i a t i o n s  i n  t h e  h i n g e  
m o m e n t  c h a r a c t e r i s t i c s ,  e s p e c i a l l y  i n  t h é  d e g r e e  .Of b a l a n c e  a n d  
t h e  v a l u e  c f  b o  ( t h e  h i n g e  m t m e n t  c o e f f i c i e n t  a t  z e r n '  a n g l e  o f  
i n c i d e n c e  a n d  z e r #  a i l e r o n  a n g l e . ) .  I n  f l i g h t ,  h o w e v e r ,  a l t h o u g h  
m u c h  e v i d e n c e  w a s  a v a i l a b l e  on  b o t h  f a b r i c " ^  a n d  m e t a l ^ z ®  c o v e r e d  
a i l e r é n s ,  t h i s  w a s  a l l  o b t a i n e d  i n  t e r m s  o f  p i l o t ' s  s t i c k  f o r c e ,
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a n d  t h u s ,  o n l y  t h e  t o t a l  h i n g e  m o m e n t s  o f  b o t h  a i l e r o n s  . . . taken
t o g e t h e r  c o u l d  b e  d e d u c e d .  T h e r e  w a s ,  t h e r e f o r e ,  n o  m e a n s  o f
o b t a i n i n g ,  o t h e r  t h a n  f r o m  w i n d  t u n n e l  t e s t s ,  w h i c h  a s  p o i n t e d  
o u t  a b o v e  s h o w e d  c o n s i d e r a b l e  v a r i a t i o n ,  t h e  t e n s i o n s  w h i c h  c 
w e r e  o c c u r r i n g  i n  t h e  a i l e r o n  - o p e r a t i n g  c a b l e s .

I n  c o n n e c t i o n  w i t h  t h e  i n v e s t i g a t i o n  o f  S p i t f i r e  a c c i d e n t s ,  
h o w e v e r ,  i t J w a s  c o n s i d e r e d  i m p o r t a n t  t o  h a v e  f l i g h t  m e a s u r e 
m e n t s  o f  t h e :  c a b l e  t e n s i o n s .  I4i w a s  d e c i d e d  t h e r e f o r e ,  t o  
m e a s u r e  i n  f l i g h t  t h e  h i n g e  m o m e n t s  on  a n  i n d i v i d u a l  a i l e r o n  on  
t h e  S p i t f i r e  t o  o b t a i n  t h i s  i n f o r m a t i o n  a n d  a t  t h e  s a m e  t i m e  t o  
i n v e s t i g a t e  t h e  f o l l o w i n g  p o i n t s  : -

( a )  T he  d e g r e e  o f ■ a g r e e m e n t  b e t w e e n  t h e  a i l e r o n  h i n g e  m o m e n t s  
m e a s u r e d  i n  f l i g h t  and '  t h e ' w i n d  t u n n e l  m e a s u r e m e n t s .

( b )  T h e  c h a n g e  i n  a i l e r o n  c h a r a c t e r i s t i c s  w i t h  a i r c r a f t  s p e e d
w i t h  e s p e c i a l  r e f e r e n c e  t o  c o m p r e s s i b i l i t y  e f f e c t s .

Trf p r o v i d e  t h e  w i n d  t u n n e l  c o m p a r i s o n s ,  t e s t s . w e r e  t o  b e  
m a d e  o f  t h e  s a m e  w i n g - a i l e r o n ' c o m b i n a t i o n  i n  t h e  l a r g e , t u n n e l .

2 .. D e s c r i p t i o n  o f  a p p a r a t u s  ' ;•

A G-.A. o f  t h e  S p i t f i r e  I I  u s e d  f o r  t h e s e  t e s t s  i s  g i v e n  i n  
F i g . l  a n d  a  d r a w i n g  o f  t h e  p o r t ,  m e t a l - c o v e r e d  a i l e r o n  u s e d  f o r  
t h e  t e s t s ,  w i t h  t h r e e  s p e c i m e n  s e c t i o n s  i n  F i g . 2 .  T h i s  a i l e r o n  
w i l l . b e  d e s i g n a t e d  a s  p o r t  a i l e r o n  N o . . I  a s  i t  i s  i n t e n d e d  t o  
t e s t  tri»r-e'  a i l e r o n s .-7 —A t a b l e  i s  i n c l u d e d -  g i v t a g  - r e l e v a n t  d e t a i l s  
o f  t h e  a i l e r o n  a n d  a i r c r a f t .

On t h e  n o r m a l  S p i t f i r e ,  t h e  c o n t r o l  c o l u m n  i s  c o n n e c t e d  b y  
a  c h a i n  d r i v e  t o  a  s h a f t  a b o u t  6  i n . .  l o n g ,  a t  t h e  e n d  o f  w h i c h  
i s  f i x e d  a  d o u b l e  d r u m  t o  w h i c h  t h e  a i l e r o n  w i r e s  a r e  a t t a c h e d .  
To o b t a i n  t h e  h i n g e  m o m e n t s  on  o n e  a i l e r o n ,  t h i s  d o u b l e  d r u m  w a s  
s p l i t . . ' T ' n t #  t w o ,  a n d  e f f e c t i v e l y  s e p a r a t e d  b y  a  s o l i d  t o r q u e  
s h a f t  ( s e e  F i g . O A )  s o  t h a t  t h e y  r e a p ' d r u f f l f ’d r o v e  t h e  p o r t  a i l e r o n ,  
a n d  t h «  f r o n t  t h e  s t a r b o a r d  a i l e r o n ;  ' T h e ' t O r q u e  on  t h i s  t o r q u e  
s h a f t  i s  t h e n  s o l e l y  d u e  t o  t h e  p o r t  a i l e r o n ,  a n d  t h e  d e f l e c 
t i o n s  # f  i t  g i v e  a  d i r e c t  m e a s u r e  o f  t h e  d i f f e r e n c e  i n  t h e  
t e n s i o n  o f  t h e  c a b l e s  i n  t h e  p o r t  c i r c u i t .

■'The d e f l e c t i o n s  o f  t h e  t o r q u e ' s h a f t  ; w e r e  m e a s u r e d  b y  a  
M i c r o - d e s y n n  s y s t e m  i n  t h e  f a l l o w i n g  m a h h e - r .  An a r m  ( s e e  
F i g . 3 B )  w h i c h  w as  f i x e d  t o  t h e  r e a r ' T r  p # r t  a i l e r # n  d r u m ,  p a s s e d  
t h r o u g h  a  l a r g e  c l e a r a n c e  h # l e  i n  t h e  f r o n t  a i l e r d n  d r u m ,  a n d  
w a s  c o n n e c t e d  w i t h  t h e  o p e r a t i n g  n e e d l e  «f:  t h e  M i c r * - d e s y n n  
t r a n s m i t t e r .  T h e . , . t r a n s m i t t e r  i t s e i f  w a s  a t t a c h e d  f i r m l y  t o  t h e  
f r o n t  a n d  o f  t h e ,  t o r q u e  s h a f t .  T h h  a f f e c t i v e *  l e n g t h  # f  t h i s  
t o r q u e  s h a f t  w a s  a b o u t  3  i n ,  ‘a n d  ; t h e  p t i h t  a t  w h i c h  t h e  d e f l e c 
t i o n s  w e r e  m e a s u r e d  w a s  a b o u t  2 - g - ' i n .  f r * m  t h e  s h a f t  c e n t r e  l i n e .  
T h e  M i c r « - d e s y n n  s y s t e m  w a s  f o u n d  t o  b e  c a p a b l e  # f  m e a s u r i n g  t h e  
d e f l e c t i o n s  t o  a n ' a c c u r a c y  « f - 1 ^ / 4 0 0 0  i n . ,  a n d  t h e  a c c u r a c y  o f  
t h e  t o r q u e  m e a s u r e m e n t  ( s t a t i c  c o n d i t i o n s )  w a s  t h e r e b y  a b o u t  
±3  l b .  i n .

• ■ T# # l # t a i n '  t h e -  g r e a t e s t p o s s i b l e  A c c u r a c y  i n  t h e  m e a s u r e 
m e n t s ,  4 ) h e  f r i c t i o n :  i n , ' t h e  à i l e r è n  c i r c u i t  w a s  r e d u c e d ,  a s  f a r  
a s  p o s s i b l e ,  b y  c a r e f u l  ' a t t e n t i o n  t o  t h e  c i r c u i t ,  and .  b y  ^
s l a c k e n i n g  t h e -  c a b l e s ,  as -  f a r  a s  w a s  c o n s i s t e n t  . # i t h  s a f e t y .
T h e ' m e a s u r e d ;  f r i c t i o n  i n . J : . h e  p o r t  a i l e r o n  c i r c u i t  o n  t h e  g r o u n d  
■'(c t a t l c  . and  u n l ' ^ a d e d  c . p n d i t i o n s )  w a s y ^ k  l b . )  a t  t h e  s t i c k  t o p .
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The  m e a s u r i n g  u n i t  w a s  f i r s t  c a l i b r a t e d  b y  i t s e l f ,  s o  t h a t  
t h e  c a b l e  t e n s i o n s  c o u l d  be  d i r e c t l y  o b t a i n e d  f r * m  t h e  D e s y n n  
i n d i c a t i o n ,  a n d ,  t h e n  t h e  w h o l e  s y s t e m  was.  c a l i b r a t e d  i n  p l a c e  o n  
t h e  a i r c r a f t ,  b y  a p p l y i n g  k n o w n  m o m e n t s  T o  t h e  a i l e r o n  i t s e l f  
w i t h  v a r y i n g  a i l e r o n  a n g l e .  T h i s  m e t h o d  e l i m i n a t e d  c h a n g e s  i n  
t h e  g e a r i n g  b e t w e e n  t h e  a i l e r o n  d r u m  a n d  t h e  a i l e r o n  d u e  t o  d i s 
t o r t  i  e n  o f  t h e  c i r c u i t  w h e n  l o a d e d ,  w h i c h , ' i n c i d e n t a l l y  w e r e  
f o u n d  t o  be  q u i t e  l a r g e ,  a n d  a ' c h a r t  c o u l d  b e  d r a w n  f r o m  w h i c h  
t h e  h i n g e  m o m e n t s  c o u l d  b e  r e a d  d i r e c t l y  k n o w i n g  t h e  D e s y n n  
i n d i c a t i o n  a n d  a i l e r o n  a n g l e  e n l y , a n d  w i t h o u t  r e f e r e n c e  t o  t h e  ' 
a i l e r o n  s t i c k  g e a r i n g  c u r v e  ( P i g . 4 ) .  The  f r a c t i o n  w h i c h  w a s  
f » u n d  t o  a l t e r  s l i g h t l y ,  w i t h  a i l e r o n  l o a d y w a s  a l l o w e d  f o r  b y  
t a k i n g  m e a s u r e m e n t s  • ! '  t h e  m o v i n g  f r i c t i o n  u n d e r ^ a l l ^ l w a d i n g  
c o n d i t i o n s  ' a n d ' i n c l u d i n g  i t  i n  t h e  c h a r t  m e n t i o n e d  a b o v e .  The  

. . f r i c t i o n , i n , f l i g h t  w a s  a s s u m e d ,  f o r  w a n t  # f  b e t t e r  i n f o r m a t i o n ,
tOvJbe t h e  sa rpe  a s  o n  ; t h e  g r o u n d .  .

j
Th e  i n d i c a t o r  o f  t h e  M i e r e - d e s y n n  s y s t e m  w a s  m o u n t e d  on  a n  

i n s t r u m e n t  p a n e l ,  t o g e t h e r  w i t h  t h O  i n d i c a t o r  o f . a n o t h e r  D e s y n n  
s y s t e m ,  w h i c h  m e a s u r e d  t h e  a i l e r o n  a n g l e  a t  t h e  i n b o q p d  e n d  o f  
i h e  a i l e r o n  r e l a t i v e  t o  t h e ^ w i n g : c h o r d ,  a n d  a  t i m i n g  d e v i c e  w a s  
a l s #  i n c l u d e d ' .  p a n e l  w a s  p h o t o g r a p h e d  w i t h ,  a; c i n 4  c a m e r a
8#  t h a t  s i m u l t a n e o u s  r e c o r d . ^  # f  a i l e r # n  a n g l e ,  h in g e ; ,  m o m e n t  a n d  
t i m e , - . w e r e  t a k e n . -  ,

3 .  M e t hw d  f f  t e s t  #

.T h e  h i n g e  m o m en t  c o e f f i c i e n t s  m e a s u r e d  on  a n  a i l e r o n  d u r i n g  
a  p u r e  r o l l i n g  m a n o e u v r e  c a n  b e  e x p r e s s e d  b y  t h e .  f o l l o w i n g  
e q u a t i o n ,  a s s u m i n g ,  f o r ,  t h e  p r e s e n t ,  l i n e a r  c o e f f i c i e n t s ,  a n d  
t h e  u s u a l  c o n v e n t i o n s : - ,

... F t-, b ^  ( + ùs 0(q . + ) : + ^ 2

w h e r e  Q/ ' = w i n g i n c i d e n c e  a t  t h e  m i d - a i l e r o n  p o s i t i o n
c o r r e s p o n d i n g  t o  s t r a i g h t  f l i g h t  a t  t h e
f o r w a r d  s p e e d  c o n s i d e r e d ,

a n d  Ù  K  =  c h a n g e  i n  w i n g  ' i n c i d e n c e , , a t  , m i d - a i i e r o n  d u e  t o
t h e  i n s t a n t a n e o u s  p a t e  o f  r o l l , . '

A /X p  = c h a n g e  i n  w i n g  i n c i d e n c e  a t  m i d - a i l e r c n  d u e  t o
^  t h e  w i n g  t w i s t .; '

T o  c o m p a r e  t h q s e  h i n g e  . i poment s  ,m e a s u r e d  i n  f l i g h t  w i t h  w i n d  
t u n n e l  c u r v e s  t b t a i n e d  a t  , c o n s  t a n t  (X , t h e  v a l u e ^  o f  , - t h e  t e r m  
b]^(A X q  + Ô X g  ) m u s t  b e  d e t e r m i n e d  a s  t h i s  p a r t  o f  t h e  v< t e r m  
v a r i e s  w i t h  . : , .Ncw d u r i n g - t h e  s e r i e s  o f  f l i g h t  t e s t s ,  i t  w a s  
d e c i d e d  t h a t  t h e  . h i n g e  m t m e n t  s h o u l d  a l w a y s  b e  m e a s u r e d  w h i l s t  
t h e  p i l o t  w a s  s t e a d i l y  a p p l y i n g  a i l e r o n ,  a t  a s  n e a r  a  c o n s t a n t  
a  r a t e  a s  p t s s i b l e ,  f o r  t h e  f o l l o w i n g  r e a s o n s

( i )  I t  i s  . p o s s i b l e  t o  k n # w  i n  w h i c h  d i r e c t i o n  t h e  f r i c t i o n  
w a s  a c t i n g ,  s o  t h a t  f u l l  a d v a n t a g e  c o u l d  b e  t a k e n  o f  t h e  
f r i c t i o n  m e a s u r e m e n t s  d e s c r i b e d  i n  § S .  ; .■

( i i )  D u r i n g  o n e  a p p l i c a t i o n  # f  a i l e r o n  a  c o n s i d e n a b l e . ' . : n u l i b e r  
• f  p o i n t s  vjere o b t a i n e d  ( d e t e r m i n e d  b y  t h e  n u m b e r  o f  
c i n e  f r a m e s  t a k e n ) ,  a s  a g a i n s t  t h e  o n e  p o i n t  p e r  a p p l i c a 
t i o n  t h a t  w o u l d  b e  o b t a i n e d ,  i f  a s .  i s  u s u a l ,  t h e  h i n g e  
m o m e n t  a t  a  s t e a d y  r a t e  o f  r o l l  w a s  m e a s u r e d .
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( i i i )  I t f f t h e . r a t e  o f  a i l e r o n  a p p l i c a t i o n  i s  f a i r l y  h i g h ,  t h e  

! - ' ! Zh  X 2  t e r m  i s  k e p t  s m a l l ,

. , T h e  i n e r t i a  o f  t h e  a i l e r o n  and.  c i r c u i t  w i l l  a l t e r  t h e
•'■ ■■ a p p a r e n t  h i n g e :  m o m e n t s  d u r i n g  t h e  p e r i o d  i n  v\^hich t h e  p i l o t  i s  

a c c e l e r a t i n g  t h e  s t i c k ,  b u t  g r o u n d  t e s t s  h a v e  s h o w p  t h a t  t h e  
e f f e c t  i s  s m a l l  f o r  t h e  r a t e s  o f  a p p l i c a t i o n s  u s e d  e v e n  a t  l o w  

■ s p e e d s ,  -

j .1 ■ To # b t a i n  t h e  . b ^ . A  X, t e r m  u n d e r  t h e s e  c o n d i t i o n s ,
I ■ c a l c u l a t i o n s  w e r e  m a d e  of;  the. ;  i n s t a n t a n e o u s  v a l u e s  o f . . ^ h e  r a t e
; . r «  11  d u r i n g  t h e - i ® t : e a d y  a p p l i d a t i o n  o f  t h e  a i l e r o n .  The

. t h e o r y  pj# t h e s e  c a l c u l a t i o n s  i s  g i v e n  i n  t h e  A p p e n d i x .  I t  w as
! r ^ c e s s a r y ,  f * r  * t h e s e  c a l c u l â t i p n p . j  h o w e v e r ,  t o  k h o y  t h e  v a l u e s
1 # f  / d  f o r  t h e  s t e a d y  r a t e ,  o f  r o l l  c o h d i t i w h s  ( ^ ’̂ / d ' < Q ) ,

a n d  t h e s e  w e r e ^ # b t a i n e d  f r o m  m e a s u r e m e n t s  p r e v i o u s l y  m a d e  o n  
t h e  ...seme a i r c r a f t ^ ; . . . Theq ye . , a r e  p l w t t e d .  i n  F i g . 5 .  , F i g . 6 g i v e s  

. ..: v., . V.:. t h e  c a l c u l a t e d  y a l u e s .  # f  a g a i n s t  t i m e  f o r  a  s e r i e s
y f  f o r w a r d  s p e e d s .  I t  w i l l  b e , . n o t e d  . t h a t  a f t e r  o n e  s e c o n d  f r o m  

■i t h e  s t a r t :  o f  a p p l i c a t i o n  @f t h e .  c o n t r o l ,  t h e r e  i s  e x t r e m e l y
l i t t l e  l a g  b e h i n d  t h e .  .max im um v a l u e  p ^ f  ^ ' X / , d  e s p ^ e c i a l l y  a t  

. . h i g h  s p e e d ,  i n  faCifc a s  ..s h # v n  i n  t h e  . A p p e n d i x  t h e ^ l a g e l n
b e c o m e s  c o n s t a n t  a n d  e q u a l  t o  a  c o n s t a n t  t i m e s  ,

r w h e r e  A i s  t h e  r o l l i n g  m # m e n t "  c.f

and:  L_ i s  t h e  d a m p i n g  m o m e n t  d u e  t o  u n i t  r a t e  o f  r o l l . __
T h e  c h a n g e  i n  i n c i d e n c e  o f  t h e  w i n g ,  A ' X g ,  a r i s i n g  f r # m  

w i n g  t w i s t  d u e  t o  a i l e r o n  a n g l e ,  w a s  c a l c u l a t e d  u s i n g  t h e  m e t h o d  
d e s c r i b e d  i n  R e f , 7 ,  a n d  v a l u e s  o f  t h e  c o n s t a n t s  f o r  t h e  S p i t 
f i r e  w i n g  s u p p l i e d  b y  SUvI .E.  D e p a r t m e n t  o f  t h e  R o y a l  A i r c r a f t  
E s t a b l i s h m e n t .   ̂ *

T h e r e f o r e  f o r  a n y  g i v e n  c o n d i t i o n s  o f  a i l e r o n  a n g l e ,  t i m e  
f r o m  1 8 t a r t  . o f  a p p l i c a t i o n ,  a n d  f o r w a r d  s p e e d ,  t h e  v a l u e s  o f  
C g ,  Y a n d  cX. a t  t h e . m i d - a i l e r o n  p o s i t i o n  c a n  be  f o u n d ,  a n d  
b y  u â i n g  t h e  r e s u l t s  o b t a i n e d  f o r  v a r y i n g  f o r w a r d  s p e e d s  i t  w a s  
p o s s i b l e - t o  c o n s t r u c t  : p < , c u r v e s  f o r  c o n s t a n t  v a l u e s  o f  ^  ,
a n d  f r o m  t h e m  t o  d e d u c e —C g ,  c u r v e s  f o r  c o n s t a n t  v a l u e s
o f  (X .

4 .  R a n g e  o f  i n v e s t i g a t i o n  : r.

. ., • R e c o r d s ;  e f  a i l e r q n  f o r c e s , ,  w e r e  t a k e n  , a t  a n  . a v e r a g e  h e i g h t
o f  ôfOQO f t , ,  u n d e r  t h e  f o l l o w i n g  . c o n d i - J ^ ^ o n s ; -  . ;

bi..- i ( a )  I n  s t r a i g h t  f l i g h t  a t  t h e / f o l l o w i n g  r a n g e  o f  s p e e d s ,  1 5 0 ,
... ,: 2 0 0 ,  2 * 0 ,  3 0 0 ,  35,0 a n d  4QQ, m . p . h .  , A . S  , I , ,  w i t h  v a r y i n g

r a t e  o f  a p p l i c a t i o n  o f  t h e  , a i l q r , # . n s .  .

( b )  D u r i n g  a  p u l l  o u t  a t  4 g  a t  3 0 0  m . p . h . , A , S , I . , w i t h  v a r y i n g  
■ r a t e  o f  a p p l i c a t i o n  o f ^ t h e  a i l e r o n s *

D u r i n g  a l l  f l i g h t s  t h e  a i r c r a f t  w a s  t r i m m e d  l a t e r a l l y  l e v e l  
s t i c k  f r e e  b y  a d j u s t m e n t  o f  t h e  r a d i a t o r  f l a p  b e f o r e  t h e  

- ** .J c o m m e n c e m e n t :  o f  a i l e r o n  . A p p l i c a t i o n .  >
- ■ ' ■ . : - - -- - ....... . t"#

5 .  R e s u l t s  . , . .... .
! 5 . 1 .  C a b l e  t e n s i o n s  . - . ,

T h e  h i g h e s t  t e n s i o n  e v e r  r e c o r d # d  d u r i n g  t h e  t e s t s  w a s  3 3 0  
l b .  I t  i s  h e r e  a s s u m e d  t h a t  o n e  c a b l e  i s  s l a c k ,  b u t  t h i s  i s  
q u i t e  j u s t i f i e d ^ a s  t h e  c a b l e s  w e r e  n o t  u n d u l y  t a u t  o n  t h e  g r o u n d .
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I t  w o u l d  b e  p o s s i b l e  h o w e v e r  t o  r e a c h  a  h i g h e r  c a b l e  t e n s i o n  
w i t h  t h e  s a m e  a e r o d y n a m i c  s t i c k  " f o r c e s  b y  p r e t e n s i o n i n g  t h e  
c a b l e s  g r e a t e r  t h a n  1 6 5  l b .  w h e n  t h e  m ax i mu m c a b l e  t e n s i o n  w # u l d  
b e

( $ 0  +  1 6 5 ) l b .  w h e r e  Tq i s  t h e  i n i t i a l  t e n s i o n  I n  t h e
c a b l e  c i r c u i t .

I t  i s  h o w e v e r  e x t r e m e l y  u n l i k e l y  t h a t  s u c h  a n  e x c e s s i v e  p r e 
t e n s i o n i n g  w o u l d  o c c u r ,  a s  t e s t s  h a v e  s h o w n  t h e  f r i c t i o n  f o r c e s  
on  t h e  c o n t r o l  c o l u m n  b e c a m e  u n d u l y  h i g h  w h e n  To i s  g r e a t e r  
t h a n  6 0  l b ,  a n d  t h e  g r e a t e s t  e v e r  r e c o r d e d  d u r i n g  a  s u r v e y  o f  
S e r v i c e  S p i t f i r e s  w a s  a b o u t  1 1 0  l b .

Th e  n o m i n a l  b r e a k i n g ^ l e a d  o f  t h e  c a b l e s  i n  t h e  S p i t f i r e  
a i l e r o n  c i r c u i t  i s  1 5  c w t . ' . , '

5 . 2 .  H i n g e  m o m e n t s  u n c o r r e c t e d  f o r  i n c i d e n c e ,  c h a n g e s

I n  P i g s . 7 - 1 2  a r e  g i v e n  t h e  h i n g e  m o m e n t  c u r v e s  a s  d e d u c e d  
d i r e c t l y  f r o m  t h e  r e c o r d s  t a k e n ,  o v e r  t h e  r a n g e  o f  s p e e d s  f r o m  
1 5 0  -  4 0 0  m . p . h . , A . S . I . , a n d  f o r  d i f f e r e n t  r a t e s  o f  a i l e r o n  
a p p l i c a t i o n . T h e j r  r e p r e s e n t  t h e  a c t u a l  c o n t r i b u t i o n  t o  t h e  
p i i l o t  ' 8  s t i c k  f o r c é ,  i n  t e r m s  o f  Cg , '  ' m a d e  b y  . t h e  . p o r t  a i l e r 
o n .  ' T h e r e  i s  n o  l a r g e  v a r i a t i o n  i n  t h e  Gg ,  'g c u r v e s  w i t h  
c h a n g e  i n  r a t e  o f  a p p l i c a t i o n  o f  t h e  a i l e r o n ,  “ t h o u g h  i n  
g e n e r a l  a s  t h e  a i l e r o n  m o v e d  ^up,  i n c r e a s e  i n  r a t e  o f  a p p l i c a 
t i o n  d e c r e a s e d  t h e  v a l u e  •b f  I cb g  a n d  w h e r e  t h e  a i l e r o n  m o ve d  
d o w n ,  i n c r e a s e  i n  r a t e  o f  a p p l i c a t i o n  i n c r e a s e d  t h e  v a l u e  o f
Kbg '

w h e r e ,  a s  i s  c o n v e n t i o n a l ,  Kbp = b p ( l  + A j f  A i  
' I  /  . A I  b a

I t  w i l l  a l s #  b e  s e e n  t h a t  t h e  b a l a n c e  o f  t h e  a i l e r o n  
d e c r e a s e s  w i t h  i n c r e a s e  i n '  s p e e d ,  t h e  a i l e r o n  b e i n g  a l m o s t  
o v e r b a l a n c e d  a t  l o w  s p e e d  f o r  s m a l l  n e g a t i v e  v a l u e s  o f  .

F i g . 13  s h o w s  t h e  h i n g e  m o m è n t  c u r v e s  a s  m e a s u r e d  d u r i n g  
a " 4 g "  p u l l  o u t  a t  3 u 0  m . p . h . , A , S . 1 .  I t  w i l l  b e  s e e n  t h a t  
t h e r e  i s  l i t t l e  d i f f e r e n c e  f r o m  t h e  c u r v e s  r e c o r d e d  i n  l e v e l  
f l i g h t .

A f u r t h e r  p o i n t ’o f  i n t e r e s t  i n  F i g . 1 0 ,  i s  t h a t  t h e  m a x i 
mum v a l u e  # f  Gjj o f  4 0 . 0 9 4  on  t h e  p o r t  a i l e r o n  c o r r e s p o n d s  t o  
a  s t i c k  f o r c e  o f ’a p p r o x i m a t e l y  1 1 0 / l b . Th e  p i l o t  w a s ,  t h e r e 
f o r e ,  e i t h e r  p u t t i n g  on  f a r  m o r e  s t i c k  f o r c e  t h a n  t h e  u s u a l l y  
a c c e p t e d  m ax i m u m  o f  60  -  8 0  l b . , o r  t h e  s t a r b o a r d  a i l e r o n  w a s  
s u p p l y i n g  a t  t h e  c o r r e s p o n d i n g  a i l e r o n  a n g l e  ( a b o u t  - 1 4 ^ ) ,  a  
c o n t r i b u t i o n  t o  t h e  s t i c k  f o r c e  o f  t h e  o r d e r  o f  - 3 0  t o  
- 5 0  l b .

L a t e r  t e s t s  h a v e  s h o w n  t h a t  p i l o t s  . ^ a v e  a c t u a l l y  a p p l i e d  
s t i c k  f o r c e s  o f  90  -  1 0 0  l b .  a t  t h e  a i l e r o n  c o n t r o l  o f  t h i s  
a i r c r a f t  i n  f l i g h t .  i

5 . 3 .  A i l e r o n  v i b r a t i o n  a n d  c o m p r e s i b i l i t y  e f f e c t s

D u r i n g  t h e  t e s t s  t h e  p i l o t s  r e p o r t e d  t h a t  a t  2 0 0  m . p . h . ,
A . S . I . ,  a n d  a b o v e ,  a s  a  c e r t a i n  a i l e r o n  a n g l e  w a s  r e a c h e d  
( t h i s  a n g l e  v a r i e d  w i t h  s p e e d )  a  v i b r a t i o n  o f  s l o w  f r e q u e n c y  
o c c u r r e d  j n  t h e  a i l e r o n .  The a p p r o x i m a t e  a i l e r o n  a n g l e  a t  
w h i c h  t h i s  o c c u r r e d ,  a s  j u d g e d  b y  t h e  o s c i l l a t i o n  o f  t h e  h i n g e  
m o m e n t  r e a d i n g s ^  i s  m a r k e d  on  e a c h  o f  t h e  F i g s . 7 - 1 3 .  T he  
v i b r a t i o n  w a s  f o u n d  t o  w o r s e n  w i t h  s p e e d ,  b e i n g  d e c i d e d l y  
u n p l e a s a n t  t o  t h e  p i l o t  a t  4 0 0  m . p . h .  I t  w i l l  b e  n o t i c e d  t h a t
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a s  t i ie . , , . a i l e r o n  a n g l e  i s .  i n c r e a s e d  a f t e r  t h e  v i b r a t i o n  h a s  
s t a r t e d ,  t h e r e  i s  a  t e n d e n c y  f o r  t h e  C g ,  y  p o i n t s  t o  s c a t t e r ,  
a n d  i n  P i g . 3 t h e  c u r v e  i s  c l e a r l y  s e e n  t o ' f l a t t e n  o u t  o r  e v e n  

7 s h o w  r e v e r s e d  s l o p e .  -. I t  w a s  c o n s i d e r e d  t h a t  t h ©  e x p l a n a t i o n  
o f  t h e s e  p h e n o m e n a  w a s  t h a t  t h e  l o c a l  f l o w  r o u n d  t h e  a i l e r o n  
n o s e ,  p r o j e c t i n g  f r o m  t h e  l o w e r  w i n g  s u r f a c e ,  w a s  r e a c h i n g  t h e  
c r i t i c a l  s p e e d  f o r  c o m p r e s s i b i l i t y  e f f e c t s .  P r e v i o u s  e v i d e n c e  
h a s  s h o w n  t h a t ,  b o t h  v i b r a t i o n  a n d  o v e r b a l a n c e  o f , c o n t r o l s  c a n  
b e  E n c o u n t e r e d  w h e n  s h o c k  w a v e s  a r e . g e n e r a t e d 8 .

To d e m o n s t r a t e  t h e  p r o b a b i l i t y  t h a t  s h o c k  w a v e s  a r e  
c a u s i n g  t h e  t r o u b l e ,  a  c u r v e  s h o w i n g  t h e  p e a k  s u c t i o n  o n  t h e  
a i l e r o n  n o s e ,  p l o t t e d  a g a i n s t  a i l e r o n  a n g l e  h a s  b e e n  g i v e n  i n  
P i g . I d a  f o r  a  t y p i c a l  S p i t f i r e  a i l e r o n  t e s t e d  i n  t h e  l a r g e  wind : ,  
t u n n e l  ( m e t a l - c o v e r e d  a i l e r o n  N o . 4 ) ,  a n d  i n  P i g . 1 4 b ' - t h é  d e d u c e d  

. c u r v e  s h o w i n g  t h e  a i l e r o n  a n g l e  a t  w h i c h  t h e  l o c a l  f l o w  a r o u n d  
t h i s  p a r t i c u l a r ' a i l e r o n  w o u l d  r e a c h  t h e  c r i t i c a l  M ach  n u m b e r . 
T h i s  a n g l e  i s  p l o t t e d  a g a i n s t  t h e  i n d i c a t e d  s p e e d  a t  5 , 0 0 0  f t . ,  
t h e  a v e r a g e  h e i g h t  o f  t h e  t e s t s .  A l s o  g i v e n  i n  F i g , 1 4 B  i s  t h e  
e x p e r i m e n t a l  c u r v e  f o r  t h e  a i l e r o n  a n g l e  a t  w h i c h  t h e  v i b r a t i o n  
b e g a n  i n  f l i g h t . . .The curves^  a l t h o u g h i  f o r  d i f f e r e n t  a i l e r o n s ,  
s h o w  s i m i l a r  t e n d e n c i e s ,  a n d  a g r e e  f a i r l y  w e l l  a t  t h e  h i g h  
s p e e d s  w h e r e  t h e  a c c u r a c y  o f  t h e  e x p e r i m e n t a l  r e a d i n g s  i s  g r e a t 
e s t .

• ; , ; I t / :  w o u l d  a l s o  b e  e x p e c t e d  f r o m  F i g ,  1 4 A,  t h a t  t h e  s h o o k  
w a v e . e f f e c t  . w o u l d  d i s a p p e a r  o n  p a s s i n g  a  f u r t h e r  a i l e r o n  a n g l e ,  
f o r  t h e  p e a k  s u c t i o n  d i m i n i s h e d  a f t e r  "g = 1 8 °  f o r  t h e  N o . 4  
m e t a l  a i l e r o n .  One c u r v e  i n  P i g . 1 0  d e e s  s h o w  t h i s ,  a  s t e a d y  
h i n g e  m o m e n t  c u r v e  r e c o m m e n c i n g  a t  a b o u t  = 1 6 ° ,  b u t  a s  t h i s  
a n g l e  i s  r a t h e r  l o w  i t  i s  a  p o s s i b i l i t y  t h a t  a  s t a b l e  s h o c k  
w a v e  f o r m a t i o n  i s  a r i s i n g  i n s t e a d .
.' .1 4.'

5 . 4 .  C h a n g e  o f  d r o o p  w i t h  s p e e d

T h e  a i l e r o n  a n g l e  r e l a t i v e  t o  t h e  w i n g  c h o r d  i n  s t r a i g h t  
f l i g h t  c h a n g e s  . c o n s i d e r a b l y  w i t h  s p e e d ,  d u e . t o

(a . )  t h e  c i r c u i t  s t r e t c h i n g  a s  t h e  l o a d  i n c r e a s e s .
( b )  a n y  c h a n g e  i n  l a t e r a l  t r i m  o f  t h e  a i r c r a f t .

I t  i s  n o t ^ p o s s i b l e  to- s e p a r a t e  t h e s e  t w o  e f f e c t s ,  s o  t h e  
c o m b i n e d  e f f e c t  h a s  b e e n  c a l l e d ,  t h e  ...ai 1 e r o% d r o o p ,  a n d  h a s  b e e n  
m e a s u r e d  w h e n  t h e  s t i c k  f o r c e  w a s  ze . ro  b y  t . p i m m i n g  o u t  a n y  
r o l l  c a u s e d  b y  r e l e a s e  o f  t h e  c o n t r o l  c p l u m n  b y  m e a n s  o f  t h e  
r a d i a t o r  f l a p .  The  a m o u n t  o f  d r o o p  f o r  a n y  f o r w a r d  s p e e d  i s  
m a r k e d  o n  a l l  t h ^  f i g u r e s  f r o m .  7 -;12’ a n d  i n  F i g . 1 5  t h e  a i l e r o n  
d r o o p  h a s  b e e n  p l o t t e d  a g a i n s t  qpeed , . ,  ■/) . , .

5 . 5 .  C o m - p a r i s o n  w i t h  w i n d  t u n n e l  t e s t s

By u s e  ' # f  ;.the, m e t h o d  d e s c r i b e d  i n .  § 3  c u r v e s  o f  Cg  
a g a i n s t  (X f o r  c o n s t a n t  v a l u e s  o f  h a v e  b e e n  c o n s t r u c t e d  i n  
P i g . 1 6 .  A l s o  i n c l u d e d  a r e  t h e  s i m i l a r  c u r v e s  o b t a i n e d  f r o m  
w i n d  t u n n e l  t e s t s  on  t h e  s a m e  a i l . e r o n - w i n g  c o m b i n a t i o n ^ .

T h e r e  a r e  t h e r e f o r e  t h r e e  t y p e s  o f  Gtt, c u r v e s  i n

( i )  f o r  a  c o n s t a n t  s p e e d  o f  68  m . p . h .  ( t u n n e l  t e s t s ) .
( i i )  f o r  a  c o n s t a n t  s p e e d  ,o f  3 0 3  m . p . h .  i n  f l i g h t ,  o b t a i n e d  

b y  v a r y i n g  t h e  w i n g  l o a d i n g ,  b y  v a r y i n g  t h e  " g "  on  
t h e  a i r c r a f t .  . ,
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( i i l )  f o r  a  c o n s t a n t  w i n g  l o a d i n g ,  a n d  t h e r e f o r e  f o r  a  
■ v a r y i n g  s p e e d  i h  f l i g h t . ' ■’.:■.-•■■ ;■■■■.■ •

F o r  t h e  s a k e  o f  c l a r i t y ,  t h e  c u r v e s  f o r  c o n d i t i o n  ( i i i )  h a v e  
b e e n  r e p e a t e d  i n  F i g . l 6 A , ■w i t h  f o r w a r d  s p e e d s  i n  m . p . h . , A . S . I . , 
s p o t t e d  a l f n g  t h e  c u r v e s  t o  ' i l l u s t r a t e  t h e  s p e e d  a l t e r a t i o n  
a l o n g  t h e s e  ' c o n s t a n t  w i n g o l o a d i n g  c u r v e s .

E x a m i n a t i o n  o f  a  p a r t i c u l a r  f a m i l y  o f  t h e s e  c u r v e s  i n  
F i g .  1 6 ,  f o r  t h e  v a l u e  a f  = 6%  s h o w s  t h a t ,

( a )  ( i . e .  b y )  i s  r è a s o r ^ à b l ÿ  t h e  s a m e  f o r  t h ©
c o n d i t i o n s  o f  f i )  a n d  ( i i )  a b o v e  a n d  f o r  ( i i i )  
u p  t o  2 0 0  m . p é h , , A . S . I *

( b ) t h e  Og ,  Cx( c u r v e s  f r o m  t h e  t u n n e l  t e s t s  a n d  f o r  t h e  
c o n d i t i o n  ( i i i )  u p  t o  2 0 0  m . p . h * , .  a r e  r e a s o n a b l y  t h e  
s a m e .

( c )  a b o v e  2 0 0  m . p . h .  t h e  Cg ,  (X c u r v e s  f o r  c o n d i t i o n  ( i i i )  
c h a n g e  s l o p e  a b r u p t l y  a n d  b e c o m e  v e r y  p o s i t i v e  i n  
s l o p e .

F r o m  t h e s e  f a c t s  i t  f o l l o w s  t h a t  t h e  v a l u e  o f  - b j  m u s t  
i n c r e a s e  w i t h  s p e e d ,  f o r  b p  i s  t h e  s a m e  . a t ,  68  m . p . h .  a n d  
3 0 3  m . p . h ,  a n d  y e t  t h e r e  i s  a  l a r g e  i n t e r v a l  i n  Ctj , b e t w e e n  
t h e  C y ,  (X c u r v e s  f o r  t h e s e  t w o  c o n d i t i o n s .  Now'" b y  u s i n g  t h e  
c u r v e  f o r  C o n d i t i o n  ( i i i )  i n  F i g .  16  f p r . / f f ' -= 0 ° ,  a n d  t h e  
a s s u m p t i o n  t h a t  bp  i s  c o n s t a n t  o v e r ' t h e  j f t i o l e  s p e e d  r a n g e  
f r o m  1 5 0  -  4 0 0  m . p . h . , A . S . I . ,  t h e  a c t u a l  v a r i a t i o n  o f  bg  
w i t h  s p e e d  c a n  b e  o b t a i n e d .  T h i s  i s  p l o t t e d  i n  F i g . 1 7 .  The  
i n c r e a s e  f n  - b g  w i t h  s p e e d  i s , . . a n  i m p o r t a n t  f a c t o r  i n  t h e  

■ d e t e r m i n a t i o n  o f  t h e  c a b l e  t e n s i o n ,  a n d  t h o u g h  t h e  r e a s o n  f o r  
i t  h a s  n o t  b e e n  e s t a b l i s h e d ,  m u c h  i s  p r o b a b l y  d u e  t o  a  c h a n g e  
i n  b o u n d a r y  l a y e r  c o n d i t i o n s .  A s m a l l  i n c r e a s e  o f  a b o u t  
- 0 . 0 0 3  i h  b g  w o u l d  b e  e k p e c t e d  f r o m  c o m p r e s s i b i l i t y  c o n s i d e r a 
t i o n ,  %y a s s u m i n g  GTa u é r t ' s  l a w  f  h a t  t h e  f o r c e s  i n c r e a s e  i n  
r a t i o -  o f  / / i  - ’m2» '' F u r t h e r  e x p e r i m e n t s  a r e  t o  b e  m a d e  o n  
t h i s -  p o i n t , i n c l u d i n g -  t h e  t e s t i n g  o f  a  n u m b e r  o f  % t h e r  a i l e r 
o n s  o n  t h i s  a e r o p l a n e .

D i r e c t  c o m p a r i s o n s ,  o f  t h e  C g ,  ^  c u r v e s ,  o b t a i n e d  f r o m  
f l i g h t  w i t h  t h e  c u r v e s , ,  o b h a i n n d  f r o m  w i n d  t u n n e l  t e s t s  a r e  
g i v e n  I n  F i g s .  1 8  a n d  1 9 .  ’ î n  ' b o t h  t h e s e  f i g u r e s ^  t h e  f l i g h t  
c u r v e s  a r e  d e d u c e d  f r o m  F i g .  16  o r  16-A, b y  - a s s u m i n g  bp  c o n 
s t a n t  f o r  a  g i v e n  , b u t  a l l o w i n g  f o r  t h e  v a r i a t i o n  i n  b p  ■ 
w i t h  c h a n g e  i n  •^ . ' A n  e x a m p l e  o f  t h é '  m e t h o d  u s e d  i s  s h o w n  i n  
F i g .  1 6 A ,  w h e r e  t h e  p o i n t  f o r  "g = + 8 °  a t  4 0 0  m . p . h .  , A . S . I .  (A)  
i s  c o r r e c t e d  f r o m  t h e  f l i g h t  i n c i d e n c e -  t o  a  s ' - t a n d a r d  i n c i d e n c e  
# f  - 2 . 3 ©  ( p o i n t  B ) /  b y  d r a w i n g  t h e  l i n e  AB' p a r a l l e l  t o  t h e  
m e a n  b p  c u r v e  f o r  ■-Y/h,+8©'v T h e ' ’p o i n t  B i s  t h e n  p l o t t e d  on  
t h e  Oh , c u r v e  ( s - e e - F i ' g ,  1 9 ) ' ’. ' F i g .  1 8  s h o w s  t h e  v a r i a t i o n  i n  
t h e  h i n g e  m o m e n t  c u r v e s  w i t h  s p e e d  f o r  a  c o n s t a n t  w i n g  i n c i d e n c e  
o f  0©,  a n d  P i g . 19  g i v e s  a  c o m p a r i s o n  o f  t h e  Op,  ^  c u r v e s  f o r  
t h r e e  f l i g h t  s p e e d s  w i t h  t h e  w i n d  t u n n e l  c u r v e s  t a k e n  a t  t h e  
c o r r e s p o n d i n g  w i n g  i n c i d e n c e s .  B o t h  t h e s e  f i g u r e s  sh o w  t h e  
e x c e l l e n t  a g r e e m e n t ,  o f  f l i g h t  t e s t s  w i t h  t h e  w i n d  t u n n e l  t e s t s  
u p  t o  2 0 0  m . p . h . , a f t e r  w h i c h  t h e  c u r v e s  s e p a r a t e  d u e  t o  t h e  
i n c r e a s e  i n  - b g  a n d  s t e e p e n  W  s l o p e .  T he  r e a s o n  f o r  t h e  
i n c r e a s e  i n  s l o p e  o f  t h e  Cj j ,  c u r v e s  i s  n o t  f u l l y  know. . ,  b u t  
a g a i n *  t h e  e f f e c t  o f  c o m p r e s s i b i l i t y  w o u l d  b e  t o  i n c r e a s e  t h e  
s l o p e  i n  t h e  r a t i o  o f  l y / p  _ T h i s ' d o e s  a c c o u n t  f o r  mu ch
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o f  t h e  i n c r e a s e  w h e n  l a r g e  f  v a r i a t i o n s  a r e  c o n s i d e r e d ,  h u t
d o e s  n o t  a c c o u n t  f o r  t h e  " f l a t " o h  t h e  c u r v e , a t  s m a l l  n e g a t i v e
'--e v a l u e s  a t  l o w  / s p e e d s , ;  d i s a p p e a r i n g  a s  t h e  s p e e d  i s  i n c r e a s e d .5 .

T he  e r r o r s  i n  t h e  f i n a l  c u r v e s  i n  P i g s  , 18  a n d  19 c a n  b e  
d i v i d e d  i n t o  t,wo . . p a r t s  ( a ) ,  ' e x p é r i m e n t a l ' , ^  ( b )  t h e o r e t i c a l  i n  t h e  
c o r r e c t i o n s  f o r .  t h e ,  A x  c h a n g e s .  T h e ' e x ' | 6 © r i m e n t a l  e r r o r s  c a n  
b e  s e e n  i n  t h ©  s c a t t e r  o f  t h e  p o i n t s  i n  ’P i g s . 7 - 1 3 ,  t h e  a c c u r a c y  
i n c r e a s i n g '  r a p i d l y  as ,  t h e  s p e e d  i s  i n c r e a s e d .  T h e  e r r o r s  d u e  
t o  t h e  t h e o r e t i c a l  c o r r e c t i o n s  s h o u l d  a l s o  b e  q u i t e  s m a l l ,  f o r  
t h e  v a l u e  o f  b.% i s ,  l o w  a n d . ' t h e r e f o r e  t h e  t r u e  ' V a l u e  o f  d o e s
n o t  n e e d  t o  b e  k n o w n  t » a n y  g r e a t  a c c u r a c y .

6 .  C o n c l u s i o n s  , , ; , ’ '

( i )  T he  c a b l e  t e n s i o n s  i n  t h e  p o r t  a i l e r o n  c i r c u i t  n e v e r  
e x c e e d e d  3 3 0  l b .  d u r i n g  t h e  w h o l e '  s e r i e s  o f  " t e s t s .
B u t  i t  s h o u l d  b e  n o t e d  t h a t  f o r  t h i s  a i l e r i n f ^ t h e  b o

' w a s  l o w  i n  c o m p a r i s o n  t o  t h e  t - u n h e l  r a n g e  o f  - 0 . 0 1  
t o  - 0 . 0 5 ,  a n d  t h a t  t h e  a i l e r o n  w a s  q u i t e  w e l l  
b a l a n c e d , ,  ,Kbg b e i n g  a b o u t  - 0 , 1  a t ' 4 0 0  m . p . h . , A , S . I .

( i i )  T h e  a i l e r o n  h i n g e  m o m e n t  c h a r a c t e r i s t i c s  a g r e e d  w e l l
w i t h  t h e  t u n n e l  t e s t s  o n  t h e  s a m e  a i l e r o n  w i n g  c o m b i n 
a t i o n  a t  l o w  f l i g h t  s p e e d s ,  b u t  a s  t h e  s p e e d  i n c r é a s e d
b o t h  t h e  bg  a n d  t h e  b g  b e c a m e  m o r e  n e g a t i v e .  A t

• • i 5 0  a n d  2 0 0  m . p . h . , A . S . 1 . t h e  b g  w a s  - 0 . 0 1 3 ,  b u t
b y  *•'400 m . p . h ,  t h i s  h a d  i n c r e a s e d  t o  - 0 . 0 2 6 .  A l i t t l e  

■ * f * b o t h  t h e s e  v a r i a t i o n s  c a n  b e  a t t r i b u t e d  t o  
c o m p r e s s i b i l i t y  e f f e c t s .

( i i i )  A s l o w  p e r i p d  v i b r a t i o n  o c c u r r e d  o n  t h e  a i l e r o n  a t  a n
‘ a n ^ l e  w h i c h  v a r i e d . w i t h  s p e e d .  " T h i s  v i b r a t i o n  w a s

p r o b a b l y  d ue .  t o  a  , s h o c k  w a v e  c o m i n g  o f f  t h e  a i l e r o n  
' : , n o s e  a n d  w h e n  i t . o c c u r r e d  t h e r ë  w a s  c o n s i d e r a b l e

s c a t t e r ' o f  t h e  p o i n t s  o n  t h é  Og^ d u r v e ,  e s p e c i a l l y  
a t  h i g h  . . s p e e d s ,  a n d  i n  o n e  b a s e  in'~ w h i c h  m o r e  t h a n  t h e  
u s u a l  a m o u n t  o f  a i l e r o n - w a s  a p p l i e d , • t h e  . c u r v e  w a s  
c l e a r l y  s e e n  . . . t o - b e  f l a t t e n i n g  o u t  i n  t h i s  r e g i o n .

7 .  F u r t h e r  i n v e s t i g a t i o n  '

■ii) T e s t s  a r e  b e i n g  m a d e  w i t h ,  t h e i ' a i r c r a f t  a n d  a i l e r o n s  i n  t h e  
s a m e  c o n d i t i o n . , ,  a s  i n  t h e  e x p e r i m e n t s ' d e s c r i b e d ' ,  h e r e , b u t  

' m e a s u r i n g  b o t h i t h e  s t i c k  f o r c e  and^ t h e ’ p o r t  a i l é r o n  h i n g e  
. /  m o m e n t s .  T he '  s t a r b o . a r d  . h i n g e  m o m e n t s  w i l l  t h u s  b e  '■ 

d e t e r m i n a b l e . ,    ;

( i i )  T e s t s  a r e  t o  b e  m a d e  o f  , a  n u m b e r  o f  p o r t  a i l e r o n s ,  t o  c h e c k  
t h e  v a r i a t i o n  o.f ..,.bq and:  b.g o n  t h e s e  a i l e r o n s  wi^th s p e e d  
a n d  o b t a i n  i n f o r m a t i o n  o h  t h e  c o n s i s t e n c y  o f  t h e  c h a r a c t e r 
i s t i c s  f r o m  a i l e r o n  t o  a i l e r o n .
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A p p e n d i x

T he  e s t i m a t i o n  o f  r a t e  o f  r o l l  d u r i n g ,  s t e a d y  a p p l i c a t i o n
o f  t h e  a i l e r o n s

. „  T h e  g e n e r a l  e q u a t i o n  o f  m o t i o n  i n  r o l l  d u r i n g  a p p l i c a 
t i o n  o f  a i l e r o n ,  a s s u m i n g  n o  y a w ,  i s  a s  f o l l o w s .

Ap (i:
w h e r e i s  t h e  r o l l i n g  m o m e n t  o f  i n e r t i a ,  

i s  t h e  a n g u l a r  v e l o c i t y  i n  r o l l .
Lp  i s  t h e  r o l l i n g  m o m e n t  d u e  t o  r o l l ,
L-t i s  t h e  a p p l i e d  a i l e r o n  r o l l i n g  m o m e n t .

Now l e t .  u s  a s s u m e  t h a t  t h e  a i l e r o n  i s  a p p l i e d  a t  a  s t e a d y  
r a t e  a n d ^ t h a t  w e  c a n  r e p r e s e n t  L t  b y * R  l  t  w h e r e  R i s  a  
c o n s t a n t ‘ v a r y i n g  w i t h  t h e  r a t e  ©f  a p p l i c a t i o n  o f  t h e  c o n t r o l .  
T h i s  a l s o  a s s u m e s  t h a f  t h e r e  i s  n o  d e l a y  i n  t h e  b u i l d i n g  o f  t h e  
r o l l i n g  m o m e n t .

=Then we c a n  w r i t e

dp
d t .A  .

I- R . t (2)

a n d  h e n c e  p e

_ht
p̂/a + c

now p  = 0  w h e n  t  = 0

R A hG =

A Y  e  "A ^Lp

a n d  ÉR S
d t  A

L
- AL.

\2

P -̂p
Now t h e  s i g n  o f  L p  i s  n e g a t i v e

(3)

(4)

. « w h e n  t  =  O 0 ,
d t

a n d  w h e n  t  =* OO É 2  =  -  ^
d t  L_

Now i f  A i s  a s s u m e d  e q u a l  t o  z e r o  f r o m  e q u a t i o n  ( 2 )  i t  
f o l l o w s  t h a t  d p / d t  = “ ^ / L p *

T h e r e f o r e  t h e  c u r v e s  o f  p  a g a i n s t  t i m e  f o r  a n y  m o m en t  o f  
i n e r t i a  b e c o m e  p a r a l l e l  a t  o n  ,
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Now i f  we  c a l l  t h e  r a t e . , p f  , j r p f l  a s s u m i n g  no  i n e r t i a  p i .  

T h e n  t h e  l a g  \ n  t h e  r a t e  o f  r o l l  d u e  t o  i n e r t i a

r - " ^,p\ - p = s-J /A) -AjVLpj
BA/̂ 2w h i c h . t e n d s  t o  / L t>^ a s  t

RA. %
1  -  e

DO .

Rate of 
roll Zero rolling moment 

of inertia

Rolling moment of 
inertia = A

t secs

Now t h e  c h a n g e  i n  i n c i d e n c e  A iX ,  a t  m i d - a i l e r o n  d u e  t o  
r a t e  o f  r o l l  i s  e q u a l  t o  P i ^ / y .

w h e r e  X- i s  t h e  d i s t a n c e  o f  t h e  m i d - a i l e r o n  p o i n t  f r o m  t h e  C-.L. 
a n d  V i s  t h e  f o r w a r d  s p e e d  o f  t h e  a ' e r o p l a n e .  « \ :

. .  f r o m  e q u a t i o n  ( 3 )

- f e )  -

( 5 )

'When  t h e  a e r o p l a n e  h a s  h '  s t e a d y  r a t e  o f  r o l l  a t  a  g i v e n  
v a l u e  o f  , l e t  u s  c a l l  t h e  c h a n g e  i n  o< a t  t h e  m i d - a i l e r o n  
p o s i t i o n  <

T h e n = . LpV R t > £

4  ̂

. . f r o m  ( 5 )  a n d  (6  ) Ù X  =  /Sotg' 1 + /
til 1  -  e

(6)

(7)
T h e n  f r o m  e q u a t i o n  ( 7 )  kn ow lh g .  t h e  v a l u e  o f  A,  Lp  a n d  i t  i ,s
p o s s i b l e  t o  d e d u c e  t h e  v a l u e  o f  4^  o(  ̂ f o r  a n y  r a t e  o f  a p p l i c a 
t i o n  o f  t h e  c o n t r o l ,  a t  a n y  p a r t i c u l a r  v a l u e  o f  .
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T a b l e

4 % l e p o n  a n d  a i  j g c i r a f t

r  R o o t  

T i p

W e i g h t  d u r i n g  t e s t s .

W i n g  a r e a  ( g r o g s ) .

W in g  l o a d i n g .

S p a n .

A s p e c t  r a t i o .

D i h e d r a l ,

W in g  s e c t i o n  .

A i l e r o n  t y p e .

P e r c e n t a g e  b a l a n c e ,  ' '

A i l e r o n  a r e a  b e h i n d  t h e  h i n g e  ( e a c h ) .

A i l e r o n  m e a n  c h o r d  b e h i n d  t h e  h i n g e .  .

A i l e r o n  m a x .  a n g l e s     '      f ' D o w n

L
Maximum s t i c k  t r a v e l .  ' ' ' '  - ' '

D r o o p .  . O'.

A l l e r e n  a r e a / w i n g  a r e a .  1., ' ,

A i l e r o n  c h o r d / w i n g  c h o r d .

A i l e r o n  s p a n / w i n g  s p a n .

W i n g  t h i c k n e ' s s / w i n g  c h o r d . ; ' r  I n b o a r d  e n d  o f  a i l e r o n -

O u t b o a r d  e n d  o f  a i l e  r o n

6 . 0 0 0  l b .

2 4 2  s q . f t .

2 4 . 8  I b . / s q . f t

3 7 . 0  f t .

5 . 7

6.0°
N , A . C . A . 2 2 1 3  

N . A . G . A . 2 2 0 5  

P r i s e  

3 7 . 9 ÿ  

6 . 8 6  s q . f t .  

1 . 0 0  f t .

19°
25°
1 8 . 0  i n .

+1.8°
0 . 0 7 8

0 . 1 7 5

0 . 3 7 , .

0 . 1 0 6 '

0 . 0 7 5
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d u e  t o  t h e  l a r g e  s t i c k -  f o r c e s  r e q u i r e d '  t o  p r e y e n T  t h e  d i v e ,  f r o m  
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( i )  S t a t i c  s t a b i l i t y  s t i c k  f i x e d  a n d  f r e e  u p  t o  a  m a x i m u m
■ —;d! - iv ihg  s p e e d  o f  ' 3 6 6 ' m . p .  h i  ' 3 : .  A ,  S'. "^'7% '*!' \ '

( ii)' - % e  : effect Of-slipstream'on stability! ' " ’ ' '
( i i i )  T h e  v a r i a t i o n  w i t h  s p e e d ,  i p  s t i c k  f o r c e  p e r  i n  a

p u l l  ' OUtV ' : . ■! ' . . . . .
( i v )  T h e  v a r i a t i o n  i n  a i l e r o n  d r o o p  w i t h  s p e e d .  ’

M e a s u r e m e n t s  o r  c a l c u l a t i o n s  w e r e  a l s o  n i ad e  o f  t h e  - t a i l  p l a . n e
t w i s t ,  e l e v a t o r  t w i a t  ^ n d  f u s e l a g e  b e n d i n g .

T h e  n e u t r a l  p o i n t  i n _ ^ t h e  g l i d e  s t i c k  f i x e d  a t  l o w .  s p e e d s  
w a s  a t  a p p r o x i m a t e l y , .  G , ' 4 0  c . The- s t i c k  f o r c e  s  : r e v e r s e d  i n  t h e
d i v e ,  b u t  t h e  d e g r e e  o f  s t i c k  f r e e  i n s t a b i l i t y  Viias f a i r l y
s m a l l  o v e r  t h e  c e n t r e  o f  g r a v i t y  r a n g e  0 . 2 5  t o  0 . 36(T a n d  n o  

. d i f f i c u l t y  w a s  e x ^ r f e n c e d  i n  a n y  o f  t h e  c o n s i d e r a b l e  n h t n b e r  o f  
d i v e s  m a d e .

T h e  t a i l  p l a n e  w a s  f o u n d  t o , f w i s t  i n a p p r e c i a b l y  i n  f l i g h t ,  
b u t  b o t h  t h e  e l e v a t d r  t w i s t  a n d '  f u s e l a g e  b e n d i n g ' w e r e  « a l o u l a t e d  
t o  b e  a p p r e c i a b l e  b u t  s m a l l . .  - T h e  e ï . h v a t o r  ii.n' w a s  f o u n d  t o  b e  

âo  ' u h e x p e h t e d l y  l a i r ^ e  a n d  t o  i n c r e a s e  c o n s i d e r a b l y ' ' w i t h  s p e e d .

T h e  L a n c a s t e r  I  ^ i r c r i f f  h a s  b e e n ,  d i y e d  t o  h i g h  s p e e d s  
f r o m  v e r y  e a r l y  i n  i t s  b a r e e r  ( t ' h b  l i m i t i n g  h i v i n g  s p e e d  i s  
3 6 0  m.  p . h . - A . J . I i ) '  - hn d  d u r i n g  ' t h e  t u r r e t  o p e r a t i o n  t r i a l s  a t  
h i g h  s p e e d ^  i t  w a s  r e p o r t e d  t h a t  d u r i n g  a  d i v e  a t  i n c r e a s i n g  
s p e e d ,  t h e  s t i c k  f o r c e  r e v e r s e d  f r o m  a  p u s h  t o  a  p u l l .  T h i s



r e v e r s a l  o f  s t i c k  f o r c e ,  d i d  n o t  s e e m  t o  b e  c o n s i d e r e d  d a n g e r o u s  
a t  t h a t  t i m e  a n d  n o  f u r t h e r  m e n t i o n  o f  t h i s  i n s t a b i l i t y  w a s  
m a d e  u n f i l . .  . c o n a i d e r a b l e .  . d i f f i c u l t y  i n  r e c o v e r i n g  f r o m  a  d i v e  
v ; a s  e x p e r i e n c e d  b y  a  p i l o t  o f -  t h e  i n t e n s i v e  f l y i n g  u n i t  a t  t h e  

T h i s  p i l o t  r e p o r t e d  t h a t  t h e  s t i c k  f o r c e s  r e v e r s e d  i n  
t h e  r egion.K' ,of . ! .3 2 0 ' m . p .  h .  A .S - . I : .  ■ a n d  t h a t  a s - t h e  s p e e d  i n c r e a s e d  
c o n e i d e r o . b l e  f o r c e  b a c k w a r d s  w a s  r e q u i r e d  o n  t h e  c o n t r o l  c o l u m n ,  
a n d  t h a t  r e c o v e r y  w a s  o n l y . ,  o b t a i n e d  b y  f u l l  f o r c e  b a c k  o n  t h e  
c o n t r o l  c o l u m n  a s s i s t e i  b y  t h e  w i n d i n g  b a c k  o f  t h e  t r i m m e r  t a b s .

I t  w a s  p o i n t e d  o u t  by"  M e s s r s ”. u . Y *  h o e  L t d .  a t  t h i s  t i m e  
t h a t  d u e  t o  t h e  c e n t r e  o f  g r a v i t y  b e i n g  v e r y  l o w  i n  r e l a t i o n  t o  
t h e  m e a n  c h o r d ,  t h e r e  w o u l d  b e  a n  a p p r e c i a b l e  l o s s  i n  s t a b i l i t y  
a t  h i g h  s p e e d  c o m p a r e d  w i t h  a  l o v / e r  s p e e d ;  t h e  c a l c u l a t e d  l o s s  
i n  s t a b i l i t y  f o r  t h e  L a n c a s t e r ,  b e t w e e n  v a l u e s  o f  0 . 5  a n d  
0 . 1 4 ,  w o u l d  c o r r e s p o n d  t o  a  • s h i f t !  o f  t h e  n e u t r a l _ _ p o i n t  o f  0 . 0 3 c  
f o r w a r d s  ( a s s u m i n g  t h e  c e n t r e  o f  g r a v i t y -  i s  0 . 2 1 c  b e l o w  t h e  
m e a n  w i n g  c h o r d ) .  The  r e v e r s a l  o f  s t i c k  f o r c e s ^  h o w e v e r ,  v ; as  
f i r s t  n o t e d  w i t h  t h e  c e n t r e  , o f  . . g r a v i t y  a t  0 . 2 6 o ,  w h e n , a s s u m i n g  
a  n e u t r a l ,  p o i n t  s t i c k  f i x e d  o f  0 . 4 2 o  ( t h i s  i s  t h e  v a l u e  g i v e n  
b y  t h e  w i n d  t u n n e l  t e s t s ^ ) ,  t h e  a i r c r a f t . ,  s h o u l d  . h a v e , a  m a r g i n  
o f  s t a b i l i t y  s t i c k  f i x e d  e q u i v a l e n t  t o  0 . 1 6 c  a t  a  Ct o f  6 . 5  a n d  

. 0 * 1 3 C  a , t  a  Cj  ̂ o f  0 / 1 4 . T h e r e f o r e ,  u n l e s s  f r e e i n g  t h e  s t i c k  h a s  
. a - v e r y , l a r g e - e f f e c t - o n - t h e ' S t a b i l i t y ,  t h e r e . m u s f  b e  a  l a r g e  

c h a n g e  i n  s t a t i c •s t a b i l i t y  s t i c k  f i x e d  t o  a c c o u n t ; f o r  t h e  
r e v e r s a l  o f  s t i c k  f o r c e s .

I t  w a s  d e c i d e d  t o  i n v e s t i g a . t e  f u l l y  t h e  s t a t i c  s t a b i l i t y  
o f  t h e  L a n c a s t e r  b o t h  s t i c k  f i x e d  a n d  f r e e ,  w i t h  e s p e c i a l  
a t t e n t i o n ^ t o  t h e "  s t a h  1 1  t t y  i n  h i g h  s p j o c d  " f l i g h t ]  t o n i e a o u r e  t h e  

- ^ • d e g r e e  o f  r e v e r s a l  o f  t h e  s t i c k ,  f o r c e s  a n d .  t o ;  f i n d  . . w h e t h e r  t h e  
r e a s o n  f o r  t h e  i n s t a b i l i t y  l a y  i n  t h e  - s t a t i c  s t a b i l i t y  o f  t h e  
r i r o r f - f t  s t i c k ,  f i x e d  o r  i n  t h e . ,  e l e v a t o r  c h a r a c t e r i s t i c s .

T h i s  r e p o r t  g i v e s  t h e  r e s u l t s  o b t a i n e d ] - w i t h - a  p a r t i a l  
i n v e s t i g a t i o n  . i n t o  t h e  b a s i c o c a u s e s .  .. . v >

!-.i ;-2. - M e t h o d ,  o f  t e s t  ; -

To o b t a i n  t h e  n e c e s s a r y  i n f o r m a t i o n  t o  a s s e s s  t h e  s t a t i c  
s t a b i l i t y  s t i c k  f i x e d  a n d  f r e e , t h e  f o l l o w i n g  m e e s u r ^ m e n t s -  w e r e  
m a d e  : -

- (a) ; Elevator'-Angles to. trim with •■-varying tab angle.-
(b): Stick f orces to trim with varying tab langle ■- - . = c
a n d  t h e s e  m e a s u r e m e n t s  v / e r e  m a d e - u n d e r  t h e  f o l l o w i n g ' o d h d i t i o n s ,

( i )  C e n t r e  o f  g r a v i t y  f o r w a r d  a t  0 . 2 5 5 c ,  e n g i n e s  t h r o t t l e d  
... ; . b a c k , '  " ; ' '' - ! . ; J

( id*)  C e n t r e  o f  g r a v i t y  f o r w a r d  a t  0 ^ 2 5 5 ^ ,  ' e n g i n e s . o n ,  h o o s t  
■' • /  + 6  l b . s q .  i n . 2 , 6 0 0  r . p . m.  ! J o  \  j

- ( i i i )  C e n t r e ‘O f  g r a v i t y  b a c k  a t  0 . 3 5 c ; ,  e n g i n e s . . t h r o t t l e d  b a c k  
^ i v )  " " " " " " , e n g i n e s  o n ,  b o o s t

+ 6 I b . / s q . i n . ,  2 , 6 0 0  r . p . m .  . . ......

T h e  s t i c k  f o r c e  p e r  ” g ” w a s  s l s o  m e a s u r e d _ # t 4 & G 9 , 2 5 0  a n d
3 2 0  m . p . h .  A . 3 . 1 .  w i t h  t h e  c e n t r e  o f  g r a v i t y  a t  0 . 2 6 o . “

On all .‘thes^‘‘tests the main landing, flaps were fully up,
'• a n d  f h e  r a d i h t o r '  f l a p s , - '  t h o u g h  . . . under : • u u t a m a t i c . ,  c o n t r o l ] ) : r e m u i n e d  
■ ■ - f u l l y  o l d s e d / i - u : ' •<• ‘ a--- o x. '-v ü I  ; ."" I-
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The elevator position was measured at the torque tube of 

the elevator inside the fuselage (the torque tube of the eleva
tors is .cpntinuous right through the fuselage )’ and transmitted 
to the cabin, by a Desynn system. The tab angle was measured at 
the tail, by recording: the movements of the balance cable which 
directly..connects the. two. trtioming tab operating mechanisms; 
this-was‘again transmitted to thë cabin by me^ns of a Desynn
system. The .stick forces', were measured by the : stvndL rd
type stick force indicator on the 'control column) and the 
friction error should-be fairly sms11 as the whole control 
system is made up of ..push, and pull rods.

A sketch, of the Lancaster is given in Fig.l and relevant
details of the tail plane etc. in Fig.3.

A considerable number of dives were made to high speeds 
(the highest recorded was 365 m.p.h. .B.A.3.) and although the 
stick forces reversed at high speeds for the range of centre 
of gravities tested, when trimmed, for cruising flight, there 
was never any. dangerous' building up of stick forces, and no 
difficulty was ever experienced in pulling out of the dive. 
During the) tests listed in the first part of S3, however, some 
peculiarities were, noticed in the trim curves obtained, such as 
the crossing- of the curves recorded for two centre of gra-vity 
positions before the Gt = Oexis was reached. It was thought 

' that much of this would be explained by tail plane, elevator and 
fuselage distortion. Accordingly measurements or calculations 

— of these distortions were'-made. . "
3.2. ■■■ Tail Plane ̂ e le vat or and _ f_uae_lugs _ dialo.rtloh

The twist of the tail plane “Vfas measured photographically 
with a cine camera over a range of speeds up to 340 m.p.h. E.a .S. 
with the centre of gravity at 0.275‘.

The camera was fixed'firmly'to the tail.'planeV recir spar 
just inside the fuselùgë, and the tvfist of the fixed part of the 
tail plane was obtained from'the movement of a line on the fin 
relative to the side of the frame of the film.

The tvf i s t wa 8 f 0 und -to be "he gli g lb le oven It he. W h o  1 e speed 
range. The calculated twist due to elevator''lift'deduced from 
wind tunnel tests^ and measured stiffnesses ,was -0 .1  ̂ at 
34.0 m.p.h. a. A. 8 . but the drag of''the end and rudder at
this speed would be expected to twist-the tail plane through 
.about +0.1^, thus giving a total estimated twist of zero. The 
agreement between model and full-scale is therefore, satisfactory.

'iLsrly tes.ts of tail plane twist made wi.th the camera 
,-n.% mounted in the rear gun turret showed', that the' 'rear portion of 
j iA" the -fuselage (i.e. from the t|il plane, tô  the 7rear turret) 
uj!' :')flexed considerably, ■ so.'that,,be tween. lâ07 and'340 m.p.h. S.A.S., 

the fuselage at the turret ̂ rotated l.i^Gh relative to
the fuselage At the tail' plane, 7,

3.22; Elevator... twist
Measurements of the elevator twist.were made in flight by 

[ a method similar.to that used for the tail;plane twist measure
ments, but these were ihvalida'téd by the fact that the linkage



. -4--
of the De.ayi?m;; system-used to measure the inboard elevator angle, 
was, considerably affected by the bending of the ele.yator torque 
,t;Ube.:., This bending of,ithe^.torque tube was.:fairly large due to 
' -1, the fa 01 ,. that. the inboard .hinges on either ..aide were , about 
. 7.. ;f t <, an,ar:t :.nnd the . arm t o the, pilot'.s oontro% : was. ja ttached only 
•about I t , ft/.from, the centre : line, of the fuseia,ge/htThe .eleva
tor tvjist/ due both to tab and elevator movement, .was therefore 
determined by. .a graphical method. The hinge moment, character- 
ieticB,.; .us,ed:„ in„the .calculations were taken from flight, measure- 
ment s. at low.-, speeds/ and;' although the bg for the elevator varied 
considerably with'(flight speed, only slight error, was intro
duced as the elevator angles at high speed were small. An 
allowance was. made' fo.r the, spanwise variation, of b^.

The stiffness in torsion assumed for the calculations was 
100 Ib.ft./'^ for 90fo of the elevator overall span, which corres
ponds to a value of approximately 0,012 for the stiffness 
- criterion , •. . .

■ ■ ■ 'X p .  . -". a: . : .  ' ) .' .1.. ;

'-y ^'^cv .he' > . . -ov . -oi::
where V = design speed .in f .p. s., (400 m,pyh.. , , .;

Sg =! elev8tor aree .behind; hinge., ■ -
tg = elevator stiffness,, in lb .ft,/radian (measured..from 

5^ to 95)̂  .of the .overall ielevator. span) . . -
be =. overall elevator .span. :
The stiffness used was the mean between the results of 

the. official tests, 8nd the measured stiffness pf, the elevator 
on_ the aircraf t, durina thé tes ts, and it - was Assumed that,the 
stiffness of unit length was constant across the span.

The caicu'îatibhs' showed the. 'difference, A  r, between the 
measured inboard elevator angle and the moan elevator angle to 
be approximately equal t#

dd i

where W]- = inboard .elevator angle in degrees
/3 = trimmer, tab angle ,.in degrees .  ̂ a • :'
/y = flight speed Jin .m.p*h; . : : :

At high speeds this correction was found to be quite 
appreciable,-;reaching as much - as ;with, the centre of gravity 
at 0.35S", mainly .due . to,,the .large. trimming..;tap angle,

l a g , ^ , b e a d , : l , n ^ . . , . y  GA..
, The effect of fuselage bending/çn trim has boon calculated, 

by use of wini tunnel,teststo.obtain.tho tail ipads, and & 
value of the flexural stiffness"obtained from’unpublished 
strength tests on a .Manchester fusçla^e.  ̂The value.of the 
,stiffness figure was' fairly high .at '.p,08*̂  tail movement per ton 
tail loaci measured, relative to thé root wing .chord..,' 'The ' results 
of these .'calculations are; .given in Fig.3;. iand ' show the efféct to 
be small," i,e. lessthan^,0.*2 .^,uhahge ' in .'elevator ' àngte bqiow 
400 m.p.h. E.A.3., but in'' the.̂  direction .to qccount 'for à (reduc
tion in stability at high speeds !

3.3. Static stability, stick:':ftïëd
In Figs.4 and. .5 the elevator angles to trim'are .plotted 

against the,,glide;-,and. engine on, conditions^, till...the
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points are corrected for tab lift, end the elevator angle is 
that measured at tlie"6entre ol''" thç''’'torque tube inside, the 
fuselage corrected for the bending of the torque tube (see 
§3.22), The curves for the two centre of gravity positions, 
ooth for" engines oh'Ond- off/brd'ss'-At-a -0];̂r6f 0.14, instead of 
at the theoretical velue of C_, = 0, and there is a large re
duction in apparent'Stability at high speed with centre of 
gravity eft. Both these effects are due to the elevator twist, 
mainly as a résultent tab setting^' which is far more negative 
for the centre of gravity aft than the centre of gravity for
ward condition. In Figs.6 and 7, the curves of Figs.4 and 5 are 
shown corrected for the calculated elevatoi twist (see §3.22),

, the m4eh elevator angle to trim being plotted againet C t .  The 
trim évir'ves, thus obthihed, cdnform much'better to the theoret
ical t à r m , in that ail'" the curves'for bdth varying centré of 
gravity position and engine conditions can, bé made to intersect 
at the same value o f  V on the C/ = o axi^V 'There is still, 
however , a decrease in'stability at the very high speeds, and 
in Fig.8 it is ahotm that this ia due to the effect of fuselage

. bending. ■ ■ ■■'" * '
7 /' '' It is thus apparent, that at hig^'speeds, it is possille 
/'‘.to obtain three different values'•■of '̂‘•'m/d Op with''elevator 
, fixed, for a given centre of gravity'position/ •

( i ) Varying speed conditions (i.e. as-measured)
(ii) Constant speed conditions in flight.
(iiiO Constant speed'conditions with no fuseldge bending as in 

the wind tunnel teste. v •"•%*•:'• • ..:1 ‘ ‘ ay
The neutral points have been oàlcuXated completely^ for 

“ condition (i) hn'd are' given- in Fig. 9.̂ These are comparable to
’ the wind tunnel testé exce'pt at high speeds, ,and on the glide

the neutral pdint'is‘in fsir agreement with the wind tunnel^ neutral point'"of d'.42n. ‘ '
(,'7 V ’ .. The effect of; the fUSelagie beihg nbh-rigid is to move the 

neutral point forward's sbbut D-.'Clc tO' %  05? ( varying Y^ith 
centre of gravity position) for both the varying speed and 

; constant spee.d'hon^itioh at'- %  of- O'.lb. ' For instance^ the 
' neutral point with si‘:rigi'd- fuselagëy ehgin%^ on at a Cj of 0.15, 
would be at '0 .37c/' " ' -

It therefore appears that even with a rigid fuselage, the 
liieutral point mdvea.'slowly forwdfd;. vlth decrease in Cĵ . This 
Is 'in agreement with‘/he oalt^ated effect 'Of centre of gravity 
height Ç8ee7.§i). /'if'should' .bie hcWed that during the flight 
tests, thé distance' Of the oehtré- bf gravity'below the mean 

‘ wing chord, wad 0./15C,':Wh.ich.'was equivalent; to! 0.200, as the 
■ . aerodynamic•'centre of ',the (I^no.astér wing 'section is 0.05c' 
'///above thé chord; line.*'7 ..T'hi'é'yshould move' the' neutral point 
.' ' 0.02 to7rP.03o'^fO]^ferds/7'bétw'éeh'Of vélues ;0f 0.5 and 0.14, and

from the flight tésts we deduce'a movement of 0 .02c forwards.
Th e  e f f e c t ,o n  t h e  n e u t r a l  p o i n t  o f  o p e n i n g  t h e  t h r o t t l e  

I S  " s m a l l /  t h i s  " I s .  g c p d  .a g r e é m e n t  t h  w i n d  ' t u n n e l  t e s t s  o n
f o u r  ê n g i n e d  a i r c r a f t ^ .  "  ;- ;• • ''•• " 7 '•̂ "-'7 - •' ' ‘ 7 ' • -  :■• ;•

i/4. (Stability Stick f r e e élevatoh charaoterietios 
' ' 3 ,4l. ; Stdbilitv s tick'7'f ree •( a - ; I •:

The curves'ih Pige•10» and 11 give-' the ' stick forces to 
trim, Y/ith varying' tSb ahglé ' and centre of gravity position, 
in termn .
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dx

where 0., = iç'rs-lû,,
d.xwhere ^  = stick elevetor gearing in ft./radian 
V = forward speed in ft./sec.

= elevator area aft of the hinge 
~ mean elevator chord aft of hinge

Considerable trouble was experienced in obtaining these
curves, especially where the stick forces v/ere small, due to 
the scatter of the points; and the recording of different but 
parallel curves on different days and with different pilots. 
This was considered to be due to the following factors.
(a) There was a 0.5*  ̂backlash in the trimmer tab circuit from 
the irreversible unit to the tab itself.
(b) The stick force per *g‘ being so large, in a pull out for
this ainBrift especially at high speeds, it is quite possible
for the pilot to include an appreciable contribution due to ’g> 
in the stick force, while unaware that he is deporting slightly 
from straight flight.

The curves have been drawn, however, as well as possible 
in the circumstances, but it is evident that the accuracy of 
the curves, and the dcdi^Mons from them is not great. It was 
considered that the gfëa te a t"“a'cCuracy in‘ le t'erinîhîhg ' thé 'heu- 
tral point would be obtained by deducing the tab angles to trim 
from Figs 10 and 11, and estimating the neutral points from the 
value of /dOj^ for the two centre of gravity positions. The 
tab angles to trim plotted against are given in Fig. 12, and 
the corresponding neutral points are included in Fig.9. It is 
possible to draw the following broad conclusions, and it should 
be noted that the curves only apply to varying speed conditions.
(i) There appears to be little change in the position of the 
neutral point at low speeds on freeing the stick when gliding, 
though there is a forward movement of about 0.05c with engines 
on.
(ii) AS the speed is increased there is an apparent movement of 
the neutral point rapidly forward, which is shown up by the 
fact that there is little effective change in stability at high 
speed with change in centre of gravity position, over the range 
tested. It is obvious that under the conditions which exist in 
the high speed dive on this eircreft , the standard method of 
determination of the neutral point breaks down, and in fact the 
use of the neutral point in assessing the margin of stability 
has little meaning, due to the insensitivity of the stability, 
to the centre of gravity position.

Examination of the Figs.10-12 shows that there was no 
sudden change in static stability stick free at high speeds, 
although the ircraft was unstable below a of about 0.20 
over the whole range of centre of gravity tested. The amount 
of instability was quite small and the pull on the stick would 
not build up quickly with increase in speed unless the dive was 
entered with the trimmer wound forward from the cruising or top 
speed trimming position. This position might possibly arise if 
the trimmer were wound forward to overcome the large forces 
necessary to increase the speed of the aircraft in the dive.



-7-
: hT l i e  n  t i c k '  f o r c e  a  p e r . ’ g V  w e r e  m e a s u r e d  d u r i n g  t h e  p u l l  

' o u t ,  . . and  t h e  f o l l o w i n g . i t f .  o l e  . s n p v / s  t h e .  I s r . g e  i n c r e e s e  i n  t h i s  
w i t h  s p e e d .  . . .

S p e e d  m . p . h .  x i . S . i .
S t i c k  f o r c e  1 p e r  ' g * , ( l b . )

2 0 0 2 5 0 3 2 0
88 . 1 0 6 ' 2 0 0

C o n d i t i o n s . 
E n g i n e s  o n  
C . G .  a t  0 . 2 0 c

T h u s ,  i f  t h e  p i l o t  w i n d s  t h e  t r i m m e r  f o r w a r d  t o  o v e r c o m e  
s o m e  o f  t h e  s t i c k  f o r c e  n e c e s s a r y  t o - i n c r e a s e  t h e ,  s p e e d . . a t  a  
r e a s o n a b l e  r a t e ,  o n  a t t e m p t i n g  t o  s t r a i g h t e n  o u t  a p d  h o l d  t h i s  
s p e e d  i n  a. d i v e  h e  w i l l  g e t  a  f e e l i n g  o f  a  s u d d e n  r e v e r s a l  o f
ntiok^-foroe. : . ..i. i:. .:L.-y.,y = . , .

T h e  s t i c k  f r ç e  s t a b i l i t y j u n d e r  c o n s t a n t  s p e e d  c o n d i t i o n s  
w i l l  d i f f e r  f r o m  t h e  s t a b i l i t y . u n d e r  v a r y i n g  s p e e d  c o n d i t i o n s  
d u e  t o  a n  i n c r e a s e  o f  - b g  w i t h . ,  i n c r e a s e  i n  s p e e c u ,  > u t  i t  h a s  
n o t  b e e n  a s s e s s e d  o w i n g  t o  t h q  . d i f f i c u l t i e s . ^  i n .  e s t i m a t i n g  t h e  
v a l u e s  o f  b p  a n d  b ]  f o r  t h e  e l e v à t o r  f r o m  t n e . f l i g h t  " r e s u l t s .(see §3̂ #)? " t

3 . 4 2 .  . c o n t r o l  f o r c e

> ,i. i. : 1 •
■ i no.;,.

d Ji -

The average value of bg for.the trimming,tabs during the 
glide was-found to be -U.176,, }This compares'with the.value of 
-0,16 which would have been estimated from reference 4, assum
ing an 80;4 twil efficiency factor. This means that the 
trimming tabs are very effective at high speed in producing 
large changes in stick force.
■ • The values, of bg deduced from the stick' force curves and 
the corrected: elevator, angle, to trim curves in Figs.6.ahd 7, 
are plotted in Fig.13. The method used is, that'given" in 
reference 7. The vcLlue of : is, high, even a t , low speeds where
the effect of distortion ..should be, small.- ' The'measured value 
at a C. of 0.7 was -0.18 (-0,22 allowing an 80^"to il efficiency 
factory.. The elevator (see Fig:.2) has 42..6;̂ ;forward balance 
(i.e. area forward of hinge/area ,aft of h i h g è and a 6'^/3^ 
balance tab with a-, gearing of roughly 0.5 to 1 for the central 
elevator angles. The balance, of the elevator, however.,’ varies 
to' a considerable extent across, the span, from 29.6^ inboard 
to 74.4^ outboards and this does reduce the, effective balance 
to a- small extent^. The elevator has six'out-odtp in the nose 
to accommodate the .hinge' attachments, and these, when large, 
have been sho.wh to reduce; the balance c'orisidei&biyb. The 
estimated bg for this elevator with, .t,he balance tab out without 
taking into,account the effect of the' cutdouts would be about 
+0 .0,6\ The' difference between this estiti'ated bg and the 
measured bp, i.e. -0.28, is pos'sibly due tb :-
'(a) - Cut'̂ bdts,:iih 'the elevator ,"no:se. '
(b) Toseible ■G.bhcuvity in the elevator surface due to dis

tortion of the fo'.brio,.-,,
(c) The elevator shape departing too rapidly, s-nd too far aft, 

from the section -sha.pe,, and thus making the elevator nose 
too sharp ..(see.LFigu.2 ). ,.;);:i¥ind tunnel tests would settle

■ this'point. a, . -"'i,;; '-7
Though it is difficult to detect any fubfic'distortion in 
flight-to'the'degree of. accuracy required, cine photographs of 
the to'p^'surface'-of the e.levstnr did suggest'that some concavity 
might be occurring.
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. ; .  F i g . 1 3  , a i s , q . : S h o w a  t h a t  a s , t h e  . s p e e d  i n c r e a s e s  t h e  e s t i m a t e d  
v a l u e .  i n c r e a s e s  r a p i d l y .  T h e .  r a p i d  b u i l d  Up o f  s t i c k
f o r c e  p e r  »g» i n  t h e  p u l l  o u t  ( s e e  S 3 . 4 1 ) ' a l s o ' i n d i c a t e s  a  l a r g e  
i n c r e a s e  o f  - b g  w i t h  s p e e d .  I t  i s  n o t  k n o w n  e x a c t l y  how t h i s  
i  n  e r e  a- s  o j f  r i  s e s  pU t "  t h e r  e  / a r e  t j h r  e  e  p o s  a  l b  l o  Cc-u s  e  s  r - ...........

(tT):-, . I n c r e a s e . ;  i n j  c o r i c d y i t y  o f  t h e  e l e v a t o r , s u r f a c e  w i % h  s p e e d .
( b )  'The e f f e c t  o f  c o h p r e s s i o i l i t y .  ' T h i s  i s  e s t i m a t e d  b y  ;

G l a u e r t ’ s  l a w  t o  b e  r e s p o n s i b l e  f o r  " a b o u t  a  2 0 ^  t n o r e k s ea / VO i h  -Ig'VOC',; 
c i : : . o l n c r e a s i u g . . e r r o r . . i n  e s t i m u t i n g  . t h e  m e a n " a n g l e  o f  t h e  

, e l e v a t o r  t h e  s p e ç d  i s  i n c r e a s e d .  '

I t  i s  p r o b a b l e  t h a t  t h e  i n c r e a s e  i n  - b ^  w i t h  i n c r e a s e  i n  
s p e e d  w i l l  a c c o u n t  f o r  m u c h  o f  t h e  v a r i a t i o n  i n  s t i c k  f f e e  
s t a b i l i t y  c h a r a c t e z  i s t i c s  a t  h i g h  s p e e d , . .b u t  a  f u l l  a n a l y s i s  
c a n n o t  b e  m a d e  w i t h o u t  a  k n o w l e d g e . o f  t h e  v a l u e  o f  b p ,  a n d  i t s  
v a r i a t i o n ,  i f  a n y ,  w i t h  O p .  I t  i s  i m p o s s i b l e ,  h o w e v e r ,  t o  g e t  
a n y .  r e l i a b l e  v a l u e s  o f  b p  f r o m  t h e  f l i g h t  c u r v e s  d u e  t o  t h e  
v a r i a t i o n  i n  b g  w i t h  Cp^. ,

4 .  C h a n g e  i n .  a i . l e r o n . . _ d r o o o _  w i t h _ .  s  p e e d

T h e  c h a n g e  i n  d r o o p  " w i t h ' s p e e d  v / a s ' f  o u n d  t o ' - b e  s m a l l ,  t h e  
a i l e r o n  t r a i l i n g  e d g e s  r i s i n g  b e t w e e n . 0 . 1  i n .  a n d  0 . 2  i n .  f r o m  
r e s t  t o  5 4 0  m . p . h .  Â . A . û .  ( i . , e \ . .  l e s s  t h a n  0 , 5 ^ ) .

5 .  C o n c l u s i o n s

( i )  T h e r e  h a s  b e e n  n o  s i g n  o f . a n y  s u d d e n - c h a n g e  o f  s t i c k  f o r c e  
d u r i n g  t h e  d i v e  i n  a  l a r g e  n u m b e r  o f  d i v e s '  o n  I i d h c a s t e r  k . 5 6 9 2 ,  
w i t h  t h e  : c e n t r e  ; o f  g r a v i t y  r a n g i n g  b e t w e e n  p . 2 5 5 c  a n d  0 . 5 5 Ô .
T h e r e  - w a s ,  h o w e v e r , : a  p m a l l  v a r i a t i o n  o f  s t i c k ,  f o r c e ,  f r o m  d a y  t o  
d a y .  T h i s ,  v a r i a t i o n  . m i g h t  b e  d u e  t o  t h e - .s m a l l  a m o u n t  o f  b a c k 
l a s h  i n  t h e .  v e . r y .  e f f e c t i v e  t r i m m i x i g ’ t a b s , . ! a n d  i t "  i s  p o s s i b l e

• t h a t  b a c k l a . s h  m i g h t  c a u s e  a ,  ÿ s - r l a t i o n  d u r i n g  a ’ d i v a . '

( i i )  T h e  . ' a i r c r a f t  w a s  s t i c k  f r e e  u n  s t , a b l e  i n  t h e / d i y e  ' . (  o o n -
.. s i d è r i n g  t h e  v a r y i n g  s p e e d  ' c o n d i t i o n s )  o v e r  t h e  r h h g e '  O f  ( c e n t r e  

o f  g r a v i t y  t e s t e d ,  0 . 2 b o  t o  -p.,;25 ,0 .7  . T h i s  i n s t a b i l i t y  w a s ^  h o w e v e r ,  
q u i t e  s m a l l ,  e n d  a l m o s t L i n d e p e u f e n l  o f / c e n l r e ' o f ' g i f v i t y / p o s i t i o n .  
L a r g e ,  p u l l s  o n  t h e  c o n t r o l  c o l u m n ;  w o u l d  o n l y ' ,be .  e n c o u n t e r e d  
s h o u l d  t h e  t r i m m e r  b e  wound ,  : f o r w a r d  f r o m  t h e  ' t o p ' ' àp ' é,ed t r i m m i n g  
p o s i t i o n  i n  o r d e r :  t o  h e l p  t h e . a i r c r a f t  i n t o  t h e  d i v e .  \  ' f j i e  i n 
c r e a s e  i n  t h e  s t i c k  f o r c e  . p e r .  w i t h  s p e e d . , , ' w h i c h  , d t  3 ^ 0  m . p . h .  
r e a c h e s .  2 0 0  l b .  ( c e n t r e  o f  g r a v i t y  a t  0 . 2 ' 6c,7 e ' h g i h e s ' o n ) ' ,  w o u l d  
t e n d  t o  m a k e  t h e - p i l o t :  w i n d ,  t h e  t r i m m e r  f o r w a r d . /  A r e d u c t i o n  i n  
s t i c k  f r e e  s t a b i l i t y lWOS; m e a s u r e d  a s ,  t h e  . s p e e d ' w ' A s '  i n c r e a s e d  a n d  
t h i s  i s  p r o b a b l y  . d ue  t o  t h e  l a r g e  m e a s u r e d .  ; i n c f ë à . h e  ' i n  - b ?  w i t h

_ ' ... . ; . .i - ^
s p e e d ,  . . 1 -' . ;o ,, - . . . j  b u - -  a
( i i i )  T h e  b g  f o r  t h e  e l e v a t o r  m e a s u r e d  i n  f l i g h t  a t ' l O w  s p e e d s ,  
- 0 . 2 2  a l l o w i n g  8 0 ^  t , a i l  e f f i c i e n c y ) ,  i n d i c a t e d  m u c h  m o r e  
u n b a l a n c e  t h a n  g i v e n  b y  . t h e . . . e s t i m a t e d  v a l u e  b f / + 0 . O 6 . ; T h e  
d i f f e r e n c e  i s  p o s s i b l y  d u e  t o /  -, /.^

( a )  C u t o u t s  i n  . t h e  e l e v a t p r  n o s e . _ . ,77 7 , 7 . / '
■(b) P o s s i b l e ' c o n c a v i t y  i n , t h e  e l e v a t o r  s u r f a d e .  ,
( c )  T o o  r a p i d  d e p a r t u r e  o f  t h e ’e l e v a t o r  s h d p e ' f r o m ; ; t h e  s e c t i o n  

\  s h a p e  p r o d u c i n g '  t o o  s h a r p  a  n o s e .  '

( i v )  T h e r e  
o v e r  t h e

r e  i .was n o  a p p r e c i a b l e ,  t a i .1 p l / n e  t w i s t  ' o r r  t h i s  a i r c r a f t  
s p e e d  r a n g e  t e s t e d . ^ . ' b u t , , b o t h  t h e ' . p l d v o t o r / t w i s t  a n d  t h e

J



-9-
a n g u l H T  b e n d i n g  o f  t h e  f u s e l a g e  w e r e  a p p r e c i a b l e  t h o u g h  s m a l l  
a t  h i g h  s p e e d s .  Th e  p o s i t i o n  o f  t h e  n e u t r a l  p o i n t  s t i c k  f i x e d  
i n  t h e  g l i d e  a t  l o w  s p e e d s ,  0 . 4 0 c ,  Wos i n  f a i r  a g r e e m e n t  ' w i t h  
t h e  w i n d  t u n n e l  v a l u e  o f  0 . 4 2 c .  i h e  n e u t r a l  p o i n t  m o v e d  f o r w a r d  
a t  h i g h  S p e e d  b u t  n e v e r  w e n t  f u r t h e r  t h a n  0 . 5 2 c ,

( v )  I t  i s  p r o b a b l e  t h a t  t h e  d i v i n g  c h a r a c t e r i s t i c s  o f  t h e  
L a n c a s t e r  w o u l d  i m p r o v e  o n  s t i f f e n i n g  t h e  e l e v a t o r  w i t h
a  m e t e l  c o v e r i n g ,  d u e  b o t h  t o  t h e  p r e v e n t i o n  o f  s u r f a c e  d i s t o r 
t i o n  a n d  t h e  r e d u c t i o n  i n  t w i s t .  I t  s h o u l d  b e  s t r e s s e d ,  h o w e v e r ,  
t h a t  e v e n  i n  i t s  p r e s e n t  c o n d i t i o n  t h e  a i r c r a f t  a p p e a r s  q u i t e  
s a t i s f a c t o r y  u p  t o  3 6 0  m . p . h . :  t o  m o s t  p i l o t s  i n  s p i t e  o f  t h e  
s m a l l  d e g r e e  o f  s t i c k  f r e e  i n s t a b i l i t y  a t  n i g h  s p e e d s  a n d  t h e
l a r g e  s t i c k  f o r c e  p e r  " g " .

No

1
2

Authors

S e d d o n  a n d  H a i l e .

B r o w n  a n d  l l i l l s .

T i t l e ,  e t c .

P e r t  7 o f  a . a . S . E .  R e p o r t  N o .  7 6 6 .

V i in d  t u n n e l  t e s t s  o n  t h e  L a n c a s t e r .
. R e p o r t  N o .  B . n .  1 6 7 2 .  

i x p r i l ,  1 9 4 1 .

T he  . ^ e f f e c t  o f  s l i p s t r e a m  o n  t h e  l o n g i t u 
d i n a l  s t a b i l i t y  o f  f o u r - e n g i n e d  m o n o 
p l a n e  8 .
h . a . E ,  d e p o r t  N o .  B . . . . .  1 6 7 5 .  ( 5 2 3 8 )
IVlay, 1 9 4 1 .

N o t e  o n  t h e  a n a l y s i s  o f  e x p e r i m e n t a l  
d a t a  o n  t h e  h i n g e  m o m e n t a  o f  c o n t r o l  
s u r f a c e s  d u e  t o  t a b s .  
n . j - x . L .  R e p o r t  N o .  A e r o  1 7 4 7 .  ( 5 8 6 4 )
A p r i l ,  1 9 4 2 .

T h e  c a l c u l a t i o n  o f  e f f e c t i v e  v a l u e s  o f  
b g  o f  s e t - b a c k  h i n g e  c o n t r o l s  f o r  w h i c h  
t h e  l o c a l  b a l a n c e  v a r i e s  a c r o s s  t h e  s p a n ,  
B . A ,  D e p a r t m e n t a l  N o t e  p e r f o r m a n c e  
N o .  4 6 .  I
M a y ,  1 9 4 1 .

E f f e c t  o f  h i n g e  g a p s  o n  c o n t r o l  
o h o r a c t e r i s t i c s ,
JuI . a . E .  T e c h n i c a l  N o t e  N o .  n e r o  9 8 3 .
( L a r g e  T u n n e l ) .
J u l y ,  1 9 4 2 .

M o r g a n  a n d  M o r r i s ,  P l i g h t  t e s t s  t o  i n v e s t i g a t e  t h e  l i g h t 
n e s s  o f  t h e  u n b a l a n c e d  e l e v a t o r  o n  t h e  
L o c k h e e d  1 2 Â .
l i . A . E .  R e p o r t  N o .  B . À .  1 5 7 4 .  ( 4 5 3 2 ) .  
J a n u a r y ,  1 9 4 0 .

L y o n s .

P r i e s t l e y  a n d  barren.

N i v i s o n .
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tfT |__ UJ <> ^
3 Û  u UJ ty
^  ’/jfy < 1- W

2
PuJ
U| ,J
-I z

<
 ̂(Y

(Ï g
g  $< W > _l w UJ
IÜ

CN
CD
CC
10
cr

cr
LÜ
h-U1<
u



<

«V
Vn
4
'XN

Fig; 5.

o oO
b IÜ
au o

/ <ci

KlWO

O CVI

q p

CÛ w 13 
Z  -J Z  p  - UJ <C I—

h
J
t£) ̂< wb (fl3f-OIL

lii
û  3 W O

8 g
S S
Ùf lii
8f
5 u

g
liiJ
(J
Z<

Ui
IH

Q 
lii (ï 
3
Vf)<O w 

w_lw

C\J
O)
(Ûm
sr

cr
UJ
I -co
<
U
Z
<



i

%

Fis 6̂

lU
lU

o

in

<P

< D
N

W m ^
O CvJ m

W o N

Oz <
kllü
cC
g
(Y O ü.
û UJ h
yK Cï o
H

ùc a: H o
o
^ uJuJJaz<
O
wJIÜ
Z
vu

w

(M 
O)
10 
lO

cr
LU 
I—m
<
O
Z
<



X)•b

f i g ; 7.

F'»< m
. i/îNU b

IL)

uU b

CVI

h
\x
J
CÛ
<h
0 11
DW

s «
8.^

1 O
“ Ï
0  Ll
1- J  

LÜ
li]

Z<
aûh
1J11)
z<UJ2

C\J
O)
CDin
cr

cr
LÜ
h -
U1
<
U
z
<
_J



y)7̂

"% •*v l'*'

m

O

W 
rj <

% dm3U.
Q

15
Z
Q
Z
LÜ
CÛ
lÜ
gJ
LÜü)3
U.
IJL0
1—
üLÜ
U.
LLLÜ
lü1 H
ÜJ
Z

MKf)
dh-
g
lüJ13Z<
ot

iul
z<wz

rg:8

OJ
CD
CD
tn
cr

cr
Lü 
I—en
<
(J
Z
<

W i a x  ai ^  3 1 & N V  a o x V A 3 3 3  N V 3 W



cc ̂
 ̂< w 01 z <

Fig . q .

CMb

H  Z

C\J
CDCD
CD
cf

crÜJ
\—CO<
U



F i g . 10

<3f

co
--

m tv
oo I

'O 
LO in 

U  (M

o
/O

+ /

C )

o

ZO
h
7ioa
a
u

ÔÔ
w_J13
Z<
(D

Z
>CÏ<>
X
5

ü:F
P
Lf)
W>ü:
Du
LUCJù:ou
Y
Ü

k

c\j
O)
CD
If)
ûd

crLü
h"CO<
U
Z<
_J



7>
O

Fig: 11

oo

wO
o

o

QO inin QX

ZO
h
sa
du

lii_jUJz<
CÛ

UJz
$
Î
5
5
g
g
12
g
U

(M
O)
CD
CD
0:
cr.
Lü 
I—  
if) 
<  
Uz<



XJ

RG: (2

10
< O

— (

if)z0
I—ÜÏoa
^  Îu o 

(Ï u
Ê  Ui

?  
-  #  )_ z

Wz
<UT<

Uz
&
5

4
if)
UJ
_JUTz<
CÜ
g

CM
<D
CD
LD

or

orLU
I -to<
Uz<



Lü
I—
an

M

U a
o  _j


