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ABSTRACT

The scientific gpplications of nuclear research emulsions
aré reviewed with special reference to their application for
recording electron images generated in electronographic image
tubes,

The effect of electron irradiation of these emulsions is
considered from a theoretical point of view. Apparatus is
described which has been developed to investigate this effect
quantitatively and results are presented for G5, L4 and XM
emulsions exposed to electrons in the energy range up to 35kV.
The agreement of these results with the theoretical
congiderations is discussed,

The question of the granularity of nuclear research
emulsions exposed to electrons is considered from a theoretical
point of view. Experiments are described to evaluste the
granularity of nuclear research emulsions and the agreement of
the experimental results with theory is discussed.

From the results obtained in this investigation, a figure
is derived for the equivalent quantum efficiency of a single-
stage electronographic device employing direct recording of
25kV electrons on G5 emulsion.

Some aspects of the comparative performance of electrono-
graphic tubes employing direct and indirect recording of electron

images are discussed.



3.
The benefits of operating elsctronographic image tuba

systems at higher accelerating potentiasls are indicated.
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Chapter 1.
1.1, Intreduction.

Photographic emilsions have been used to detect nuclear
particles since the beginning of the science of radicactivity.
Becquerel discovered radicactivity by noticing the blackening of
photographic plates caused by radiation emitted by urenium salts,
The first investigation of this effect was made by Kinoshita (1)
working under Rutherford, in 1910, Using a microscope and counting
silver greins he was sble to show that a singleol - particle is
capable of rendering a halide grain developable., It was soon
realised that the photographic emilsion could be a very useful
instrunent for the detection end measurement of the properties of
nuclear particles, The systematic investigations of Powell (2-3)
proved that under proper experimental conditions the enel;gy of a
particle cen be measured accurately from the length of its track
in the emdsion end that this applies not only to protons and A =
particles but that even the energy of neutrons can be determined
with a high‘degree of accuracy. The work of Powell established the
emilsion technique as a quantitative and versatile method capsble of
giving results of high precision and reproducibility. Since this
time a whole range of 'Nuclear Research Emulzions' has been developed,
particularly by Ilford Ltd, having a wide vange of sensitivities to

meet the needs of particular applications, Emulsions are now



available which will detect any charged particle having an energy
greater than a few kV, As their name implies Nuclear Research
Emulsions have been most widely used in applications where it is
required to detect single particles i,e, in nuclear physics and
cosmic ray physics, Thus the development of these emulsions has
been aimed at satisfying the requirements of workers in these fields.
Whereas there is much information in the literature (%) concerning
the properties of emulsions of interest to nuclear physicists, only
quite recently, with the development of electron microscopes and
electronographic image tiubes, has interest been shown in the qualities
of emilsions required for these particular applications, Nuclear
research emulsions have been developed to meet certain applications
in nuclear physics, thus the physical characteristics of currently
available emulsions have been matched to the specific requirements of
single particle detection, Thus congideration is given to these
requirements and their effect on emulsion composition,

1.2, Composition of Nuclear Research Emulsions,

The main requirements of an emilsion for use in nuclear
physics or cosmic'ray work are :- |

(I) A1l charged particles should produce tracks in the
emilsion,

(II) The tracks should be well defined and be clearly
vigible dbove fog background,
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(I[I) Particles of different charges a.nd masses should
produce tracl;s of“diff‘erent appearances, |
(v ) -Fp.g background should be mn:u.mal. :

Nucléar research emilsions consist of about equal parts by
volume of silver halide crystals, of the order of a micron in diameter,
end a matrix element which is mainly gelatine. The parameters of the

emidsion which may be adjusted to meet the réquirements listed above

are the concentration of silver halide, the mean grain size and the mean
grain spacing, The development of emulsion manufacturing technique has
not resulted in a single emilaion with all ths required properties but
in a range of emulsions designed for specific epplications in particle
detection, The emilsions which are of particular interestr.?‘.n this
investigation are the Ilford emilsions G5, L4 and XM. These emulsions
/ha.ve ‘found widespread use as electron image recorders in electronographic
image tube systems, The emilsions G5 and L) wers developed specifically

for use in nuclear physics, - In the original nomendature emulsion types

were designa.ted by a letter and a nunber, the letter indicating the grain
size (decreasing in elphabetical order) end the nuuber indicating
sensitivity (dincreasing with the number), The emulsioﬂ XM was primarily
developed for autoradiographic purposes, The emulsions G5 and Ll are
sensitive to all charged particles of energy greater than a few K,

These emulsions differ mainly in thé diameter of the silver halide
crystels, These are 0.1k micron for Lk, 0,27 micron for G5 and 2.0

mioron for XM, Emilsions of the G and I; series have the following
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composition (5) These figures give the mean composition of 40 batches
of G5 emilsion in gm/ec in equilibrium with air at 587 R.H. at room
temperature i~ o

‘1

Element Composition, gm/cc

Silver .1.817 i 0.029
Bromine 1.338 £ 0,020
Todine - 0,0120 £ 0,0002
Carbon 0,277 ¥ 0.006
Hydrogen 0.0534 ¥ 0,0012
Oxygen 0.249 ¥ 0,005
Mitrogen 0.074 * 0,002
Sulphur 0,0072 ¥ 0.0002

—

" Information on the composition of X emulsion is not availeble from the
menufacturers, The composition of emulsion is liable to variation from
bateh to batch and with the prevailing humidity. The mean density of
emilsion is 3,8278 % 0.035L sm/cc

1,3, QOther Applications of Nuclear Research Emilsiong

The application of emulsions in nuclear physics has ealready
been noted and in this field at least eight sub-atomic particles were
discovered using emulsion techniques., Other applications (L) of

emilsions have boen made in the medical sciences for tracer work and
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autoradiography. There are also applications in analytical chemistry,
metallurgy, plent physiology and mineral prospecting.

This thesis is mainly concermed with the application of
nuclear research emilsions for recording electron images genefated
from photocathodes in imsge intensifier systems end thus the main
interest is in the ‘photogrephic! qualities of these emlsions i.e. the
shape of the opticel density - exposure characteristic, speed, contrast
and granularity, Imege intensifier systems employing nuclear research
emil.sions will be congidered in detail in a later Chapter,

l.4. Regquirements of Nuclear Research Emul sions for Recording Electron
Imoges,

The requirements of nuclear research emulsions for the

recording of electron images are essentially the same as the requirements
of ordinary photographic emilsions for the recording of light images,
Thus, for this application, nuclear research emulsions must possess a
high speed (i.e, a high rate of production of developakle grains for a
low incident electron flux), good contrast, low granularity and low
fog level, The requirements of high speed and low granularity are
contradictory since high emulsion speeds are generally obtained by
increasing the grain size of the emulsion and this leads to an increase
in the granularity, In addition the optical density produced on the
emilsion expressed as a function of exposure should be linear. It is
well known (6) that the response of photocathodes to light is linear

over a very wide renge of light intensities, Thus by cowbining a
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photocathode as a photon detector and using & nueclear research emulsion
to record the resulting electron imagé, a linear image detecting device
can be made, The degree of linearity of such a system will depend on
the response of the emilsion, The technique for recording electron
images using nuclear research emulsions is termed electronography and
devices employing this principle are called electronographic image
intensifier s:}stems. Such electronographic intensifier systems that
have been developed operate with electron energies upf to 40 X, This
is the energy range of interest in the present investigation,

Some of the required properties of emulsions outlined above
have been assessed for soms emulsiohs for some electron energies.
Most of the work described in the literature refers to essentially
photographic emilsions, Thus Cranberg and Halpern(7) have
investigated Ilford B-2 plates in the electron energy range L.k to
45KV, Premsela et al (8) nave investigated some Kodak and Gevaert
photographic plates for an electron energy of 42,5 XV. The only
camprehensive set of quantitative data\on the electronograﬁhic effect
are that reported by Digby, Firth and Hercock (9) These authors
investigated the I1ford photographic emulsions Gontadt Lanfem, N, 60
Photomechanical, N.50 Thin Film Half Tone and Repdd Process
Experimental for a number of electr'c;n energiés up to 70 ¥, Very
little qﬁantitative information ié e..vailable for the Nuclear research
emilsions, Of these Velentine and Wrigley (10) have pubhshed some

informetion on G5, Lk and XM but only for an electyon ensrgy of 60 kV.
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The work desoribed in this thesis is aimed at providing
some quantitative information on those aspects of nucleer research
emlsions of interest to users of electronographic image intensifier
systems employing the emulsions G5, L) and XM, Before describing the

experiments that have been made, image intensifier systems are

considered in more detail,
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Chapter 2
Image Intensifier Systems
The purpose uf this Chapter is to xoview the methods that

have been developed in order to intensify weak optical imeges using
photoelectronic methods.

2.1. Introduction -~ Photon Detection,

The process of photon detection can be charecterised by o
quantity, known as equivalent quantum efficlency., This concept was
introduced by Rosa (11) and further developed by Fellgett (12) ana

Jones (13) It is & measure of the effectivenecss of a detector

for producing registrable output events i,e, developable silver
halide grains in the case of photographic emulsions or photoelectrona
in the case of photoemissive swrfaces, when exposed to a given
incident photon flux, This quantity has been measured (12) in the
case of some photographic emulsions, Kodak Royal X Pan has given
some of the best results and in this case peak monochromatic quantum
efficiencies of 0.9% at a wavelength of 4300A° and 0.6% at 6070A°
were found to occur at optical densities of only 0.1 = 0,2 sbove fog.
At the more useful densities ayound 0.6, in the linear region of the
optical density - log exposure characteristic, the equivalent quantum

efficiency f£alls to only 0.1%. Alsc, with the long integratiom times
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necessary to record faint low-contrast optical images, the effect

of reciprocity failure will result in even lower guentum efficiencies
than the velues quoted gbove. Clearly the phatographic emulsion is
& very poor photon detactor.‘

Other photon detectors include photoemissive surfaces. Of
these, Sommer and Spicer (14~17) hove reported quantum efficiencies
of tri-alkeli photocathodes of 4O% for incident radiation of wave-
length LOOOAC, Bi-alkali cathodes have been reported (18) o5 having
quantum efficiencies of 30% at this wavelength. In fact , at any
point, throughout the wavelongth range 1000 - 14000A° photocathodes
can be cbtained with much higher quantum efficiencies than any
photographic emilsion, The quantum efficiencies of pliotocathoﬁes
are independent of the intensity of illumination over a wide range
of light intengities. The high quantum efficiency over a wide
spectral range, the Linearity of response, low dark current end
absence of reciprocity failure of photocathodes offer great
advantages over the photographic emilsion in photon detection.

In estronomy and spectroscopy it is required to produce
permanent records of cobservations on star fields or spectra,

Photocathodes cannot store information and to exploit their increased
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quantum efficiencies t0 the maximum tho phobvelectruns liberated by an
optical image must be recorded with certainty. Two main methods have

bean developed to achieve this -

2.2, JImage Intensifiers with Internal Multiplication

The simplest conceivable image intensifier is a parallel
photocathode « phosphor arrengement in the same vacuum envelope., The
electron imsge liherated by the photocathode is accelerated and focussed
by & sulitable electrom-optical. arrsngement on to the phosphor screen,
Theoretically (1922°) such o tube should have a Blue light gain in speed
over direct photography of the order of 100, It has not been possible
to realise this in practice due to extensive losses in the transfer
optics hetween phosphor end recording photographic emilsion, In order
to record single photoelectrons with such a system, devices employing
internal electron miltiplication have been developed. Two types of
multiplying dynode have been used :=-

(a) Tronsmission Secondary Emission (T.S.E,) Image Intensifier,

Secondary electron emission is employed in this device to
produce electron multiplication, The primary photoelectrons emitted
from the photocathede are accelerated and focussed on to & thin £ilm of
secondary emitting materiel. Secondary electrons are produced end
emitted from the other side of the £ilm end can then be accelerated
and fpoussed on to another secondary enitting film. The multiplying

dynode comprises & composite £ilm of a 50047 layer of potassiwm
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chloride with a conducting #ilm ~f aliminiim 150-20UA° thickness,
Tubes of this type have been developed by Wilcock et al (21), 20th
Century Electronics, English Electric Valve Co, Ltd. and by Westinghouse
Research Leboratories, This type of mitiplying dynode has a low
electron gain and thus the deviation ‘fmm the average number of
secondary electrons is large resulting in a low signal~-to-noise ratio,
Also there is a high probebility that & photoelectron will not produce
any secondery electrdns thus redueing the quantum efficiency of the
system, Blus light gains of 10° and a resolution of 30 line peirs per
mm hsve been cbteined (22» 23) This type of tube has not yet been
developed to the stage where it can record single photoelectirons with a
high degree of certainty.
(b) Cascode Image Intensifiers

These tubes employ cascade phosphor-photocathode screens for
electron multiplication, Tubes of this type having several stages of
multiplication have been ‘reported (24-29) A three gain stage tube,
having two cascade multiplying screens, has been developed by McGee et
el., For this kind of miltiplying dynode cwrrent gains of the order of
100 have been measured and consequently the signal-to-noise
characteristics of this tube should be improved over the T.S,E. tube,
Blue iight gains of the order of 106 have been measured and a
resolution of 50~55 line pairs per mm has been achieved, Single

photoal.ectrons can be detected with this tube end the photoelectron
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recording efficiency is of the order of 73% (29)

2.3. Electronographic Image Intensifiers

An alternative approach to the pro’blem‘ of recording single
photoelectrons with certainty is the direct method of recording
photoelectrons on electron sensitive emulsions, This approach was
originally suggested by Lallemand (3°) in 1936 and since then many
methods of electronographic recording have been déveloped.

(2) Lallemand!s Electronic Camera

Of the image intensifiers employing electronographic
recording yet developed, the Lellemand ¢lectronic camera (31-35) is
the simpiest in conception but the most complex in operstion, The
basic principle is to accelerate the photoelectrons released from the
photocathode by the incident optical image and to focus them
glectrostatically onto an electron sensitive emulsion which is
contained in the same vacuum enclosure, Unfortunately these emulsions
outgas in vacuum and the gases produced have a detrimental effect on
the photocathode sensitivity, Initially photocathodes had a useful
lifetime of only 15 mins, but with the use of getters, titenium ion
pumps and ref‘ri,dgeration of the photocathode and emulsion, this has
now been extended to several days and very long exposures are now
possible, Using a specially constructed plate holder a total of 2L
exposures can be made, The photocathodes are prefabricated and are

contained in protective gle.ss- envelopes wtil ectuslly required for
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use. The glass envelope is brokon with a magnetically activated
hammer and the photocathode is then moved into position. When all
the plates have been used or when the photocathode sensitivity has
dropped to a very low level, air is admitted to the system and the
plates are recovered for development., Then new cathode and emulsion
plates are losded and the system is repumped for subsequent use,
Antimony -~ caesium photocathodes have been most widely used
with this system with peak quantum efficiencies of 12-15% at a
wavelength of 4000AC, More recently (36) infra~-red sensitive cathodes
have been successfully used in the tube., An electron accelerating |
potential of 25 KV is typically used in this tube, At this potential
each glectron will cause several grains in the emulsion to become
developable, Thus, almost the full quantum efficiency of the
photocathode is used and speed gains of the order of the relative
quantum efficiencies of photocathodes to photographic emulsions may be
expected i.e, of the order of 100. Lallemend (1) has reported a blus
light gain in speed over Kodek 103a =~ O photographic emilsion of 50-~100
times, Welker, €37) using the Lallemend technique, bas reported speed
gains of 20 times at short exposure times to 120 times at long
exposures of 100 minutes, The variation in speed gain with exposure
time is due to the effect of reciprocity failure of photographic
emilsions, In the infra-red ( 10,0004%) speed gains of several

hundred times are reported (36) over the best infra-red sensitive
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Photogrephic emilsions, Eastman~Kodak I.Z plates. The speed of the
Lallemand systém may be enhanced by electron optical demagnification
and typically the electron image is demagnified by a factor of 0,7,
although o demagnification of 1/7 has also been used, (33) The
rosolution obtained by this tube is limited by the optical and electron=—
optical systems and by the type of emulsion used, A resclution of 70
line pairs per mm has heen obtained on Ilford G5 emilsion., Resdlution
falls off at the edge of the exposed area due to optical abberrations,
By using curved cathode plates and increasing the field gradient at
the cathode, good resolution has been obtained over three—éuarters of
the working area.

This tibe has been used for maldng astronomical observations
and has given excellent results. Its complex design and mode of
operation and the difficulties associated with focussing the tube are
its main disadvantages, The fact that the photocathode and emulsion
plates have to be periodically replaced can result in a waste of
telescope time, To overcome these difficulties other typeas of tube
based on the same principle have been developed,

(b) Kront!s Electronic Camera.

The esszential feature of this type of camera is the
introduction of a metal gate type of valve between the photocathode
and the emilsion (38) After cach set of exposures this velve cen be

closed in order to preserve the photocathode for repeated use. The
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photocathodes used have been antimony=-caesium cathodes of gquantum
efficiency 8-12% at 4200A% (39) More recently rubidivn-caesiume
antimony cathodes have been used with quantum efficiencies of 10-15%
at 4200A° (40) The cathodes used are not prefebricated but are formed
inside the twbe. The flooding of the tube with caesium vepour during
this process results in a lowering of the work function of the metel
perts in the tube and consequently the background of the tube is high,
This use of a valve has resulted in photocathode lifetimes of up to
seven months., As with the Lallemand system, Kron's electronic camera
uses electrostatic focussing and the electron image is demagnified in
the ratio 1.55 :+ 1. A resolution of up to 65 line pairs pexr' mm has
been obtained., Until recently exposure times of less than one hour
on G5 emulsion have only been possible due to the problem of background
and this limited the use of the tube to lunar photogrephy. Improved
technique now makes possible exposures of several hours. In the
present dPsign of tube it is only possible to expose five or six
plates at any one time,

(¢) Hiltner's Electronic Camera,

In this modification of the Lellemsnd techmique, C+42)
the photocathode is preserved by contoining it in a special
compartment which is sealed by a thin eluminium oxide £ilm, 0.1k
microns thick, The photocathode chanmber is highly evacuated and the

recording emilsions are exposed in another chanber behind the
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aluminium oxide film which is moderately evacuated, During exposure
the emulsion is held to within 50 microns of the aluminium oxide film,
Arrengements are made for a phosphor to be mounted in this position
for adjusting the tube focus, The emulsions are introduced through
a vacuum lock, thus preserving the aluminium oxide film which can only
withstand 2 pressure diffaerential of the order of 509141'-\1-!3. The electron
image from the photocathode is accelerated to 20 KV and is electro-
statically focussed. It penetrates the aluminium oxide £ilm and strikes
the emulsion, Resolution of 40 line pairs per mm have been achieved
and it is anticipated that this can be improved to 65 line pairs per
mm, Long exposures with little background are possible with this tube
snd the photocathode ean be preserved for more than one month, A
big disadventage of this tube is the fact that it has to be
continuelly pumped and it is hoped to incorporste a cryogenic pumping
system.

(d) The Spectracon. ‘

The electronographic imege tubes described above all suffer
from the problem of exposing and subsequently recovering the electron-
sensitive emulsion without affecéting the thotocathode sensitivity,

The tubes described bave to be continually pumped and the ‘op‘tical and
electron-optical systems have to be carefully re-adjusted after the
emulsion plates have been repleced. The gradual loss in sensitivity

exhibited by the photocathodes in these devices mekes it wnlikely that
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reproducible results can be obtained.

There are obviously many attractive features in a
completely sealed-off electronographic device, Such a device has
been developed by McGee et al (13-36) and is known as the Spectracon,
The Spectracon is a development of work carried out on a specially
designed single-stage image intensifier described by Wheeler (%7)
and Zachamv.(m) The problem of the inefficiency of the transfer
optics of this type of tube has already been referred to. The loss
of speed was considerably reduced using a mica window 12~15 microns
thick sealed to the end of the tu‘ba. A phosphor screen was
deposited on the internal side of the mica, which was robust
enough to withstand atmospheric pressure. To record the image from
the phosphor screen, a flexible photographic emilsion was pressed
against the window and a contact print was made, This represented
a considerable advance over the original tube design and it was .
realised 'bhat even better results could be achieved if very thin
mica wi'ndows; transparent to electrons, coﬂd be used, Then the
phosphor could be eliminatéd and the photographic emidsion replaced
by en electron sensitive emulsion., Of the electronographic image
tubes yet developed, the Spectracon is one of the most promising
both from a practicel and performance point of view and so it will
be congidered in detail ;=

The initial design of the tube, known as type ~ A,
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consisted of a lime soda envelope 5 cm in diameter and 28 cm long,

One end of the tube is sealed with a flat lime-soda glass disc. The
other end of the tube is sealed with a chrome iron disc which has a
central slot milled in it. The slot dimensions are typically

(5=10) x 30 mm. The mica window which is between 3,5 to 4.0 microns
thick is sealed across this slot using solder glass, Stainless-steel
ennuli are mounted at 1 cm intervals inside the tube using Pyrex
spacers, Type - A Spectracons are characterised by having their
photocathodes formed inside the tibe using a special processing
compartment to minimise the effect of caesium contamination of the
tube parts, In type - B Spectracons, the photocathode is formed on a
cathode plate in a seperate processing cell, Cathodes of high
sensitivity can then be selected for transfer into a tube. The tibe
and cathode cell are both sealed to a pumping system. The cathode cell
has a sidearm extension which has a thin glass bulb attached to it.
When the tube side of the system has been pumped end baked, this bulb
is broken with a magneticelly-activated hammer and the cathode plate
with its holder can be transferred to the tube using external magnets.
The cathode plate is held on the holder using spring cé.tches. The
cathode plate is deposited inside the tube by releasing these catches
using externsl magnets and the cathode holder is then retracted. The
tube can then be sealed-off, Initially, difficulties were cncountered

with this technique since the gascs evolved from the glass during
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seal-off poisoned the photocathode. Barium getters are now employed
to absorb these gases and the cathode plate is allowed to rest,
Photocathode downwerds, on a barium-coated glass plate mounted
ingide the tube. The cathode remains in this position for up to two
days after seal-off. It is then menipulated down the tube and
mounted in its working position., The barium~-coated glass plate is
clipped into position behind one of the ammuli, This technique has
been successfully developed for S.9., 8.1l and S.l, photocathodes,
Its advantages are (i) Penctration of .caesium vepour into the tube
is substantially reduced. Thus the tube backgroumd should be
considerably improved. (ii) One can sclect only those photocathodes
with the highest sensitivity for insertion into a tube, (iii) Unlike
type - A tubes the photocathode is mownted in goodA cantact with the
end-window of the tube resulting in a much more satisfactory optical
arrangement,

Difficulties have been encountered in the transfer of the
very sensitive S.20. photocathodes. These cathodes Llose their
sensitivity very quickly after transfer into a tube, This is thought
to be due to diffusion of caesium from the cathode surface and also
to small amounts of ges liberated by minute discharges when the tube
is operated, More research is being conducted into the problem of

transferring 8,20, photocathodes into the Spectracon.
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Mode of Operation of the Spectracon.

The electron image from the photocathode is focussed at the
mica winhdow using a system of parallel electric and magnetic ficlds,
A total a.ccelera"t:ing potential of 40 KV is applied across the tibe -
this has been found to give the best compromise between electron
transmission through the mica window and tube background, At this
potential an axial magnetic £ield of 160G is required to produce two-
loop imaging of the electrons., The electron image is recorded by
pressing the electron sensitive emulsion firmly against the mica
window, The mica windows currently used are between 3.5 - 4.0 microns
thick and cover a useful working area of 5 x 30 mm, The elsclron
sensitive emulsions used are specially preparcd by Il.ford Ltd, They
are 10 microns thick and are coated on to a flexible Melinex
supporting layer 50 microns thick, A strdp of £ilm is cut to size and
mounted on a rubber roller, When exposing the film the riubber roller
is gently but firmly held against the mica window. A special cameran
attachment has been designed which is mounted on to the mica window
end of the tube, Successive exposures can be made without removing
the cemera from the tube and a total of eight exposures ¢an be made on
one strip of film.
Performahoe of | the Spectracon
1, Speeld Gein over Direct Phbf(;graphy.

|
This factor will depenid on the type of photocathode used,
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its quantum efficiency and spectrel response, the accelerating
potential used, _‘Ehe thickness of the mica window and the type of
recoxrding ennﬂ.sibn uged, For a tube having a mica window of 4.5
microns thickness, an antimony-caesium photoéathode of 107 quantum
efficiency in the blue and operated at 4O W using G5 emulsion, a
speed (rate of emulsion blackening) gain of ebout 25 times over
Kodek baked IT a-0 is predicted, (19) Por the more efficient tri-
alkali photocathode this may rise to 75 times, For the S.l. infra-
red sensitive cathodes, the speed gain will be much greater due to
the poor perfarmance of photographic plates at these wavelengths, A
speed gain of the order of 1,000 for an S.1, Spectracon has bgen
measured (50) at J.0,000Ao. These measurements were made at o density
of 0,6 on G5 emulsion and the comparison was mede with I-Z photographic
emilsions, Further consideration is given in a later chapter to the
speed gain of the Spectracon and in particular to the relative speed
gains of Lallemand!s Electronic camers and the Spectracon,
Resolution of the Spectracon.

The Limiting resclution of the Spectracon will be set by the
distribution in energy of tho photoelectrons leaving the -cathode, the
elec‘tmn-bp‘tical arrengement and electron scattering in the mica
window and emulsion., Khogali (49) has considered the contribution of
these effects and a limiting resolution of 95% 20 line pairs per mm

is predicted for a tube of mica window thickness 4,5 microns operated
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at 40 XV and recording with G5 emulsion, A limiting resolution of
80 line pairs per mm is regulexly obtained with recent tubes on G5
cmulsion and a resolution of 95 line pairs per mm has been recorded
on the finer g;‘ained L4 emulsion,

Background o_f the Spectracon,

The background of the tube will set a limit on the length
of exposure that may be made with this tube, Exposures of several
hours are typicelly required in astronomicel dbservations. Back-
ground will arise inside the tube from such effects as thermionic
and field emission, In the case of the Spectracon, which is normally
operated with the mica window end at earth potential and the photo-
cathode end at - 4O K, background can arise from corona discharge
at the photocathode, By careful design of the photocathode end of
the tube and the internal tube parts, exposures of up to one hour can
be mode on the fast emuilsion XM, This is equivalent to an exposure
of approximately 5 hours on G5 emulsion,

Tt is clear that this tube has been developed to the stage
where it cen moke a volusble contribution to the detection of faint;
low-contrest optical images in astronomy and spectroscopy.

(e) Electronographic Cathode Ray Tube.

The electronographic deviceé described above have been

developed in order to fully exploit the greater efficiency of the

photocathode as e photon detector, Another device employing the
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electronographic principle has becn described in the literature (52)
This is the electronographic cathode ray tube, The design of the
tube is similar to the cénven‘hional cathode ray tube in so far as it
contains en electron gun and deflecting electron-optics but instead
of the conventional phosphor screen output, a mica window of the type
used with the Spectracon is used., The deflections of the electron
beam are recorded on electron~sensitive emilsion pressed against the
mica window. The electronogrephic process is far more efficient at
recording information then the conventionsl phosphor screen-transfer
optics system and in this particular application should result in
higher writing speeds and higher resolution, The problem of moving
the f:i.im past the mice window has yet to be soived and this has
limited the use of this tube to static recordings.

Other devices employing the elec1;ronogmplﬁ.c technique
exist, in particular electron microscopes. This thesis is mainly
concerned with the application of emilsions to recording electron
images and the requiréments of emulsions for use with electronographic
imnge intensifiers and electron microscopes are essentially the same,
0f the requirements outlined in 1.L shove speed, degree of liniarity
and contrast will be considered from a theoretical point of view in

the next chapter,
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Chapter 3.

Theoretical Gonsideration of the Effect of the Exposure of Nuclear

Resenrch Emulsions to Electrons.

3.1. Introduction :-

- For recording electron images, nuclear research emulsions
ideally should posses high spesd and contrast and low g'énulazity and
chemicel fog, It is also desirable that the response of the emulsion
be linear i.e. the optical density produced should be stricily
proportional to the incident electron fiux. For the detecj:ion of
very low contrasts, one needs to make the maximum use of the
avoilable storage capacity of the emulsion i.e, ideally one would
like one output event (a doveloped silver grain) for each incident
electron, Fellgett (52) has shown that if g is the quantum
efficiency of the photocathode and m is the average nuber of output
events produced by a primary photoelectron then the equivelent

quantum efficiency of the system, g o is given by :-

qez\ q
' 1+

Bl

This assumes that the output events are statistically ‘
independent and are spatially distributed according to Polsson's Law,
The value of m for electron sensitive emulsions is a function of
electron energy which can be voried to any desired value., It can be

seen from the equation above that to make m wnity results in a system
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where only half the photocathode quantum efficiency is used. High
values of m improves the equivalent quantum efficiency of the system
but results in a waste of availaeble storage capacity. A compromise
value of around eight is typically used.

The choice of electron sensitive emulsion to be used with
an electronogrephic image intensifier depends on the actual
observation to be made, TFor the detection of low contrasis, fine
grained emulsions are required but there are some applications where
a high speed is es'sential and for these much coarser grained emilsions
will be required, The emulsions which have come to be favoured by
users of electronographic tubes are Lk, G5 and XM and these give a
useful range of speed and granularity,

3.2, PFog Level of Nuclear Research Emulsions,

When 2 developer acts upon an emilsion, some grains which
have not been exposed are rgduced to metallic silver, The density
obté.ined in the unexposed portions of the image is known as fog. As
Mees (53) points out the origing of fog are complex and 'thé
production of developable grains of silver halide without exposure may
be ascribed to the cmulsion or to the developer, Some developers have
a greater tendency to produce fog than others., Nuclear research
emulsions are manufactured primarily to meet the requirements of
nuclear physicists, Here it is required to discriminate single

trocks and thus the requirements of the emilsion regarding fog are
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much more stringent than for -ordinary photographic emulsions For
this reason the manufacturers take spaci.a.l/mre to reduce the fog of
nuclear research emulsions, The fog density of Ll enm‘Lsion is around
0.03, that of G5 is also around 0,03 and the fog density produced in
the faster emulsion XM is around .08. This compares with fog density
of typicel photographic emulsions of between 0.1 - 0.15. The low fog
level of these emulsions is, of course, advantageous in their
application to electrbnogra.p}ﬁ.d imege tubes because & low fog level
means greater available storage capacity and thus a greater ability

to detect low contrasts,

3¢3¢ Exgduction of Developable Silver Grains in Nuclear Research

Emulsions exposed to Electrons

Photographic and nuslesr research emulsions consist of a
suspension of crystals of silver helide (mainly silver bromide) in
gelatine, The effect of exposure to light or moving charged particles
on the crystal is to form specks of silver atoms at points on the
surface of the crystal, The actual process which takes place within
the crystal as a result of exposure to light or electrons is thought
to be fundementally the some i,e. the energy sbsorbed by the crystel
from the incident photons or electrons raises electronz in the crystal
to the conduction bands, These electrons move freely until they
encounter a local potential energy minimum whers they can be trapped.

After capturing electrons the traps, being then negatively charged
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attract ipterstitial silver ions to the trep sites and thus particlies
of silver are formed, These minute specks of silver constitute the
latent image, The developer, which is a sdlution‘ conteining a
chemical fedﬁcﬁg agent, acts selectively to convert those crystals
containing a latent image to metallic silver. The silver halide
crystal is converted in this process to a silver gz‘ain. Whereas the
silver crystal is nearly spherical in shape, the silver grain is a
fibrous mass of silver, larger than the silver crystal, When
development is complete the emulsion is fixed, the action of the fixer
is to dissolve a2ll the unexposed crystals of silver halide, .Al‘chough
the physical effect produced by the exposure of silver halide to 1ight
and moving charged particles is the seme, Valentine (54) hag drawn
attention to en important fundamental distinction between these two
Processes. This involves the amount of energy the silver crystal has
to absorb in order that electrons be raised to the conductioh band and
the crystal become developebleé., For exposure to light of wavelehgth
4,5004°, the energy required for this process to ocour is about
30eV i.e. of the order of 10 photonsare required.. For exposurc to
moving charged particles, electrons of energy of around 500 &V are
required ih order ta tranéfér_sufﬁéient energy to the crystal to
render it develdpé.ble; Thus f‘of the energy rang'é( used:.n
‘electronégx‘aphic image tubes anid eléctron microscbpy i.,e. 25 « 100 W 5

if an electron with energy in this range, strikes a crystal of silver
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helide it will trenafer more then sufficient energy to produce a
latent image, Thus for electrons of sufficient energy, the exposure
of alectmn-sens:.tlve emuls:.ons is a. s:.ngle-hit process, Tor
photogmpha.c emﬂ.a:.ons , the cuxmalo.t:.ve eff‘ect of the gbsorption of‘
several photons is reguired to ,produce a la.tent irage and this has
complicated the mathematical treatment of -the photographic effect.
Assuming a single-hit process (the experimental evidence for this is
considered later), the mathemntical treatment of electron-sensitive
emilsions is relatively easy, Certain simplifying asswﬁpﬁbns
concerning the structure 1of emilsions have to be made, -It is agsumed
that each helide crystel has & cross-sectional area equa.‘l 1’-0 A, _In
fact, there is a wide dlstnbutlon of the areas of halide crystels,
After development each silver grain has a cross-sectional area At
for stopping light, which will be greater then A, ‘l‘hefollcw:.ng
enalysis relating optical density to exposure has been given by
Valentine, (56) B

" 3.4 Qpticel Density Theoretically Related to Exposure,

"B, the exposuro, is defined as the incidmt nuiber of

electrons per wnit area, Then the average nuiber of electrons
striling a orystel is E.A. From the Poissonisn & stribution lew, the
fraction F of all the crystels in the emilsion that ere hit at least
onco is given by := | |

P = l-_e-EA

‘weeseerssessensescersasecracassone (1)
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After development , oach silver-gra,.jinl;has & cross-sectional
ares Al for”stop:ping light,  Considering a unit area of a thin layer
of - emileion (in which there-is no overlap of silver grains) initially
conteining$ N halide arystels, the fraction of the incident light -

- 51.‘/15 stopped by this elementary layer a.f‘,terdevelopnenf will be
equal to A%.F.fg N.  Integrating through the full thickness of
emulsion gives = e : ’ S

In "QLO/Lj_) = 'In (l/T) = A]“.F.N_- eses (2)
where T is the fraction of light transmitted through the emilsion
(T = /L) and N is the total mumber of halide crystals per wnit area

of unexposed emulsion, Combining (1) end (2) gives :-

D 10310( /T‘ | ( >(1_ o > .....-'.'...'....... (3

where D is the optical density

The factor AN is the. saturation demsity Ds and is
2.3 |
reached when every crystel of silver halide is developed

Thus ;= |
DiEDs (1m0 B (iiiteeiercercoernrencansasenasbanens (4)
For values of D £ Ds/ 1._ this equation can be epproximated
with less than 5% error to :=
D = DS.AeEe seusessccscasnccosasscvsassencsassoscnrsvoces (5)

Thus‘, for densities up to Ds /A density should be linearly

related to exposure. Nommal photographic emulsions are designed by
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the manufachlrers to have a saturation density of the order of 6. -
Since nuc.lear research amilgions: are more’ heav:v.ly Jloaded with gilver
halide than ordhnary photographic: emulsions 8 sa.tm'a:b:.on density of -
at least 6 ma.y 'be expected, Thus, these emzlslons should “be ‘lineax
up to dens:.t:.es of at least: 1.5, It should*‘be pomted ou‘b that
equation (5) is more likely to hold:for’ specular ra‘bher than diffuse
density mgasmemen‘bs. In specular dens:.ty measur'ements the light
that is scattered by the grains is largely excluded, In the above
analysias, the optical transmission of the emulsion is taken to be the
ratic of the light intensity directly transmitted by the emuls:Lon to
the original light intensity of the heam,

This theory may be re~worked on the basis that sieveral
hits, are reqﬁred to render a silver helide crystai developable
BEquation (4) then becomas :=. |

DV ”CAZW‘\/}«\] eeeeeereesnnsees (8

The general form of equation (6) is shown :i_n‘F:i:g.l where
optical density is plotted against log; (exposure) for values of +
in tho range 1 = 32. As we have seen, emulsions exposed to electrons
should follow the single-hit,Y= 1, curve.

For the linear part of the optical density = exposure
characteristic, we see from equation (5) that the speed-of “the

emlsion is given by Ds,A., A, the area of the silver halide crystals,



Density

Log,, exposure

Fic. 1. Theoretical curves of density against log exposure for various values of r, the
number of hits required to produce a developed silver grain from a silver halide crystal.
The single-hit curve r = 1 should be followed by emulsions exposed to electrons.
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isa constant of the: emnlsion: and Ds, the saturatlon density, is a
function: of the _nunber of ailver: halide- cxys'hals per-unit volume in-

the emilsion and.also of the emulsion tlu.c_lq;_(?_asy For -electron ranges
less than emxﬂ.sn.on thickness, the saturation ‘glezfsityf-will’ be a function
of alectror:x;-r'a.rige"and congequently electron: eaergy. “Thus, Ds'will rise
with: elec@. energy and since the degree :'qf‘:;'jhineaxity is .xfalate‘d to
Ds, this should .olso-inerease with electron energy, Thus, for- electron
ranges loss than the-emilsion thickness, both thé”speed and degree of
linearity of the-emulsion-are expested to increase with fhe.‘ eiiex‘g& of
the' incident electrons, Barkas (5) gives information on electron range
in emilsion :and states that a 4O XV eleotron has a range in emilsion

of 10 microns, The emilsions used- in this investigation were 25 microns
thick and the eélectron energies used-were ' 40 ¥ and 5'0_‘all‘1the‘ '
electron energy will be completely absorbed by the emilsion,

3.5. Contrast of Nuclear Research Emulsions,

The contrast,)’, of photogrephic or electron sensitive
emulsions at a density, D, is defined as the slope of the
_characteristic H and D.ocurve at that density, For photographic
emulsions the value of & depends strongly-on-the emulsioﬁ‘ end its

processing conditions. Thus,

e QQ R = 2,35 @ ..(;00‘00..-.‘000 (7)
X aH d(logloE) = dB ] v

Equaticn (5) may be re-wntten as D = kB, where k depends on
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theemuls:.cnmdtheincident eleotmnenergy Thus,ngandso t=
Ce dg

Y= 23Bk = 23D (8)

The very simple Tosult is cbtained thet the contrast of
electron-sens:.t:we exmlsions 1s a f\mct:.on only of the density ‘to
which the emulsion has begn_» expc_as_ed and is independent of the type
of emulsion, the developer used, the energy of the incident electrons
- eto, Equation (7) holds for the linear region of the characteristic
curvg and is 2 direct result of the assumption that the process
involved in the exposure of nuclear research emulsions to eleoctrons
is o single-hit process, As such it provides 2 direct check on tha
assumption of a pingle-hit law, Fﬁr contrast at densities greater
than Ds/), the more complete expression of eguation (4) has to de

used, This gives ;=

¥ = 2.3 (ps - D) m& Ds-D> | cecaseasensoenes (9)

- By differentiating this ezpression it caen be shown that
the maximum volue of contrast is given by :=
& g:z DB = 0.85 Ds ss0RLOseEVIEREBES (lo)
Sz 3 D

occurring at a density of

D = 8"'1 Ds - 0.651)8 sescsssnessrentesrsey (11)
e : ' '

3.6, Conclusions :-

The speed, contrast and degree of linearity of nuclear
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rescarch emulsions exposed to electrons have been considered from &
theoretical point of view, The other importent property of these
emlsions of interest in this investigation i.e, granularity will be
congidercd separately in a later chopter,

The analysis of this chapter may be SLmnai'is;ed as followé t-

- (I) Emilsions exposod to electrons sﬁould obey a2 single-
hit lew. |

(II) It follows from the single~hit law that the Tesponse
of the emilsion should be linesr up to densities equal to & quarter
of the saturation density.

(III) The speed and degreec of linearity of the emulsion
should inecrease with increasing electron energy.

(IV) The contrast of electron sensitive emulsions is a
simple linear function of optical density, for densities ﬁthin the
linear region of the emulasion characteristic end is indepéndent of
the type of emulsion, incident electron energy or emilsion processing
conditions,

The extent to which the electron-sensitive emulsions usoed
with electrmogi'aplﬁ.c image tubes bear out these theoretical
predictions has been investigated, ‘The appexratus which was devised

in order to carry out this investigation will now be descxibed.
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Chapter 4.

Experimental Apperatus for the Investigetion of Nuclear Research

Emilsions,

4.1, Design Considerations

It is required to be able to expose nuclear research
emulsions to & lmown, wniform flux of clectrons of a known energy.
The effect to be measured (i,e, the optical density produced on the
emulsion) must be that due to the electron beam slone and so care
must be teken to avoid the emulsion becoming exposed to any source
of fogging., Any apperatus designed for the quantitative investigation
of this effect must embody the following essential features :-
(I) A source of electrons.
(II) An instrument for measuring the electron beem current,
(III) A shutter mechanism for exposing the emulsion,

(Iv) A means of measuring the exposure time,

(V) A means of verying and measuring the onergy of the

electrons in the beanm,

(VI) A phosphor screen for viewing the uniformity of the
beam,
It was pointed out by MbGee that an apperatus of this
deaign could also be used to partially simulate the operational
conditions of Lallemend's electronic camera and the Spectracon.

The following exposures could be made on the same strip of film :=-
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(I) direct exposure of & beam of 25 XV energy, the typical
operating potential of lLallemand's electronic ocamera.

(II) indirect exposure (i.e. by making the beam pass through
thin mica foils before striking the emulsion) of a beam having a
primary energy of LO XV, the Spectraconts operating potential,

In this way, & comporison can be made of the relative rates
of blackening of the eculsion under these conditions., Experiments of
this kind have been done and will be described in a later chapter, To
do this experdment requires that the electron energy con be varied
from 25 = L0 XV without altering the uniformity of the beam.

Although nuclear research emilsions are primexily sensitive
to moving charged particles, they also respond slowly to light and
this fact was & major consideration in the design of the spparatus,
The ideal type of equipment for this investigation would be a
modified slectron microscope and this has been used by other |
invest:.gators in this field. (9) Suoh e.pparatus was not ava:.lable to
the author and McGee suggested a continuously pumped g,la.ss system to
‘be aesm'bed below,

)....2 Inlt1a1 E:m;__ccriments e (I) Choice of Electron Gun

The fac‘t that the exm:tls:.on had to ‘be protected from fogging
meant care had to ‘be taken in the cho:Lce of electron gun., The most
conven:.ent source of electrons is a heated haup:.n tungsten f:.lament

but unfortunately the electron emission from a tungsten f:.]ament is
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also aocompanied by oonsidoreble light emission which could fog the
emlsion if it was directly expoéed. Some initial expex;imezaté were
mede using & twngsten filament g end with a 45° angle bend in the
tube in order to protect the emulsion from direct £iloment light,

In this way the emidsion was p‘d»o%ectea £rom fogging but the problems
involved in bringing the eleotroh beam round the bend in tho tibe
proved to be difficult, The altornative of en indirectly-heated cxide
coated cathode was successfully used, When in operation the surface of
this cathode glows a dull red colowr and it was f&und that the :_
emulsion could ﬁe directly exposed to this light for up to 10 mins;, at
a distance of 14" without any detectable fogging, Using an indirectly-
heated oxide-coated cathode as source of clectrons meant that a |
straight - through design of experimental tube es described below

could be used,

II Vealue and Measurement of Electron Beam Current.

For a given emulsion sensitivity the factors determining the
- valus of the electron beam current are (&) the type of beam shuttering
mechanism eémployed (b) the fact that the appesrsnce of the beam has to
be registered on a phosphor screen in order to check its uniformity.,
In the investigation of the photoslectron recording
efficiency of the Spectracon; Khogali (49) made & messurement of the
electron flux required to produce a certa:m density on G5 emulsion,

It was found that for a Spectracoh, with a 45 micron thick mica
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window, a dénsity of 0.5 is obtained on G5 emulsion with a cha:fge of
6.7. 20712 couls/em? trensmitted through the mica window, Thus if
beam currents of the order of 10712 amps/om? are used it should be

possible to use exposure times of several sedonds to achieve
roasonable densit}/es and thus a mechanical shuttering system could
be used,

A green-emitting Willemite phosphor was used to check the
bean mifoxmity. This did not fluoresce at current levels of the
order of 10712 amps/cm? and beam energy of 25 kV. The ourrent had
to be raised by an order of magnitude before the dark-adapted eye
could detect any fluorescence, This was wnsatisfactory since the
beam current had to be changed every time the beam uniformity had to
be checked end when the beam éurrent was changed & period of 5 - 10
mins, elapsed before the current stebilised to a steady value again,
Also, there was no guarantee that the beam uniformity was maintained
in changing the cwrrent from 1012 amps/em? to 10™ amps/om?, It
was obviously desireble to work with currents of the order of 1071
emps/em? and to employ a shu‘b‘bemng mecha.nlsm that Would sllow sub-
'second exposures to be madey Such a slmttemng mecham.sm was
developed and is descriioed 'below. The phosphor screen was mounted
on the nuclear emulsion pla.te holder (see Fig,‘z.) and this could be
moved across the aperture for exposure to the 'bee.m. Thus care had

to be talcen o avc:.d fdggmg the exmsls:Lon by hg,h‘b i‘.mm the phosphoxr
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screen, The exposure of the phosphor screen to the beam was kept to
& minimum both in duration and intensity and also the beck of the
phosphor screen was aluminised so that most of the light was emitted
in the forward direction awsy from the emulsion, These precautions
ensured that the emulsion did not become fogged due to light emitted
by the phosphor,

Measurements of beam current were made using a Faraday cage
arrangement, The inside of the domed end of the tiube (see Fig.3.)
wes coated with a. conducting layer of Aquadag with the exception of a
smell central area sbout 1 cm in diameter, which was internally coated
withnNesa. This completed the conducting layer and also prpvided a
window through which the appearance of the image on the phf,:;_aphg;‘ 3
screen could be observed, Beam currents were measured on an B,IL,
vibrating reed electromster connected to the Faraday cage. This had a
measuring renge from 10”94 to 10~15A and was accurate to 1%, To guard
ageinst the effects of any stray electric fields, the Faraday cage
was screened using an earthed brass cylinder mounted around it,

4.3, Construction of the Experimental Tube,

The design of the tube is shown in Ffig, 3. The tube was
made from ?yrex glass, 6 om in diameter and was constructed in two
halves, which will be referred to as the gun section of the tube and
the main section of the tube, The two halves were Joined together by

an '0! ring seal compressed between two Dursel. flanges which were sealed
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to the ground and polished ends of the tube sections with Picien
sealing wax, The accelerating clectric field in the tube was definea
by potentials applied to suitably placed stai_nless steel annuli
mounted inside the tube, This use of annuler baffles helps to reduce
the background caused by electron multiplication along the walls of
the tube, The annuli which had previously been electro-polished and
vacuun stoved at 100090 were mounted in each section using small
inconel springs which slotted into grooves cut in the glass. Electrical
connection to the electrodes was made through platinum tapes sealed
through thé tube wells, Fig, 2. shows diagrams of a stainless-steel
box which fitted into the f‘lat side~arms of the tube such that the
aperture in the box was aligned with the tube axis. The box was held
firmly in position by inconel springs pressing against the side amm
walls and contact was made to it by a platinum tape sealed through the
glass wall, The plate holder shown was a close fit ingide the box and
could be moved inside i‘t"by applying an external magnet to the mognetic
slug., The electron beam was .screened from the effect of this magnet
using a mild steel magnetic screen mounted round the side arm, as shown
in Fig.fQ. Further electrical screening was provided by an earthed
aquadag coating applied to the external swrface of the side arms, This
provided an electrical screen for the heam and 2 light screen for the
emulsion,

For reasons of safety the tube was operated with the gun end
at high negative potential, and the other end of the tube at earth
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potential, Potentials were applied to the annuli using a potential
divider chain wired to the external surface of the tube, Corona
discharge from this chain of resistors was suppressed by coating it
with a layer of insulating ribber 'Silastomert,

The tube was continuously pumped using a standard oil-
immersed rotary backing pump, a single-stage mercury diffusion pump
and vapour trap, A conventional Thot wire! ionisation g‘t?age was used
to measure the pressure in the system,

The emulsions whichwere used in this tube were Lk, G5 and
XM, They were cobteined from Ilford Ltd, on glass plates 5" x 3"
and 1 mm thick, The emulsion layers were 25 microns thick. The
exposing aperture in the stainless steel box was 3 mm in diameter
and with these dimensions of plate and aperture a total of eleven
exposures could be made on each plate,

The use of an indirectly-heated oxide~coated cathode as
source of electrons will now be considered in detedil.

Lok Use of Indirectly-Heated Oxide~Coated Cathode as Gun.

This type of cathode is extensively used in ;.'Se,thode ra.yA
tubes and televisioh camera. tubes. Suitable éathodes were,obtgined
from BE.M,I. Ltd., They consisted of a capped nickel cy]j}lder which
contained an ﬂMmoﬁde coated tungsten spiral which served as
5 heater. The nickel cap was 5 mn in diameter and was coated with a

mixture of barium and strontium carbonates, The cathode wos mounted
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on & stop cock as shown in Fig,3. and was adjusted to the centre of a
3 mm aperture of a small cylinder fitted to the first elsctrode in
the tube, This cone-and=socket Joint and also the one at the end of
the flat sidearm, allowing the emulsion access to the tube, were both
initially sealed with siliconc grease. These Joints were later senled
“with black wax as the vapours from the silicone grease attack the
sensitive surface of the cathode., Before the cathode could be used
£o ‘supply current, it had to be processed in order to convert the
‘mixed barium and strontium carbonate crystals into mixed crystals of
the oxides of the metals, activated by smell traces of metallic
barium, This process is described below.

%5. Cathode Processing Procedure,

When the g and emilsion haed been mounted into the tube
the system was pumped wntil the pressure had fallen to 10-6 torr,
The gun was processed using a gun processing umit which was
essentially o power supply ensbling the heater voltage and cathode to
anode voltage to be independently varied and monitored over the ranges
0 = 12 and O - 100 volts respectively (anode here refers to the first
eiectmde of the tube which was 2-3 mm from the cathode surface).
Separate meters allowed the heater and emission cwrrents to be .
continuously monitored. To activate the cathode the heater voltage
was slowly raised by half volt stages to 10 volts, taking care that
the pressure in the tube never rose above 5.10"6 torr. Slow

hééfihg" of the cathode enstred that good vecuum conditons were
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maintained in the tube and minimised the risk of the coating becoming
cracked through being too rapidly heated at the processing stage, The
heater was rated at 7 volts but it was over-run during processing, this
being necessary to taoke the temperature up to 135004 when the
carbonates were completely reduced, not just to the oxides of barium
and strontium but to form mixed oxide crystals (Ba.Sr).Q, The process
involved in cathode activation is described by Herrmann et 21(55) in
more detail., To further ensure complete activation, the cathode was
then 1flasghed! with 11 volts applied across the heater for two
minutes. The heater voltage was then reduced to 7 volts when it was
generally found that the pressure had fallen to 5.10"7 torr. When the
cathode was used in the tube after completing this process, the
cathode emission was usually foumd to slowly fluctuate by around 20%
of its initial value. However, when the cathode was 'aged' by drawing
an emission current of a few mAs for 2-3 hours, the emission current
was then found to be stable.

It was thought, at first, that the cathode would have to be
replaced after each set of exposures since the system would have to be
let down to air to recover the emulsion, It is well known that water
vapour, in particular, attacks the sengitive cathode surface and if
exposure to water vapour is prolonged the cathode senaitivity can be
completely destroyed., It was found, however, that if dry ergon was

admitted to the system after the exposures had been made end it was
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kept passing through the system while the emulsion was removed and
replaced by a fresh plate, that the cathode sensitivity after re-
processing was not diminished. In this way cathodes could be used
for a max:.mum of ten times, ‘

During actual operation, the current for the gun heater was
supplied from a transistor control circuit run by six 2 volt
accumulators, This circuit was maintained at the high negative
votential of the gun (=25 to =40 X¥) and wes housed in a Perspex
box. The electron beam current was varied by changing the gun heater
voltage, When used to supply a beam current of 1071t am:ps/cm2 at
25 XV, it was found that the heater voltege had to be reduced to
gbout 4.5 volts., Under-rumning the heater further ensured against

fogging of the emulsion from this source,

L.6. Shutter Mechanism for Sub-Sscond Exposures.

As already indicated it proved necessary to devise a shutter
mechanism for the electron beam in order to use beam currents of the
order of 10~ amps/cm?, The deflection of the besm produced by an
applied transverse magnetic field was used as the basis of a shutter
system, Two coils were mounted in a protective Perspex caéé, and
arranged in Helmholtz configuration across the tiube Just in front of
the electron gun, They were wired in series and the current through
them was adjusted, so that the magnetic field produced by them

deflected the electron beam off-axis in the horizontal plane.
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Normally the current through these coils was switched on and the beam
was deflected off the target, To moke an exposure the current was
interrupted for a measured length of time (in the 10 - 300 milli-
second range) thus allowing the beam to pass axially down the tube
end impinge on the emulsion, The interruption was achieved using
the oircuitry of Pig.k.

This is besicelly a flip-flop triggered relay, The period
of interyuption was determined by the potentiometer and condensers in
the flip-flop cirouit and these were chosen to give & range of.
interruption ‘timés from 10 - 300 milliseconds, Initially the
deflecting coils circuit was wired directly in series with a peir of
relay contacts which were normally closed and opened on activation of
the relay coil, This proved unsatisfactory since arcing took place
across the open relay points, This was overcome by wiring three
E.L 34 valves in series with the coils as shown in Fig.5. Now, a pair
of relay points which were normally open were wired in series with the
cathode~grid cirouit of the valves together with two H.E, batteries
giving 250V, When the reley was activated, this circuit was made and
the grids were biassed 250V negative with respect to the cathodes
thus cutting off the valves. When the relay points opened agein, this
bias was removed and the current flcwed through the coils again and
the deflecting magnetic field re-applied,

It was possitle using this type of circuit to measure the
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period of interruption directly in a very convenient way. An E,LL.
| Millisecond Timer was used to measure the period of interruption,
This instrument gives a direct measurement of time intervals from
1 millisec to 10 secs with an accuracy of the order of 1%, Two
terminals of this instrumsnt were connected across another pair of
relay contacts which were normally open., The timer records the time
interval during which the relay contacts are closed. The time
intervel of interest, however, is that during which the electxon boam
dwells at the aperture in front of the emulsion and this is not
necessarily equal to the time interval during which the relay contacts
remain closed. To check that no spurious delays ére introduced in the
circuitry the following tests were made ;-
The beam was collected on the stainless steel box by
applying 120V positive to it and passing the collected current
through & 50 M =L resistor to earth, The voltage changes produced
acrogs the resistor when the beam arrived at the aperture and was
subsequently deflected away were observed on a Tetronix 54,5A oscillo~
scope and the traces produced were photographed using a Polaroid
camera attachment, Ih order to see the voltage rise clearly a second
flip-flop was used to trigger the first flip-flop which activated the
relay, The oscilloscope was triggered uging the input triggering
pulse of the second flip-flop - this gave a time delay of about 10

millisecs before the first £lip~-flop was triggered, This gave the
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cscilloscope beem time to move across the screen before displaying
the voltage changes produced across the 50 M ~lrgsistor.

Fig.6.(a) shows the appearance of the voltage rise across
thé resistor, This shows considerable !ringing' produced by stray
capacitance in the coil cirouit., These oscillations were damped by
using a suitable resistence wired across the coils. The best value
of the damping resistance was found to be 5000 ~l and the improvement
produced is shown in Fig,6,(b) Complete pulses obtained during an
exposure showing the beam!'s arrival and departure at the aperture
are shown in Fig,7. This shows that whereas the beam switch-off time
is very quick, the pulse rise-time iz of the order of 2 millisecs,

The slow pulse rise-time was further investigated and while it aid

not appear to depend markedly on the strength of the deflecting
magnetic £ield or beam current, it did depend on the position of the
coils with respect to the tube. If the coils were moved further down
the tube away from the electron gun the pulse rise-time increased to

a maximum of 1 minute., The annuli in the main section of the tube were
spaced at 2 cm intervals - twice the separation of the amnuli in the gun
section so that moving the point of direction of the beam down the tube
increases the possibility of the beam striking the glass wells and it

21so increases the energy of the deflected electionsi The slow pulse
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rise-time can then be explained if it is assumed that the glass walls
charge positively wnder electron bombardment., If this happens the
beam will tend to be held near the wall until the wall discharges by
leakage from the annuli. It was found that the shortest rise—time it
was possible to achieve was of the order of 2 millisecs and the error
introduced by this is about 2% for exposures of 50 millisec duration,

| In order to correlate the reading recorded by the Millisecond
Timer with the time spent by the beam at the aperture, a series of
measurements were made where the pulse produced on the oscilloscope
was photogrophed and the corresponding Millisecond Timer reading was
recorded, The exposure time of the beam was then measured by squaring-
off the photographed pulse and measuring its length along the time
axis, This was done over the range 10 -~ 300 millisecs and in this way
a correction curve was obtained for the Millisecond Timer. In fact o
constant difference of 2 millisecs was found between the oscilloscope
measurement and the reading recorded on the timer over the whole of the
measured range, This could be due to a slight difference in response
of the two pairs of relay contacts,

L.7. Backpground of the Tube.

Somo tests on the background of the tiube were made by
. exposing some G5 emulsion in the tube with the electron beam deflected
offwaxis, It was found that serious background densities of the order

of 0,1 were produced in exposure times of arocund 1 minuteg, Possible
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sources of background are ;=

(I) secondary electrons produced by beam bombardment of
the glass walls of the tube.

(II) Field emission from sharp points in the system i.e.
inconel springs on ths annuli,
(III) Soft X-rays produced in the tube.

Rether than attempt to reduce the background from these
sources, the background was limited to a negligible amownt in the
following way :- |

A mechanical shutter was used as a background limiter,
Pig.8. shows a section through the tube at the position of the flat
side~arms, This shows another side-arm mounted on top of the tube
and which contains a metel shutter mounted on a silver steel slug.
This could be lifted up to clear the aperture by pgssing cuxrrent
through a coil mounted around the gide-arm as shown, This side-arm
had a platinum tape sealed through it in order to earth the shutter,
The internal surface of the side-arm was coated with platinum paste
and inconel springs atteched to the shutter pressed against the
platinum paste so the shutter was always earthed, A stabilised D.C.
power supply wes constructed to supply the operating coil and the
current was adjusted to the minimum value consistent with efficient
operation of the shutter. This coil then mroduced a vertical field

component of 0,9G at the position of the aperture, The measurement
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of beam current and the exposure of the emlsien were both made with
the shutter coil on and so this magnetic field will not affect the
reliability of the results,

’ This mechanical shutter was used to limit the background
by using the circuit shown in Fig.9. With both the dipole switch S2
and switch SL closed, the shutter coil circuit was complete and the
shutter lifted clear of the aperture. After a time determined by the
resistence eand capacitance in the circuit, the cuxrent in the relay
coil built up sufficiently to activate the reley thus breaking the
shutter coil circuit and so the shutter closed again. The time during
which the shutter was lifted clear of the aperture was set to be 1.5
secs and the exposures of the emulsion to the beam were rmde during
this time. In this way the emilsion was exposed to the background of
the tube for only 1,5, secs and in general no serious background could
acoumlate in this time., As a check on the tube background, the first
exposure on sach plate was one of 1.5 secs with the emulsion exposed
only to the tube background in with the beam deflected away. If any
background was detected on this exposure, rthen suitable corrections
to the densitiss obtained by exposure to the beam could be made,

For measuring the beam current and for observing the

phosphor screen, the relay circuit was switched out and then the

shutter could be raised for any length of time,
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4.8, Procedure for Exposing the Emulsion.

APter the cathode had been activated and aged and the
pressure had fallen to 5.10"7 torr, The high voltage supply was
switched on and the voltage raised to the desired value, The H.T,
supply used was the Brandenburg MR 50 type and the potential across
the tube was measured on a Pye electrostatic volimeter, This
measured up to 40 KV with an accurncy of %%, The potentials on the
annuli and glass walls of the tube were then allowed to stabilise for
half en hour. The besm current was monitored and the cathode heater
current adjusted wntil the beam current stsbilized at a few x 10~
emps/cm? . The phosphor was then moved into position end the
appearance of the 'begxm was observed, When the appearance of the
phosphor was checked, the phosphor wes removed and the beam stability
wes checked, The deflection coils were switched on and the exposure
time was set to the required value., The mechanicel shutter was then
raised and the beam current wes measuwred on the electrometer., The
shutter was then dropped and its relay circuit was switched in. The
emilsion was then moved into position across the aperture, The
position of each exposure position on the emidlsionr with respect to
the aperture was previously determined and locating marks were made on
the flat side-arm of the tube in which the plate hoider moves, Bach
exposure position wes then located by eligning the end of the magnetic

slug with these marks, With the emulsion positioned the exposure was
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made by triggering the flip-flop during the 1.5 seos that the
mechanical shutter wes raised. The Millisecond Timer reading weas
noted and then the emulsion was withdrawn from the aperture and the
value of 'peam cwrrent was checked and noted. The exposure time was
re-set to a new value and the procedure gbove was repeated,

After the total of eleven exposures had been made dry argon
wos admitted to the system and was kept continuously passing through
the tube wntil the plate had heen removed and replaced by a fresh one.

When the beam was being continuously monitored, it was
found that the current slowly dropped at a rate of around 1% per
mimtte, It was considered that this was due to slow poisoning of the
sensitive cathode surface by gases emitted by the emulsion, &s occurs
in Lallemand!s electronic camera. The time interval between initial
and final beam current méasuremmts was generally less than 1 minute
so this did not constitute 2 serious source of error., It meant that
the beam current had to be adjusted two or three times during ths
course of making eleven exposures to keep 8ll the beam current
measurements within a few per cent of each other,

Finally, in this description of the apparatus, some further
precautions which were taken to protect the emulsion from fogging by
external light should be mentioned :-~

(I) Heater tape was used to make and break the black waxed

cone and socket join through which the £ilm was introduced into the
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tube,

(II) The wordng end of the tube was painted with a
conducting coating of aguadag which was earthed and served as an
electricel screen for the besm current and also helped to protect
the emulsion from exposure to external light,

(III) The ionisation guage on the system was wrapped in
layers of asbestos paper to absorb the heat developed and also black

cloth to absorb the filament light, |
| (IV) During the whole time the emulsion was contained in
the apparatus, the laboratory was illuminated only by the safelight
appropriate to the emulsion,
The complete apparatus is‘ shown in the photographs of

Fig,10 and 11, The tube is mounted on the pump table behind the
magnetic screen, The Millisecond Timer, timer circuit, pressure
gﬁage , €lectrometer, supply for the timer circuit and supply for ihe
deflecting coils sre shown rack mounted on the right, The H.T.
supply, electrostatic voltmeter and cathode processing unit can be
seen on the left with the argon cylinder. Fig,11, 'shows a close-up
of the tube itself,

4.9. Conclusions ;-

An experimental tube has been developed which will allow
eleotron~sensitive emilsions to be exposed to known fluxes of an

electron beam of known energy without the film being fogged by









extreneons effecta, The results cobhtained with this apperatus will

now be described and discussed,

1.
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Chapter 5
Regults Obtained with Nuclear Research Emulsions L4, G5 and XM.

5.1. Procedure for Processing Emulsion

The time interval between exposure of the emulsion and its
subsequent development was kept to a minimum in order to avoid latent
image fading.(56) Latent image fading is more rapid for emulsions
kept at high temperature or humidity. Some data on tﬁis effect are
available for G5 emulsion. Barron and Wolfeadale (57) report a 50%
reduction in track density during a period of 520 250 days with the
emulsion stored at 25°C., No difference was observed between storing
the emulsion in air or argon. The time interval betwgen exposure and
deveiopment in the present experiments was of the ordér of 30 mins and
80 it is safe to assume that there was negligible latent image fading.

It is well known (4) that the final blackening of the emulsion
is dependent on the treatment of the emulsion prior to and during the
’exposure, the type of developer used, its temperature and the
prevailing humidlty. ‘The date of manufacture was supplied with each
baich of emulsion and the émuls;on,was generally expoc ed withln two
weeks of that date. The enulsions were stored in a refriﬁgerator
before use. The developer used was ID19 and it was made up 1n the
lébofatory. This developer deterlorates slowly during storage and no
devéloper was used if it was kepf for more than one month. fresh

developér wasfused for each plate and the tempefatﬁre of the developer
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was Mainbained st 12°0. The pldtos were developed for 5 mins and the
developing dish was dlowly rocked during this period. A stop-bath of
200 ces wéter plus a few drops of acetic acid was used and the plate
wss held in this for around 30 secs, The plate was then fixed using
'Hypam' fixer. The fixing time was made twice the emulsion clearing
time and this was génerally around 5 ming. The plate was then washed
for half an hour in tap water and finally rinsed several times in
distilled water. The plate was stored in a dessicator to prevent
contamination by dust particles. A typical processed plate is shown
in Fig. 11ic)This particular plate is L/ emulsion exposed to 25 kV
electrons.

Measurements of &énsity were initially made with a Jerrel-
Ash microphotometer and laéer repeated with a recently acquired Joyce-
Loebel microdensitometer. The Jarrel-ish microphotometer had a pen
recorder output which gave a measure of the optical transmission of
the emulsion. The zero setting was made by placing some black velvet
over the microphotometer slit and the 100% setting was made by
allowing the light to pass through the glass supporting the emulsion,
These settings were frequently checked during the course of measure-
ménts. The first exposure on each plate was of the tube background
plus emulsion fog and measurements of densiity on subsequent exposures
were corrected for these two effects. The Joyce-Loebel microdensitometer

measures density directly and the response of this instrument was
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checked by Kmhan end found to be linear with density over the density
range of interest in this investigation. The results presented in

this Chapter are those obtained with the Joyce-Loebel microdensitometer.
The values of density obtained with both instruments were found to
agree to within 10%.

The electron energy range of interest is O = 40 kV and
results have been obteined on each type of emulsion at 5, 15, 25 and
35 kV, The four plates of each emulsion used were taken from the
same bateh. Previous imvestigators in this field, 08 597 €0) Lsep
the exception of Digby et al, (9) have presented their results in the
traditional H and D presentation. Whereas this presentation is
useful for photographic emulsions, characteristic curves in terms of
density versus exposure are more useful for users of electronographic
emulsions. The results obtained in this investigation are presented
in both forms in Figs. 12 ~ 17, the H and D plots being useful for
comparison with Fig. 1.

The aperture used for exposing the emulsion in these
experiments was 3 mm in diameter. It was generally found that the
density of the exposed area dropped uniformly by a few per cent in
scanning from one side of the exposed area to the other. When
exposures were made in the tube, the beam scans in from one direction
across the aperture and is subsequently deflected away in the same

direction, Consequently one side of the eperture will receive more
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exposure than the other and this could explain the effect noted above.
If this were the explonation, one would expect longer exposures to be
more wniform, This was not observed, all exposures being equally non-
uniform and so it was concluded that this non-uniformity was present in
the incident electron beam even though it could not be detected on the
phosphor screen, This was a amall effect amounting to a few per cent
and the vhlues of density quoted in the results were averaged over the
exposed area, It did mean, however, that relisble granulerity
measurements could not be made on these plates.

5.2, fiqprodqgibility of Results =~

Since the blackening cbtained on these emulsions depends on
factors which are not easily controllable €.g. the treatment of the
emulsion before exposure, the specific oonditions during manfacture
and development, ctc,, the figures given for the exposure producing a
certain density ere subject to considerable variation, It was found
in this investigation that plates of G5 emilsion from the same batch
varied in sensitivity by & 10% . Cranberg and Halpem () pave gowna
the same variation in sensitivity for Ilford B-2 plates exposed to

electrons,

5.3. Results of Speed of Emulsions.

The difficulties associated with defining the speeds of
photographic emulsions (61) exposed to light can be avoided in the case

of the exposure of electron sensitive emulsions to electrons, For the
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linear region of the emulsion characteristiec, speed ca.n"be simply and
conveniently defined as that flux of electrons of a certain energy
required to produce a certain density on the emulsion, This definition
gives a reciprocal measure of speed, the faster the emulsion, the lower
the figure, If we consider an electron energy of 35 KV, for example,
the density-exposure characteristics of all three emulsions shown in
Pigs, 12-1) are found to be linear up to density of 0,9. Under these
conditions, speed can be defined as that electron flux of 35 XV energy

required to produce a density of 0.9, Thus, the speeds of these

emilsions are j«

Beam Energy Enulsion Speed, as defined ebove
35 XV Lk 4,1 electrons / /M/l
35 W G5 1,3 u n
35 W XM 0.14 " "

The only other published speeds for these emulsions are those
given by Velentine and Wrigley, (62)  These authors worked only at an
electron energy of 60 KV end at this energy found the emilsion
charactézistic to be linear up to D = 1,0, Thus, their figures of

speed refer to that electron flux of 60 X energy producing e density

of 1,0, Valentine and Wrigley?s resulis :=
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Beam Energy Emulsion Speed
60 W L 1,6 electrons //,(,l
60 K G5 0.25 " 1"
60 W XM 0007 ft n

The results found in this investigation at other beam energies
are given below together with the density at which the speed measurement
was made, The degree of linearity of the emulsion characteristic was

found to fall with decreasing electron energy and so the density taken

for the speed measurements falls

Bean Energy Emulsion Speed Density

25 K T, 3.06 electrons [ u? D = 0.5

25" G5 0. 94 w v D =0,5

25 " pial 0.11  « ‘e D = 0.5

15 " Ty 2,12 . e D=0,2

15 " G5 0.66 N D = 0,2

15 XM 0.094 y D = 0.2

o 51 Lk 2.5 “ D = 0.05
5 G5 0.63 o D = 0,05

5" M 0.5 " " D = 0.05
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DENSITY ABOVE FOG LEVEL

Characteristic curves for L4 emulsion — for various energies of incident
electron beam
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Characteristic curves for G5emulsion—for various energies of incident
electron beam
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0 Characteristic curves for XM emulsion—for various energies of incident
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04 H and D characteristic for L4 emulsion
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H and D characteristic for G5 emulsion
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H and D characteristic for XM emulsion
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The relative exposure times to be glven tn themse emuilsions
to produce the same density when exposea to the same electron flux is
given by the ratio of the reciprocals of the nunbers given above,
Thus, at 35 KV, the exposure times are in the ratio 1 : 3.2 : 29 for
Li : G5 : XM, At 25 KV and 15 KV, this ratio is found to be 1 : 3.3 :
28,4 and 1 : 3.2 : 22,5 respectively. Taking a variation in emulsion
speed of 20% as typical, this is in agreement with the value of 1 : 4 :

24 given by Khogali (19) and 1 : 5 : 25 given by McGee (63)et al,
Sela Validity of the Single~Hit Law = Results of Contrast.

The theoretical considerations of Chapter 3 are based on the
assumption that the process involved in the electron irradietion of
nuclear research enmulsions is a single~hit process, The H and D curves
shovn in Figs. 15-17 do show the characteristic slope and long tail of
thel' = 1 curve of Fig, 1 and indicate that the single~hit law may hold.
A move sensitive check of the single-hit lew is equation (8) of section
3.5 which relates emulsion contrast to optical density. This states
that the contrast,X, is simply given by & = 2.3.D, and should Dbe
independent of all other factors but the density to which the emilsion
has been developed, Valuess of contrast haves heen measﬁred from the
results of f‘igs. 15-17 and these are presented in Pigs, 18-20, Several
valueé of contrast have been measured for each emulsion at each
electron energy. The results for each emulsion at three velues of

electron energy are shown in each figure, In each case, the daghed .
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Contrast vs density for L4 emulsion
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curves axre the theoretical curve, &= 2.3.D and the crosses ore
experimental points., It can be seen that for each emulsion at each
energy the values of contrast fall within 10% of the theoretical value,
thus providing support for the single hit hypothesis for densities up
to at least 0,5, This is in agreement with the findings of other

observers,

5.5, Effect of Beam Energy on the Demsity Produced

One can construct cuxrves of demnsity against beam energy for
a constant exposure from the results of density against exposure for
a given beam energy shown in Figs, 12-1), These curves are presented
in Figs, 21-23.for the three emulsions uvnder investigation,

It can be seen that there is a threshold of between 2 - 4.5
kV for the production of developed grains in these emulsions, For
G5, this threshold is 2.1 XV, which agrees with the results of
Pniewsk:i..(&*-) Some emulsions are coated with a thin layer of gelatine
in order to protect the swface of the emulsion from sbrasions. This
is not the case with the emulsions under investigation and so the
figure of 2.1 KV may be taken as being the energy required to render
a grain of silver halide in G5 emulsion developable (this figure will
include energy lost in gelatine)., Pniewski investigated G5 emulsion
using grain cownting techniques and published results of the number
of grains produced per electron as a function of electron energy in

the range 0 - 150 kV. This function is approximately linear for
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Density—beam energy characteristic for L4 emulsion
Flux =75.10™ couls[cm®

Flux = 50,10 Coul s|crm?

Flux=25,10" "touls| cm?

__ Flux =10,10"couls|om?

10 20 30 40
Fig 21 - Beam energy KV
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anergies less than 50 ¥V curving slightly tewnvdo the Ymumbur of
grains! axis. ALssuning no overlap of grains, oﬁe would expect curves
of density versus beam energy to follow the shape of this function,
The curves of density against beam energy are linear for XM emulsion
and tend to curve towards the beam energy axis for G5 and _LL;. The
results al each energy wvalue were taken from four separa‘be_ plates of
emulsion, Allowing for & 207 variation in sensitivity within these,
a straight line could be drawn through the points o‘bta:i.ned. Dengity
expressed as o function of beam energy for a constant flix would be
more acourately determined by using a single plate and exposing the
same flux at various enbrgieé. |

5.6, Degree of Linearity of Fmulsion Characteristic,

The degree of linearity exhibited by these emulsions is of
great importance in their epplication to electronographic image tubes,
A low degree of linearity implies & low saturation level which means
limited storage capacity and in the detection of low contrast opticol
images; the higheé‘b possible storage capacity is required., One of
the difficulties in meking accurate mpasurements in spectroscopy is
the non~linear behaviour of ordinary photographic plates. This entaild
melkding accurate celibretions for each plate. This difficulty can be
avoided if o high degree of linearity of the emulsions used can be

inswured,

The emulsion that is most commonly used with electronographic
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image tiubes is G5 emulsion, Data on the degree of linesarity
exhibited by G5 emulsion have been collected by Kahan (65) from
contributors to the Third Symposium on Photoelectronic Imaging
Devices and this information together with the results found in the
present investigation are presented in Table 1, It is clear that
there is considerable lack of agreement amongst the observers listed,
Brand (66) mag subsequently published charecteristic curves for G5
emlsion obtained with a Spectracon image tube which show significant
departure from linearity at densities of around 0,3 which is in
general agreement with the reéult found by the author for G5 emulsion
exposed to 25 KV electrons (the average transmitted energy of
electrons from the Spectracon is of this order).

The analysis of Chapter 3 shows that the degree of
linearity of an emulsion is related to the emulsion saturation
density which in tum is a function of the incident beam energy.

Thus a correlation between the degree of linearity and the incident
beam energy may be expected, From the evidence presented in Teble 1,
it is difficult to correlate the degree of linearity with any of the
variables listed with the exception of the last four cbservations
where a correlation with incident beam energy is fqund. This point
is further discussed below,

The discussion of Chepter 3 showed that for a given beam

energy the emulsion characteristic should follow the form of :=-



M MO' g‘d’,{‘db‘i'c', be D‘i?:;::y Input g%ongi% DEVELOPMEN T le;ﬂ%e EMULSION ELECTRON

linear lﬂg Exposye Type fle mp [Time |Agitn Thicknesd Temp | ENERGY

WALKER | 4 3 0—3~4 v ~1 min D19 [65F |Sminf yes | Smin | 10p | a0t | 26kv
KHOGALI| 20 19 0-15 v~ ~1min |D19 |68F [5 min| yes Smin | 5F room | 30-cokv
KAHAN | 2 0 0-025 | 70 sec |D19 [68F | Smir| yes Smin | 5P |Rmp | 3040KV
KRON 6 6 0-4.0 " 1 min D19 70F | 6min| yes 5 min 10 room 25-30KV
BECKMAN 3 0 05-35 \/ 1min |D19|68F B5min| yes 10 min 5'J 20¢ 30-40KV
VERNER] 30 30 0-2-3 v~ 1sac—10rmin|D 19 [ 70F | Senf no 10min[ 10 20c | 1530 kv

DUCHESNE] 5 3 0-1-1.5 N 5 sec D 19|68F | Smi| yes 2 min 10p -160°C 25KV

10 10 0-13 v Yenin yes
) [ 25 5KV
JEFFERd 1 3 0-008 v~ 1 sac £ [P19]18°C | Smn| yos 5 min P [reom

n ] ] 0-024 \/ I 1 " 1] 1] n i n 15KV

" 1 1 0-045 v " 1 1 " " u n " 25KV

" 1 1 0-08 \/ " ' " h " " " 1t ISKV

TABLE

INFORMATION ON THE DEGREE OF LINEARITY

EXHIBITED BY G5 EMULSION

g6
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D = Dsat. (1 - e~ 8

Homi 1ton (67) s published a characteristic density vs.
exposure plot for Kodak Medium Lantern Slide Flate exposed to 50 kV
electrons and has found that the equation ebove can be fitted to the
experimental results by swl‘babljr adjusting the values of Dsat and A,
Similarly, for the characteristic of G5 emulsion exposed to 25 kV
electrons a fit is found for Dsat = 4,17 and a2 grain diameter of O.4
miorons, somewhat higher then TMford!s figure of 0.27 microns. This
is shown in Fig. 23(a). The value of O.) microns for the gredin
diameter was subsequently used to obtain a fit for the characteristic
curves determined ‘at other beem energies. The valueg of emulsion
saturation density found by fiftiﬁg the above equation are shown in
Fig, 23(b) plotted ogainst beam energy, Also shown in this figure is
a plot of electron range in emilsion against beom energy., Values of
electron range were taken from Barlms.(h') Tt cen be seen that in the
range 10 = 35 KV fha‘b these two curves follow one another, Thus, in so
far as Dsat is linearly related to electron range over this range of
beam energy and in so far as the equation above describes the behaviour
of these emulsions, then the degree of linearity exhibited by the
emﬁlsion will also increase with beam energy.

In the case of the Spectracon tube, the operating potential
is limited by the tube background level, Recent Spectracon tibes

have shown very low background levels when operated at 10 XV (i.e,
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exposures of 1 hour have been made on XM emulsion with the tube at
room temperature without the background density exceeding 0.1), It
may be possible to increase the operating potential to 50 kV or more
without the background becoming excessive and in so doing the speed
and photoelectron recording efficiency of the tube will increase and
s0 may the linear response and granularity of the emlsion,

5.7. Conclusions :=

The response of the nuclear research emulsions G5, L4 end XM
to electron irradiation of enefgy up to 35 XV for densities up to
D = 1,0 has been investigated,

The results presented in the form of H and D curves and, in
particulor, the meastrements of the contrast of these emulsions show
agreement with the single-~hit law for low values of dens;i.‘by.

The results presentéd here and the results of Hamilton can
be fitted to the equation for the charactexistig curve, D = Dsat,

(1 - e = &), for suiteble velues of A and Dsat, providing some
theoreticel Justification for the low degrees of linearity observed.
MHowever, this does not accord with the findings of soms other
observers and this aspect of the investigation warrants much further
consideration, in particular, to determine if emulsion processing
conditions and/or the methods used for density measurement have a
bearing on the response of the emulsion,

Information hes been presented on the speed, contrast and
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degree of linearity of the nunlsax wesearch emulsions Lk, G5 and XM,
The other parameter of interest in the application of these emilsions
to the recording of electron images is the granularity of these

emlsions and this will now boe considered,
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Chapter 6.

Granularity of Nuclear Research Emulsions.

6,1, Graininess and Granuwlarity.

When a developed phbtographic image is enlarged, ’ the
distribution of the developed silver holide grains over the area of
the image is such as to cause a lack of homogeneity which is known
as graininess. This effect shows up even though the magnification
is such that it is impossible to detect individual grains. Jones
and Deisch (68) have defined graininess as 'the sensation or impression
of non-uniformity in a photographic deposit produced on the
consciousness of the observer when such a deposit is viewed! ji.e,
graininess is a purely subjective concept, The present
investigation is concerned with making a quantitative measurement
of this effect and so the definition given above will not suffice. f
Granularity is the term reserved for definitions of this effect in
purely objective terms, Meny definitions of granularity have been
proposed and many more methods of its measurement have been
described,

Much of the early work (69) on this effect was based on
the fact that if an image of the uniformly exposed and developed
photographic material was moved away from the observer, the
sensation of non-uniformity would disappear at a certain distance

and the image appeor homogeneous, The magnification was fixed and
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the relative merging distaoneces for different samples were measured,

A variation of this method due to Lowry (70) was to fix the distance
and vary the mognification required to produce blending of the image.
Duntham (71) suggested that the granularity of a photographic material
might be measured from the variations in a microphotometer trace and
Goetz and Gould (72) developed a method, based on this idea, for
measuring the standerd deviation of the relative transmittance AT,
where AT is ths value of the individual tresnsmittance fluctuatigi'zns
mes.sured from the mean and Tm is the mean trengmdttance, »Selwyn (73)
developed a theory of graininess based on the statistical distribution
of density measwred over a large mumber of small areas on the
developed photographic emulsion and defined granularity as the
product of the standard deviation of the density from the mean and
twice the square root of the scanning area. Jones and Higgins (74-81)
in a series of eight papers have made a comprehensive study of
greininess and granularity and the relation between them, These
authors have used several of the methods described dbove to measure
graininess and granularity of nine semples of photographic material
in order to determine any correlation between the methods of
measwenent and the various definitions. Their results show that
none of their granmularity -~ density functions is in agreement with
the greininess ~ density functions and so graininess is not a linear

function of granularity as measured by any of the methods studied.
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Ls a result of this work, Jones and Higgins developed a means of
measuring granularity, the results of which could be directly related
to graininess, They termed their measurement of granulerity "syzygetic”
granularity, More recently Clark Jones (82) has applied information
theory to the question of granularity and points out that both the
Selwyn end Jones and Higgins definitions give an imperfect picture of
granularity whereas an analysis in terms of noise-power spectrum gives
a complete picture., Other authors, notably Zweig, (83) Wall and
Steel (84) have developed the application of information theory to
photographic granilarity and have shown that two equivalent functions
m2y be obtained from a microphotometer trace - & correlogram and a
power spectrum - and that both Selwyn's definition of granularity and
Jones and Higgins syzygetic granularity are related to these functions
under certain conditions. Almost all the published information
concerns the granularity of photographic emlsions., From the brief
review given agbove it can be seen that the question of granularity is
complex and care has to be taken to specify the definition used end
the conditions wnder which the measurement is made.

A knowledge of the granularity of these emulsions is
importent in their application to the detection of low contrast
opticel images by electronographic image tubes since the granulerity

limits the smellest detail of a given contrast that cen be detected.
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6.2. Definition of Granularity used in the Present Tnvestigation.

The observations made with electronographic image tubes will
be subject to analysis by a microphotometer, Thus, the graininess of
these emulsions is not of particulsr interest but what is requirea
is a measuremont of the noisinegs of the emulsions as seen by a
microphotometer. One may get en idea of the relative graininess of
the three emilsions by referring to the photomicrographs of Fig. 23(c).
The definition of granularity used in this investigation is the root-
mean~gquare variation in density of a wniformly exposed and developed
emulsion and this has been measured using a microphotometef as
described below,

It is very difficult in the case of photographic emulsions
exposed to light to give a mathematical analysis of granularity in
terms of the emilsion parameters and the incident photon flux because
of the complex statistical nature of the photon~-silver halide crystal
interactio‘n. Such an analysis can be given for nuclear research
emulsions exposed to electrons using the definition of granularity
given above, i-

6,3. Theoretical Treatment of the Granmularity of Nuclear Research
Bl sions Iixpoged to Electrons.

The following theoretical analysis is strictly valid only
over the linear region of the emulsion characteristic., Following
Velentine, (55) the density D of a developed image in & nuclear

regearch emulsion, is proportional to the product of n, the meen
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nurber of silver grains produced per electron, A, the mean cxoss-
sectional area of the silver halide crystals and E, the exposure,
If smell arcas of the emulsion are considered, each of these three

values will be independently subject to random fluctuations from

spot to spot and so if Gp, GE, Gn and G are the root-mean—-square
fluctuations in D, E, n and A respectively then since E, n and A

are independent s~

2 2 . (‘%} . *(@5) 2 .’(@ﬁ) v (D)

If the area of the spot considered is S and a mean of N
electrons fall over it, the exposure E = N. N is subject to a
S
Poissonien distribution end so the fluctuation in N from spot to spot

is N i.e.Oj;_ = _1 Idso the fluctuation in n, the nunber of
E

N
grains per electron EE‘ The value for each area S is based on the
mean for N tracks and the fluctuation in a mean of r readings is less

than that of the individual readings by r and so :~

Similexly if the root-mesn-square fluctuation in the cross-
sectional areas of the halide crystals is J then since the value for

the area S is based on nll grainsg :-.

% (@) - §
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Thus the granularity is given by =~

GD 1 1 2 z
"‘f)‘ = "r—ﬁ-‘Ll-l- H (l +%2‘>] ¢ esssssssavrssneasde (]l)

Data given by Mees for the scatter in grain sizes of
photographic emulsions indicates that the standard deviation of the

cross-sectional areas is of the order of the mean areas i.e. g , 1.

So approximately,

) 1 2\ %
_'ﬁ' = ﬁ‘ * (l L ;'1'> ...o.-o.‘..o.oio00.00..00.-0(11]-)

In the ordinary photographic process, n is the number of
greins produced per photon and will be very small since many photons
are requi:;‘ed to produce a grain, In the electronographic recording
process, however, n will be large (sbout 6 for 25 KV electrons in G5
emulsion) and so the dominent factor in the gremularity will be the

¢lectron beam noise, _1
N

In the present investigation(rb has been measwred for
several velues of D for the emilsions XM and G5. The results presented
in the previous chapter give velues of N against density for these
emilsions and so the velidity of equation (111) above may be checked.
The method used for the measurement of GD will now be described,

fehs Method of Measurement of Granulerity,

None of the exposures made with the apparatus described in
Chapter 3 had the required degree of wmiformity suiteble for meking

granularity measurements, The exposures used in the present
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investigation were made with the Spectracon image tube B 57. This
tube had a2 mica window thickness of 3,9 microns and é. cathode
sensitivity of 50 /UA/lumen. The cathode was uniformly illum:iﬁated
over an area of 4 mm in diemeter and exposures of inecreasing duration
(in order to cover the density range 0.1 -~ 1.0) were mode on XM and
G5 emilsions, The emilsions were processed in the ng:fmal way using
5 mins., development in ID 19 developer and after fixing were
thoroughly washed with distilled water and stored in a dust free
atmosphere,

These measurements of granularity were mede with the Jarrel-
Ash microphotometer. The aperture size of the microphotometer was
adjusted to the minimum éJlowed by the opticol arrangement and
sengitivity of the instrument, This was 0,1 mm x 30 wicrons and gave
reasoneble transmission variations. The exposures were scanned at
0.5 mm per min and five scens gave a sufficiently long trace 10 ensble
relishle measurements to be made., The spacing of the scans was
greater than 0,2 mm so that the measurements made from sach scan
were independent of the others, During these measurements frequent
checks were made against drift of the zero and 100% settings of the
microphotometer,

Zweig (83) reports that for 1000 independent density
measurements, the accuracy in the root~mesn—squere velus is x %% for

95% of the time, This degree of scouracy was &imed a2t in the present
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investigation end each measurement of D was based on 900 - 1000
individual. density measurcments. Four va."l.ues were d etermined for
each emilsion making a total of néarly 8,000 individusl measirements
of density. Thesc measwemsnts were made in the following way ;-

The output trace of the microphotometer gives the
variation in optical transmission across the exposure, Readings of
transmission were made at what corresponded to 60 micron intervels on
the actual exposure by placing a Perspex sheet over the trace, The
Perspex sheet had parallel lines ruled on its surface and these wers
alipgned with the tronsmission axis on the pen-recorder chart, Values
of transmission at the intersection of the trace and the lines on the
Perspex sheet Were read off, The spacing of lines on the Perspex
sheet was chosen so that the spacing of the measurements of transmission
on the exposure itself exceeded twice the width of the microphotomster
slit, Thus, in this way, about 1000 independent transmission
meagsurements were obtained for each exposurse,

The date thus accumilated were processed on the 1 BM 1401/70!
computer instellation at J&nporial.College. A programme (see Appendix 2
was written which firstly cslculated the respective density for each
trensmission measurement, Then the mean density end its root-mean-
square value were computed, .

The method described sbove for granularity measuremente is

not ideal for the following reasons ;=
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(1) The alit width used, 30 microns, will not detect high

frequency variations in density.

(11) The instrument itself measures opticel transmission

which means that all the readings of tranamission have to be converted

to density.

(111) The readings of transmission have to be read off from

the pen-recorder trace and the date acquired have to be punched up on

computer cards. This is a time consuming process.

A system based on a Joyce-Loebel type of microdensitometer

with which very small slit widths may be used would be & big
improvement, particularly if the density readings obtained could be
directly recorded on to punched-tape, A more sophisticated system
which can be directly linked to a computer has been described by
Dennison, (85)
6.5. Results :~ (o) Check on Theory.

| The conditions under which eguation (111) of section 6.3
apply are :-

(1) 3¢ applies to a uniform exposure of mbnoeﬁergetic
electrons,

(11) it applies over the linear vregion of the emulsion
characteristic.

(111) the approximation is made that the scatter in the

areas of the silver grains is of the order of the mean grain areas,
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In the case of exposures mede with the Spectrecon ‘tiube, the
clectron bheam striking the emulsion has an energy distribution as a
result of the passage of the beam through the mica window and thus
equation (111) cannot be strictly applied to the results obtained from
exposures made with this tube,

In view of this the author obtained some G5 plates that had
been exposed in the liallemand electronic camera, These had been
exposed to a uniform flux of 25 KV electrons and three measurements of
granularity were made, Curve 1 of Fig. 2L wes constructed from the
approximatc equation (111) of section 6,3 in the following way :-

Values of N were obtained from the results of Fig. 13 for G5
emilsion exposed to 25 KV electrons, The plates in this case were
exposed at room temperature whereas plates in the Lallemand cemers are
exposed at liquid nitrogen temperatures, Duchesne (86) has measured the
change in sensitivity of G5 amulsion when it is cooled from room
temperature to liquid air temperature and reports a 30% drop in
sensitivity, This drop in sensitivity is interpreted not as a drop of
30% in the number of electrons recorded but as a decrease of 30% in the
meen number of developed graing produced per electron due to decreased
ion mobilities at liquid air temperature, Thus, in order to obtain the
same density (i.e, the seme total number of developed grains) at liquid
air temperature as at room temperature the totel number of electrons

recorded has to be increased by a factor of 100. The velues of N used
70
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in the equation for granulsrity werc ineressed accordingly.

Priewski (6x) reports a velue of around six for the number of grains
produced per electron :Ln G5 emulsion for 25 KV electrons recorded g.t
room temperature. Thus, a value of n = 4.2 was used ::.n the equation
and in this way corresponding values of Qp and D were obtained, Xt
can be seen that the three experimental points are not in agreement
with this curve, the measured values being of the order of twice

the values predicted by equetion (111) of section 6.3, It must be
stated that a relisble check on this formula could only be mede if
measurements of N and @y were made on the seme strip of emulsion
since emulsion speeds are subject to veriation, To account for the
discrepancy &bove & 'speed difference of a factor of 4 would be
required, Such & variation in speed although very rare is not
\mknovm for G5 emulsion, (87) However, it is possible that thw
approximation cpncemjng the variation in grain sizes does not hold.
The mean area & end the spreed in grain size distribution has been
measured (51*) for various photographic films and of the films

measured the ratio AQvaries from 0,45 for X~-ray f£ilm to 1.23 for

-

a
portrait £ilm, Of the nuclear research emilsions, Berkas (%) has

measured the sizes of the silver halide crystals of G5 emulsion and
has found & mean diameter of 0,275 microns for whichg 2= O.OO?%a,Z.
Using this infoxrmation the mean area & end the scatter in ares AL

mey be estimated in the following way :=
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For the silver halide crystals of G5 emulsion d = 0.275
J 2 iy
microns andAd = 0.0022), where d = mean diameter of crystsl,
Ad = variance in 4

The mean area of the crystal

— e

.A.=l &
L

Now, Ad = d2 ~ d

- —2 —2
2= a + Aa

= ,0756 + ,0022 = ,0778.
2
0778 = .‘0611/,(,

This figure is based on measurements of silver halide
crystals, Tt is the mean area and spread in area of processed silver
grains that is of interest, Whereas the silver halide crystal is
neaerly spherical in shape, the developed silver grain ig a fibrous
mass of silver generally lerger than the silver crystal, No
information is available on the distribution in areas of the developed
grains of G5 emglsion but assuming the mean grain area is of ’ghe order
of .06].]7,03 and also that the areas of the grains obey Poissonian

statistics then :~

é% A 05

A

Using this Pigure in equation (11) of section 6,3 :~

0 =J%‘,L’l+%_ (“zkos ﬂ% @
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=

Thlls, @ = J:J:._'.(l + M)“E o.o‘oo-..ton;...o‘.’o... (u)
N n

Using n = 4,2 ;=

G‘D = J_-—__—-I:l| X 2'3 bcoullno-puoo.to.ooooi;-u-o-eal (111)
N

whereas the approximate equation (111) of section 6,3 gives :-

6D = D x L.22
!

Equetion (111) above is curve 2 of Fig. 24 and is a much

IF N RN BT ERNEENEENNFENRENEER N ENENNENE-B X (lV)

better fit to the experimental points. IAlthough it has been stated
that the granilerity of electron-sensitive emulsions arises almost
entirely from the noise in the incident electron beam, it would
appear that there may be a significant contribution from the
distribution in the areas of the greins,

(b) Gomparative Grenularity of XM end G5 Emulsions,

Pig. 25 shows the variation of granularity with density
for XM and G5 emulsions as measured from exposures made with the
Spectracon. The question of the oontxi‘bufion to granwlarity from
the energy distribution in the incident electron beam is deelt with
more fully in the next Chapter, If it is assimed that the
contribution to granWlarity from the distribution in areas of the
grains and from the energy distribution in the incident electron
beam is the same in both cases then for a given density the ratio

of the granularities of these two emulsions ig :=-
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VARIATION OF GRANULARITY WITH DENSITY FOR EXPOSURES MADE WITH SPECTRACON

Data  obtained from exposures made with Spectracon tube B 57 which had a

mica window thickness of 3,9 microns.
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<YD (

where Nyy and Npg are the electron fluxes producing the same density
on each emulsion i,e, the ratiof of grenularities is of the order of
the square root of the speed raticof. Thus; using the more

commonly found figum of 5 for the speed raticf of these emulsions g-

< 1
%ggg—?% A (5)‘1'2 v 2,2

At low dengities a value of 1..6 is found, A similar order
of magnitude calculation may be made to determine the granulerity of
L4 emidsion, Thus, at a density of 0.3 :-

@)y, ~~ 0.6 (Dgg ~ 910 =3

(¢) Least Detectable Density Variation,

The granularity of the emulsion limits the smallest
detail of a given contrasgt that can he detected., The change in
density on the emulsion caused by the signal to be detected must be
significantly greater than the random fluctuations in density., In
general, the signal-to-noise ratio must be significantly greater than
a certain constant (known as the coefficient of certainty) for the
signal to be detected with certainty. MAssuming a figure of 1.5 for
the coefficient of certainty (87) then the minimum chenge in density
that can be detected in the case of the three emulsions under

investigation and under the conditions of granularity measurement



117.

outlined ebove is :=

Emulsion Minimum Detecteble Density

Change at D = 0.3

L 0,014
G5 0,02
XM 0.03

(a) Gomparison with Photographic Emulsions,

Kodak (88)nave published figures giving the gramilerity
of some of their emlsions. These granularity measurenents were
made by scannming with a circular aperture of area around 2,000/&2
and the figures given refer to & density of 0.8. These figures may
be used to give a rough comparison between astronomical plates

exposed to light and electronographic emulsions exposed to electrons :

Emulsion Granularity at

103 a = 0 0,094 E exposed to light
IT a=0 0.076
M 0.036 exposed to electrons

G5 0.024 by Spectracon tube,
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From thoee figures it esn be scen that the granularity of
electron-gensitive emulsions is considerably less than that of the
most commonly used astronomicel plates,

The degradation in the signel~to-noise ration due to the
electronographic recording process can be estimated in the following
WaY.

6.6, Degradation in Simmal-to~Noise ratio dug to Blectronopraphic
Recording,

Tn the case of ordinary photographic emulsions, Fellgett(89)

has shown that there is a 100 fold loss of signal-to-noise ratio in
the formation of the negative with even the best availeble emulsions,

In the case of electronographic recording, the ratio :-

r =f Signal ~to-noige in recorded image. Ar)
Signal-to~noige in incident electron bean/ can be estimated

in the following way :-

For the linear region of the emulsion characteristic we
may write 3=

D = Lk.E )
where D = density, k = constant, E = exposure.

Thus, the number of electrons, N, incident on an area L of

emilsion ig 3=
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The signal-to-noise ratio of the incident clectron besm = XN £iaD

ER

The signal~to-noise ratioc of the emilsion = D _

dD
Thus,
r= e L. [mD
) = GD A
X

Using the results obtained from the plate of G5 emlsion
exposed in Lallemend!s electronic camera,

D = 0,33, D = 12,5, 10 =3

The value of k was determined from Fig, 13 which gives
D vs E for G5 emulsion exposed to 25 KV electrons and the velues of
E were adjusted for the difference in sensitivity due to the emulsion
temperature difference, With E expressed as no, of electrons/micron?,

k = 0,3, The value A = 3,000/&2 was used in the granularity

measurements s S0 3~

r = 1 0.38 x 0.33
12,5 10 =3 ° 3,000
= 0,52 '

Thus, the loss in signal-to-noise ratio due to the
recording of the electron beam is about 487, This value of r may be
used to caloulate the overall loss of signal-to-noise ratio and thus

the equivalent quantum efificiency of a single-stage electronogrophic
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image tube,

6.7. .Overall Reduction of Signal-to-Noise Ratio in a Single-Stage
Electronopgraphic Tmage Tube,

For a single-stage tube of the Lallemand type, the signal-
to-noise ratioc of the incident photon flux is degraded firstly by the
rhoton=-photoelectron interaction and secondly by the recording of the
e¢lectron image in the emulsion, If there are N incident photons,
the signal-to-noise ratio of the incident photon flux is N,” If the
photocathode has a quantum efficiency of ¢, then Nq photoelectrons
leave the cathode and the signal-to-noise ratio in the electron beam
is (Ng.' As we have seen this is further degraded by a factor of
0.52 in the process of recording the electron beam on G5 emulsion
and so the overall réduction of signal-to-noise ratio is 0.52/ q.

For a photocathode of quantum efficiency 35% the overall reduction of
signal-to-noise ratio is by a factor of 0.3. .This compares with a
factor of 0,01 for the best available pho‘tographic emulsions,

The equivalent quantum efficiency of such a tube is given

by -

qe ={Bipnal~to-noise ratio of output events . 2
ignal-to~noise ratio of incident photon flux

If N is the incident photon flux on the photocathode and
g is the photocathode guantum efficiency then ;=
Signal-to~noise ratio of photoelectron beam = | g.N.

Signel-to-noise ratio of recorded clectron image = r ) gN.
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Qg = r, J;N)z = r2, q
7

orr = 0.52,
q-e ~N 003.(]_.

This compares with previous estimates (2“9) of the
equivalent gquantum .af‘ficiency of Lollemand's camera of 0.9.q, This
estimate wes made Just taking the digtribution in the number of
grains produced per electron into account,

The only other measurements of r reported in the
literature are those given by Valentine and Wrigley (10). These
authors have measwred r for G5 emulsion directly exposed to 60 XV
electrons and developed in 1019 developer, In thisg cése,
meagurements of N end D were macie on the ssme strip of emulsion and
measurements of granularity were made using a Joyce-Loebel
microdensitometer. A value of r = 1,0 was determined i.e, there was
no loss of signal-to-noise retio in the recording process, Volues
of r at 60 KV and 25 KV may be compared as follows ;=

In this calculation, suffix 1 refers to 25 XV and suffiz 2

to 60 XV, For G5 emulsion, we may write ;-

(6]5)‘= Dl 1+7]:Z'_Ii%
N

m
Also,
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Ths, (D), _ Dy W, /(14 1.4 z
ot S el A "
(D), D, ¥ M L (FEE
]

Pniewski (61) gives no = 23 and a velue of ny = 4.2 is used, as

before, Also by extrapolating the results of Fig. 13 to 60 KV &

velue for N2 can be obtained,

For D = 093 Haa

(@)1 &IQ 05 x -J-'-L-’-—zg “.
(@D)2 .8.8 (l + -%31*)

1.38

1]

Whet is of interest is the relative loss of signal-to-
noise ratic in recording the electron beam at these energics. Now :-

, D
r, = Digmm ro - 22/GD2

Nl/!N—ll NZ/I-N?
R L S 7

ro ~ Do QO Ny,

Por same dengity :e

o A A 5,78 = 0.58
I‘z 1.3 8.8

A velue of rj = 0,52 is found by the author snd a value

of ro ~1.0 is found by Valentine and Wrigley and these figures

‘are in agreement with the celculation s#bove,
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On thié basis, it mey be concluded that previous figures
quoted for the equivelent quantum efficiency of electronographic
devices may be overostimates due to the fact that the contribution to
granulaxity from the distribution in areas of the grains was overlooked,
It is worth noting that this particular source ;af noise heaomes lass
significant as n, the nunber of grains produced per electron, inarecases.
Thus, increasing the operating potential of direct recording
electronographic devices will lead to an improvement in equivalent
quantum eff{iciency and also improve the linear response of the
emilsions, This may not be a practical proposition with the
existing Lellemand technigue since increeasing the operating potential
may leéxd to excessive background. One way in which the contribution
to noise from the distribution in grain areas cen be completely
eliminated is to use grain c;ouhting techniques and this method will be
discusged below,

6.8. Variation of Equivalent Quantum Efficiency with Exposure,

For low values of density the relationship between
granularity and density mey be expressed as :=

GD » D
N

where N is the nuwiber of electrons integrated over area A of the
emulsion, where f is the area of the microphotometer scemning slit

ugsed for the measurement of granularity.
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Mso, Do N
end 9, = r%a = kD = CONSTANT.
Agp?

i,e, the equivelent quantum efficiency is constait with oxpoesurs over
this range of density, Results of g, corresponding to velues of D are
given below, calculated from the results derived in Chapter 5 and 6 smd
arg applicable to Lallemond's camers :=

Bowivelent Quantum Efficiency vs. Dengity for G5 emulsion exposed to
25 XV flectrons in Lallemand!s Camera.,

Density Equivelent Quantum Effieiency, qq
0.1 O.éS. q
0.3 0.23. q
0.6 025 q
0.8 0.2 q

qQ = photocathods quantum efficiency.

These rosults show that the equivalent quantum efficiency of
G5 emilsion is fairly constant with density for low valuss of density,
unlike photopraphic emulsions whose quontum efficiency -~ density
characteristics generally peak for low velues of density. This
behaviour has been observed for G5 emulsion in some preliminaxy
results given by Brand, (90)

6,9. Use of Grain Counting Technigues for Image Evaluation,

The evaluation of the blackening of an emulsion exposed to
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electron irrodiation is essentially a prucess whorehy outputh events
(developed silver grains) are counted, In the case of evaluation
by & microdensitometer grain counting is done by averaging the effect
of the stopping power of grains to light over the area of the
microdensitometer slit, Ls we have seen there may be a s:.gruiﬁ.cant
contribution to the noise in the output of this system dus to the
distribution in area of the developed grains, This effect can be
completely eliminated by observing the grains through a high power
microsccpe and aotually counting them, By comparison, this is a
very laborious technigue but it may lead to a big improvement in
equivalent quantum efficiency,

| Discounting the contribution to gxanularity‘frcm tho grein

arce. distribution, the theory of 6.3 gives :-

G = L (s _l_)"é
D [E'I + n

{n @+ H*

For 25 KV electrons recorded in G5 emulsion then ge

r = 1 . = . 0.,82
T .1
(T o+ F)®

Thus ’ de = 1'2.‘3. A 0O. 7‘q
| Thus, the use of grain counting techniques cen lead to en
equivalent quantum efficiency approaching the photocathode quantum

efficiency,
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6.10. Conclusiong:—

The granularity of electron seunsitive emulsions
exposed to electrons has been investigated from a
theoretical and experimental point of view. Agreement
between the two is reached by assuming a wide digt-—
riﬁution in the areas of developed silver grains.

. The results of granmulerity and the measured values of
electron flux producing a certain density have been
combined to evaluate the eguivalent quantum efficiency
of a single-~stage electronographic tube using G5
emulsion to record 25 kV electrons. This may be
around 0,3.q for evaluation with a microdensitometer,
where g is the photocathode quantum efficiency and
may rise to 0.7.q if grain counting techniques are
employed.

Begides the gquantitative investigation of the
electronographic effect, the apparatus described in
Chapter 4 has been used to evaluate the comparative
rates of blackening of the Spectracon and Dallemcnd's
electronic camera and these experiments are described

in the next Chapter.
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Chapter 7.

Comperative Speed end Granularity of the Spectracon and
Lollemand!s Electronic Camera,

7.1. Introduction :-

The speeds (i.e, rate of emilsion blackening) of
electronographic image tubes are generally quoted by referring to
8 comparison with unaided photography. Thus, Lallemand et al (31)
quote a blue (4,0004%) light gein in speed over Kodak 103a - O of
50 - 100 times, Walker (91) using a Lallemand camera and G5
emul.sion has shown that the gein over Kodak 103a - O varies from
sbout 20 times at short exposures to ebout 120 times at long
exposures of 100 minutes when the best antimony caesium photo-
cathodes are used, The increass in gain with time of exposure is
due to the reciprocity failure eff'ect experienced with photographic
emulsions., Similar measurements have been mede with type - A
Spectracon tubes (49) resulting in speed gains of around seven times
over Kodak IT a - O for a Spectracon tube of photocathode
sensitivity 40 M)/lumen employing G5 recording emulsion, These
measurements were made in the blue region of the spectrum, Accurate
comperison of the speeds of these electronographic tubes on the
basis of such published information is not possible because (a) the
conditions during exposure and processing of the varioué £ilms can

vary considerably and so affect the final hlackening.
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(b) Corrections would have to be made for differont rosponses of
the photocathodes that are inserted into these tubep and these are
rarely published,

The considerations of section 7.2 suggest that the speeds
of these two devices should be of the same order, To investigats
this McGee suggested that the experimental tube described in
Chapter 4 could be used to partially simulate the conditions that
exist in the Spectracon and Lellemand cemera. These conditions, .
in so far as they affect the blackening of the emulsion are as
follows :~

(a) Spectracon -~ the emilsion is exposed at room
temperature in air by pressing it against the mica window, The
electron beam from the photocathode is accelerated to 40 XV and
exrrives at the mice window with unit magnification, Thus, the
electron heam striking the emulsion has a significant energy
distribution.

(b) Iellemand's electronic camera - here the emuilsion
is exposed at approximately liquid air temperature in a vacuum,

The electron beam from the photocathode is accelerated to 25 XV end
is generally linearly demagnified by & factor of 0,7, In this case,
the beam striking the emulsion is effectively monoenergetic,

The rate of blackening of the emulsion depends on the flux

end energy of the electrons striking the emulsion, the temperaturs



129,

of the emulsion, the pressure on the emilaion and the emuilsion
procesging conditions, It can be seen from the above that the
conditions that exist in the two devices as they affect the rate of
blackening of the emulsion are markedly different. It was only
possible to simulate some of these conditions, suiteble corrections
bing applied for the rest,

7.2, Celoulation of Comparative Speeds,

In the experiments described below, the seme electron flux
was ;-

(1) Directly recorded on to G5 emilsion with en energy of
25 X,

(11) Indirectly recorded (i.e, by passing the beam through
a thin mica foil) with a primary energy of 40 XV,

Tt is required to caleculete the comparative blackening
produced on the emulsion under these conditions. The optical
density produced on the emulsion is proportional to the totel number
of grains produced times the crogs—sectional area of a grain, If
the elsctron flux is No, g(B) is the average number of grains
produced by an electron of energy B and A is the mean cross-
sectional area of a grain, then for conditions (1) above :~

Den.sity Produced - DJ_d\,NO. g(EL).A S0 0 0B RPN LCENII BB LY (l)

where Ey, = energy of the electron beam in Inllemend's camera
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To eadlailate the density Dy, produced by the same electron

flux, No, under conditions (11) sbove is more complicated. In this
case, in order to calculate the total number of graing produced,

one needs to know how the energies of the electrons in the beam
transmitted through the mica foil are distributed. As far as the
author is aware, no comprehensive retardation potentiel measurcments
have been made on the electron beams transmitted through thin mice
foils. BSuch an analysis of the elesctron beams transmitted through
thin aluminium oxide films has been made by Young (92) and the
results are jpresen"ted a8 normaliged transmitted current against

reduced onergy By , where Ep = energy of transmitted electrons,
£ |
Eg = oritical energy i.e, the energy of the primaxry beam

corregponding to the onset of transmission: Results are presented

for various values of Ep where E? = beam primary energy. 4 curve
Ec

is presented for Ep = 1l.75. In the case of the Spectracon, Ep =
4O KV and so Ec Ec 22,9 KV and this value. of Ec corresponds to a
mioa foll 4.5 microns thick, Thus, & curve of normalised
transmitted current against residual electron energy for this mica
thickness can be constructed. By making the area under this curve
unity, a curve of P(E) versus E cen be constructed where P(E) =

probebility of finding an electron in the transmitted beam of

energy, E. This curve is shown in Fig. 26, Now, the mean nunber



P(E)o

4.0+

PE)=Probabiity of an electron in the beam transmitted by a 45 micron mica foil
having energy E .Energy of incident beam=40 kv.

10 20 30
Fig 26 Residual energy, E,kv

€1



132.

of I%1:‘8:i.ns produced pox electron in this case is

i p(BE). g(®). dE, where Bs = Spectracon's Operating potemtial.
g E; as & function of E is given by Pniewski (64) and the curve of
B). g(E) ageinsf E has been constructed and is shown in Fig, 27,
The mean nunber of grains produced per electron is aalmilatod tn ha
4. 54 which is in reasonsble agreement with a value of 4.3 measured by
Khogali., (49) Now, the ratio of densities produced by the same

exposure wnder conditions (1) and (11) sbove is given by :-

Bs
Dy = No.Po ,(o o(B). g(E). 4B, A.
?;l' NO.P]_ g(EL) Ao

where P} = photoelectrdn recording efficiency of Lellemand's comera,
P, = photoelectron recording efficiency of Spectracon.

Py may be 0,95, allowing for a few per cent reflected
electrons from the emulsion and Ps has been measured (19) as being

0.75 for a Spectracon with a mica window of thickness 4.5 microns,

Under these conditiong the speed ratio is :-

Dp = 0.75 x hBh 0.6
Dy 0.95x 6 ’

This calculation has been done for a mica foil 4.5 microns
thick, Higher volues will be obtained for thinner mica foils since
both the transmission snd the average energy of a transmitted electron
will increase. Thus, there will be more electrons of & higher energy

striking the emilsion., For a mica foil 3.0 microns thick, the
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P(E)xG(E)vs E for G5 emulsion exposed

to a Spactracon of 45 micron thick mica

window and operated at 40 kv

Es
Area under curve = 5 PEXGE) .dE = 454
0

Fig 27 Residual energy E, kv

€el
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transmission moy be 0.85 and the average tranmmitied eneysy Ay be 3\
¥ compared with 26 XV for a mica foil 4.5 microns thick, Th¥s will

give a correspording inecrease in the speed ratic Dp

Dy

7.3. Experimental Procedure,

Spectracon tubes are currently made with mica windows having
a thickness between 3.5 = 4.0 microns. In these experiments mice
foils in the range 3.1 -~ L.l microns were used, The thicknesses of
the foils were determined both by weighing the foil and by
measuraments with a Zeiss interfei‘cnce microscope. FPleces of mica
2n x 1" were cut to size and mounted using Areldite on to a stainless
steel framework, This framework could be clipped on to the emulsion
plate and loaded into the plate holder, VFivermica foils of varying
thicknesses were mounted on to the framework leaving five spaces on
the emmlsion for direct recording at 25 kV, With the stainless steel
framework clipped on to the emlsion plate, the mica foils were held
% - 1 mn away from the emulsion surface, The mice window of the
Spectracon is eluminised on its immer surface in order to stabilise the
potential of the window, The thickness of the aluminium layer is
guaged by observing the white hot tungsten filament of the aluminium
evaporator through the mica foil and evaporation isstopped when the
filament Jjust disappears., The mica foils used in the present

experiment were aluminised in this way. A new cathode gun was mounted
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in the sxperimental tube while the fremework end mica foils were Laodng
pumped in an eve.por&‘c.ion plant, The foile were alumrinised din tle
manner described above, Air was admitted to the evaporation plant,
the framework recovered and immediately mounted on to a G5 emilsion
plate which was then loaded into the éxpeﬁmental tube which was then
pumped., This process was completed as quic]d;;f as possible in order to
prevent excessive oxidation of the sluminium la.:yer. |

The tube was prepared for making exposures in the manner
previously described. Five exposures Weré made at 25 kV with the
electron beam falling directly on to the emulsion, The exposure time
was varied to give a renge of densities up to l.4. The accelerating
potential was then increased to 40 XV and the beam current was adjusted
to be the same as was used at 25 V. LApproximately the same exposure
was made through each mica foil., This experiment was repeated for low
and moderate valuss of density recorded through mica and the results
are presented in Tebles 2 and 3. Also, five foils of the same thickness
of mica (3.4 microns) were mounted on the fremework and two scts of
varying exposures were made with direct recording at 25 kV and through
mica at 40 XV, These results are shown in Fig, 28,

These results show & speed ratio of 0.9 for mica thickness
of 4,15 microns increasing to 1.1 for mica thickness of 3,1 microns,
Thus, as far as the rate of emulsion blackening is concerncd, the loss

of electrons due to &bsorption in the mica folil is campensated by the
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Results on Comparative Speeds
Beam [Exposure |Mica .Mica ensity [Cormr Speed
Current | no of thickness| surface h))roduc)‘d dens! rgtio
A x 107" [electrons (microns)| densi ty 30m?0
x 10 (mg/cm) oS ng'iw
325 | 496 3 0.67 0.274 0.25 1.1
3,25 | 437 375 0.81 Q261 0.26 1.005
326 | 295 | 415 | 09 0172 | o185 | 0.93
iy —
TABLE 2
Beam Exposure Mica Density Speed
CAu)r(r{ed\_g nogfemp-ons ffﬁ'ﬁ;‘}{,‘fj’ produced ot ratio
4.9 16.5 415 119 1.24 0.96
5.1 17.2 3.97 119 127 0.9%
4.8 16.5 3.65 127 1.24 102
—y
4.9 17.2 3,50 128 127 10
49 16.7 312 143 125 1%

TABLE 3
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Direct and indirect recording on G5 emulsion

o — Direct recording of 25kv beam

O — Result obtained by recbrding 46 kv beam after penetrating mica foils

344 mxrons thick

LJ
2 4 L

10 20 30 @
Fig 28 Exposure in coulsfem’.10
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greater average residual energy of the transmitted electrons, resulting
in a rate of blackening comparsble with the direct recording of 25 kV
electrons., These results ere in genersl agrecment with the considerations

Of 7. 2.

7.4 Comparative Speeds of Spectracon and Linllemand's Blectronic
Canmera.,

The results obtained above have to be corrected in order to
detvemﬁne the comparative speeds of the Spectracon and Lallemand's
camera, GConsider aﬁsr‘peﬂctracon tube with a2 mica window of 4,15 microns
and operating at L0 KV and a Lallemsnd camera operating at 25 KV. The
results above have to be corrected for the different emlsion
temperature, Reducing the temperature of G5 emulsion from room

temperaturs to liquid air temperature reduces its sensitivity by 30%( ) ’

thus :=~
Speed of Spectracon = 0.9 = 1.28
Speed of Lallemand's Camereo 0..7

Thus, for these two tubes with identical photocathodes,
exposed under the same conditions and with the same magnification,
the 'speed gein of the Spectracon mey be around 30% greater then
Lellemand's camera, The speed of the electronic camera mey be
enhanced by electron optical demegnificetion which is not used with
the Spectracon system.

7.5. Comparative Granularity of the Spectracon and Lallemand's
Rlectronic Camera.

Mgo of interest is the comparative granulerity of the
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Spectrecon and Iallemond!s electronic camera, The granularity of
a nuclear research emulsgion exposéd to electrons is essentially a

function of N, the incident electron flux, An, the spread in the
n

nurber of grains produced per electron end AA, the spread in the
A

areas of the developed grains, In the case of Lallemend's camera,

where the incident electron beam is monoenergetic, An is given by
n

Prniewski's results and (cﬁJ)L as shown in Chapter 6, In the case of

the Spectracon &n will be greater than in the case of the electronic
n

camera due to the spread in energies of the electrons striking the
emilsion, In order to calculate the comperative granularities of the
recorded images preduced by these two devices, it is required to

calculate On for the Spectracon,
n

7.6, Calculation of the Spread in the Number of Developed Grains
produced per Electron by the Speatracon, '

As a2bove, the results of Young (92) are used in this
calculation and it is assumed that they may be applied to a Spectracon
tube operated at L0 XV and having a mica window of .5 microns
thickness, From these results, we know the probebility distribution,
P(B) of finding an electron of energy B in the -electron beam
trensmitted by the mica window., Also, for an electron of given.

enorgy B striking the emulsion, the probebility p(n) of it produding



140.

n developed greing is kmown from the results of Puleweki. Those show
that p(n) is Gaussisn in form and if we write g(E) = mean valus of
n, then p(n) may be written as :~

p(n) = 1 - - {n - g

RO < e ceereees (D)

The probability distribution of interest is p(n,B) - the

total probability of 'electrons in the electron beam transmitted by
the mica window producing n develﬁped grains and this is given by :-
P(nE) = P(E) D(R) tosecvisocrensiiosncenisonnssconsas (11)

Now (A‘n)2 is given by the difference between the mean of the
squares of the number of grains produted per electron n? and the
gquare of the mean number of grains produced per electron o ?
and Hz for the probability distribution p(n, E) cen be calculated in

the following way :-

2
n-gl &

_ o /B 2. g( B
n = a. p(E) 1 R dn,.dE

o ‘o ,} 2%.g(E)

This integration is done in Appendix 1, where it is shown

that ;-
. Es
i o= }(E)dﬁ:. + fj(u)dfﬂ
a

- -Jf (B).qE
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i
where (B = L p®).gE).° e
a J27"

c

= J o] = il CE
(£) p@.)z_._g(*) et (), ib(a PCE\lg )

Using the known values of p(E) and g(E), these functions
have been calculated and plotted and the areas beneath the curves

between the limits O and Es have been measured, Thus :=-

n = 0,013 + 454 - 0,00012 = L.55
Similarly ;-

. w!n—-g%E%)z
2.glE
f f n? p(B) €, dn,dE
2-'-g(n-)

and this is shown in Appendix 1 to be ;-

;'2' = j_d(E).dE. ~ j_e(E).aE.

(n) aE, + &g(m).a:a.

- j (8).4E,

where fd(E) = p(E). g(8).
AZg(E) = dEla®. et (9,
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i

p(E). g(m)>

i

44®
p(E). g(1)? et ()

—,&h () 5)

Evelustion of these integrals gives i1

22 = LSk = 0,00012 + 0,066 + 37 - 0.0005
- ll]-.6l
Thus,
2 2
(4_{9 = 12 . 1 = 10
=2
n
This compares with a figure of (/._\__r_1> 2 . 0.24 for direct
\ n

recording of monoemergetic 25 KV electrons.
From the analysis of Chapter 6, we may write for the

granularity of the recorded image produced by Lellemend's camera :=
J—— 1
QD = 1 2 Z
@), = &2 - Lo (24 ()
{oy)! oy, A

where Ny = electron flux incident on the emulsion, n;, = means
nurber of grains produced per electron, J = spread in areas of
developed grains,

For the granulority of the recorded image produced hy the

Spectracon, we may write :-
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(61))2
D 8
i,e{OD

i e( D)s

produced on G5 emulsion is glven ko)

g
F11+-<1+<v>>

16,4
[ﬁ’. 1+1,00 + 5.5
Ns 17k

(&) & (3 [ 2
J*N?L B & ("i‘)z} )

Thus, for the same density, the ratio of the granularities

it

1+ I 2
1N 1.05
Ns

I% is the ratio of the electron fluxes actually striking
the emulsion in Lellemend's gemera end the Spectracon in order to
produce the same density, Foxr the linear part of the emilsion
characteristic curve, the speed ratio measurements previously
deseribed in this Chapter give a figure which is either the ratio

of densities produced by the samé exposure (for direct recording at
25 KV or through mica at 40 XV) or the ratio of the reciprocals of
the exposures which produce the same density in each case, Thus, if

S5 = speed ratio, Ds, DL ore the densities produced by the same

exposure in each case and Es and Ej are the exposures required to



144,

produce the seme density, then ;-

S = P_E = l/Es = EL
l/EL Es

Extrapolating the results of speed measurement to a mica
thickness of 4.5 microns, a figure of 8 0,8 is found. Now, Bs =
exposure in terms of the electron flux incident upon the mica foil
mounted in front of the emulsion, If Ns = corresponding electron
flux incident upon the emulsion then Ns = T.Es where T = transmission

of this thickness of mica foil and so ;-

0.8 = Ep, o
Ns
Now EL = electron flux of 25 kV energy incident upon

the emulsion at room temperature, Correcting for the drop in emulsion

sensitivity in Lallemand's comera ;-

% 1 0'7’ NL

Thus,
‘Ij—I-’. = 0.8 = 1052
Ns 0.7=0.75

Substituting in the formula derived for the relative granularities :-
%@gﬁ. - Juse! x 105 = 1.2
GDy,

i,e. for this thickness of mica window the granularity of the
recorded image of the Spectracon will be ~ 30% greater than the

same recorded image produced by Lallemand's camera, ¥For thinner
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mica windows, more electrous will bo tratomditbed with & higher
average residual energy and so Ns, the electron flux producing a
given density will fall, This means that the contribution to

§(D)s from the factor Ny will increase., The other factor in the
@)y, Ns

expréssion'fpr {%_}9; will decrease, however, sincefAn  Will

L n
decrease and 1 will incresse as the thicknesé ‘of the mica window
decreases, It is difficult to estimate at what rate this factor
will decrease w:ith decreasing mica thickness without a knowledge of
the distribution of the energies of the clectrons transmitted through
thinner mica windows. |

Te7. Experimental Results,

The results of Figs. 24 and 25 may be used to check the
 gbove calculation. One of the curves of Fig. 25 shows the vardiation
of grenulerity with dengity for G5 emulsion which had been exposed
with a Spectracon tube having a mica window of 3.9 microns thickness.
The experimental‘points of Fig, 24 were obtained from a plate of G5

_ emulsion which had been exposed to 25; XV electrons in Lallemand!s

cemera, Comparing the results at D = 0,33, gD;s = 1,28 for the

experimental point and %GDES = 1,11 when the comparison is mad
with the curve drawn through the points of Fig, 24. This is in

reasonable agreement with the above caleulation,
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7.8. Comparative BEquivalent Quantum Efficiencies,

As we have seen the equivalent quantum cfficiency, g

of an electronographic device may be written asg :-
Qg = t-z.q, where ¢ is the photocatheode guantum
efficiency and ¥ is a factor giving the reduction in signal-to-moise

ratio for the electronogmphic process,

NOW: = ...].:_.._.
W" \J S E.A

substituting, = D, where E = exposure,

I

Thus, comparing equivalent quentum efficiencies,
gels = {%ﬁ)ﬁg x B8
w @ T g
For a Spectracon tube of mica window thickness 3.9 microns

oD)s mey be 1,29, From the relative speed measurements, we may
L

write for this thickness of mica window :~ Es = 0.7, 0,8
Er, 0.9k
ThuS, gf_Ii - (1029)2 o 05 i- 0-8 A \‘O
ges 0.94

Thus, elthough the granularity of the Spectracon's recarded image is
greater than thot of the eguivalent image produced by Lallemend!s
camera, this is compensated by the fact that a smeller number of
electrons have to be integrated in order to produce the same

density. This is due to the average residusl energy of the electrons
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being greater than 25 ¥V (for mies windows £ 4,5 microns) ard to
the lowered sensi‘tivity of the emulsion in Lallemend's cemera due to
cooling.

7.9, Conclusions ;-

It has been shown that for the typical operating
conditions of the Spectracon and Iallemand' 8 camera and for
identical photocathodes and megnification in each case, the specd
gain of the Spectracon may be WBO% greater than that of Lallemand's
camera, Also, the granularity of the Spectracon's recorded image
mey be - 300 greater than that of the equivelent image recorded by
Lallemand's cemera, The equivalent quantum efficiencies of these
two devices moy be of the ssme order, however, since‘the increased
gronularity of the Spectracon is offset by the fact that comparatively

fewer electrons have to be integrated in order to produce the same

density,
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Chapter 8

Conclusions

Some of the properties of the electron sensitive emulsions
XM, G5 and L4 have been investigated for exposure to medium
energy electrons. The results in terms of optical density
produced on the emulsion as a functicn of exposure all show
a low degree of linearity. For low values of density, the
results obtained provide further confirmation that the silver
halide srystals of these emulsions require a single hit by an
electron in order to be rendered developable.

The shape of the characteristic curves may be fitted to
an equation derived on the basis of a single-hit hypothesis.
There is, however, some disagreemenht between observers as to
the extent of the linear region of the characteristic curves,
other observers reporting a higher &egree of linearity than
has been found in this investigation for G5 emulsion, This
aspect of the investigation merits more attention with
particular reference to the emulsion processing conditions and
the methods used for density measurement. A series of
experiments could be made to determine any correlation between
these factors and the shape of the emulsion characteristic
curve, These experiments could be most conveniently made
using a Spectracon image tube. The results presented in this

it
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thesis show a corrclation between the extent of the linear
region of the emulsion characteristic curve and the energy

of the incident electroﬁ beam, the degree of linearity of thc
cmulsion increasing with increasing beam energy.

Some measurcments have been made on the granularity of
XM and G5 emulsions and the results obtained agree with the
theoretical predictions of Valentine's analysis when the
assumption is made that there is a wide distribution in the
areas of developed silver grains. This assumption needs to
be investigated by an electron microscope étudy of developed
silver grains.

The results of granularity meaéurement and the measure-
ments of the electron flux producing a certain density on the
emulsion have been combined to evaluate the reduction in signa
to-noise ratio in the electronographic recording process and
consequently the equivalent quantum efficiency of a single-

stage electronogfaphic image tube. This gives a figure of
.(25 2 6)% of the photocathede quantum efficiency for the
equivalent quantum efficiency of a Lallemand type system
operated at 25kV and using G5 emulsion. The error in this
figure includes a 10% error in granularity and an error of 20%
in the value of the electron flux producing a given density.
This value of equivalent quantum efficiency may also be

appropriate to a Spectracon tube with a mica window of around
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4.0 microns thickness operated at 40kV and using G5 emulsion.
However, the equivalent quantum efficiency may approach the
photocathode quantum efficiency if the operating potential
of the system could be considerably increased.

The main practical conclusion arising from the work
described in this thesis is the desirability of increasing
the operating potential of electronographic image tube
systems to improve the linear response of the emulsion and
the speed and equivalent quantum efficiency of the system.
In the application of such a system for the detecticn and
recording‘of weak, low-contrast optical images, these gains
will have to be balanced against a consequent lowering of
emulsion storage capacity since higher encrgy electrons will

produce more grains.
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‘Appendix I

Evaluation of Integrals Used in the Calculation of 4%3
for Spectracon '

1. Evaluation of T¥

' -(n-g(E
T = ff . e 8 44 dE

g(E

Put y = n - g(E), then n = y + g(E), dn = dy
Then n = I1 I2

where 2

[P}

s 2g(E)
I, = //- V. p(E) . € . dy.dE.

2 o0
G - -h_
= B -l L E 5 . dE.
° ‘ - - 2g(E) )
|
o JZT
=g _
= ' fa(E). d4E. :
J L

-4 Es

E 2g (E)
I, = = . € dy.dE.
246/, (2% g(E) 2
] f E).g(E Z5TE)
= . . e ‘dYOdBo
o 4 J23 g(B)
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° /% 28 (E)
+ j p(E).g(E) . e dy .dE.
40 )

[2=g(®)"
Now : - 0 z
)
.dE.
&) &¢

fﬂt

o

-y
25 )
f D(E) .2 (E) . 4y .4E.
(2}

,]z'r: g(E) )

® ,.Cg _XZ
f J EY .o (E 22(E)
= o b . € dy.dE. -

2+ g(E)

o0 ES
ffar@_ﬂa Lmdydn
3@0 « g(E) 5
2¢ (E
(fu_(li.)__g_(_l o E )dy,dE

g(P .

Es
5 2.2 (F) .eZLg—(E)dy;dE.
B e ZrgE)

= 2.1 - 1 2
fof& b e | B
NOW I = ‘ < e .« © dy.dEo
>3 o % [2« g(E)

This can be evaluated precisely since:-
&L bz
- bx
,J e . dx = ;T EET
b

( P_LD_Z.ELE = { £, (E) .dE.
[#} 2}

f"o Es 2g (E)

EY. 2

14 = ' j(e) fo % [ e . dy.dEo
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5*
The function, erf(x) ’ j( 2

is tabulated.

Thus, I, = f p(E)-g(B)  crf(y).dE.

4
= fr fc(E).dE.
o

Thus, —

o)
n
O >
&

f,(E).dE. + 2 S; £, (E) .dE.

| fE‘
. £ (E).dE.

PO

2. Evaluation of nz

—_ w0 B -(n-g (E%)

n2 = J{ g nz. E . e 21 € © .dn.dE.
o 7} 2 ‘\" g E)

As before put y = n - g(E)
Then:-

2
where 8

.2
I, = f v2. e T dy.dE.
6 ,_i(r)

(E)

2
o0 £ _X"T
,{ /f E).2¢(E) . y. @ 2g(E) . dy.dE.
fTE) o 2w g(E)
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2 ‘
ES . —r
g - j E).g (B . e ¥?.(E) dy.dE.
’ -jf) o 23 g(E)

Using similar methods as for the previous integration, it

can be shown that:-

€ ¢ o (E

T = S p(E).g(E).4E. _ gs p(E).g(E)3/ 26 E.g.)_
O

dE.
(] 2%
€
- (* ELE%LELEl . erf(y).dE.
[+
-g(E)
o= 2 f’ b0 g )% 2 aE.
o ,IZ‘\T
€ 2
I, = 5 p(E).g(E)*. dBb
o]
23 2 x
- -f Eigligigl . erf(y).dE.
(o4
- Thus:~
n2 = I6 + I7 + ;IS
G , €
= So £4(B).dE. ~ L £ LE).dE |
& &
+ ‘(off(E).dE. + L £, (E).dE.
- Le’fh(ﬁ)., dE. |
where £,(E) = p(E).g(E)
£,(B). -, = p(B).g(E). erf(y)
£ (E) - p®. g®)? T 4
e 2 . e alEY €
£, (E) p(E)-g(fzi) . erﬂyl} i(\’:3 Ny



== = me—roo%-mean—sauare varlatlon in dens:.ty (granularity )

e 4 euE) measurements ‘made’of’ opt:.cal transmission, i L

_.:_;_.wcalculatlons were made on. the I.B.M. I40¢>/’{O90

t::::::::::READ(p,ZO)N
20 FORMAT (14)
SEEEEEEEEREAD(5,10) (A(T), I=1,N)
10 _FORMAT(20F4.2)
ZEZEECEENSNUMBER OF A

, __.ba 101 1= 1,N

— AVERAG-D/AN
ESoe=—meap0 201 I=1,N 0 TR :
201 SUMSQ SUMSQ+(DENS(I)-AV:RAG)*(D:NS(I) AV’RAG)
TEEESE R GRAN=SQRT (SUMSQ/ZANY wA T TR
-~ _WRITE(6;30)AVERAG,N,SUMSQ,GRAN .
=230 FORMAT(9HOAVERAGE=,F543,2H N—.I4,12H SUM SQUARE ,Fll 6y 6H _GRAN=,
1F8.6)
=2T301 CONTINVE T80
. _sTOP

EEEETE oV END
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