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ABSTRACT,

The process of making cascade image intensifiers is
fairly well-known, but the poor performance of the
existing devices had limited their use as an aid to the
scientific research. The performance can be improved by
the improvement in phosphor screens and photocathodes. .

Techniques for mounting very thin and fragile mica
discs have been developed so that they can undergo the
process of phosphor deposition and aluminization on one
side without bringing any material in contact with the
other side on which a photocathode is to be formed
subsequently. The methods of screen deposition have been
improved and a new method of phosphor deposition has been
used to give very thin phosphor layers (0.5 mg/'cm2 in
thickness) with abat99% coverage of the substrate.

Simple calculations have been made to show the
dependence of the image resolution on the thickness of a
transparent phosphor layer and the thickness of the mica
substrate. The results of image resolution thus obtained
are compared with the results of the image resolution of
the experimental granular screens. Thus the effect of
"graininess" of the phosphor screens on the image
resolution is determined. The offect due to the electron
scattering in the screens is also determined. Optical and
electron-optical techniques have been developed and used
for the measurement of the image resolution of the tubes.

A novel technique of aluminization ("Floated Backing")
has been developed. Anti-reflection backings were also
prepared and applied to the phosphor screens and their
effect on the efficiency and the image resolution of the
screens has been determined.

Other parameters of the phosphor screens such as the
thickness measurement, coverage of the substrate, the
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effect of baking temperature and ageing on the efficiency
of the screens have also been determined and discussed.

The performance of such screens in the cascade image
intensifiers is sumarized and three stage image
intensifiers having a blue light gain --~- 50,000 and an
image resolution of 50 lp/mm., with a very low background
can be prepared.



iv

Contents.

Chapter 1 Introduction.

T Photon Detectors — Image Intensifiers.
(A) ILallemand's Electronographic Camera.
(B) Hiltner's Camer=n.

(C) The Spectracon - An electronographic Image Tube.

(D) Channelled image intensifiers.

(E) Transmission Secondary Emissiom Image
intensifiers.

(F) Cascade Image Intensifiers.

IT Phosphor=Rhotocathode Cascade Screen.

ITI Requirements of phosphor screens.

Iv Screen Formation Methods.

(1) Dusting or air settling.
(2) Dry spraying.

(3) Electrostatic application.
(4) Wet spraying.

(5) "Flow on" or swirling.

(6) Sublimation.

(7) Electrophoresis.

(8) Raft method.

(9) Sedimentation method.

(10) Centrifuging.

v Selection of methods for screen formation.

Chapter 11 Preparation of the Screens

I Preparation of the substrates.

(a) Glass discs.
(b) Mica discs.

1T Deposition of the phosphor on to the substrates.
(A) The sedimentation process.

(B) Electrophoretic process.

VI SR I I

W W WO W 0 00 O~ U w i

i i el i
N = H 2 O

13
13
14
18
19
27



v.
Chapter III Preparation and application of bgckings
on to the phosphor screens.
I Reasons for the application of the aluminium
backings.

IT Choice of Materials.

IIT Techniques of application of the aluminiunm
backings.

(1) Direct evaporation.
(ii) Conventional backings.
(iii) Floated backings.
IV  Comparison of aluminization techniques.
v Preparation of the aluminium films.
(1) Teepol technique.
(ii) Single salt crystal method.
(iii) Evaporation on to amorphous salt substrate.

VI Monitoring the thickness of the films,

(A) Salt layer.

(B) Aluminium film.
VII Reflectivity of the aluminium films.
VIII Evaporating Sources for:

(i) Salt

(ii) Aluminium.

IX Application of aluminium backings.

X Use of aluminium oxide films in place of an
organic film in the case of conventionally
backed screens.

XTI Antireflection backings.

XII Aluminium black layers on aluminized screens.

Chapter IV Image definition.

I Definition of limiting resolution.

II Resolution of an image tube.
(1) Chromatic aberrations in an electronic image.
(2) TFinite thickness of Mica Substrate.
(3) Phosphor Screens.

38
38

40
40
42
45
45
48
48
49
49
52
52
53
54
55
55
55
57

61
62

68
70
70
73
86



1T

(a)
(b)
(4)
(5)
(6)

<ri

Scattering of electrons

Scattering of light in the phospior ucreeng.
Halation.

Tube background.

Curvature of the image field.

I Measurements of image resolution.

(1)

(i1)
(iii)
(iv)
(v)
(a)
(b)
(e)
(V1)

Demagnification of the electronic shadow of
a mesh.
Woodley-Rogers method.
Cusano's method.
Single stage image tubes.
Demountable image tube.
" " " with a gating valve.

n n " with a U-V photocathode.

94
96
96
56

" " " with a thermionic cathode.96

Electronic shadow of a mesh technique.

Chapter V  Evaluation of Phosphor Screens.

I

IT

99

Efficiency and its dependence on different factors.1l03

(A)
(B)
(c)
(D)
(E)
(F)
(G)
(H)

Resolution and its dependence on various factors.

(A)
(B)
(C)
(D)
(E)
(F)

Energy of Electrons.

Beam current.

Screen thickness.

Aluminium backings.

Phosphor material.

Process of screen formation.
Screen Texture.

Elastic scattering of electrons.

Energy of electrons.

Particle size of the phosphor.

Thickness of the phosphor screens.
Method of the preparation of the screens.
Surface texture.

Aluminium backing.

105
105
108
115
115
117
117
118
118
118
119
119
121
122

122



vii

IIT Effect of backings on the relative efficiency
and resolution of the phosphor screens.
v The screen thickness.
v Coverage.
VI Surface Texture.
VII Other characteristics.
VIIT Effect of baking the screens.
IX Ageing of phosphor screens.
Chapter VI Manufacture of the Image Intensifiers.
I Glass envelope.
II Metal parts.
(A) Different components.
(B) Blackening of the metal parts.
III Phosphor screens.
IV (a) Antimony evaporator.
(b) Caesium ampoules.
Vv Assembly of the tube.
VI Evacuation and Processing.

Chapter VII Performance of the image Tubes.
I Mounting the tube.

1T Measurements of the image resolution.

IIT Light Gain.

IV  Background.

v General aspects of performance.
Chapter VIIT Conclugions.

Acknowledgements
References
Appendix I

135
137
140
142
144
144

147
149
149
154
157
157
160
160
162

168
169
173
175
180
182
185
186
293



1

CHAPTER I . Introduction.
I Photon Detectors.- Image Intensifiers.

The superiority of the photoemissive surfaces as photon

detectors over other photon detectors such as eye or
photographic emulsion has been pointed out by McGeei. A
number of instruments employing photoemissive surfaces have
been developed for photon detection. However, a particular
class of these instruments in which the intensity of the
original image is enhanced and its image quality preserved
(w[ 1s known as image intensifier. A number of image
intensification methods have been developed and notable
amongst them are:-
(A) Lallemand's Electronographic Camera.
Lallemand and his cbllaboratorsz;g have developed a tube
in which both the photocathode and the electronographic
emulgion are in the same vacuum compartment, electrostatic

focusging is used for focusing the electrons. With such a
device gains up to 100 in exposure time over unaided
photography and a resolution of 70 lp/mm has been claimed.

One of the problems in this system is that the photocathode is
poisoned by vapours from the emulsion. In the later versions
of the tube refrigeration of the photocathode and photographic
plates and titanium ion pumps have been employed Lo lessen

the effect of harmful vapours from the emulsion on the
photocathode.

Kronlo modified Lallemand's camera by putting a gating
valve in betwecen the photocathode and the emulsion. The
gating valve could be opened when the tube is in operation
and the valve could be closed whenthe electronographic
emulsion was to be changed. In this way a photocathode
could survive for two or three weeks.

(B) Hiltner's Camerall’1°
Lallemand's camera was also modified by Hiltner by

putting a thin membrane in betwecen the photocathode and the
electronographic emulsion. Thus the two were in separate
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compartments and so, in principle the photocathode should
not be poisoned. In general this device hac not proved to
beso sucecessful as to compete with the original version.
(C) The Spectracon — An Electronographic Tmage Tube.

McGee and his co-—workerslB-l5 have developed a sealed

off device, so that it can be used any number of times
during its life. It is magnetieally focused single stage
image tube with a thin mica window (~~4 microns thick)
sealed on the output end of the tube. Contact prints can
be taken by pressing a nuclear emulsion against the mica
window. Image resolution of 90 lp/mm has been achieved
using this tube and a gain factor of 10-20 over unaided
photography.

(D) Channelled Image Intensifiersl6—22

This type of device was proposed by McGee in 1953.
The basic idea is to divide the image into a number of
picture points, and the photoelectrons produced from each
picture point are multiplied in separate multiplying
channels. The multiplied output electron currents from the
multiplying channels are then combined to produce a
flourescent image or a picture signal. An electron gain
of 2 x 10% and a resclution of 2 lp/mm has been achieved.
To obtain good resolution is the main problem in this
device.

(E) Transmission Secondary Emission (T.S.E.) Image
23-20

Intensifiers
In this device photoelectrons from the photocathode

are accelerated and focused onto a thin multiplying screen
or dynode, primary electrons entering one side of the
dynode eject secondary electrons from the other side which
can be again focused onto another dynode and so on, until
adequate multiplication is achieved. Then these electrons
are accelerated and focused onto the output phosphor
screen.
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Blue light ggins hxlOS and a resolution of 30 1lp/mm
have been achieved, under the best focusing conditions a

29

The signal to noise ratio of this device is worse than that

resolution of 60 lp/mm has been reporited by Livingstone

of a cascade image intensifier due to greater fluctuations
in the electron multiplication and transmitted primary
electrons. However, the work is still in progress to
improve the performance of the T.S.E. tube.
(F) The Cascade Image Intensifiers.

In order to achieve higher gain a number of single

stage image tubes could be cascaded in series. The assembly
of such sections in a single enveldpe was first suggested
by scientists at Philips Gloeilampenfabrieken>® in 1928.
The phosphor of one stage being deposited on one side of a
thin membrane, usually glass or mica, and the photocathode
of the next stage being deposited on the other side. To
ensure the highest possible gain in each stage the speciral
distribution of the luminescent light from the phosphor and
the wavelength response of the photocathode must be matched
as closely as possible. The most efficient combination
appears to be that of the trialkali photocathode matched
with ZnS!Ag phosphor.

The cascade image intensifiers were first experiment-
ally producéd in Germany during world war 11, and the work
was reported by Krizek and Vand3l. Sohaffernioht32
described a two stage electrostatically focused cascade
image tube in which glass membrane of 100 microns thickness
was used at the interstage. At an overall voltage of 40 k¥
a light gain of 20 and a resolution of 10 lp/mm was
recorded. In 1948 Morton et al33 published an article
discussing the use of an image intensifier for enhanced
vision at low light levels. In 1954, Tckart>" published
a paper describing a two--stage tube in which the two
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stagos woere separated by a mica sheet of 30 microuns thick.
Morton35 and Zavoiskii36 et al published detzils of their
respective works.

In 1956 Zavoiskii37 reported a gain comparable to
that of a photomultiplier and a resolution of 0.1 mm
(10 lines/mm or 5 1lp/mm) on the output screen.
Stoudenheimer3 publigched a paper on a two stage electro-
statically focused image tube with S5-20 primary photocathode
and S-11 intcrstage photocathode. A blue light gain of
800 and a resolution of 18 1lp/mm at the centre of the
field which fell to 2 lp/mm only 1l2mm off the centre, has
been reported.

E. J. Davis39 reported in his work, at Imperial
College, London, on the development of magnetically
focused two stage image tubes that a blue light gain of
55 and a resolution Of 14/3p/mm was achieved when an
accelerating voltage of 10 k¥ per stage was employed to
accelerate the photoelectrons. His tubes had “"turnover
photocathodes"40 to suppress background but the tube
background was even then guite high.

In 1962 Gildemeister and Giese41 described a four-
stage device which had & light gain of ~10° at 38 kv
overall voltage, the interstage cascade screens being
formed on glass diaphragus 10 microns thick. The tube

was magnetically focused. Davis42

described a four-stage
magnetically focused image tube incorporating rotating
cascade screen supports designed to protect the phosphor
sc%a?ns from alkali contamination during the activation
of Sb-K-Na photocathode. The blue light gain of =uch a
tube was reported to be,»flO5 with a resolution of 15-18
1p/mm at 40 k¥ overall voltake.

The work on three-stage magnetically focused cascade
tubes was stdrted . at Imperial College in 1962.
Catchpole43 and the author made three stage cascade tubes
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with a blue light gain off---'lO5 and a resoluiicn of 23 1p/mm
Cascade image tube work is still in progress, with improved
phosphor screens a resolution of 35 lp/mm hés been

achieved in three-stage tubes. The author has made a two-stage
image tube with a resolution of 65 lp/mm and a blue light

gain of 900 at 30 k¥ overall voltage.

IT Phosphor-Photocathode Phosphor Screens.
The performance of a cascade image tube is mainly

dependent on the phosphor screens, photocathodes and to
some extent on the substrates for the phosphors at the
interstages. Higher light gains cam. be achieved by matching
the spectral response of the photocathode to the spectral
distribution of the luminescent light from the phosphor,
this has been a common feature of gll the cascade image
tubes made upto date. Higher resolution can be achieved
by improving the phosphor screens and by making the
phosphor supports at the interstages very thin.

The composite assembly at the intexstage consists of
a mica or glass diaphragm, one side of which is coated with
a phosphor and a photocathode is formed on the other side.
This composite assembly will be called a "Phosphor-
photocathode cascade screen" or for brevity a "cascade screen”.
Efforts have bgen directed towards reducing the thickness
of the phosphor support at the interstage to improve the
image resolution of the tubes by various workers in the
field. Schaffernicht32 used a 100 microns thick glass
membrane while Eckar-t34 uged 30 microns thick mica disc
at the interstage phosphor screen. Davis39
thick mica while Stoudenheimer38 uged 10 microns thick
mica at the interstage. It was felt that the thickness of
the mica membrane could further be decreased so the effort
was directed to reducing the thickness of the mica
diaphragm and to preparing high quality thin phosphor
screens on mica and glass. It is very difficult to handle

used 15 microns



a very thin mica due to its fragility sc special techniques
had to be devloped for carrying a mica disc through all
the stages of phosphor deposition etec.

This thesis is devoted to the preparation of the
phosphor screens on very thin mica sheets and their use in
cascade image intensifiers. It should be emphasized that
one side of the mica disc should be protected from any
contamination while the phosphor is being deposited on the
other side because a photocathode has to be formed on that
side. -

Mica diaphragms of 3.5 microns thickness have been
used in our cascade tubes as interstage phosphor supports,
thinner micas could not be used due to non-availability
of the thin mica discs but it is felt that mica discs of
~ 1 micron thickness could be used as phosphor supports
at the interstages if they could be obtalined, or other films
such as transparent aluminium oxide films of -~ 1 micron
thickness might also be used.

The deposition of a good phosphor layer having
optimum thickness and a very good coverage of the substrate
calls for special fine grain phosphors and special
phosphor deposition mcthods., It is well-known fact that
as the particle size of the phosphor decreases the
efficiency also tends to decrease but the resolution goes
up, so efficiency and resolution are opposing requirements
for a phosphor screen. Generally a compromise is sought
to produce very good screens. Recently 1t has been
possible to manufacture fine grain phosphors with
gpproximately the same efficiency as that of the coarse
grain phosphors, for example, EMI type 214 is a fine
grain phosphor (particle size ,~ 1 micron) and is nearly
as efficient as the G.E. phosphor (particle size 3-5 micron).
In this way it is possible to prepare phosphor screens
with high resolution and high efficiency.
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111 Requirements of Phosphor Screens.

A good phosphor for image tube work should have the
following qualities: -
(1) The phosphor should be an efficient convertor of electron
energy into light energy.
(ii) It should be stable under electron bombardment and it
should have a Vvery lOow vapour pressurec.
(iii) In the cascade image tubes the spectral response of the
photocathode should match the spectral distribution of the
luminescent light from the phosphor. Probably the most
efficient combination is ZnS: Ag (P-11l) phosphor with S-9
(Sb-Cs) or S-11 (SbCs:0) or S-20 (SbKNa Cs) photocathode as
their emission and response curves respectively have Maxima
at about 4500 A° and both are efficient. The Sb~K-Cs
photocaﬂchode“r has been known to have 30% guentum efficiency
in the blue as compared with 15% gquantum efficiency of S-9,
so a combination of P-1l1 phosphor and Sb--K--Cs photocathode
will be a very efficient combination. However, it is
possible that the trialkali (S-20) photocathode combined with
7nSCdS: og (P-20) phosphor might give a more efficient
intensifier combination% The output phosphor screen shogld
have a blue luminescence for efficient recording on a
photographic emulsions as most of the emulsions have a
maximum response to blue light or a green luminescence for
visual observations. In our work P-l1ll phosphor and 5-9
photocathodes were used because of the ease of preparation
of the S-~9 photocathodes.

A finished phosphor scrcen should have following
propertiess:—-
(i) It should be able to produce images of very good
definition.
(ii) The texture of the phosphor surface should be very
uniform so that under electron bombardment different points
on the screen are equally bright, that is a good signal to
noise ratio.



(iii) The coverage of the substrate by phosphor should be
as near complete as possible so that there are no pin-holss
and hence there is no loss of information due to electrons
falling into pin-holes in the phosphor.

(iv) It shomld be capable of producing high contrast
images.

(v) Por cascade screens the support diaphragm should be
very thin to avuid loss of image resolution.

IV Phosphor Deposition Methods.
A number of screen formation methods have been used for

the preparation of cathode ray tube screens and the out-
standing ones are:-
(i) _Dusting or Air Settling.

The substrate is made tacky by the application of a
binder and dry phosphor is allowed to fall onto or roll
over the surface and adhere. The binder then may be baked
off., Kohl45 deposited sulphur from burning 082 ontc a
substrate, sprayed dry phosphor onto the sulphur, then
removed the sz%phur by heating.

Leverenz - used 1% P205 in acetone containing 0.3%
acetyle alcohol (first dissolved in ether) to wet the
substrate and dried until tackiness was obtained. Dry
phosphor powder was blown onto the binder and the excess

of the powder was removed ond the binder could be baked off.
Other binders such as KZSiO3 could also be used. The
phosphor used should be a free flowing phosphor and different
parameters such as temperature, air currents, humidity,etc.
should be carefully controlled for accurate work. The
adhesion of phosphor deposited in this way 1is poor.

(2) Dry Spraying

This is a variation of the above process. A binder
is applied (25% solution of pot. silicate or 10% aqueous
solution of sodium carbonate) to the substrate and allowed
to dry to tackiness, and a fine spray of dry powder is
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4'7

blown from a spray gun onto the surface ™ screen .9

then dried and baked. The adhesion is poor.
3. Electrostatic Application48.

In this process the substrate and the phosphor are
oppositely charged. The phosphor particles are charged ©o
several thousand volts by blowing them gently past a
charged tungsten point or rod. The phosphor deposits on

the substrate giving up its charge. The adhesion of such

phosphor screens is poor.
4, Wet Spraying.
A phosphor suspension in an organic binder and alcohol

is prepared, a few drops of acetic acid may be added for
deaggregation. The suspension is kept well-stirred during
pressure spray onto the substrate. The screen is dried
and the binder baked off. Actual screen thickness and
uniformity are difficult to control and such screcens show
relatively poor contrast in cathode ray tubes49.
5. "Flow on", Swirling, flush or "dip coat" methodBO.

A thin paste of the phosphor in a binder gnd diluent
is introduced onto the substrate and distributed by flowing

or swirling it around the surface until a fairly even

coating is obtained. The surface is then tilted and
excess is drained off and the surface is dried. Binder can
be removed by baking it off. The use of camphorBl has also
been advocated for making up the paste or slurry. It is
very difficult to make scrcens of accurate thickness by
this process.
6. Sublimation.

The phosphor powder is sublimed onto a cold or

moderately hot (~‘400°C) substrate. The screen is now
heated to 1000°C for reactivation of the phosphor.

Evidently the substrate must have a melting point higher

than 1000°C. The efficiency of such screens is very low52’53

Koller and Coghill54 evaporated ZnS:Ag onto a
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substrate at room temperature and heated the sareen vp to
700°C  in the atmosphere of HZS + HCi after deposition. A
luminescent screen could also be prepared by heating the
substrate to 6OOOC, when deposition is taking place in the
presence of HC1l gas flow, this method needs the whole chamber
to be at 600°C so that there is no sink for ZnS. King55

also describes a similasr method of preparation of luminesccent
screens. Feldman and others have also made phosphor screens
by vacuum evaporation56—58°

Another method of making luminescent screens is the
vapour phase deposition method in which the constituehts of
the phosphor react in vapour phase condition to form
luminescent films, activators are introduced by different
nethods” 208,

In general the efficiency of the evaporated phosphor
layers is about 30% of the efficiency of the settled screens
from the same phosphor but they have the advantage of being
free from granular structure and hence the image resolution
can be very high.

79
7. Electrophoresis. -

In this process a suspension of phosphor i@?éuitable
electrolytqd is prepared and current is passed through the
suspension by making the cathode;the substrate to be coated.
This is why this process is sometimes called cataphorcsis.

Conducting metal oxide (Tin oxide, etc.) was used to
make the glass surface conducting and then phosphor was
deposited onto it. During the electrophoretic process some
of the tin oxide reduces to tin which causes a reduction in the
electron energy conversion efficiency of the phosphor by
polsoning it. This also makes the conductivity cf the subhstrate
non-uniform and gives rise to non-uniform deposits.

Recently the process has been modified to give excellent
phosphor screens. A conducting metal coating is applied
to the glass disc by evaporation and phosphor is deposited
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onto it, the metal film is subsequenvly removed by
T0-T72

sublimation or chemical means The process will be
described in detail in Chapter IT. Gubierresz et all> also
describe electrophoretic process onto conducting substrates.
8. Raft Method.

A free flowing phosphor powder is floated onto water

and compressed onto the surface of watoer by cliding
barriers and put onto glass substrates under water by

74. Beesely et 3175 have improved

slowly siphoning the water
the method by controlling the various parameters. This
method can give monolayer screens but the coverage of the
substrates is rathecr poor.

9. Sedimentation Method.

A phosphor suspension in a binder such as pot. silicate

and a coagulator such as barium nitrate is allowed to settle
for a known time, the clear liquid is siphoned off and the
screen is dried and baked. This method will be discussed
in detail in the next chapter.
10. Centrifuging.

This technique is described by Batchelder

Sadowsky77. This is a special case of liquid settling

76 and

process. The gravitational force in the actual settling
process is greatly enhanced by centrifugal force, resulting
in a more adhesive and more tightly packed screen and the
settling time is also reduced. This technique has aslo been

78 and more recently Pakswer79 has used

mentioned by Leverenz
this technigue to get excellent phosphor screens. This
method is particularly useful in the case of fine grain
phosphors.

Apart from the above methods of coating screens, there
are other methods such as embedding, painting, chalk
settling etc. but these are not sophisticated enough for

the preparation of the screens for cathode ray tubes or
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image tubes.

V. Choice of the Deposition Technigue. g

Out of the above methods, sedimentation, centrifuging
electrophoresis and evaporation of phosphors look attrative
for the preparation of the screens for image tubes. Sadowsky77
has compared different methods and concluded that the
settling and centrifuging processes produce similar screens,
s0 this is why we selected sedimentation process for screen
formation. The preparation of the screens by phosphor
evaporation or vapour phase methods gives less efficient
phosphor screens with high image definition but as it
involves a lot of technical knowledge so this technigue
was not used for the preparation of the screens.

Later on in the work a new technique (to be described
in Chapter II) for electrophoretic deposition was used for

the preparation of high quality screens.
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CHAPTER II Preparation of Phosphor Screens.
For the deposition of phosphor screens, glass and mica

substrates were used, which were prepared as detailed below:-
Preparation. of Substrates.
(A) Glass discs.

Circular glass discs of 44 mm diameter were cut from
Kodak 2" x 2" x 1/25" cover slides. As the finished screen
is to be mounted into two stainless gteel rings so four
slots of Z2mm x 2mm are ground at the ends of two
perpendicular diameters near the edges. The glass discs
are cleaned and platinum point is applied on both sides of
the glass discs leaving a central circular space of clear
glass of 40 mm in diameter. The painted discs are baked at
a temperature of 520°C for half an hour. The discs are now
thoroughly cleaned in preparation for phosphor settling.

It has been found that painting of glass discs with
platinum paint is not necessary as the conducting aluminium
backing on a finished screen provides an electrical contact
between the phosphor and the stainless steel rings. When
the glass discs are prepared for deposition of phosphor by
electrophoresis then after cleaning the plates an aluminiuvm
layer of —~ 400 A® thick is evaporated onto them.

The cleaning of the substrates is a very important
step in the process of deposition of phosphors. The glass
discs may be dipped into 50% hydrochloric acid or aqua regia
(20% hydrochloric acid and 20% Nitric acid) or chromic acid
for 10 minutes followed by a wash in running water. The

glass discs are now scrubbed with a dilute Teepol solution
after which the discs are rinsed in running water for

15 - 20 ninutes followed by two changes in analar water and
drying. This process cleans the glass discs and preserves
the polished surface. If a thorough cleaning is required
then the glass discs should be dipped in 3% hydroflouric acid
for 5 minutes during which the surface layer of the glass
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disc is removed by hydroflouric acid and therefore a clean
surface 1s produced, but this process produces rather a
rough surface. The process can be made less chemically
active by preparing a solution of:-

Hydroflouric acid 5%
Nitric acid 33%
Teepol a few drops.

This solution has been known to give cleaner surfacesso.

Other cleaning processes wuch as scrubbing the glass discs
with very fine grain ceric oxide and Teepol followed by
the usual rinsing and drying etc were also tried.

The cleaning process now in use is to dip the glass
discs in Teepol solution for 5 minutes, scrub them with
cotton wool soaked in Teepol solution and ultrasonicalily -
agitate them in a dilute Teepol solution, then the glass
discs are given a thorough rinse in running water (~ % hour).
The glass discs are now given three changes of analar
water and then dried in isopropyl alcohol vapour bath.
This process does not affect the finish of the surface.
More recently R.B.S 25 is being used as a detergent in
place of Teepol, but if R.B.S 25 is used then the glass
discs must be soaked in 2% solution of the detergent for
24 hours or 5 minutes in ultrasonic cleaner, followed by a
thorough rinse in water (about one hour duration) to remove
all traces of the detergent.
(B) Preparation of Mica Substrates.

The present work was started with commercially

available circular discs of 44 mm diameter and having a
thickness of 7-10 microns, the thickness of each mica disc
is measured with an interference microscope. The thickness
of mica discs used was gradually reduced to 3.5 microns.
Platinum paint is applied around the periphery on both
sides of each disc leaving a central clear space of

40mm diameter. The mica disc 1s heated on a glass plate
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till the liquid paint gives a metallic appeaiance. Latar
on it was found that painting one side is euough as this
side will provide a good electrical contact with the
photocathode surface and the mounting ring while on the
other side the conducting aluminium backing provides an
electrical contact between the phosphor and the mounting
ring.

No cleaning procedure was used for the mica discs
prior to seitling phosphor screens because it was difficult
to handle such thin mica sheets. Mica discs supplied ’
freshly split, by the manufacturers were assumed to be
clean and since good Sb-Cs photocathodes were made on then,
our assumption seemed to be correct. However, for the
actual deposition of the phosphor the fragile mica disc
should be on a solid support so that it can go through the
stages of phosphor deposition, aluminization, etc., without
rupture. Moreover, the support must be such that it
protects the other side of the mica disc from any
contamination during these processes since a photocathode
is to be formed on it subsequently.

A number of experiments were performed to achieve the
desired objective and the successful design for such a
device is shown in Fig. I. A circular groove is ground
into a cover slide of 2" x 2" gsize having an outer diameter
of 40 mm and inner diameter of 36 mm and a depth of 0.5 mm.
A mica disc is placed onto such a plate so that 2 mm of
the mica disc projects outside the groove all around the
circumference. This projecting portion is sealed onto
the glass plate with cellulose solution, which forms a
water tight seal and hence protects the mica surface facing
the glass plate when it is in the phosphor settling
solution, and the excess of the cementing solution goeg
into the groove. With this method, the mica disc can have
the phosphor screen deposited and the aluminium backing
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applied without damage and without contaminaticxn of the
surface on which photocathode is to be formed subsequently.

For the electrophoretic process the above device could
not be used because the cellulose cement is scluble in
igopropyl alcchol which is the most suitable liguid for the
suspension of the phosphor for the electrophoretic process.
For this the following new technique had to be developed.
First the mica disc was sealed between two titanium rings of
45 mn., outer diameter and 40 mm. inner diameter, using a
suitable low melting point solder glass (G.E.C. X -88). The
coefficients of expansion for mica, titanium and solder glass are
nearly the same. The titanium rings are prepared in the
departmental workshop and are vacuum stoved at 700°C. The
rings are then dipped in 3% hydroflouric acid to etch them,
after which they are rinsed in water and dried. Now the
titanium rings are glazed on one gide with the solder glass.

A mica disc is sandwiched between two glazed titanium rings
by heating the assembly up to the melting point of the solder
glass ~ 500°C. Mounted in this way the mica discs can be
handled very safely. The mica disc so mounted is taut and
strong enough to resist rupture by a reasonable force but

the contact between the mica disc and any sharp point should
be avoided.

As the mica disc has gone through the process of mounting,
etc., so the cleaning may be advantageous. The mica discs are
cleaned by heating them in hydrogen peroxide solution up to 6000,
this probably oxidises the organic impurities on the mica
surface, then the mica disc is dipped in a dilute Teepol
solution for about 5 - 10 minutes. It is given a thorough
rinse in water followed by two changes of analar water and
drying in isopropyl alcohol (IPA) bath. The mica discs can
not be cleaned in an ultrasonic cleaning bath because they
are shattered by this treatment. Also the mica discs should
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not be taken out of the hot hydrogen peroxids or L[.DP.4 iadh
until they are cold because the very thin mica does nub
stand a sudden temperatur%/probably the mounting ring

\ cool too quickly.

In order to provide an electrical contact between the
mica surface and the titanium rings, liquid platinum paint
is painted near the periphery and the mica discs are heated
to 350°C which turns the platinum paint into a bright
metallic coating. The mica discs are then given another
cleaning after which they are placed in a vacuum chamber
and heated to 200 - 25000 and aluminium is evaporated onto
them in order to provide a conducting substrate for
electrophoresis. This heating is necessary for the
aluminization of the mica discs otherwise the aluminium
film does not adhere well and peels off at some points when
the electrophoresis is taking place. An alternative
technique was also tried, an aluminium film was "floated"
onto a mica disc and after drying, the phosphor was
cataphorized onto it, this technique also works but it is
not reliably reproducible because sometimes the aluminium
film peels off at some points during electrophoresis due
to the lack of adhesion.

In order to protect one side of the mica sheet, the
mounted mica disc was sealed onto a ground glass disc of
45 mm diameter with paraffin wax, which forms water-tight
and alcohol tight seal so the mica disc can now be carried
through the process of phosphor deposition and aluminization.
IT Deposition of Phosphor.

The phosphor was deposited onto the substrates by the
sedimentation and electrophoretic processes. The following

three types of phosphor were used for the two deposition
processes.
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Phosphor Grain Zige
1. G. E.{(P-11) 3 - 5 microns
2. EMI type 214 (P-11) +*1 micron
3. Derby Luminescents -~ 1 nicron:
type A/259

The two processes will now be discussed in detail.
(A) The Sedimentation Process.

This method consists of making a phosphor suspension
in one or more than one liquids and allow it to settle on a
substrate in an aquecus medium. The chemical agents which
bond the phosphor particles to the substrate are known as
binders; and the chemical agents which promote this adhesion

are known as electrolytes which are in general acidic salts.
FPour methods have been employed for phosphor settling.

1. Where no binder or electrolyte is used in the suspension.
2. Binder only is used.

3. Electrolyte only is used

4. Binder and Electrolyte are used.

In general the adhesion of phosphor screens prepared by
the first three metﬁods is very poor and aggregations of
particles take place at different points. Though for some
applications any one of these methods may be.-'sa,dvam;ageous77’8:L
gt such screens are definitely not gooéﬁ%&% cathode ray
tubes or image tubes as the scrcens have 0 undergo
processes of aluminisation, etc.

The fourth process is most commonly used for the
preparation of phosphor screens for cathode ray tubes or
image tubes, though the choice of electrolyte varies
according to the requirements. The binders used are
potassium silicatgfzfysodium silicate or ethyle silicate
while the electrolytes uged are sodium or magnesium
suiphates or strontium or Barium nitrates., Sometimes weak
acids are algo used to promote adhesion, the acids are
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phosphoric acid, acetic acid etc. TFor the preparation of the
phosphor screens a combination of potassium silicate and
bariun nitrate was employed.

The sedimentation of a suspension of sgo0lid particles
in a liquid is determined by Stoke's Law. According to this
law the speed v of a spherical grain under the influence of
an external force F and the resistance to the movement of
the grain in a given liquid is given by,

FP=25 ﬁ*ﬁ r Vv

where i is the coefficient of viscosity (poises)
r is the radius of the grain.
If the force is gravity diminished by buoyancy then

F = % 7 23(P-2 )g

where g 1s constant of gravitation
P is density of the solid particle
P is density of the liquid.

b %-TT r3(P-PO)g = GT“TL_r v

v = 2(P—Po)gr2 =
9’1

HE

where
h is height of the column (cm)

t is settling time (secs)
t = 18" n
(P-Po)g D°

where D is the diameter of the particle.

The above relation is valid only for spherical particles
which are large enough for the Brownian movenent to be
82 have calculated the

settling time for cubic crystals to be

negligible. Huber and Freytag
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t = 7 b
(P-Po)e ag
where
e = thickness
a = length of each side of the crystal.

Neglecting the effect of Brownian movement of particles the
settling time can be calculated for spherical and cubical
particles of phosphor of 1 micron diameter and 1 micron.
each side respectively under the following conditions:-—

0.01 poise gm/cm sec.

.
-
A Y

i

h = 3 cms.

P = 4.1 gm/bm3 (For ZnS)
P, = 1 " (For water)
D = 1 micron

e = 1 micron

a = 1 micron

Although the phosphor settling suspension contains
some pot. silicate ( ~ 2.5%) and some barium nitrate
(0.4 gm/litre) but for calculations values of ¥ , P, used
are that of water and hence the results will be approximate.,
Calculations show
t -+ 5 hours for spherical particles
t ~ 2 hours for cubic particles.

Sullivan and Jacobson83 have shown that the effect due
to Brownian movement of particles can not be neglected for
particles of size < 2 microns.

As zinc sulphide phosphor of particle size 1-2 microns
was used for settling process, so the Brownian movement would
tend to keep the particles in the suspensiocn for much longer
time than expected from the above formulae. As calculated
above cubic ZnS would settle in approximately two hours but
experimentally a settling time of about three hours was
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found to be necessary, which is in accordance with the
above theory.

The role of the binder and the electrolyte in the
mechanism of adhesion of the phosphor to the substrate is
a subject of a number of papers by Hazel and his
84,85,86

co=-workers The composition of the potassium

silicate is shown in Fig. 2(a) and when it is introduced into

the suspension then the silicate imparts negative charges to
both the substrate and the phosphor particles as shown in

Fig. 2(b).

When an electrolyte is added then its role is:-—

(a) to decrease the negative potentials due to the imparted
charges from the silicate ions.

(b) to promote the formation of oxygen bridge by inter—~

molecular dehydration as shown in Fig. 2(e¢).

(c) Since the silicate is concentrated by adsorption on the
solid surfaces, the loci of polymerisation are
predominatly there as shown in Fig. 2b & c.

The polymerisation of the silicate or "gelling" is
the cause of the adhesion of the phosphor to the substrate
and it is brought about by an electrolyte.

The polymerisation of the silicate can also be
obtained by lowering the pH of the concentrated potassium
gilicate by dilution - a very slow process, but the process
can be expedited by the addition of alkali metal or
ammonium salts86’87.

de Boer and Emmens88 in 1955 proved that the use of
the barium or calcium salts as electrolytes was more
effective because "gelling" can be achieved in much shorter
time as compared with the "gelling" due to the "sulphatsa ™

of magnesium and sodium. Lgter on Saminsking

verformed
experiments to determine the relative merits of doubly

charged metal ions as "gelling" agents for settling process.



Figure — - 2 23
(A) _
OIH OlH
K—o0 LTi 0—Si —0 —K K,81,0, :2H,0
OH OH '
(B) ___ Phosphor Surface
!
OH S'i o K
OH
O'H K"
Sl 0
0
Glass Substrate
(C) —
Eh Surface
* 9] R
NG, 0 Si 0 Si o NG
+ + e,
Ba 0 o
+ +*
- K K -
NO3 0 Si 0 Si 0 NO3
0 $
Glass Substrate




24

He found that the rate of the devclorment of thes turbidity
or "gelling" of the potassium silicates depended upon the
cations of the added electrolytes in the following r26io.

++ ++ ++ ++

Ba : Sr : Ca : Mg 3% 100 ¢ 60 = 6 ¢ 3
Since Ba salts produce "gelling" more quickly therefore
barium nitrate was used as an electrolyte.

Saminskii also found that the electrostatic effects
do not primarily determine the adhesion of the phosphor to
the substrate, the adhesion is primarily determined by the
degree and conditicns of polymerisation of the silicic acid.

The adhesion of the settled screens depends upon the
composition of the phosphor suspension. In the case of the
sulphate electrolytes the purpose of the eiectrolyte is only
to promote adhesion but it does not build itself into the
phosphor layer; while in the case of barium nitrate the
barium ions probably occur in the completed gel but the
anmount is small as compared with the amount of the silicate
in the phosphor layer88.

The amount of the binder in the phosphor layer affects
the surface brightness of the phosphor due to the loss of
electron energy in the binder layers (scattering and
absorption). Hangos et 2199,91
this effect and found that the surface brightness depends

made investigations into

upon three factors.

(i) Composition of the settling liquids.
(ii) Settling time

(iii) particle size of the phosphor.

Evidently the surface brightness (light output) would
depend upon the amount of silicate and barium oxide embedded
into the layer; the decrease in surface brightness (output
light) is quite marked at lower voltages ( -/ 5 ketf) but it
is negligible at higher voltages ( ~ 15 Ke¥,or more).
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The decrease in surface brightness with incrzeszs in
settling time is due to the landing of colloidal particies
of (BaO—SiOz) on the phosphor screen. The efficiency loss
due to decrease in particle size of the phosphor is guite
Well—knowngz, but with refined techniques efficient fine
grain phosphors have been manufactured.
Preparation of Suspension.

A known amount of phosphor is ball-milled in a flask

after adding a few drops of potassium silicate. Water or
barium nitrate solution could glso be used for ball-milling
but potassium silicate seems to be a better disperser. It
has been found that if 10-20 cc¢. of dilute pot.silicate
solution is added to phosphor and then bgll-milled for
about 15 minutes on a rotor, then it does help in breaking
aggregations of phosphor particles more effectively. The
ball-nmilling should not be too long as it might crush some
of the phosphor crystaég which will result in electron

The liquids etc. used for the settling process should

energy conversion loss

be of analar quality. The potassium silicate used for the
settling process was manufactured by Messrs ILevy West,
having a specific gravity of 1.225 and a molar ratio 2:1.
High purity barium nitrate was used. The water used for
the settling process was doubly distilled water prepared in
the laboratory, known amcunts of potassium permanganate and
caustiec soda being added to singly distilled water in order
to get a geod quality double-distilled water94.
The present work was started with G.E. p-11 phosphor,
a workable solution for the settling of this phosphor is
Total vol. 250 c.c.
Pot. silicate 20-25 c.c of 10% solution in water.
Barium Nitrate 225-230 c.c of solution in water having a
strength 0.22 gn/1
It is recommended that a dilute solution of pot.silicate
should be freshly prepared as it tends to polymerise and
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hence loses its bpinding power if kept at room temperature for
more than four days. The dilute solution of barium nitrate
can be prepared in any Volume as it is very stable at roon
tenperature.

The substrates are placed in a glass dish and covered
with double-distilled water which serves as the so called
"eushion layer". It may be menticned that the cushion layer
could be of pot. silicate or barium nitrate solutions keeping
the concentrations constant as described earlier. The
phosphor suspension is added to this cushion layer and allowed
to settle for one hour. After the process of settling, the
excess liquid is siphoned off, the phosphor screens are dried,
and aluminiZed by the floated aluminium backing technique
described in chapter III.

The above type of phosphor screens were used in three
stage image intensifiers with a very good blue light gain and
a resolution of 15 1p/mm. The resolution of the cascade
tubes is mainly limited by the thickness of mica discs and
phosphor screens. The coverage of the substrates by the
phosphor was not very good.

In order to improve the resolution of the image tube,
the mica thickness was reduced from 7-10 microns to 3~4 microns
subsequently. A fine grain phosphor EMI type 214 was used
which also served to improve the coverage of the substrates
and hence minimized the loss of information and the thickness
of the phosphor layer was also reduced. Another P-11
phosphor prepared by Messrs. Derby Luminescents Ltd.

(type A/259) was also used but the electron energy conversion
efficiency was found to be half that of the EMI type 214 value.
Mostly EMI phosphor has been used for the preparation of
phosphor screens for the image tubes.

The EMI type 214 phosﬁhor was settled in the same
way as the G.E phosphor but this was a failure ag the
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adhesion of phosphor onto the substrate waes very poor.
Different concentrations of potassium silicate and barium
nitrate were tried out, and good settled screens are
obtained if the following formula is used

Total Volume 250 c.c

Pot. Silicate conc. solution 6-7 c.c

Barium Nitrate (0.4 g/1) 243 c.c.
Good gquality phosphor screens were prepared in this way with
improved coverage and better image definition.

In order to further improve the coverage of the
substrate double layer phosphor screens were prepared. In
this method the amount of the phosphor is divided into two
halves and settled onto the same substrate one after the
other. It has been found that the second layer needs g
lesser amount of potassium silicate as compared with the
first layer, namely 7 c.c for the first layer and 5 c.c
for the second layer. A similar result was obtained in
floating aluminium films on settled and electrophorized
phosphor screens (see chapter III).

The double layer screens have almost no pin-holes but
the image definition and output light are worse than a
single layer screen of the same thickness, probably due to
the scattering of electrens in the increased layer of
binders euheddsd into the phosphor layer.

B. Electrophoresis.

Electrophoresis of insulating powders has been known
to give very uniform deposits on conducting substratessg
and luminescent materials have also been applied in this
way73. In general the method employed to coat a glass or
nica surface with a luminesccnt material is to render the
glass surface conductive by a conducting layer of nesa
(SnZO) which is a transparent layer. During the
electrophoresis of ZnS:Ag onto such a substrate some of

the tin oxide turns into metallic tin which reduces the
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transparency of the substrate, makes the resistance of ihs
substrate non-uniform giving rise to non-uniform coating
and poisons the phosphor thus reducing its electron energy
conversion efficiency.

Airey7o
substrate is temporarily rendered conducting by evaporating
a layer of aluminium or silver or copper and cataphorizing
phosphor onto it; the conducting layer is then removed By
chemical means. The author found that some other materials
such as magnesium, cadmium and Zinc could also be used with
their appropriate solvents to remove them after eleftro-
phoresis of the phosphor.

Another technique 1s to render the substrate conducting

discovered a new technigue in which the

by the evaporation of zinc and then to sublime it in vacuum
after the electrophoresis’®, The author feels that the
process could be carried out more effectively by using
magnesium or cadmium because it is possible to get very
thin uniform layers of Mg or Cd onto glass substrates more
easily than Zn and the sublimation temperatures of all these
substances are similar. Camp and Pulleston71 have also
employed a simllar technique of rendering the substrate
conducting tenmporarily for the electrophoresis of the
phosphor.

Preparation of the Phosphor Suspension.

Two stock solutioms were prepared:-
A. Thorium nitrate (0.6 gm) of analar quality was dissolved
in 100 c.c of analar isopropyl alcohol.
B. Another solution consisting of 50-50 isopropyl alcohol
and pure glycerol was prepared. All the chemicals used
were of analar quality.
The glass-ware is cleaned as described earlier. 500 mgms
of phosphor powder are poured into a clean flasgk with glags
balls in it, 2 c.c. of solution B and 10 drops of solution A
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are added to the phosphor. The mixbture is agitated for about
10 nminutes to disperse the powder; continuous rotation of

the flask accompanied by intermittent shaking is employed
until visible lumps of phosphor disappear. Then 95 c.c of
isopropyl alcohol and 5 c.c of analar water are added to the
phosphor, the mixture is shaken thoroughly and 3-3.5 c.c of
solution A is added. The nmixture is now ultrasonically
agitated by immersing the flask in water in an ultwmponic
cleaning unit for abcut 5 minutes.

Such a suspension is atable and it can be used a number
of times. The main purpose of adding thorium nitrate in the
suspengion is to reduce the resistivity of the suspension.
Powell”? found that in a high gain (blue light gain r“lOG)
three stage cascade tube, employing phosphor screens
prepared by the above-mentioned electrophoretic process,
some very bright flashes could be observed. The existence of
these flashes was attributed to the emission of «-particles
by atoms of thorium, a small residue of which must remain in
the phosphor layers after the electrophoretic process.

This suspected origin of these flashes was shown to be
true conclusively by the following experiment. Two phosphor
screens, one deposited by electrophoresis using thorium
nitrate as an additive, the other without it and prepared
by settling technique, were brought successively into close
proximity to the input photocathode of a cascade intensifier
tube in operation. On the output phosphor screen of the tube
bright flashes were seen when the thorium containing phosphor
screen was pressed against the input photocathode of the tube,
no bright flashes could be observed in the case of the
settled screen. Thorium is a radioactive element which
decays into its daughter element by emitting an d@particle
which in turn produces luminescence in the phosphor and
this luminescent light is amplified by the image tube thus
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giving rise to bright flashes.

Lanthanum nitrate was used in place of thorium nitrate
but after the electrophoretic process the phosphor layer
came off when phosphor screen was dipped in the etching
gsolution; aluminium nitrate was tried instead and this gives
satisfactory scrcens but the suspension is not stable. In
order to make a stable suspension a nmixture of lanthanum
nitrate and aluminium nitrate (1:2) is being used but even
then the phosphor suspension becomes useless after two days.
Electrophoretic Depogition.

The substrate to be coated is mounted in a stainless
steel guard ring (shown in Fig.3) to provide a good contact
between the aluminium layer and the guard ring at many
points, to provide a uniform field in between the substrate
and the anode and thus to obtain a more uniform deposit.
The phosphor suspension is poured into a glass dish
containing a stainless steel plate which is to serve as an
anode in the electrophoretic procegs. The guard ring'
containing the substrate to be coated is dipped into the
phosphor suspension and a known current is passed thrcough
the suspension by making the substrate as the cathode. The
phosphor particles having ad sorbed positive ions of
lanthanum or aluminium are attracted towards the substrate
under the influence of electrostatic forces.

The rate of phosphor deposition will depend on the
following factors.

1. Composition of phosphor suspension especially the
anount of thorium or lanthanum nitrate added to it.
2. the distance between the electrodes.
3. Voltage applied.
4. Current passing through the electrolyte.
5. Temperature of the suspension.
If all the above factors are kept constant then the
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thickness of the deposited phosphor layer can be
calibrated with time. Experiments were performed to find
out the relationship between the deposited thickness and
the deposition time; the relationship is linear if the
amount of phosphor taken out of the phosphor suspension
is small as compared to the amount of phosphor still
remaining in the phosphor. With the continuation of the
electrophoretic process the thickness comes to a maximum
and then falls with time, the curves are shown in (Fig.4&5).
The details of the conditions under which the electro-
phoresis was performed to obtain the two curves are as
follows: -

Phogphor Derby Luminescents EMT
type A/259 (Fig.4) nge 2%4
. 1g.5
Distance between
electrodes lcm 2.5 cm
55 volts 150 volts
Current through the
electrolyte 30 mA 30 mA
Temperature 20°¢ 20°¢

Composition of the suspension wgs the same in both the
cases except for the change of the phosphor powder. The
substrates were weighed before and after deposition of
the phosphor and in this way the thickness of the phosphor
layer in mg/cm2 was determined.

In Fig. 4 the actual amount of phosphor deposited in
fact is ~/ 0.5 mg/cm2 and hence only the first part of the
curve of Fig.5 is significant.

Etching of the conducting layer.

To etch away aluminiuvm layer under phosphor layer
the following chemical etch 1s being used:-

Ammonium persulphate 8 gms

Ammonia solution 40 c.c

Double distilled water 200 c.c.



- 06

05
04
03
02

01

33

Fig—-4

2

m

m'g /C

thickness

40

30

20

time in SECs



210

180

120

90

60|

30

150

34

I
in secs.

|
Time

75 1 TR S ———— AT T AP i N s i AR it

0 17 24

Thickness mg/c

m




35

The phosphor screens are placed in the solution for
about 10-15 minutes during which the aluninium layer is
etched away.

The phosphor screens are thoroughly washed in double-
distilled water and aluminiZed as described in Chapter III.

Fig. 6 & 7 show the different stages through which a
mica disc goes through for phosphor deposition. The
details arei-

Fig, 6 Settling Process.

A. Mica holding substrate (a grooved glass plate)

B.. Mica disc cemented onto the glass plate A.

C. Sedimented phosphor onto the mica.

D. Aluminiz ed phosphor on mica.

E. Mica mounted in two molydenum rings.

. A completed cascade screen with a black layer of
alvminium on top of the alumini zed screen.

Fig, 7 Electrophoretic Process.
A. A mounted mica disc in between two titanium rings.

B. DPlatiniged version of A.

C. Aluminiged B.

D, Phosphor deposited onto C and aluminium dissolved
awgy by chemical means.

E., Alumini%ed D.

F. An aluminium black layer applied to E.
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CHAPITER TIT Preparation and Applicztbiown of Tackings

onto the Screens.

I Reasons for the applicatior of Aluminium backings.

In any practical photoelectric device involving the
use of phosphor screens or in cathode ray tubes, the phosphor
screens should have aluminium backings for the following
reasons: -

(i) For enhancing the amount of light in the forward
direction. Bril and Klasen'sg6 experiments on willemite
phosphor screens showed that a light cutput of 30 to 40 per
cent of the total light emitted by the phosphor could bet
recorded on the glass side in the case of unbacked phosphor
screens. If the phosphor be backed by an aluminium layer
of 100 per cent reflection and if no electron energy was
lost in the aluminium layer then the light output would be
increased by a factor of 2.5 to 3. They found an
enhancemnent factor of 2.2 by aluminizing the willemite
phosphor screens. In the case of sulphide phosphors similar
results are expected and we have consistently observed a
gain factor of 2 for p-11 (Zinc Sulphide silver activated)
phosphor screens.

(i1) In image intensifiers, the aluminium backings prevent
the light emitted from the phosphor from going back to the
photocathode and in this way help to prevent .light feedback.
The loss of image contrast due to the light going back to
the photocathode is also reduced.

(1ii) Por st®abilizing the potential of phosphor screens.
(iv) In tubes in which a photocathode must be activated in
the presence of a flcurescent screen which is easily
damaged by alkali vapour the aluminium backing helps to
protect the phosphor and preserves its efficiency.

II. Choice of the material for backing phosphor screens.

Aluminium has long been chosen as a backing material
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for the following reasouns.
(i) Reflectivity.
The reflectivity of the aluminium films in the visible

region of spectrum is very high. Holland97 reported a
reflectivity of 93% for a freshly prepared aluminiuvm film
which falls off to 88% after one weeks exposure to air.
These data are for the aluminium films made from high purity
aluminium (99.99% pure) such as is used for the preparation
of the aluminium backings for our phosphor screens.

Silver (Ag) films have even higher reflectivity in the
visible region o¢f spectrum but the application of the silver
films to phosphor screens is not advisable because of higher
stopping power of silver for electrovns and the growth of a
gray layer on the film after exposure to air.

(ii) Loss of electron energy due to penetration.

The loss of electron energy while passing through a

medium is given by the Thomson-Whiddington law
Vo = V= E-I,Gx
where

Vs is the velocity of electrons entering the film.

v 1s the most probable velocity at a depthX

/7% is the density of the film material.

L is a constant. It is clear from the above expression
that the stopping power of a material depends on its density
98 calculated the loss of electron
energy for the aluminium films of various thicknesses. The

or atomic weight. Longini

energy loss for 15 keV electrons in penetrating a thickness
of 500 A° of the aluminium film is of the order of 2 per
cent which is negligible.

(iii) On exposure t0 air a fresh aluminium surface is
oxidised to a depth ~ 35 A° (Ref 99). This transparent
inert layer of aluminium oxide protects the metal from
further oxidation.
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(iv) An aluminium film is a good counductor so i stabilines
the phosphor potential.

(v) An aluminium film does not react chemicelly with the
phosphor material and it is stable under electron impact.

IIT Technigques of application of the aluminium hackings.

(i) Direct Evaporation.

A direct evaporation of aluminium onto a phosphor
layer will produce a discontinuous layer unless the phosphor
layer is very smooth, which is possible only in the case of
evaporated phosphor screens. The main disadvantage of
direct evaporation is that the incident aluminiun atcms are
scattered round the phosphor grains. This causes a
considerable loss in the amount of light in the forward
direction. Anyway this technigque was adopted to study the
effect of such a backing on the efficiency and resolution
of phosphor screens. It was invariably found that the
amount of light in the forward direction was reduced by a
factor of 2 or 3 as compared with an unbacked phosphor
screen. The aluminium layer was also applied by evaporating
aluminivm at grazing angles but similar results were obtained.
In order tou investigate whether the loss of light in
the forward direction was caused by the scattered
aluminium atoms, as argued above, an apparatus was designed
in which the phcsphor substrate could be cooled before the
evaporation of aluminium. A diagram of the apparatus is
shown in PFig. III-1. ZEssentially, it consists of a vacuun
chamber with a copper rod passing from the inside to the
outside of the vacuum system. The end of the rod ingide
the vacuum chamber carries a copper plate and the other
end of the copper rod dips into liquid nitrogen. A glass
tube "g" insulates the copper rod from the copper coil C.

Warm water runs through the coil C in order to reduce the
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temperature difference of the glass plate of tre vacurn
chamber and its surroundings.
Black wax was used to make the apparaius leak-tight
at room temperature but as the copper rod was cooled & leak
developed. Araldite was then used in place of black wax but
similar results were obtained. The most effective seal made
use of hard and soft solder. The modification of the
apparatus is shown in Fig. III-2, the different parts are
also labelled. The temperature of the copper plate inside
the vacuum chamber was measured with a thermocouple. The
temperature was of the order of -120°¢C,
Q&;{\ A glass plate carryingﬁphosphor screen onto which the
aluminium layer was tc be evaporated was placed on the copper
plate. A vacuum was created in the chamber enclosing the
screen and the screen was cuoled to -120°C as detailed above.
Sufficient time was allowed for the phosphor screen to
assume the temperature of the copper plate before the
aluminium was evaporated onto the phosphor. Such phosphor
screens were tested for efficiency. Sonle inprovenent in the
amount of light in the forward direction was found as
conpared with a similar screen with an aluminium backing
evaporated at rcon temperature, but still it was less than
an unbacked screcn. These experiments proved that this
particular technique is not useful from the view point of
enhancement of the amcunt of light in the forward direction.
(ii) _Conventional Backings.

Conventional backings were first applied by Germans
during second world war. ZEpstein and Pensak published
the method at the end of the war. In this technique an
organic film is put onto a phosphor screen 30 that it
stretches across the surface of the screen as a blanket.

An aluminium layer is evaporated onto thig "blanketed"
screen. The organic film is removed by baking the phosphor
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screen at 35000 for cne hour. This method is widely used in
industry and the technique of applying an organic Zilm onto
the phosphor screens has been perfected by differen’t workers
but the published data ({8 )lacking.

In order to assess the relative merits of this type of
aluninium backing a number of phosphor screens were prepared
and aluminized in the following mamnmer. A phosphor screen was
placed in a glass dish just covered with analar water and a
droplet of the filming solution wag put onto the surface of
water. The droplet sprecad itself on the surface of water
due to surface tension forces and was allowed to dry. The
water was then siphoned off carefully causing the organic
film to settle on the phosphor screen. The screen was dried
and an aluminium layer was cevaporated onto it. The screen
was first baked at 100°C for half an hour to get rid of
trapped water vapours followed by a baking at 350°C for one
hour to bake off the organic film.

It is difficult to estimate the thickness of the organic
film on the surface of water but experience shows that if the
organic film is Jjust visible by reflected light then it is
of the right thickness. The different parameters such as the
dilution of the filming solution, the size of the droplet
and the area onto which organic film is to be spread can be
worked cut by careful experimentation. As the monitoring of
the thickness of the organic film was dcne by eye so the
thickness of the organic film was likely to vary. In practice
differences in the ancunts of light in the forward direction
by as much as 20% were observed for the phosphor screens from

w
the same settling batch. The results obviously indicated a

variation in thickncss of the organic film,

‘ Our experiments indicated that the thickness of the
organic film is a very important factor. If the organic
film is very thin then it may break at different points in
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following the contours c¢f the phosphor surface and thus
impair the reflectivity of the aluminium film. I7, on the
other hand, the orgsnic film is too thick thea it may leove
some residue on baking off which again will affect the
reflectivity of the film.

The filming solution is a nitrocellulose solutiovn to
which some plasticisers such as dlbutyl phthalate and some
solvents like anmylacetate, ethylj/laotate, ethyl/?acetqte
acetone and cyclohexanone are added. Concentrated solution
is available and it can be diluted by any one of the solvents
but mostly amylacetate is prefered for diluting the solution.
Some people use Toluene to dilute the solution. It is generally
recommended to bake off the organic film in an atmosphere
of alr or oxygen.

A number of phosphor screens with conventional backings
were prepared and tested for efficiency and it was found the
amcunt of light in the forward direction was always smaller
than for a phosphor screen having a floated backing as
described below.

(iii) PFloated backings.

In this technique an aluminium film is evaporated onto
a thin layer of sodium chloride which itself had been
evaporated onto a polished glass disc. The sodium chloride
film is then dissolved out in analar water leaving the
aluninium film floating onto the surface cof water from where
it can be transferred or "floated" onto a phosphor screen.
The aluninium film is then cemented to the phosphor with a
solution of potassium silicate. The details of the process
will be given in subsequent pages.

IV Compariscon of Alunminization Techniques.
(i) Output Light.
If all other variables are kept constant the amount of
light emitted in the forward direction will depend upon the
aluminization technique.
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It is clear from the previous section that a direct
evaporation of aluminium is not practicable. The amount of
light in the forward direction will depend upon the

reflectivity of the aluminium film., The maximum reflectivity of

an aluminium backing when 2 screen is conventionally backed
has been reported to be 8079°+101 oy the other hand
the reflectivity of a freshly prepared aluminium film can be
as high as 93%, one would expect, therefcre a gain of 8% in
the amcunt of light emitted in the forward direction if a
floated backing were used on a phosphor screen instead of a
conventicnal backing. In actual practice gains ~+ 20% or
mnore have been observed which indicate that our technigue
of applying the organic film was not perfect.
(ii) Repreoducibility.

As pointed out earlier that the light gain in the case

of conventionally backed screens varies even 1if the screens
are from the same gettling batch, presumably duve to the
imperfection of the application technique of conventiocnal
backings, while in the case of the screens with floated
backings have nearly the same output light if they are from
the same settling batch. So from this point of view the
screens with floated backings are more reliably reproducible
than the conventionally backed ones.

(iii) Pin-holes.

The number of pin-holes (gaps) in a backed screen
depends upon the number of pin--holes in the unbzcked phosphor
screen and the number of pin-holes in the aluminiunm film
applied to it. A suggested mechanism for the number of gaps
in the ccnventionally backed screens is diagrammihically
shown in Fig. III-3. If two grains A & B are separated by
a small gap then in the case of conventional backing the
initial organic film "blankets" the gap and then aluminiun
is evqporated onto it. When the organic film is baked off
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then the support for the aluminium layer is gone;the pin-hole
in the original screen is reproduced in the hr=~kad screen.
A settled phosphor screen ofl mg/cm2 thickness preparcd firon
EMI type 214 P-11 phosphor we found by counting visible pin-
holes under high magnification to have -~ 4000 pin—holes/mmz.
A conventional aluminium backing of 500 A® thick was applied
to it and the number of the pin-holes in the finished screcen
was found to be -7 4000 pin—holes/ﬁmg, If the thickness of
the aluminium is increased then the number of pin-holes
decreases but increase in the aluminium film thickness
results in the loss of image definition due to scattering of
electrons and loss of light in the forward direction due
to loss of energy of incident electrons while penetrating
through the aluminium film. On the other hand a floated
backing of 500 A° thickness on a similar phosphor would have
~¢ 10 };in—holes/mm2 because it was a self supporting film
before application to phosphor screen, Thus in a cascade
image intensifier, the conventionally backed screens are
nore likely to be attacked by caesium vapour than screens
with floated backings when the photocathodes are being
processed.

It was decided tu develop the floated backing technigue.
An investigation was made into the preparation of highly
reflecting aluminium films and their application to phosphor
screens. The techniques developed are described here:

V Preparation of the Aluminium Pilms.

In principle the aluminium should be evaporated onto
a substrate from which the alunminium film could easily be
floated off ontc the surface of water. Three methods have
been tried and these are discussed below.
(i) Teepol Technigque.

Six glasgss plates were taken, cleaned as describéd

in chapter II and dipped into a concentrated solution of
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clean Teepol. The glass plates were dried and aluminium
was evaporated onto them in a vacuum chamber. The
aluminium films were highly reflecting but the drying
pattern of Teepol was reproduced on them., In a number of
subsequent experiments the Teepol solution was diluted but
the drying pattern was always reproduced. These films
could be easily floated onto water. In another experiment
the glass plates were polished with soft cloth after difping
them in Teepol solution. Aluminium was evapcrated onto
these glass plates, the resulting aluninium films were
highly reflecting but it took 15 minutes to float off one
aluminium film. Due to this difficulty of floating off the
aluminium film this technique was not used for the
preparation of the aluminium films for backing the phosphor
screense.
(ii) Evaporation onto Single Crystals of Scdium Chloride.
Single crystals of sodium chloride of size 2" x 2" x 3"

were obtained162. The crystals were polished on a very

flat surface sc that the irregularities of the crystal
surface were removed. Aluminium was evaporated onto these
polished crystals in a vacuum chamber, highly reflecting
aluninium films were cbtained and could be very easily
floated onto the surface of water. This method of
preparing aluminium films is expensive and more time-consuming
as the polishing of the crystals is not easy. Further work
on this technique was stopped because of the reasons
mentioned above.
(iii) Evaporaticn onto Amorphous Salt Substrate.

A meﬂﬁlliaélate having six holes (each with a diameter
of 52 mm), the centres of which lie on a circle, was

supported in a vacuum chamber. These six holes were
covered with clean glass plates. Analar sodium chloride
was evaporated onto these glass plates from a Mslybdenum
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boat at a pressure of lO—Smm Hg. The thickness of the salsd
layer is gquite critical, if the salt layer is very thin thea
the aluminium film will not float off; on the other hawd if
the salt layer is too thick then the aluniniws film assumes a
golden yellow coclour. The right amount of salt wae evaporated
(see next section) which was followed by aluminiwa evaporation
at a pressure of 10™2mm Hg.

It was found that if the areas onto which the salt and the
aluminium have been evaporated were approximately the sane,
the aluminium films did not float off easlily presunably due
to adhesion of aluminium where it comes directly in contact
withthe glass. To overccme this difficulty the salt was
evaporated onto a larger area than the aluminium. In the
first experiments the salt was evaporated as described above,
the vacuum chamber was let down to atmospheric pressure and
a new metal plate having six holes of slightly smaller
diameter (48mm) was put underneath the metal plate having
bigger holes. The chamber was again punped down and the
aluminium was evaporated. In this way the salt layer is 52mn
in diameter while the aluminium film is 48mnm in diameter.

When the glass plate having the salt and the aluminium layer
on it is lowered into water the salt is disscvlved and the
glunminiun film floats off.

To bring the vacuum chamber tc atmospheric pressure after
salt evaporation is not desirable because the salt may absorb
some moisture which is likely to change the surface texture
of the salt layer and hence the growth of the aluminium layer
nay be affected. Secondly if this operation is eliminated
then the production of the aluminium films will be guicker
and easier. In order toc make up this defect a mechanism was
designed and made which could be operated from outside the
chamber. This device is shown in Fig. 4. t consists of a
metal plate having six hcles (hcole diameter 52mm), each hole
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is provided with a metallic ring of 54 mm outer diameter and
48 mm inner diameter. These rings can be brought into line
with the holes by neans of a lever system. The lever system
has a metal ring on one end and an iron slug on the other end.
The iron slug can be operated from cutside the vacuum chamber
with the help of a magnet and so every ring can be brought into
line with the hole or swung clear of it. After the

evaporation of the salt layer, the rings are brought into

line with the holes by operating the iron slugs with a magnet
and aluniniun is evaporated. Thus it was no longer necessary to
bring down the vacuum chamber +to atmospheric pressure after
the salt evaporation. '

VI Monitoring the thickness cf the films.
(A) The salt layer.

It was nentioned in the previous section, the thickness
of the salt layer is very inportant for the reflectivity of
the aluminium films. In order to evaporate the optimunm
amount of salt, attempts were made to monitor the thickness

of the salt layer. The following two methods were tried.
(i) As a very thin salt layer is transparent so the thick-
ness of the salt cannot be nmonitored by measuring the amount
of transmitted light passing through the salt layer. .
In order to evaporate the exact amount of the salt
required, a thin semi-transparent layer of aluminium
( »~* 100 or 200 4£%) was evaporated onto the glass plates to
be used, and then the salt was evaporated while watching for
the interference fringes produced by the sodium chloride layer
on the aluminium layer. The interference fringes could be
watched either from the glass plates or on a glass shield
encircling the evaporators. Experience showed that if the
fringes gtart with a blue fringe then the salt layer is of
optimum thickness, so the salt was evaporated until the
starting blue fringe was visible. If the fringes start with



green or any other colour, then too nmuch s2lt 2as been
evaporated. This method of monitoring the salt lLayer was
used successfully for the producticn of highiy reflecting
aluminium films.
(i1) In the above technique experience plays quite an
important role so another technique was adopted for
evaporating the exact amount of salt. In this technique the
thickness of the salt layer was monitored by collecting
reflected light from one of the glass plates with the help
of a selenium cell. The selenium cell wag connected to a
galvanometer which gave a measure of the reflected light.
It was found that the reflectivity of the salt layer falls
as the thickness inceases Yo a certain value. The anmount
of the reflected light goes through a minimum and begins to
rise again as the thickness of the salt layer increases,
This minimum of the reflectivity corresponds to a thickness
of 4 where A is the wavelength of the light used for
nonitoring or precisely the same anocunt where interference
fringes should be visible. From our experience of watching
blue fringes for the right amount of the salt layer we
concluded that blue light shculd be used for monitoring the
thickness of the salt layer, a Wratten 47B filter was used in
the path of white light. The glass plate which was beilng
nonitored for the salt layer thickness was grcund on the
back surface in order tc stop reflection of light from the
back surface. It was found that the aluninium films were
nore reflecting if the evaporation of the salt was stopped
just before the minimum cf the reflectivity, so the thick-
ness of the salt layer should be of the order of 1000 AC.
(B) Thickness of Aluninium Films.

The thickness of the aluminiun film was monitored by
neasuring the amount of light transmitted through it. 4
light scurce was so arranged that a beam of light could
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pass thirough one of the glass platzs iato a photovoltaic
cell placed on the top of the vacuum chumber, sc that it
could receive the anount of light transmltied through the
glass plate and the aluminium film. The anmcunt of light
was adjusted by varying the input of the light source so
as to cause full-scale deflection of a galvanometer
connected with the photovoltaic cell. When the alnminium
wag evaporated the transmission of the light fell and the
reading on the galvanometer also fell. In this way the
thickness of the aluminium film was monitored.

At low transmissions of light .+ 5% the photovoltaic
cell begins to pick up light from the aluminium evaporating
filament. In order to overcome this difficulty a chopper-
amplifier can be used coupled with the photovoltaic cell.
Aluminjum films of various thicknesses expressed in
percentage of light transmission were prepared for
experimental phosphor screens.

VII Reflectivity of the aluminium films.
Some aluminium films were prepared in this way in

order to compare their reflectivity with the value of 93%
guoted in the literaﬁuréyl The aluminium films were
floated on clean glass plates. A narrow beam of white
light from a tungsten filament lamp held at a temperature
2850°K was transmitted through the clear portion of
aluminized glass plate. The amount of transmitted light
was measured with a photovoltaic oell connected to a
galvanometer. The amount of transmitted light was 98%.
Then the same narrow beam of light was reflected from the
aluminium layer facing the glasgs plate and the reflected
light was fully collected by the same photovoltaic cell
and was found to be 97%. As the glass plate was very thin
( ~# 1 mn) so the light absorption in the glass is
negligibly small. Substraoting- ithe coniribuiion due to



reflected ray A Fig. III-4 ( ~ 2%) the reflectivity ~omes out -
to be 95% which is in good agreenent with preciss measursz-

ments published in literaturle

VIII Evaporators.
(i) Salt Evaporator.
The analar sodium chloride was evaporated from a

molybdenum boat, a tantalum boat could also be used Jor the
salt evaporation. The melting point of the salt is 801°¢
and it evaporates at a temperature of 141300103, In order
to prepare a charge of sodium chloride for evaporation, the
powdered salt is put into a molybdenum boat and heated on
a gas-air flame until the salt melts, when the heating is
stopped, the salt solidifies. Now the salt is ready for
evaporation. This operation is necessary because it avoids
the "spitting" of the salt in the (cAvum chamber on
evaporation. The salt is evaporated by heating the
molybdenun boat by passing a current through it. The boat
is heated slowly to reach the temperature at which the salt
begins to evaporate.
(ii) Aluminium Evaporator.

Aluminiun melts at 660°C and evaporates at 1100°C. The
molten aluminium is highly chemically reactive and forms

alloys with most of the refractory materials, these alloys
have generally a low evaporation temperature104. Molybdenunm
and tantalum boats were employed to evaporate aluminium

but the molten aluminium reacted with boat materials and so
the aluminium cculd not be evaporated:e—iiumina lined carbon
boatg have been used for the evaporation of aluminiumlOB. A
molybdenun boat lined with alumina (A1203) was tried for

the evaporation of aluminium. It takes quite a long time

to melt the aluninium charge and when the gluminium starts
evaporating, the evaporatiovn continues even after the

input current to the molybdenum boat is switched off. We
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also tried a silica tube as an evaporating sonrce but the
molten alunminium reacts with silica.

Tungsten seems to be the only refractory metal which
ig little affected by aluminium and hence aluminium can be
evaporated from tungsten filaments. Holland106 states,
"During the evaporation of aluminium from tungsten the
dissolved tungsten in the aluminium charge is precipitated
back onto the tungsten wire forming a porous sintered
layer". Furthermore the tungsten filament becomes brittle
due to the repetition of this process so the filament
design was investigated in order that the filament could
last 3 or 4 evaporation. Tripple-strand tungsten wire was
used for making filaments which were cleaned by electrolysis
in a dilute solution of sodium hydrcx ide and then degassed
in a vacuum chamber before putting an aluminium charge onto
them. Different designs of filaments such as single loop,
mualtiple loop, helical etc were tried out from the view
point of making the filament last for several evaporations.
The best solution wag found to be two single loop filaments
close together side by side.

Variation in the thickness of individual aluminium
films could result if the evaporating socurces of aluminium
and salt were not properly positioned. The evaporators
for aluminium and salt were put very close to each other
and a shield was put in between them to0 avoid contanination
of one by the other. The sources were mounted near the axis
of the system mnd the glass plates onto which salt and
aluniniunm were tc be evaporated were put at a suitable
distance from the scurces sc¢ that the glass plates cculd
receive equal amounts of the salt and aluminium
irrespective of their position.

IX Application of Aluminium Bgckings.

An aluminium film prepared on a salt subtrate was
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lowered gently into walter in & glass dish. UThe salt
underneath the aluninivm film dissolved ard tlie aluninium
film floated off on the surface of the water. A phosphor
screen was brocught underneath the aluminium film and
positioned so as to catch the aluninium film and 1ift it
out of the water at a slight angle., The phosphor screen
was dried and baked in an oven at 350°C for one hour. When
such a backed screen was put. into a vacuum tube and baked
then the aluminium film tended to come off the phosphor
screen. A number of similarly backed screens were tried
and in most of the cases the aluminium film peeled off.

The preparation of a good photocathode phosphor
cascade screen is a difficult process and if the screen
loses its aluminium backing in a cascade image tube then
it will render the device useless. An investigation was
made into the problem of cementing the aluminium film onto
phosphor screens.

When an aluminium film is floated onto a phosphor
screen the(ﬁ%n der Waal's forces are enough to stick it
onto a phosphor screen in air at room temperature. When
the same screen is baked the Van der Waal's forces are
weakened due to large difference in the coefficients of

expansion of the materials in contact. The coefficients of
103,107

expansion of the materials ares -
Material Coefficients of expansion
Mica 9 x 1070
Glass (lime soda) 9 x 10—6
Aluminiun 19 x 107°

As the phosphor (ZnS:Ag) is firmly held onto the
substrate so its coefficient of expansion along the
substrate may be taken tc be the same as that of the
substrate.

It appeared that the Van der Waal's forces were
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ingufficient to make the aluminium film adhere o tlie
phosphor under vacuwa and baking conditiors and hencc an
investigation was made of potassium silicate to cement the
film to the screen. An aluminium film was floated onto the
surface of 100 c.c of analar water in a glass dish and 5 c.c
of concentrated potassium silicate solution was then added
to the water. A phosphor screen was then brought underneath
the floating film, the film was floated onto the phosphor
sereen and after drying was baked in an oven at 350°C for
one hour. However, when these screens were baked in
vacuunn, the aluminium films peeled off from some of the
phosphor screens and it was clear that the process was not
satisfactory.

In order to test if a greater concentration of
potassium silicate would improve adhesion a pilot experiment
was performed in which a number of phosphors with floated
backings for which different concentrations of potassium
silicate solution had been used, were put in a glass
envelope. The envelope was pumped down to a pressure of
10"6 mm.Hg. All the phosphor screens were arranged on a
glass stand in the envelope so that the aluminium side
faced downwards. The envelope was given a bake at 350°¢C
for two hours. During the bake the aluminium films did
not come off but when the envelope was cooled, it was
observed that the backings started peeling off from sonme
of the screens. This effect was more pronounced on mica
than on glass and it was further observed that the peeling
of the aluminium films did take place even from those
phosphor screens having a higher percentage of potassium
silicate as a cement.

The flaking of the aluminium could be due to two
factors: (i) mismatch of the coefficients of expansion of
the materials in contact (ii) the cementing agent may not
have been properly used. It is clear that (i) can not be
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remedied but a more effective use of the cementing agent
can be envisaged. Flaking of the aluminiun films near the
periphery of phosphor screens was remedied by aillowing the
Al f£ilm to overlap the phosphor layer aad so provide &
direct contact between the aluminium film and the substrate.

As the water can not be stirred after the addition of
potassium silicate in the above process due to the fragile
aluminium film floating on the surface of the water so it
would be reasonable to conclude that the adhesive was not
used properly owing to the inadequate mixing.

Experinents were performed to determine the’nost
gffective way of making use of the adhesive to cement the
aluninium films to phosphor screens, Attenpts were made
to float off aluminium films onto the surface of dilute
solution of potassium silicate, but the aluminium film
crumpled due to insufficient sufface tension of the liquid.
Different dilutions of pot. silicate were tried but similar
results were obtained. Failure:of this method lead to the
following successful technigque. A phosphor screen was
first soaked in a 5% pot. silicate solution for a few
minutes, removed and allowed to drain, and then brought
underneath the aluninium film floating on distilled water
from which it was lifted out in the usual way. The rhosphor
screens backed in the above way were baked at 350°C for
one hour in an oven. Such screens have been used in
cascade image intensifiers and the backings did not peel
off on any one of them. Efficiency tests showed that the
phosphor screen was not damaged by this additicnal silicate
used in this process. So this technique was adopted as
standard for the application of the aluminium backings to
the phosphor screens.

The above technique worked very well for floating the
aluninium backings onto phosphor screens prepared by the
sedimentation process. When the same technique was applied
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for backing cataphorised phosphor screens, it was not
really successful as the aluminium backings peeled off
from some of the screens. It was suspected that this was
because the settled phosphor screens had had a certain
amount of pot. silicate embeddedinto phosphor layers during
the settling process and an extra 5% pot. silicate was
enough to cement the aluminium backing onto them. However,
in the case of cataphoriged phosphor screens no adhesive had
been used to bond the phosphor grains to the substrate so it
seemed reascnable to expect that a higher percentage of pot.
silicate would be necessary t0 cement the aluminium films
to the phosphor screens. In fact an 8% solution of pot.
silicate in analar water was successfully used to cement
the aluminium backings to cataphoriZed screens.

An alternative technique is to dip the phosphor screen
in 5% pot. silicate and let the sereen dry. The screen
is again dipped into the same solution before floating the
aluninium film onto it. This is also effectively an
increase in the amount of pot. silicate used as an adhesive.,

After the process of application of the aluminiun
backings the substrate of the phosphor screen often has
drying marks on the uncoated side. These drying marks are
characteristics of pot. silicate and can bhe removed by
wiping the uncoated side of the substrate with a filter
paper before drying the phosphor screen.

X Use of aluminiun oxide film in place of an organic film

in the case of conventionally backed screens.
The possibility of using a thin transparent aluninium
oxide film instead of an organic film in the case of

conventional backings was considered. This method of
backing phosphor screens would be very attractive if it
did not degrade the image definition of the screen.
Aluminium oxide films have good vacuum properties and it



62

will stay as a2 buffer layer in between the alunirium Tilm
and phosphor screen., The aluniniunm oxide film dces now
bake off as did the organic film so no undesirable residue
is expected.

Some aluminium oxide films were prepared, having a
thickness ~ 365 AO, by anodic oxidetion in a suitable
electrolyte. The desired thickness can be achieved by
108,109,110’ An

unbaked aluminium oxide film was carefully laid on a phosphor

carefully controlling the parameters

screen already wetted with a few drops of analar water.
When the aluminium oxide film was drying on the phosphor
screen the film developed creages and it was no longer a
continuous film so aluminium evaporated on to it will
penetrate into the phosphor layer. In order to avoid this
defect =z baked aluminium oxide film was applied to another
phosphor screen using 1% potassium silicate solution as a
cement. Aluminium was evaporated on to the screen and
viewing through a nicroscope discontinuities in the
aluminium oxide layers could not be observed. Similar
samples were tested for efficiency and resolution and the
results are discussed in chapter V.

XI Antireflection Backings.
For scme applicationg of imaging devices a moderate

gain and a very high image resclution can be main require-
ments. From the experience with EMI type 214 (P-11)
phosphor screens it is known that floated aluminiun baciidrgs
increased the amount of light in the forward direction by

~ 100% compared with no backing at all, so if instead of
an aluminium backing a light-absorbing backing is applied
then the anount of light in the forward direction from +the
phosphor screen should fall to 0.5 as compzred with an
aluminium backed screen. However, the image definition
should be higher since some loss of resolution is due {o
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scattering of electrons in the film and scattering of
reflected light from the film, also a light absorbing film
appeared essential to prevent light from the phosphor
returning to the previous photocathode and producing a more
or less uniform rain of photo electrons over the whole
image. This could at least reduce inage contrast and at
worst cause instability of the image tube. To achieve this
a carbon film appeared 2 possible substitute for the
aluminium film.

In order to evaluate the performance of carbon backed
screens an investigation was made into the preparation and
application of carbon backings- Carbon can be evaporated
from a carbon arc produced between the tapered ends of two
carbon rods, one of the rods being spring loaded. Suitable
current and voltage can be applied for striking an arc.
Bradleylll recomended an alternating current between 20
and 50 Amperes, while Rhoadis et 31112

voltage of 40 volts at 11 amperes. The voltage required

recomended an a.c.

for striking an arc will depend upon the shape of the
electrodes. We evaporated carbon from a carbon arc in
short bursts with a 6 volts a.c. source at 60 amperes. If
the carbon arc "spits" then the spitting can be reduced by
decreasing the input current. A diagram of the cvaporating
source is shown in Fig. III-5.

Similar to aluminiun backings three methods were used
for making carbon backings:-
(i) direct evaporation of carbon on to the phosphor screen.
The performance of such screens is similar to the screens
with direct evaporation of aluminium.
(1ii) Putting an intermediate organic film between the
carbon backing and the phosphor. This process was not
successful for two reascns: (a) Owing to the intense
radiated heat from the carbon arc, the organic film is
punctured. This could be remedied by ccoling the phosphor
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and evaporating sudden bursts of carvou abt suitable
intervals. (b) The organic film cannot bLe baked off because
the carbon is oxidised during baking in air at 350°C,

(iii) Self-supporting carbon films have hzorn preparsd on

collodion film.i13 114

or Teepol substrates. We preferved Lo
use salt substrates for the preparation of carbon films

as it is easier to float off the film. There is no
critical thickness of salt for the carbon backings but it
should be enough so that the carbon film could be easily
floated off.

The carbon backings were prepared on a salt substrate
and floated on to phosphor screens using 10% pot. silicate
solution as described in previous sections. The phosphor
screens with carbon backings should not be baked in air
because carbon is readily oxidised. The performance of

such screens was studied and is discussed in chapter V.

B. Other Black Coatings.
(i) Lamp Black.
A phosphor screen was coated with a deposit of lamp

black, which took the form of minute snow flakes

consisting of very fine carbon particles. This phosphor
screen was put in a demountable cathode ray tube (described
in chapter V) for measuring relative efficiency. During
the punping the lamp black was pulled off the phosphor
surface due to the poor adhesiun between the phosphor
layer and the lamp block. Hence this process was
abandoned.

(ii) Electrophoresis of Carbon Particles.

A very fine suspension of carbon particles in
alcohol was diluted with analar water and some thorium
nitrate solution was added tc it to increase conductivity.
A cataphoriZed phosphor screen which hadzgiuminium
conducting substrate underneath the phosphor was taken
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and Aquadag was cataphorised on to whe phoasphor layer. Yhe
conducting layer of aluniniun was subsequently ienoved by
chemical means. Such a screen was tested for performance
and the results are described in chapter V.
(iii) AJuminium black.

If aluminiun is evaporated from a tungsten filanent

at a residual pressure of air -~ 200 micrcns, a black
deposit of aluminium results. Direct evaporation of
aluminivm black was tried. An intermediate organic film
between the phosphor layer and aluminium black deposit wasg
also tried. The organic film was baked off. ©Such phosphor
screens were tested for efficiency and the results will be
described in chapter V.

XII Black layers on aluminized screens.

In image intcensifiers, a certain amount of input light
is transmitted through the semi-transparcnt photocathode.
This transmitted light can be reflected from the highly
refiecting surface of aluninium backing of the next
phosphor screen, and hence it will cause signal induced
background in an image tube. In crder to mininmize the
undesirable effect some light absorbing layer should be
put on the reflecting aluminium film. It is clear that an
extra barrier is being put in the path of incident electrons
so it is likely to cause some loss of image definition and
sone loss of output light from the phosphor screen for the
same input electron eunergy.

Obvious possibilities were carbon and aluminium black
layers. Carbon was evaporated on to aluminiz=d screens in
the form of a thin layer of carbcn and an interference
film resulted. So in the case of carbon layers: an
opaque film of carbon should be used which is more than
1000 A° thick which is quite a thick film. It also
appeared that the carbon does not land on aluminized
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screens very well. Thus, aluminium black was chosen fox
treating aluninizied phosphor screens in preference to
carbon black.

Aluminium black was applied to the aluniuniuvm backing
of the screens by evaporating aluminium at a pressure of
air of 200 nicrons. The inportant parameters for the
evaporation of aluminium black are the distvance between
source and the surface on to which the deposit is to be
nade, the position of the phosphor screen with respect to
the scurce, and the pressure at which aluminium is to be
evaporated. Best results were obtained by keeping the
recipient phosphor screen at a distance of 12 cms from the
filament and exactly above the filament, at a pressure of
200 microns.

The amount of aluminium black was monitored by
measuring the amount of trnasmitted light through a glass
plate kept very near the phosphor screen, Different
amounts of aluminium black were deposited on a number of
screens (from 84% to 10% transmission) and these were then
tested for output light and image definition. No loss in
output light was observed for 10% or more transmission
while the image definition begins to show signs of
inpairment at 50% transmission. It was decided to apply
aluminiun black layers of 50% transmission. The alunminium
black layer of 50% of the input light will reduce the light
going back to the photocathode from the aluminiz ed screens
by a factor of 4 or nmore.

An attempt was made to measure the thickness of
aluninium black layers of different transmissions but the
thickness could not be reliably measured. Aluminium black
deposit was viewed through a microscope and its surface
texture was found to be composed of hills and dales.
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CHAPTER IV Image Deiinition.
L. Definition of Resolution Limit.
The guality of the reproduced image in an imaging

device is not as good as that of the original. When a
very narrow line of light (a slit source) is projected on
t0 the photocathode of an image intensifier, -le intensivy
distribution of light in the reproduced image is different
from that in the original. A certain spread of the criginal
narrow line is noticeable in the reproduced image. This
spread causes loss of image definition or resolution. Tz
spread or the "width of confusion" is shown in Fig. IV-Ia

The narrow§;gg%é£gular peak A is the distribution of
the light in the original image. The curve B shows the
intensity distribution in the reproduced inage. If a
rectangle super-imposed on the curve B is drawn such that
the height and area of the curve is the same as that of the
rectangle then the width of the rectangle will be kuown as
the"width of confusion".

If two point sources being inmaged by a circular
aperture on to a screen are congidered then each point
source will give rise to circular diffraction patterms.
Bach circular diffraction pattern consists of a bright
central disc known as "Airy disc" surrounded by a number
of fainter rings. TIwo "Alry discs" from two point sources
will be just recognizeable if their centres are separated
by a distance equal t¢ the ragius of an Airy discllB, as
shown in Fig. 1V-1(b). This distance gives the value oi
the limiting resolution.

Considering another case in which two point sources
are imaged by a rectangular aperture on to a screen, then
the profiles of the images (Ref.115) will be as shown in
Fig. IV-I(c). As the point sources (a) move towards each

other then the profiles of their images begin to overlap
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(b) until the profiles are just distinguiskabiz fron each
other as shown in {e). The curve C ig the resuitant profile
of the images and it has a ninimum at about four-fifins of
the total intensity maximum of either of the sources; so

the contribution due to each socurce is 0.4. The distance

r shown in the curve ¢ is the minimum distance which can
just render two narrow slits recognizeable, and it is
called the radius of the disc of confusion.

IT Resolution of an Image Tube.
The resolution of an image tube is generally measured

in line pairs per mm which can be just resclved on the

final screen. A line pair consists of a black line and a
white line of equal width, and having, it will be assumed,

a 100% contrast on the primary photocathode. The resolution
of a screen could also be expressed in terms of the spatial
frequency response (number of cycles/cm) which can be
converted into lp/mm.

The width of confusgicn in an image tube depends cn &
nunber ¢f factorsand their relative effect® on the
resolution cf the image tub& will be considered.

(1) Chromatic Aberration in an Electronic Image.

It will be assumed that a uniform electrostatic
accelerating field and a uniform nagnetic fields exist in
an image tube. The photcelectrons leaving a point on the
photocathode do not come to a point focus under the
influence of the above fields due to the initial energies
of photoelectrons, but they form a disc on the focal plane.
The diameter of this disc of confusiocn will depend upon
the spread of the initial energies and the directions of
the photoelectrons. The width of confusion due to
chromatic aberration can be taken as a neasure of the
contribution towards the total loss of resoluticn in an
image tube.
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. . llo ; , .
sworykin and Morton caleulated sl wigl.. o

b

coufusion assuning the opitirmn focus posiscilo.. a2t the mid--
point between the focal points of (a) photoslectrons with
zero initial energies normal tc the photocathode and (v)
the photoelectrons with maximum initial eunergy normal to

the cathode. The diameter of the disc of confusion ( <wwice
the width of confusion) was calculated to be

A
D = 2~ 4 where
v,
D is the dianmeter of the disc of confusion.

V~b is the potential corresponding to the maxinum emission
energy of a photoelectron from a photocathode.
V is the accelerating vcoltage applied between the photo-
cathode and the target or phosphor screen.
d is the distance between the photocathode and the phcsphor
screen, in the sane units as D.

117 calculated the diameter of the disc of

Siark
confusion without making the above assumptions 0f the
likely optimum focus position and got a resuly

D = 1.56 Vt d
v

Slark, while deriving the above formula, made a
nistake of resolving the initial energy of an electron
into two components, energy being a scalar quantity hence
it can not be resolved.

Davis39, discussing the subject, deduced the diameter
of the disc of confusion to be

D = 1.2 V~b d
v
Davig further found that the optimun focus position is not
nidway between (a) and (b) but it is at three-tenths of
the way between (a) and (b) and nearer to the photocathode,
By considering a Maxwellian distribution of the
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. . . - 118
initial cnergies of the photoelectrons, Papp —~ daduced a
formula for the nininum radius of the disc of centfusion to be.

oo i

- \

& = L Tmin = 0.59 ‘ro @
—~
where Vro is the potential corresponding to ths initial
radi®) velocity of the electron.
Beurle and Wreathalll'?

of photoelectrons to be Lambertian, have calculated the

agssuning the angular distribution

radius of the disc of confusion to be
/e
r = 0,31 Vf ) v eV
Where B is the strength of the magnetic field, e and m are
the charge and mass of an electron and the other symbols
have the usual neaning.
For B=3006G6, V=15%x¥, V., =0.9 e¥
r ' 8 microns.
This result corresponds to a resolution of 125 lp/mm, which
is rather a low value for electrcn—~optic limiting rssolution.
Shalabutov et a1120 neasured the initial energies of the
photoelectrons from an S-9 photocathode and found that the
initial energy ranged from O to 1.2 e¥ while 80% of the
photoelectrons had energy between 0.4 e V to 0.9 eV.

Using Davis formula and substituting the values of
V=15 %k .V, =0.9 ¢¥and a=10 cus. (& = 10 cms length
of the image section of one stage in the cascade tube while
15 k¥ is the applied voltage per stage) the radius of the
dise of confusion comes cut to be 3.6 microns which
corresponds to 275 1pfin: which isifather optimistic value.

The exact radius of the disc of confusion can not be
worked out because the angular distribution is not known.
However, for our calculations we shall use a value of the
radius of the disc of confusion to be 5 microns which seens
to be a reasonable value.
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(2) Tinite thickness of the mica gubstrain,.
In the cgse of cascade image intensifiers the casrade

screens are supported on thin discs of mica which

introduce some spread of light when the luminescent light
from the phosphor of the previous stage passes through

the mica and thus causes an increase in the radius of the
disc of confusion. Let us calculate the amount of the
spread introduced by the mica disc, Considering a phosphor
screen as a Lambertian radiator, it can be shown (Ref 121)
that the illumination at a2 point A in a plane 1, distant

t from plane 0O, containing the source of area dS and
brightness B (See Fig. IV - 2) is given by

. 2
’ _ B Cos™¢: dS
E, (R) = 2228 %

I

Bt2dS
(Rz+t2)2

Clearly El(O) = B—%%—

2

In order to obtain a realistic value of the radius of
the disc of confusion a value which is nonzero should be
chosen for this relation. Let us say that
BB . o

E, (0)
This value corresponds to Rayleigh criterion.
Fromn the above relations

E, (R) 4 _ ;e

1 = @)ﬁ = 0.4 e 8
El(o)

R = 076t eecevesrsssanenccsccsocoa (2)

c
where RC is the radius of the disc of confusion.
The above calculations have been made by assuming the
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source of light to be on one face of th=2 nica cisce or e
luninescent phosphor grain in optical contact with the mica.
This is not always the case because Zworykin and Mortonlzz
have reported that only 20% of the phosphor is in optical
contact with the substrate in the case of setiled screens.
The electrophorized phosphor screens are nore tightly
packed than settled screens su one might in fact say that
about 50% of the phosphor is in optical contact with the
substrate.

Since the whole of the phosphor is not in optical
contact with the substrate, one may repeat the above
calculations. Considering the Fig. IV-2b, El(R) will be
given by

El(R) _ B Cos§5CosiﬁdS
r
where & is the angle of incidence on nica and 575 is the
angle of refraction in mica. From the Fig. IV-2b

2

B dS t 1

E. (R) P L = =
1 (t2+R2)3/2 (t2+Ra2)l/?

__B ds ) _ _
El(O) = - R=20 -~ Ra = 0
+4
El(R)= b - - oo-oooo.ooonu(3)
B (0) (%48 2(+%4R %)Y/2
1,/2
K] ) 2 2 )*/
From Snell's law Al BImE Eﬂ EB;§i~25
sinh 2 R T+t

where AA is the refractive index of mica., From the
table of constants 'xumica = 1,58.
A ranges from 1.56 o 1.60)

25,2,2
R 2 4Rt

a 'b2+32(l—/(,;_2)

(In fact . /
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(o]
Substituting RaL and /ﬁig in squation 3 and sinplifying

£ (R) 1
£, (0) 61+Bg)3/2(1+ 2,4 B 21/2
2 $2-1.4 R°
E, (R)
when R = RC then = 0.4
E,(0)
R=0581 covevonennscnaennnsns ceeeveeas(d)

Considering equations 2 and 4 and comnsidering that in the
case of settled screens only 20% of the phospher is in
optical contact with the mica, then by weighting, the
radius of the disc of confusion dve to mica thickness can
be calculated to be

By = 0062 % .ovvenenieinnnnanaacann (5)

In the case of the electrophorized screens it has
been assuned that 50% of the phosphor is in optical contact
with the mica disc, therefore, the radius of the disc of
confusion due to mica thickness for an electrophorized
screen will be

Ry = 0067 % tuvnenennnennnnannn. .(6)

The above results can not be affected by total
infernal reflection because in a cascade tube a photocathode
is formed on the clear face of the mica which has a higher
refractive index than that of the nica.

In order to calculate the radius of the disc of
confusion due to the thickness of the photocathode
( ——1000 A°) the above calculations can be repeated and
one obtains a result R' = 0.25 %!
where R' is the radius of the disc of confusion due to
the photocathode thickness and t' is the thickness of the
photocathode. Comparing the above result with 3, 5, and 6
it can be concluded that R' is .~ 1% of the results in
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2, 5 and 6.

In the above analysis in the second case, it has besn
assumed that the points where the luminous grain is nobt iu
optical contact with nica, there is no interveaing medium
between the mica sheet and the luminous phosphor grain.
This is not always true because the intervening mediun can
be phosphor layer an@fér vacuum, It will be shown in
chapter V that the average thickness of a phogphor layer
measures 4 microns and weighs 0.7 mg/cm2 when it is
prepared by electrophoretic process. It has been
established by a number of experimenﬁu}s 55y125-26
range of a 15 kéJ! electron in a phosphor 1ayer\£§_ii4kgz‘
nicrons. Hence there will be an intervening mediunm having
a thickness ,~ 2.5 nmicrons. It is very difficult to
calculate the radius of the disc of confusion due to the
spread of light in the phosphor layer due to the variable
thiclkness of the intervening medium. Fig. IV-3 is a
probable picture of the situation.

In order to estimate the radius of the disc of
confusion the average thickness of the phosphor layers will
be considered. In the cage of electrophorized screens
using EMI type 214 phosphor, the average thickness of the

Bhat She

phosphor layer ~ 4 micruns and weighs 0.7 mg/cm2 and for
the settled screens the average thickness of the screens

. is ~” 8 microns and weighs lmg/cmz. According to Koller

and Aldente!

in a distance of the first half of the range of electrons

, nearly 90% of the electron energy is lost

in phosphor layers, so a 15 keV electron will presumably
lose its whole energy in 2 distance of 1 micron in the case

of a head-on collision or a typiQ%&“grain of EMI type 214
phosphor is just encugh to absorbienergy of a i5keV eiectron.
In fact a number of grains can beccme luninescent from cne
electron. The light from this luminous grain (luminous
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™ int) will have a lembertian distributio..

From a consideration of the spread of light in the
phosphor layers the image resolution of the scileens can ove
calculated. Let t be the thickness of phosphor layer and
for simplicity of calculation let it be a transparent thin
sheet of phésphor having a refractive index n, on a
subgtrate of refractive index‘nz. If "O" be a luminous
point then the radius of the circular spread of light will
give the radius of the disc of confusion for the phosphor
screen.

The spread of light at the interface will solely be
governed by the critical angle for the interface.
Considering Fig. IV-4a ancd applying Snell's law

n,Sin ¢ = mn,Sin 90° Sin C = n2/nl
1.5 for glass

ny, = 2.4 for ZnS:Ag phosphor and Ny
= 1.6 for mica
A o
¢ -~ 39
R = t tan C = 0,81 %.
In this way the resolution of a phosphor layer at the
phosphor-substrate interface can be calculated.

The phosphor screens were prepared by the sedimen--
tation and electrophoretic processes and the resolution
was neasured by an optical technique to be described later,
The following table shows the calculated, observed by a
nicrosccpe and photo-micrographically recorded values of
the image resolution of the screens. The difference
between the calculated and measured values is due to the
fact that an ideal phosphor layer was considered for the
calculation while neasurenents were made on granular
screens.
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Phosphor Dep. Thickness Resolution ir lp/rm.
Process mg/cm2 microns Calculated Observed Recorded

EMI type Settling 1 8 150 120 120

214 Electro- 0.7 4 250 250 250
phoresis

D.L.A/259 " 0.45 2.7 460 305 305

For a D.L.A/259 phosphor screen the lenses used set the
linit of the observed and recorded resolution. It may be
noted that the difference between the observed and recorded
values of the resclution is -~ 20% and this is due to the
granular nature of the screens on which the measurements
were made.

In the case of a cascade screen the above resolution
figures can not be taken into account because they are for
the phosphor-substrate interface while in the case of a
‘cascade screen the resolution at the mica-air interface is
of interest. The resolution of a cascade screen will now
be calculated.

Considering a ccntinuous layer of phosphor of thickness
t, for simplicity of calculation let it be a thin sheet of a
large InS:Ag single crystal. Let Ly, N, and n, be the
refractive indices of ZnS, nica and the air respectively.
If there is a luminous point A in the phosphor layer then
the spread of the light at the nmica-air interface can be
calculated. It will be further assumed that the phosphor
layer is in optical contact with mica, then from Fig. IV-4B
the spread of light can be calculated. Let C be the
critical angle between the mica-alr interface, then clearly
from Pig. IV-4B, the ragius of the circular spread of light
or the radius of the disc of confusion will be

R = Rl + R2

Let the thickness ¢f the phosphor layer be tl and the
thickness of the nica substrate bhe t2 then
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R = tl tan 1 + t2 tan C.

From Snell's law at the mica-air interface

n, Sin C = n_ Sin 90°
nO
Sin ¢ =n /n, and tan C =
/ 2 2
\, n2 —n

The angle 1 can be caluated from Snell's law again,
at the phosphor-mica interface.
nqy Sin i = n, Sin C

o}

Sin i = n_/n, and tan i =

0"l D 2
2 R
n, n,
R = tl — + t2
S2 2 / 2 2
(Ve nl - no ~ n2 —l’lo
As the refractive index of air = 1
v Ty ernerneeea ()

R = + —
/’_2—" \/"’ 2T

The value of the angle DAB can be worked out to be

e
B by /h 51+ t,/\/n /,,2,

tan DAB = T 7T, = = T T, - cee.o(8)
for tl = 4 microns ng, = 2.4
and t, = 4 microns n, = 1.6

R=1.8 + 3.3 = 5,1 MiCrONS vevseeneoenseeal9)
and tan DAB -~~~ 0.6375

2
DAB .- 32°,
The angle DAB is less than the critical angle between

the phosphor-mica interface ( ;~—“34O) so the results are
not affected by the total intermal reflections in the
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phosphor layer from the above interface. The intensity of

light at point D can be calculated from tne congideraiiou:.

of the Lambertian digtribution of the transmitted light

and its value ~ of the value at B.

In the case of a cascade screen in an image tube a
photocathode is formed on the clear side of mica substrate.
Since the refractive index of the photocathode (Sb:Cs) is
higher than that of the mica hence no total internal
reflection will take place at the interface and hence the
above simple theory will not be applicable. Fron the
intensity of light considerations it has been shown
previously that the consideration of the refractive index
of the photocathode at the mica-photocathode interface
would change the radius of the disc of confusion by about
1%. Moreover, as the experiments were done in air and
Sb:Cs photocathode dies in air so the above theory is
applicable to the cases studied.

The distribution of the transmitted light was
experimentally détermined in the case of the granular
phosphor screens. A white-light spot, 4 mm in diameter,
was focused on to a phosphor surface. The amount of the
transmitted light was measured by a photovamltaic cell
which could be moved along a semi-circular scale in such a
way that the distance between the light spot and the
photovoltaic cell was always 8,9 cm. Fig. IV-5 shows a
plot of the distribution of the transmitted light. The
three curves are:-

A, The ideal Lambertian distribution.

B. The distribution of the transmitted light from an
electrophorized screen of thickness 0.7 mg/om2
prepared from EMI typed 214 phosphor.

C. The distribution of the transmitted light from an
electrophorized screen of thickness 0.4 mg/cm2
prepared from Derby Luminescents type A/259 phosphor.
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It can be seen from the Fig. IV-3 that the distribution
of the transmitted light is nearly Lambertian.

Equation (9) shows that the thickness of mica sheet
contributes more than the phosphor layer towards the radius
of the disc of confusion, so in order to increase the
resolution limit of a cascade screen the thickness of the
mica disc should be decreased until the thickness of the
mica disc is ~” 2 microns, the thickness of the phosphor
layer being 4 microns. Then the phosphor layer and mica
disc thickness should make equal contributions, but this
will be true for the case of evaporated phosphors or
nongranular screens. In the case of granular phosphor
screens the observed and recorded value of resolution will
be lower than the calculated values from the above theory.

The image resolution of a cascade screen was neasured
by an optical technique which is an optical equivalent of
an image tube with a phosphor screen on a mica disc as the
output screen and a light gain of the order of unity. In
this technigue a phosphor screen on mica is mounted on an
optical bench and an optical test pattern is projected on to
the phosphor layer by means of a Baun projector128. A white
light source was used for the projection of the test pattern.
A contact print of the diffused optical pattern was taken on
G-5 emulsion by pressing it into close contact with the
clear surface of the mica substrate.

In order to observe the resolution of a cascade screen
on the clear side of the mica disc, the test pattern was
projected onto the phosphor layer with a microscope
objective of numerical aperture (N.A) 0.25 (depth of focus
2 microns) while a microscope was focused on to the mica
surface with a microscopic objective of N.4 0.75 (depth of
focus 1 micron) and in this way the resclution of a cascade
screen was observed. This method is not very accurate due
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to the depth of focus problems of the projscting and
observing lenses.

The following table shows the valiues of image
resolution calculated, observed and recorded oun a convact
print for unbacked phosphor screens on 4 microns thick mica
substrates.

Phos-  Dep. Thickness Resolution in lp/wm.
Phor i in
Process mg/cm Microns Calculated Observed Recoiiled
EMI Settling 1 8 140 - 55
type 214 Electro- 0.7 4 i90 /%1 85
phoresis !

D.L " 0.8 4 190 = 95

@259 " 0.45 2.7 220 /150 95

The last two results suggeét that the recorded resolution
is probably limited by the resolution capability of the
emilsion., Fig. IV-6 shows the contacs print phetographs
Fig. IV-7 shows the recorded resolution of phosphor screens
on glass substrates, the photographs were taken through a
miscroscope.

A further experiment was performed to measure the loss
of resolution resulting from the increase in the thickness
of vthe mica disc. A number of phosphor samples of
approximately the same thickness (0.8 mg/cmz) of Derby
Luminescents type A/259 phosphor on to mica discs of various
thicknesses were prepared. The contact prints were taken ana
the results are shown in PFig. IV-8 indicating that 95 ip/1nm
can be recorded on a contact print for a mica disc of
thickness 4 microns.

3. Phosphor Screens. e
The phosphor screens contribute toL?adius of the disc

of confusion in a number of ways:-
(a) Scattering of Electrons.

Scattering of electrons results in the spread of the
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inage. The electrons can be scattered Txcm the aluniniuvn
film, from the layer of potagsium silicate cementing the
aluminiun backing tc the phosphor layer, from the binder
layers in the case of settled screens and from the
phosphor grains.

An incident bean of electrouns of 15 ke¥ energy while
penetrating through the aluminium backing of 500 A9 thick
loses about 3% electrons and 2% of the energy and at the
same time suffers a deviation of .~ 3° while passing through
the film98.

The uncovered area in an electrophorizZed phosphor
screen of thickness 0.7 mg/cm® prepared from EMI type 214
phosphor is only 0.3%. So the slightly deviated beam of
incident electrons is not likely to see any pin-holes in.
the phosphor screen; in this way almost every electron hits
the phosphor and produces a luminescent point o "secondaries"
or both or gets scattered. The "secondaries" are likely
to have some lateral velocity so a further spread in the
inage is introduced.

It is very difficult to calculate the contribution to
the radius of the disc of confusion due to scattering of
electrcns which prcbably is small,

(B) Scattering of light in the phosphor Screens.

From a luminescent point, in a thin phosphor screen
with aluminium backing, 50% of the light goes in the
forward direction and 50% in the backward direction which
will be reflected by the aluminium backing towards the
substrate side, in fact, there will be nmany multiple
reflections and refractions before the enitted light
works its way cut of the screen., The absorption of the
luninescent light in the screen may be neglected,96’129
but the reflections from different interfaces can not be
neglected.
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The sransmigsion of lignl througn the paosphor Tayaec
introduces a spread of the image and the reflecticns reduce
the contrast of the image and in this way the resoclution is
deteriorated. Approximate calculatiors were made in the
previous section 10 delermine the spread of luminescent
light while passing through a phosphor layer. Assumilng thad
the whole of the light going towards the aluminiunm backing
is reflected back to the substrate side then it can be
shown that the radius of the disc of the circular spread of
light in the case of an aluminified screen is approxinately
double of that oné for an unbacked phosphor screen of the
same thickness, when the luminescent point is about 1 micron
inside the phosphor layer fronm the alunminium backing side.

The regolution of a settled screen of 1 mg/cm2 in thickness
can be calculated for an ideal layer having an aluainium
backing tc be ~~ 90 1p/mm. However, if the experimental
value of the resclution of an unbacked phosphol screen is
used (See Table I) then the aluminized phosphor screen will
have a resolution .~ 70 lp/mn.

In the case of an unbacked electrophorized screen of
0.7 ng/en® in thickness, prepared from EMI type 214 phosphor,
the observed valus is ~ 250 lp/mm (see table I) so for a
backed screen the resolution should be ~~~125 lp/mn.

From single stage image tube results, an image resolution
of 50~60 lp/mm was recorded for the settled screens with
floated aluminium backings and a resolution up to 80 lp/mn
in the case of settled screens with conventional backings.
In the case of backed electrophorized scrcecens of 0,7 mg/cnm
thickness a resclution > 120 1p/mm has been recorded by
casting an electronic shadow of a fine metallic mesh (the

2

technique is described in a later section of this chapter).
Our results fairly agree withthe theory proposed so it
can be concluded that tne loss of image resolution in
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pi1osphor screens is maiuly due to the spread of light in wue
phosphor screen and mica substrates.
4. Halation

Multiple reflections in nmica or glass and phosphor layer
result in the loss of contrast in the image and hence there
will be some loss of resclution.
5. Tube background.

The background in an image tube will decrease the
contrast of the image and hence it may also result in the
loss of resolution.

6. Curvature of the Image Field.

The curvature of the image field is important in
electrcstatically focused image tubes but it is not of much
importance in magnetically focused image tubes. The cascade
tubes, prepared at Imperial College, have uniform electro-
static accelerating field and uniform nagnetic fields for

focusing the electrons, so the resclution is not degraded on
this account.

The relative contributions from 4, 5 and 6 are small, so
the factors mainly responsible for the loss of resolution in
image tubes are the factors 1, 2 and 3.

The calculated and experinentally observed values of
the resolution in two and three stage cascade tubes will De
fliscussed in chapter VII.

ITT Measurements of Resolution.
(i) Resolution is generally expressed in lgd7mm or

cycles/cn. There are a number of methods for neasuring
130

resclution. Pochtarev et al describe an instrunent in
which the shadow of a fine metallic nesh is demagnified by
an electrcstatic lens and the resolution of a given specimen
can be determined in 1lp/mm.

(ii) Woodley and Rogersl3l describe another method of

measuring resolution in which the spot of a cathode ray tube
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under test is imaged by a microscope objeclive in the plane
of a test pattern. The test pattern consists of opague ana
transparent bars of equal width, increasing in frequency in
seven discrete steps. A photonultiplier tube collects the
light passing through the test pattern when the unmodulated
spot is scanned across it, and displays the variations in
light output on the vertical scale of an c¢scilloscope. A%
low grating (test pattern) frequencies, when the period of
one cycle is long compared with the spot size, the contrést
is maximum. As the grating spatial frequency increases, the
contrast falls, so one can nmeasure the spatial frequency
response with the help of this device. This method has the
advantage that resclution can be expressed at any contrast.
This method can not be used for high rcesoclution screens
because the spot size of an electron gun is too large and
furthermore highly stabilised power supplies are reguired

132 pos measured 20 cycles/mm

for this apparatus. Wcodbridge
at 65% contrast dilution, but for the phosphor screens having
a resolution of 100 1p/mm or more even at 20% contrast this
method can not be used. This method was used t. assess the
resolution of electrophgggzed screens in C.B.S. laboratories

(iii) Cusanot >4 describes a method in which a test pattern

but it ended in failure

in ultra-violet light is projected on to a2 phosphor screen.
The resolution of the screens can be neasured visually with
the help of a microscope. This method is only useful for
unbacked phosphor screens.

A modification of Cusanofs method in which a resolution
test pattern (Baum Pattern) is projected onto a phosphor
screen in white light was used tc measure resclution. Ths
distribution of the transmitted light is nearly Lambertian,
80 a U~V excitation of the phosphor is not needed. A
nunber of phosphor screens of varicus thicknesses were
prepared both by the sedimentation process and by the
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cataphoretic process. The resolution of these sanples was
neasured visually and Fig. IV-9 shows a graph belween the
thickness of the phosphor screens and their respective
visually observed resolution linits. This resolution will
not necessarily be the samne as the resolution of a screen
on to which an electronic inage is projected because the
scattering of the electrons has not been taken into account.
In the case of a settled scrcen of lm.g/cm2 thickness the
resclution of an unbacked screen was observed to be

~~ 120 1lp/mm. While an unbacked screen of the same
thickness was capable of resolving ,~ 100 lp/mm in an inage
tube. So this method gives an optinistic value of the
resclution of the unbacked screens.

None c¢f the above methods could be enployed for the
assessnent of the resolution of phosphor screens because it
is difficult tc set up the apparatus described by Pochterav;
Woodley's apparatus is not capable of measuring the resolution
of fine grain phosphor screens prepared by electrophoretic
process and Cusano's nethod is only for unbacked phosphor
screens.

(iv) Single stage image tubes were rade to assess the
resolution of the phosphor screens. The output phosphors
consisted of a number of samples (4 to 6) mounted into two
stainless steel rings. A resolution pattern was focused onto
the photocathode and the image tube was focused to give the
maximun resolution. The resclution of each sanple was
neasured visually with the help of a microscope. A number
of single stage image tubes were made to determine the loss
of resolution with the increase in the thickness of the
phosphor screens and also to investigate the effect of
different backings on the resolution of phosphor screens.
The results are discussed chapter V.
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(V) As the above method of measuring resolution i weury
tine consuming, an attenpt vas made to construct a
demountable image tube. Three approaches to the problem
were considered.
(a) A denmcuntable image tube with a side arm which would
have a gating valve (described in Ref. 10), this valwe is
such that it can maintain high vacuum on one side while tue
other side can be let down to air. A photocathode could be
processed on the high vacuun side of valve and then the
other side (image tube side) cculd be evacuated. The photo-
cathode could be transported through the gating valve and
resclution of the screen could be measured. After resolution
neasurenents the photocathode could be pulled back and the
gating valve closed. Now the inage tube side could be let
down to air and another phosphor screen could be introduced.
This approach to the problen was not adopted because the
construction of the gating valve is very difficult and also
the photocathode surfaces are very sensitive tc¢ the traces
of water vapour which are likely to be present on the inage
tube side.
(b) A demountable image tube cculd be made with a caesiun
iodide photocathode on a2 quartz plate. The image of a
resolution pattern could be projected onto the photocathode
with ultraviolet light. This approach tc the problem was
not put to practice because the Csl photocathodes are not
very sensitive and noreover special test pattcrms and gquartz
lenses must be used for the projection of the image onto
the photocathode. However, quartz lenses may not be needad
as fine nmetallic meshes can be printed in aluminium cnto the
photocathode plate by m~sking technique before the formation
of the photceathode.
(C) A demountable image tube with theremionic cathode.

The principle of this device is that if a mesh of known
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resolution (number of meshes/mm)were kept at the first focus

of the electrons in an image tube then it could bec imaged

on to the output phosphor. The apparatus is shown in Fig.1V--10.
The image section of the tube was 10 cms long and the mesh

was placed at a distance of 2.5 cms from the cathode and
suitable magnetic field was applied so that two lcop

focusing could be achieved. The overall voltage applied to

the tube was 15 k¥ . The thermionic cathode was an indirectly
heated oxide coated button type filament.

A very good image of the mesh was obtained after over-
coming initial difficulties. Since the scurce of electrons
was an oxide—coated indirectly heated button type cathodsg,
the emission of electrocns decreased after successive
exposures tc¢ the atmosphcre, which were necessary for
changing the phosphor screens. A cathode survived about
two to three exposures tc alr and after that it had to be
recoated and processed tc obtain sufficient electron
emission current. A tungsten mesh filament (1 cn?) was
used but the image of the filament mesh on the phosphor
screen was masking the mnesh image at the first focus.

An attempt was made to get electron enissiorn by heating
nickel disc by electronic bombardment, the arrangement is
shown in Fig. IV-11A. The electruns from a hairpin filament
bombarded a nickel disc with an energy of 3 ké&f, the nickel
disc was not uniformly heated to dull red across its whole
surface. The hairpin filament was replaced by a tungsten
mesh filament and the process was repeated. In this case
the nickel disc was more uniformly heated to dull red but
the electron emission from the nickel disc was not enough.

A successful cathode of this type could not be developed.

Thus it was necessary to invegtigate some other method
of measuring resolution. A new method was discovered in
which an electrconic shadow of a fine metallic mesh is cast
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on a phosphor screen the latter ic cbserved through a
nicroscope whether the image of mesh can be restlved or

not. ‘

(vi) A copper mesh was sandwiched into two stainless

steel rings, the mesh was 600 meshes/1". The mounted mesh
was placed on the phosphor so that the distance between

the phosphor surface and the mesh was about 1 mm. This
composite assembly was put in a cathode ray tube (described
in chapter V) and a voltage of 15 kv was applied between
the hairpin filament and the phosphor screen. The sghadow
of the mesh appeared on the phosphor screen and this was
viewed through a microscope, if the mesh is Jjust resolved
then the resolution of the screen will be the number of
meshes/mm. In the above experiment the contrast was not
gocd. The contrast of the mesh shadow was improved by
decreasing the distance between the mesh and the phosphor
screen. A survey of literature at a later stage showed that
g similar igghnique for resclution nmeasurement was published

A device, shown in Fig. 11B, was constructed which

by Leavitt

would take a number of meshes cf different pitches and
which could keep the meshes at a distance cf 0.25 mm from
the phosphor layer. The device could take 4 meshes of
3000, 2000, 1500, 1000 meshes per inch which corresponded
to 120, 80, 60 and 40 meshes per mm. Each mesh was
cenented flat on the face of a cylinder with potassiun
silicate. Each cylinder had a screw thread on its outer
surface so that it could be screwed into a plate which
had four threaded holes for this purpose. The cylinders
were screwed intc the hcles and the meshes were brought
in the plane of the face plate. The plate itself had a
circular greove 5 mm wide having an outer diameter of

48 nm and an inner diameter of 38 mm and a depth of 0.25 mm
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to take the mounting ring of the phosphor screen and thus
bring the phosphor screen very close to the meshes.

On exposure to the atmosphere, the copper meshes
formed a green compound in the areas where pot. silicate
was applied. This spoiled the adhesion of the silicate and
the meshes dropped off. In order to overccme this
difficulty a new device was made which consisted of a
stainless steel plate having twelve holes in it. Each hole
had a push-fit stainless steel plug such that the lower end
of each plug was flush with the surface of the plate when
ingserted in a hole. The meshes were mcunted by squeezing °
the mesh in between the walls of the plug and the
corresponding hcle,

In the case of the nesh technique it is difficult to
correlate the resolution in terms of 1lp/mm because bars
and spaces of the mesh do not have the same width. A
number cof settled phosphor screens were tested for
resvlution with mesh technique. A mesh of 1500 meshes/1"
(60 meshes/mm) could be just seen on the phosphor screens.
In the case of settled screens the resolution was measured
to be 50-60 1lp/mm, from single stage image tube results so the
mesh technique gives a resolution in lp/mm approximately.

This technique is limited in use due to the limited
range of very fine meshes available. The finest mesh
which is available has 3000 meshes/1" (120 meshes/mm)
while our cataphorizZed phosphor screens of 0.67 mg/cm2
in thickness can easily resclve the finest mesh. So some
other method is needed for measuring the resolution of
these phosphor screens.

The mesh technique wag modified by putting the mesh
in between the electron source and the phosphor screen
such that the distance between the phosphor and the mesh
was 7.5 cms. The mesh and the phogsphor screens were
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electrically ccnnected. When 2 voltage of 15 XV was applied
between the filament and the phosphor screen, the image of
the mesh could be seen but the contrast of the image was
poor. By employing a thin magnetic lens in between the mesh
and phosphor screen the mesh image could be demagnified, a
demagnification of 3 was easglly achieved. A wvariable
demagnification could be achieved by adjusting the position
of the magnetic lens or by varying the strength of magnetic
field., In this modified mesh technique the contragt of the
mesh image was poor and on this basis this technique was not
fully investigated.

Photographs of 120 1p/mm mesh resolved by a cataphorized
screen is shown in Fig. IV-11C.
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CHAPTER V Fvaluation of the Phosphor Screens.
The important characteristics of phosphor screens such

as efficiency, image definition, coverage, surface texture
etec. have been studied and the results are discussed in
this chapter.

I. Efficiency.
The cathodolupinescence efficiency of phosphors is a

subject of a number of papers by Gergley, Garlick and
othersl36_40. The cathodoluminescence efficiency of a
ZnS:Ag (P-11) phosphor has been theoretically predicted to
be 25% while its experimental value is 20-23%. The
efficiency of a phosphor scrcen may be defined as the ratio
of the total output light energy tc the total input electron
energy.

In practice relative efficiencies of phosphor screens
are measured under identical conditions to find the effects
of differcnt scrcen formation parameters. A demcuntable
cathode ray tube (shown in Fig. V-1) was used to measure the
relative efficiencies. The phosphor screen to be tested is
fixed in the cathode ray tube and an electron beam (bean
current 0.02 A4A) is accelerated on to the phosphor screen.
The output light is measured by a photocell with S-9 (Sb-
Cs) photocathode having o photosensitivity of 10 {4/Ium
for white light. The photocell is pressed against the
cathode ray tube face-~plate ¢n which the phosphor screen
is mounted. The ratio of the photocell current to the
primary beanm current is a measure of the relative efficiency
of the phosphor screens.

The efficiency of the phosphor screens depends upon the
energy of the incident electruns, the beam current, screen
thickness, aluminium backing, particle size of the phosphor
material, method of the preparation of the phosphor, and
the coverage of the substrate. All the factors will be
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considered in detail,

(4) Energy of Electrons.

For a given screen thickness the cathodoluminescenc§>
efficiency (output light energy) of a phosphor rises with
the energy oE‘%EE*EIZEEEEEE"éia‘reaches a maximum after
which it slightly falls presumably due to the possibility
of increased elastic scattering of the elecfrons at higher
yé}tageSQG. Gergelyl4l reported that the cathodoluminscenc§>
efficiency is proporticnal to the energy of the electrons
provided the saturation level is not reached and the energy
of the electrcns is not less than 5 keV., He further
suggests that the non-linear relationship between the
efficiency and the energy of the electrons (between 3 - 5
ke¥) is due to non-radiative loss of energy in the dead
surface layer of a phosphor grain,

Fig., V-2 is a typical curve showing the relationship
between the efficiency of a phosphor screen and the energy
of the incident electrons. The phosphor screen was
prepared by sedimentation technique and had a thickness of
1 mg/cmz, EMI type 214 P ~11 phosphor was used for the
preparation of the screen.

(B) Beam Current.

For a given screen thickness and a fixed energy of
the electrons, the cathodoluminescence efficiency of the
screen depends upon the number of electrons incident on
the screen, i.e. the bean current. The output 1light from
a screen is proportional to the beam current until current
saturation point is reached,

Fig. V-3 represents the behaviour of the efficiency
as the beam current is increased. The same phosphor screen
was used as in section I(A). High bean currents were not
used because of the fear of electron burn of the screen
which decreases the efficiency of the screen.
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Stoudenheimer142
between the efficiency and beam current at very low
excitation curremts ~ 10104,

(C) Screen thiclmess.

Por a given electron energy and beam current the
cathodoluminescence efficiency depends upon the thickness
of the phosphor layer, the phosphor screens may have been
prepared by any process. The efficiency increases with
screen thickness, passes through a broad maximum and then

reported a non-linear relaticnehip

falls off. The initial rise is due to incomplete electron
energy conversion which increases until a point is reached
when the electruns have just encugh energy to penetrate the
phosphor layer. Then the efficiency attains a maximum

value which is not significantly affected by further increase
in screen thickness until the screens are tco thick. Then
the efficiency hegins to fall due to increased scattering
and absorption of light in the phosphor layer between the
luminescent point and the detector.

In order tc study the behavicur of efficiency with the
increase in phosphor thickness, a number cf phosphor
screens were prepared by the sedinentation process using EMI
type 214 phosphor. Fig. V-4 shows the variation of the
relative efficiency with increase in screen thickness for
unbacked phusphors, while Fig. V-5 shows the same for
aluminium backed screens. "Floated" aluminium backings
were used,

The experiment was repeated for the phosphor screens
prepared by the electrophoretic method using EMI type 214
phosphor. The screens were aluminized by "floated"
aluminium backings. Figures V-6 and V-7 show the behaviocur
of efficiency at four different voltages (5, 10, 15 and

’ (CmOMA;L 20ke¥) for 2 set of phosphor screens.

e R R
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The optimum screen thickness may he defined as the
minimun phosphor thickness for maximum light output and a
nearly complete coverage of the substrate, so the optimum
screen thickness depends upon the energy of the electrons
and the particle size of the phosphor used. From energy
considerations alone the penetration depth (p) of an
electron in a ZnS phosphor screen is given by Bethe's
formula143

P = 2.83 x 10"'12 V2 cn.

For 15 k¥ electrons the penetration depth works out
to be 6.3 .4 . Bril and Klasens and other855’96’125
reported that the range of 15 ke ¥ electrons in a phosphor
is ~-1.5,(4im while Koller and Alden™?! claim that 90% of
the electron energy is dissipated in the first half of the
range of an electron. Hence the effective range of a
15 ke ¥ ¢lectrons should be — 1 Aim. The difference
between the value of the range predicted by Bethe's
formula and the measured values suggests the inapplicability
of Bethe's forrmla in the case of the crystal phosphors,

In order to obtain nearly complete coverage the
granular screens are several times thicker than the single-
grain layers of the phosphor of the same particle size.
According to Leverenz78 the optinum screen thickness of a
phosphor screen will be .— 4 times the thickness (diameter)
of a single phosphor grain provided the penetration depth
of an electron of a given energy is equal to the diameter
of the grain size.

EMI type 214 phosphor has an average grain size of
14im so one would expect the optimum thickness of the
phosphor screen to be -4, An, The phosphoxr screens were
prepared by electrorhoresis technique and their thicknesses
were measured (to be described in section III of this
chapter) and it was found that a screen of 0.67 mg/cm2 in
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thickness had an average layer thickness of 4 Alm which
is in very good agrecement with Leverenz's results,
The packing density of a phosphor screen nay be
defined as mass per unit volume of the deposit gnd its
measure will give the degree of packing by a given screen
nanufacturing method, If a phosphor screen has a diameter
d cms. and average thickmess of the phosphor layer is
t microns then the total vol. of the deposit = ?szxtx10_4 CuCo
If the mass per unit area is m mg/cm2 then the total
deposited mass = m mg/cm® x 71 a° 3

or mx10 “x TF%F grs.

Packing density = —-:L%—@-— gm/c.c.

Table I gives the packing densities of different

screens.
g TABLE I
/ﬁyfﬁ Phosphor Deposition Thiglmess  Average layer Packing
}ﬁﬁﬂvﬁ\ Process mg/on® thickness in/in  density g/co
Y o5 EMI Settling 1 8 1.25
- EMI Electro- 0.67 4 1.7 -
phoresis

Thus the screens prepared by electrophoresis process
are nore tightly packed than the screens prepared by
sedimentation process.

The optimum thickness of the screens was determined
experimentally. Table 2 gives the optimum thickness of
the phosphor screens:-

TABLE 2.
Phosphor Deposition Process Optimum thickness of the
screens.
G.E. Settling ng/cm2
EMI type 214 " 1mg/cm®
" Electrophoresis 0.8 mg/bmz
Derby Lum. " 0.45 "

The above optimum thickmesses are for 15 ke¥V energy
electrons.
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Pig. V-8 is for electrophoriZed phosphor screensg preparsa
fron Derby Iunminescents A/259 phosphor, giving optirun
screen thickness of 0.45 mg/cm2. The thickness of the
phosphor layer in nicrons can be calculated by using the
calculated value of packing density of phosphor (1.7). The
optinun thickness can be calculated to be —72.7 microns
which is approximately four times the particle size of the
Derby Luninescents type A/259 phosphor as the particle size
of the phosphor is less than one nicron. Our experinents
support Leverenz's conclusions that the optinun screen
thickness is approxinmately four times the particle size of
the phosphor used in the case of granular phosphors.

(D) Aluniniun backings.

The effect of alunminiun backings on the output light
of a phosphor screen and on the image definition will be
described in the next section.

(E) Phosphor Material.
The efficiency of a phosphor screen depends upon the

type of phosphor, type of impurity (activator), grain size,
nethod of nanufacture and the batch of its preparation,
provided other variables are kept constant.

Levshin and Ryzhikov92 have clained that the phosphor
efficiency decreases as the particle size of the phosphor is
decreased due to the reduction in yield (supposed to be due
t0 reduction in particle size) of the luninescent light and
increased scattering of light due to finer particle size of
the phosphor. It seems that their claim is not strictly
true as finer phosphors have been prepared without
appreciable loss of efficiency by employing refined
techniques for the preparation of the phosphors; for example
EMI type 214 P-11 is a fine grain phosphor with a particle
gize .~ 1 nicron and experiments show that optinum screen
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thickness for this phosphor in the case of phosphor wscreeus
prepared by sedimentation method is 1 mg/cmgn G.E. type
118-2~11 (P-11) phosphor has a particle size of 3-5 microns
and EMI (coarse grain) P-11 phosphor has a particle size

of 3-5 nmicrons. The optimun screcen thicknesses for the
later two phosphors are 2 mg/cm2 in the case of settled
scereens. The screens of optimum thickness were prepared
fron all these phosphors and these were tested for
efficiency, The efficiency of all the screens was of the
sane order, though EMI type 214 P-11 screen had slightly
less efficiency presunably due to increased scattering of
Juninescent light due to finer particle size of the phosphor.

(F) Process of Screen Formation.

Sone screen formation processes leave a non-luninescent
layer on the phosphor grains embedded into the phosphor
layers, for exanple; in the case of sedinmentation process
a non-lunminescent layer of gilicate and barium conpound
(BaO:SiOZ) has been observed by radioactive tracer
technique~, while in the electrophoretic process thorium
seened to be enbedued into the phosphor layers. The effect
of this non-luninescent layer is nore significant at lower
electron energies (5 - 9 Xe¥#) while at 15 ko¥ the effect
is almost negligible. However, the decrease in phosphor
efficiency is not negligible even at 15 ke¥ if too much
silicate is used for settling process. Double layer
phosphor screens (in which the amcunt of silicate was twice
the anount of silicate required for a single layer phosphor)
showed less relative efficiency (output light) than single
layer phosphor screens of the same thickness (mg/cmz).

(G) Screen Texture.
The variations in the grain sizes or clumps of grains
give rise to variation in the light output but the
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integrated output light energy is not affected. If the
screen is free fron pin-holes then none of the incident
electrons is lost, so electron energy 1s nore efficiently
converted into light energy.

(H) The output light also depends upon the anount of
back—scattered electrcns from the aluminium backing,

phosphor crystals and the binder layers. The scattering

of the electrons decreases the output light. Some of the
electron energy is dissipated as heat energy in heating the
host crystals and in this way a loss in output light results.

IT Resolution

The resolution or the inage definition of the phosphor
screens depends upon the energy of electrons, screen
thickness, aluniniun backings, particle size of the phosphor,
nethod of the preparation of the screcens, surface texture of
the scrcecens and on thickness of the substrate in the case
of cascade screens which was discussed in Chapter IV. The
other factors will be discussed in detail now.

(A) Energy of Electrons.
[ The electron-optical resolution depends upon the energy

)W1th which the electrons inpinge on the phosphor screen
(see chapter IV), keeplng the other variables constant.

The resolution can be 1mproved by increasing the energy

of incident electrons. TFor efficient energy ccnversion

the phosphor layer nust be thick enough to absorb all the
incident energy, which would tend to decrease the resolution
due to increase in the layer thickness. These are
contradictory requirenents, 8o generally a conpronise is
nade. In practice a value of electron energy of 15 key has
been used for calculations, etc., because the potential
applied in a cascade tube Of 15 KV per stage.
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(B) Particle Size of the Phosgvhor. .

Keeping the other variables constant, the image
definition of the phosphor screens will depend upon the
particle size of the phosphor used. The inage resolution
increases as the particle size of the phosphor decreases,
so fine grain phosphors should be used for the preparation
of high resolution phosphor screens. EMI type 214, B-11
phosphor (grain size ~— 1 nmicron) and Derby Iuminescents P-11
phosphor type A/259 (grain size ~1 micron) were used for
the preparation of most of the phosphor screens.

Settled phosphor screens made from G.E P-11 phosphor

and EMI type 214 phosphor were tested for image definition
for the same thickness (2 mg/cmz). The image resolution of
G.E phosphor screen was 30 lp/mm while for the EMI type 214
phosphor screen the resolution was 40 1p/mm with additional
advantages of complete coverage of the substrate and smoother
surface texture in the latter case, because of finer particle
size of the EMI type 214 phosphor.

(C) Thickness of the phosphor screen.

If the phosphor screen is a single grain layer then the
resolution is limited by the particle size of the phosphor.
In practice, the screens are usually thicker than a single
grain layer. It has been found that the image definition of
a phosphor screen increases as its layer thickness decreases,

the theoretical and experimental values of the inage
definition have been discussed in chapter IV.

In order to determine a screen thickness which would
give high resolution, good efficiency and good coverage of
the substrate phosphor screens were prepared by sedimentation
process from EMI type 214 phosphor. The resolution of the
screens was tested in image tubes and the results are shown
in Fig. V-9, indicating that a settled screen of 1 mg/c:m2
has a good resolution — 60 1lp/mm. The efficiency has
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already heen discugsed. When the vhosphor scrzens were

prepared by electrophoretic process the thicknesg was

reduced to 0.7 mg/bm2 without any loss of efficiency, good

improvement in resolution and 99.8% coverage. With a later

batch of EMI type 214 phosphor the thickness of the

phosphor layer was further reduced to 0.5 mg/cmz without

any loss in coverage, a snall drop in efficiency and improved

resolution. Experinmental measurements suggest a resolution
—>~120 lp/bm when the measurenents were made by the mesh-

shadow technique.

The thickness of a phosphor screen prepared from Derbdby
Iuminescents P-11 type 4/259 phosphor . by the
electrophoresis process can be reduced to 0.4 mg/cm2 without
any appreciable loss of efficiency and coverage as compared
2 thickness of the sane
phosphor. The image resolution of such a screen should be
very high and definitely it is more than 120 1p/mm. However

with a phosphor screen of 1 mg/cn

its efficiency is low.

(D) Method of the Preparation of the Screens.
The method of screen preparation can also influence the

image definition of the screen. If a particular method
gives more tightly packed phosphor screens (electrophoresis
compared with sedimentation process) then the layer thickness
can be further reduced and hence image definition can be
increased as described in Section II (C) of the present
chapter.

The sedimentation method of phosphor screen
preparation leaves binder layers in between the phosphor
grains, the incident electrons can be scattered from such
binder layers and hence a loss of image definition is
likely to occur but contribution due to this factor is
comparatively small gs compared with the other factors
influencing the resolution.
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(BE) Suxfsce Texture

A small variation in the image definition may occur
due to change in the surface texture (variations in thickness)
of the phosphor screens. Sedimented phosphor screens of
1 mg/cm2 thickness prepared from EMI type 214 phosphor were
tested for image definition. The image resolution observed
ranged from 50~60 lp/mm for aluminium backed screens. It
suggests that the variations observed are due to the
difference in the texture of the screens.

(F) Aluminium Backings.

The aluminium backings contribute towards the loss of
resolution by scattering the incident electrons and by
reflecting the light from the luminous grains which is
scattered by the phosphor layer. The effect on image
resolution has been considered in chapter IV section II-3.

III Effect of Backings on the efficiency and Resolution of
the Phosphor Screens.
The methods of the application of the backings have
been discussed in chapter III.

The relative efficiency of a phosphor screen is
measured by the output light for the same input electron
energy. Since the different backings change the amount of
light in the forward direction, the relative efficiency
of the phosphor screens 1s. dependent on the reflectivity
of the backings and hence on the technique of aluminization
or application of the other backings.

An investigation was made to study the effect of
backings on the efficiency and the resolution of the phosphor
screens. The results of the experiments are discussed and
typical examples are given, All the phosphor screen samples
Prepared were numbered, the first letter indicates the
substrate (G for glass and M for mica) and the following
number is the serial number of the phosphor screen.
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Tiie phosphor samples G-80 and G-85 were prepared undsr
identical conditions in the same settling batch having a
thickness of 1 mg/cmz. The two samples were tested for
relative efficlency. Then a conventional backing was
applied to G-80 while a "floated" aluminium backing was
applied to G-85. The two screens were baked at 350°C for
one hour, and were then tested for relative efficiency.

Phosphor Relative Efficiency

Sample No. unbacked Conventional Backing Floated backing
G-80 15 20 -

G-85 15 - 29.5

Sinmilar results were obtained for the relative
efficiency measurenents of a number of phosphor screens
with conventional and floated aluminium backings. It has
been found that relative efficiency of a screen with floated
aluminium backing is always higher than a screen with a
conventional backing, keeping the other variables constant.
The results of the experiments show 20-50% higher relative
efficiency for the screens with floated aluminium backings
than the screens with conventional aluminium backings.

The image definition (resolution) of the screens was
neasured by making single stage image tubes with the
phosphor sanmples as the output phosphor. The results of
the sample G-35, which consisted of four segments, will be
considered. Two segments were single layer phosphor screens
of 1 mg/cm2 in thickness and the remaining two were double
layer phosphor screens with the same thickness as the single
layer cnes. EMI type 214 phosphor was used and the screens
were prepared by the sedimentation process. The screens
were aluminiZed by ccnventional and floated backing
techniques and the results are:-
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Characteristic Single layer Sovple Xags
Floated Conventional Fioated Conventional
aluniniun aluminiumn alunimium aluninium
backing. backing. backing. backing.

Relative

Efficiency 26.9 5.8 20.7 5.4

Resolution 46 1p/mm 60 lp/mn 40 1p/mm 55 1lp/mm

The relative efficiency of the conventionally backed
screens is so very low in this particular case that it must
be considered as being due to the imperfect application of
the conventional backings. The results are quoted only
because they indicate two other results: (1) a higher
resolution in the case of conventiocnally backed screens
than for the floated aluminium backing ones and (2) a lioss
in the relative efficiency and the image resolution in the
case of double layer screens as compared with the single
layer screens. So from here onwards only single layer
screens were prepared and tested for relative efficiency and
inage definition.

In order to find out something more about the effect
of aluninium backings on the relative efficiency and image
resolution of the screens an image tube was made with G-45
as the output phosphor. G-45 had six segments onto which
a phosphor layer was sedinented at the same time, having a
thickness of 1 mg/cm2 and prepared from EMI type 214
phosphor. All the screen samples were aluminiZed differently
but the thickness of the aluminium backings was kept to be
approximately the same (~"1000 A°). Table 3 shows the
results.

Table 3
Backing Rel. Eff. Resolution
1. Unbacked 12.8 100 1lp/mm
2. Conventional aluminium
backing. 5.9 80
3. Floated aluninium backing. 29.5 50
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Table 3 (continued)

Backing Rel, Eff, Resolution
4 .Aluminium oxide film (365 A°)
applied to the phosphor screen
followed by the evaporation of
the aluminium layer. 23.1 45
5. 1% transparent floated backing
followed by the evaporation of
aluninium. 28.2 60
6. Direct evaporation of aluminium
onto a screen followed by a floated
aluminium backing. 5 100

The results are quite informative and will be discussed
in detail. The most probable explanation of the first
three results is that in the case of an unbacked phosphor
screen only half of the luminescent light passes through
the phosphor layer and thus gives rise t¢ a minimum spread
of light (radius of the disc of confusion) as explained in
chapter IV, Thus the resolution is the highest. In the
case of the aluminiZed screens the other half of the
luminescent light is reflected back from the aluminium
backing and forced to pass through the phosphor layer.

This increases the spread of light and hence the resolution
of alumini¥ied screens should be less than an unbacked
screen.

In the casc of a conventionally backed screen the
aluminium layer closely follows the contours of the
phosphor surfaces while a floated aluminium layer sits cn
the "hill-tops" in the surface of the phosphor layer. The
light spread on the output side cof the phosphor screen
will be greater in the case of a screen with a floated
backing than a scrcecen with a conventional backing. As
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the light spread in the phosphor screen determiies the
diameter of the disc of confusion therefore it will be greater
for a screen with a floated, than for one with a conventional
backing. Hence the resolution of conventionally backed

screen will be higher than the one with floated aluminium
backing.

The above explanation is further supported by the
results of the sample 5 in which a comparatively thinner
aluninium film (1% transmission) was floated onto the
phosphor screen., This might be expected to follow the
contours of the phosphor screens more closely and so increase
image resolution. This was found tc¢ be so. The relative
efficiency is not much reduced as compared with that of a
gscreen with an opagque floated aluminium backing, This
technique offers a possibility of making phosphor screens
with good relative efficiency and good image definition,
however, the limits of this technique are investigated in
2, later experiment.

The ap¥lication of an aluminium oxide film to a phosphor
screen followed by an evaporation of aluminium film would
be an alternative to a conventional backing if the image
definition is not degraded. The results of sample 4 show
that the relative efficiency in such a case was better than
conventionally backed screen but not as gcod as a floated
backing but the resolution was very much down (45 lp/mm).

So this method of aluminization can not be very beneficial.

It seems that all self-supporting backings sit on the
"hill-tops" in the surface of the phosphor screen and hence
cause a loss of image resolution. An aluminium oxide film
of 365 A° thickness is a self-supporting film so the
regolution is less with such a backing as compared with
others.

In the case of sample 6 the resolution is as good as in
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the case of unbacked phosphor but such a technigue of

aluninifation can not be used for usable phosphor screens

because the relative efficiency is wvery low.

The results of the above experiment suggest three ways
of improving screen characteristics.

(1) To make the phosphor surface as smooth as possible,
which was eventually done when the phosphor screens
were prepared by electrophoretie process.

(ii) To apply semi-transparent floated backings on to the
phosphor screen followed by aluminium evaporation to
nake the alumninium films opaque, this is the subject
of the next experiment.

(iii) To improve the technique of applying a ccnventional
backing to increase the relative efficiency, which at
present is always 20% - 50% less than that of floated
backings cn the screens.

Phosphor scrcen G-104 was tested in an image tube for
image definition. G-104 ccnsisted of six segments on to
which phosphor was deposited by sedimention. process in the
same settling batch, the thickness of the phosphor was
1 mg/cm? and EMI type 214 phosphor was used for screen
preparation., Aluminium filmg of different thickness were
prepared and floated on to the phosphor samples. The
thickness of the aluminium films was umonitored by the
proportion of light transmitted through the aluminium film
and picked up by a selenium cell.

The results are shown in Table 4.

TABLE 4.

Sample No. % transmission Thickness of Relative Resgolution
of aluminium  the aluminium Efficiency 1p/mm.

film. film.
1 37.5 80 A° 14 70
2 24,0 100 A° 19 67

3 16.5 110 A° 22 64
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TABLE 4 (conbinucd)
Sample No % transmission Thickness of Relative  Resolution

of aluminium the aluminium Efficiency 1p/mm.
film. film.

4 9.4 140 A° 25.2 54

5 7.3 160 A° 26 61

6 3.1 225 A° 29 57

The results are shown in the graphs of figures V-10 and
V-11. The two curves in graph of fig. V-1l correspond to
two sets of phosphor screens out of which the above values
pertain to one set while the other set consisted of phosphor
samples G-70 to G-75 which were prepared under identical
conditions by sedimentation process. Aluminium backins of
various thickness were floated on to them.

It is clear from the above results that a slight
improvement in resolution can be achieved by using partially
transparent aluminium backings floated on to the phosphor
screens but at the cost of relative efficiency.

For some applications of image tubes the use of
anti-reflection backings was advocated in chapter III. The
techniques of the applications of such backings have
already been described in the same chapter.

The samples G-51 to G~53 were prepared under identical
conditions by the sedimentation process,; having a thickness
of 1 mg/cm? and using EMI type 214 phosphor.

The results obtained were:-

Phosphor Screen Rel., Efficiency Type of backing
G-51 6.9 lamp black
G-52 T4 unbacked
G-53 1.2 an "alcohol dag" layer

Thus the relative efficiency of the two is less than the
efficiency of the unbacked phosphor screen and also the lamp
black does not adhere very well to the phosphor screen.
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Some more phosphor screens werzs preparsd by tie
sedimentation process and different backings were applied
to them, the results are:-

Phosphor Rel. Efficiency Type of Backing
Screen No.
G-61 13 An organic film was applied

0 a phosphor screen followed
by evaporation of carbon and
on to it an aluminium film was
floated. The sample was
baked at 350°C for % hour.

G-61 6.6 Aluminium black and floated
aluminium backing.
7.1 Aluminium bleck
12.4 unbacked.

Experiments on Derby Iuminescent type A/259 phosphor
were also performed. The thickness of the screens was
1 mg/cm2 and these were prepared by the electrophoretic
process on to nesa coated glass plates, The results
obtained were: -

Sample No. Rel. Efficiency Backing.
G-61 6 Unbacked
2.1 Evaporated carbon
backing.
G-62 5.0 Unbacked
3.2 An organic film was

applied to the phosphor
screen followed by
evaporation QX
®aluminium black.

G-63 6 Unbacked
5.9 Floated carbon film
backing.

From the above results it is clear that the relative
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efficiency of a screen with floated or conventlioral carnc:
backing is about the same as that of the unbacked phosphor,
while with the aluminium black backing the relative efficiency
is lower than the unbacked screen.

The experiments were repeated with different backings.
Some of the backing materials (aluminium,carbon, aluminiua
black) were evaporated on to cooled phosphor surfaces at a
temperature -~— - 100°C in a vacuum chamber. The results
are: -

Screen No. Rel. Efficiency. Backing
G-66 3.5 ‘ unbacked
0.5 50% transparent directliy
evaporated carbon layer on to
a cooled phosphor surface.
G-67 3.5 unbacked
0.4 50% transparent carbon layer
evaporated directly on to the
phosphor surface at room ‘
temperature.
G-68 14 unbacked
6.9 Directly evaporated aluminium
backing on to phosphor
surface at .- -120°C
G-69 16 unbacked
4 An organic film was applied
to a phosphor screen. The
sereen was cooled to -120°C
and aluminium black was
evaporated on to it.
G-80 15 unbacked.
20 Conventional aluminium backing.
Tke backing was applied at room
temperature.
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Conventional backing. Screen
at low temperature at the time
of the evaporation of aluminium.

unbacked
Conventional aluminium blacl
backing at room temperature.
Conventional siuminium black
backing when the screen was at
~-120°¢

unbacked.
Conventional carbon backing at
room temperature.
Conventional carbon evaporation
at low temperature.

unbacked.
Direct evaporation of aluminium
black on to the screen at low

temperature.
Direct evaporation of aluminium

black on to a screen at room
temperature.
unbacked
Direct evaporation of carbon.
Screen at room temperature.
Direct evaporation of carbon
Screen at low temperature.
unbacked
Floated aluminium backing.
unbacked.
Direct evaporation of aluminium
onto screen at low temperature.
Diréct evaporation of aluminium
on to the screen at room temp.
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It is quite conclusive that the relative efficiencier
of the screens with anti-reflection backings applied directly
to the phosphor are always less than the relative efficiency
of an unbacked screen.

In the case of the phosphor screens with auti-reflection
backings one would expect the resolution higher because there
is no reflected light from the backing. Hence there will be
no scattering of the reflected light and hence the resolution
of such a screen should be equal to the resolution of an
unbacked screen (chapter IV). To test this hypothesis a
phosphor screen G-61, which consisted of four sedimented
gamples of 1 mg/cm2 thickness and two electrophorized
samples of the same thickness, was prepared. Different
backings were applied to the specimens and the image resolution
was tested in an image tube. The results are:-

Type of backing Rel. ¥fficiency Resolution
A. EMI type 214 phosphor (1p/mm)
1. Conventional carbon backing

followed by floated aluminium

film for stabilizing the

phosphor potential, and

presexrving the carbon layer

during the screen bake at

350°C for % hour. 13 40
2. Aluminium black followed by

floated aluminiuvm film for

stabilizing phosphor potential. 6.6 86
3. Aluminium black. T.1 100
4. Unbacked 12.4 100
B. Derby Iuminescents A/259 phosphor.
5. Evaporated carbon. 2.1 100

6. Unbacked. 6.0 100
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Later on electrophorised phosphor screens were tested
for the resolution by casting an electron shadow of a fine
mesh as described in chapter IV. The resolution of
electrophorized screens of a thickness of -~ 0.7 mg/cm2 of
EMI type 214 or D.L. A/259 phosphor is > 120 lp/mm
irrespective of the type of aluminium backing.

IV The Screen Thickness.

The screen thicknegss is generally measured in terms of
mg/cm2 but it would be quite interesting if the thickness
in mg/bm? could be correlated with the average thickness of

the phosphor layer in microns. To do this the following
experiment was performed.

A number of glass plates were cleaned and then scratched
across the middle with a sharp glass knife. The glass plates
were cleaned again., EMI type 214 phosphor was electrophoriged,
as described in chapter II, on to the glass plates which
were then brokeld into two parts by balancing the scratched
line on a sharp wedge and gently pressing.

The broken edge of the glass plates was seen through
a microscope of high magnification (600). The eyepiece had
a calibrated scale on which the thickness of the phosphor
layer was measured. At least 10 observations were taken
for each specimen and the average thickness was calculated
for each specimen. Fig. V-12A shows a graph relating the
thickness of phosphor screen in mg/cm2 and the average
thickness of the phosphor layer in microns. Fig. V-12B
shows a microphotograph of a phosphor layer as seen through
a microscope.

144 measured the average thickness of the settled

Airey
phosphor screens by embedding them in a resin and polished
the resin after setting so that the phosphor layer was
visible. Then viewing through a microscope as above he

determined the thickness of the phosphor layers.
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Phosphor Thickness Average thiclmeous
in mg/cm2 in microns
G, E 2 12
EMI type 214 1 3

The thickness of the phosphor screens could also be
measured in terms of the percentage of light transmitted
through the phosphor screen from a standard light source.
This calibration of the thickness will depend upon the
method of the preparation of the phosphor screens and the
phosphor used. Keeping these two variables constant a graph
can be plotted between the thickness of the phosphor layer
in mg/cm2 and percentage transmission of light.

A standard white light source was used and the
transmitted light through the phosphor layer was measured
by & selenium cell and the results are shown for settled
and electrophorized screens in Fig. V-13. This method
could be used for estimating the thickness of a screen with
a reasonable accuracy.

V. Coverage.
When a phosphor is deposited on to a substrate then

in general the coverage of the surface is not complete due
t0 the granular structure of the phosphor. The total
uncovered area of a substrate will depend upon the grain
size of the phosphor, thickness of the phosphor layer and
the method of deposition of the phosphor layer. The
percentage covered area of a substrate incregses with a
decrease in particle size for a given thickness (mg/bm2)
and for a fixed particle size and increases with the increase
in mg/cm2 of the phosphor layer. The covered area is also
influenced by the deposition technique. For a given sereen
thickness in m.g/'cm2 and a given particle size of a phosphor
the coverage of the substrate is better for electrophori%ed
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than for settled screens.

In order to get quantitative informatiorn the total
uncovered areas of the substrates were measured by the
following method. A number of phosphor samples were
prepared by sedimentation and electrophoretic processes
from different phosphors. The sample under te=t was
illuminated by transmitted light and was wviewed through a
miscroscope of a suitable magnification (150 or 600). When
the microscope was focuse d on to phosphor surface then the
uncovered areas appeared as pin-holes.

The eyepiece of the mieroscope containg a graticule
which has a large rectangle marked in it. The large
rectangle is subdivided into 9 rectangles of equal arsa.
The area of any rectangle can be found by calibrating the
length and breadth of the rectangle against a standard scale.
For example, the areas of the large rectangle are:-

Magnification of the microscope. Area of the large rectangle
150 0.1215 mn®
600 0.006 mm®

The graticule hag also four circular dots of diameters 5,
2.5, 1 and 0.5 microns marked near the boundary of the
large rectangle.

The number of pin-holes in a specimen was counted in
a rectangle and the sizes of the holes were approximated
to the sizes of circles on the graticule. At least three
observations were taken in each case and in this way the
total uncovered area of the substrate in the specimens was
calculated.

The results confirm the above postulates about the
coverage of the substrates by phosphors. The results of
the screens used in image tubes are:-—
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Phosphor Grain Size Thickness of Method Uncovered
phosphor screen of area
deposition
G.E 3-5 microns 2 mg/cm2 Settling 2.3
" " 2 Electrophoresis 1.2
on. nesa coated
plates.
EMI type 214 <<2 microns 1 Settled 0.3
" " 1 Electrophorizied

on a temporary
metal coated
glass plate. 0.1

n 0.7 mg/cm® n 0.3
Derby
Luminescents o
type A/259 1 micron 0.4 mg/cm " 0.3

Double layer phosphor screens were prepared, by
sedimentation process, having a thickness of 1 mg/cmz,
EMI type 214 phosphor was used. Complete coverage of the
substrate was achieved although such screens have lower
relative efficiency and lower image resolution.

The % covered area is shown in Fig. V-14 for a number
of phosphors and screens prepared from them.

VI Surface Texture.

When a phosphor screen is viewed through a microscope
of high magnifying power, randomly scattered hills and
dales can be seen. The hills correspond to lumps of
phosphor grains which could not be separated during the
preparation of the phosphor suspension or some of them may
have been formed during the screen deposition process.

The surface texture of a phosphor screen depends upon
the particle size of the phosphor and the method of
deposition of the phosphor. The surface texture becomes
better (more uniform) with the decrease in the particle
size of the phosphor.
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A more uniform surface texture was obtained by hall-
milling the phosphor in a small amount of pot.silicate. It
was found that ball-milling on a rotor machine for 15 minutes
in about 20-30 c.c. of dilute potassium silicate solution
was desirable. The ball-milling, in fact, helps in breaking
the aggregates of phosphor particles. Ultrasonic agitation
of the phosphor suspension also improves the surface btexture
of the phosphor screen. These two processes were used for
settled screens.

The phosphor suspensions prepared for electrophoretic
process are given ultrasonic agitation. The surface texture
of the electrophoriZ%ed screens ig better than that of the
settled screens. Four photomictrogrsphs are shown in Fig.V-15.
The details ares-—

(a) G.E. phosphor 2 mg/om2 Sedimentation Process
(b) EMI type 214 1 mg/om2 "

(c) " " _ Electrophoretic procesgs
(d) Derby Luminescents 0.4 mg/'cm2 n

A/259 phosphor.

The surface texture of electrophorized screens is
better than the settled ones showing its dependence on the
method of the deposition of the phosphor. The uniformity
of the surface texture improves as the particle size of the
phosphor decreases as in the case of Pig. 15(d).

VII Other Characteristics
Noise.

One form of "noise" in the output image results from
the non-uniformity of the surface or the "graininess" of
the phosphor screen. Evidently with a more uniform surface
texture the noise in the output light signal should decrease.
The noise due to "graininess" of the phosphor was not
measured on a quantitative basis but when electrophorized
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phosphor screens were used in an image tube, tle gualitly of
the image on the output screen was much superior to the
image of the tube with settled screens, indicating the lower
noige level in electrophorized screens or more uniformity

of the phosphor surface.

VIITI Effect of baking.

The aluminium backed phosphor screens are bgked at
350°C in the image tube prior to the activation of the
photocathodes in the image tube. It was desirable to find

ocut whether the relative efficiency of a phosphor screen
depends on baking temperature or not. It was invariably
found that the relative efficiency is not affected by baking
the 7ZnS phosphor screen up to 400°C in air.

In an experiment a settled screen with an aluminium
backing was baked at temperatures of 100, 200, 300, 350 and
400°C for ome hour successively. The phosphor screen did
not show any drop in relative efficiency. Then the screen
was baked at 450°C for one hour, after which its relative
efficiency was found to have dropped and the characteristic
blue luminescence of ZnS:Ag had changed t0 bluish green
colour. The screen was again baked at 52000 for one hour
after which the fall in relative efficiency was much greater.
The results are shown in Fig. V-16.

The change in the luminescence colour may be attributed
to the redistribution of the impurity (activator) in the
phosphor as reported by Korovkinal45.

IX Ageing of Phosphor Screens.
Experiments were performed to investigate the effect of

ageing on phosphor screen efficiency. Some phosphor samples
were prepared and aluminized. These were tested for relative
efficiency and stored in a desiccator placed in the dark.

The phosphor screens did not show any drop in relative
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efficiency after 7 to 10 weeks. Hence it was concluded thatif
the phosphor screens are stored in a dry dark environment
then the efficiency does not drop with age.
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CHAPTER VI Manufacture of Image Tubes.
Two-stage, and three-stage cascade image intensifiers

and single-stage image tubes have been made. Most of the
constructional and processing details are common to all of
them so a general treatment of the subject will be given.

I The glass Envelope.
A glass envelope with two flat end-windows, a couple of

side arms and platinum tapes sealed into the glass wall to
provide electrical connections from the inside to the outside
is prepared by the glass blowers. Initially such an envelope
was pumped, baked, sealed off under vacuum and kept on the
shelf for 4 weeks after which it was tested with Tesla coil
and if no discharge was detected then the envelope was
assumed t0 be free from leaks. Later on, in the work, a
helium mass spectrometer was employed for leak detection.
The envelope, if free from leaks, is cut open at the point
where the final silver chloride seal is to be made after
assembly and the cut ends are ground and polished flat.

In the completed tube each metal part is held in position
by three metal springs which fit into slots ground in the
wall of the tube. These slots extend about half way through
the tube wall and are cut with a thin rotary diamond cutting

146

wheel, after approximately marking the outside of the tube.
The tube is mounted on to a lathe and the rotary diamond
wheel is rigidly held on a support so that it can be moved
sideways, backwards and forwards at will. A continuous flow
of water is arranged to cool the glass and to wash off the
ground glass from the slot.

The tube is now cleaned to prepare for metallizing rings.
The envelope is scrubbed with a dilute Teepol solution,
rinsed in water for 30 minutes to remove all traces of the
detergent. Then it is given two or three rinses in double-~
distilled water and vapour degreased in isopropyl alcohol
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bath.

The next process in the preparation of the tube is the
painting of the metal accelerating rings, thesc are painted
on the inside wall of the tube using platinum metallizing
paste type number T-177 made by Johnson-Mathey & co. The
paste brush is firmly held on a support and the lathe is
driven by an electric motor and in this way accelerating
rings of uniform width can be painted, these rings cover
the platinum tapes sealed into the walls of the tube. On

the outer surface of the tube, in corresponding vposition,
are painted rings of silver metallizing preparation type
No. X-351. Liquid bright platinum is applied on the outside
surface where the platinum tapes are sealed into the glass
walls, and on the ground and polished ends of the tube where
silver chloride is to be applied later; and platinum paint
makes it run round the joint. The envelope is now heated
to 600°C in an oven to fire platinum and silver paste into
the glass surface. The tube is cooled and silver metallizing
paste type Number X-353 is applied on the outside conducting
rings in order to solder connections to the rings. The
silver paste is dried and tube is again heated to 600°C,
while it is cooling down then at about 460°C silver chloride
is applied at the points whare the platinum tapes emerge

from the tube wall. This is a precautionary measure against
leaks through the {ape seals, which have heen knowil $0 appear
during firing and baking of the tubes.

The metal parts (as will be discussed in the next
section) are all provided with four metal springs of which
three hold the metal parts in position and the fourth makes
contact with the platinum paste rings. If tais particular
tar is not properly positioned, it can cause field emission
from the pointed end, so in some of the tubes slots were
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painted with platinum paste and the contact springs were
removed from the metal parts.

The platinum paste rings inside the tube are buffed to
remove any loose material and the electrical continuity to
the outside is checked. The tube is rewashed and dried as
described earlier. Aqua-dag is now painted on "he silver
chloride on the tape seals to protect it from deterioration
due to the action of light. The glass envelope is then
gtored in dust free conditions until required for the
asgembly of the metal parts.

IT Metal Parts.

The metal parts for cascade image tubes were made from
gtainlegs—-steel base rings which are prepared and shaped
(according to requirements) in the departmental workshop.
These rings are rinsed in trichloroethelyne and wvacuum
stoved at 1000°C. After taking them out of the vacuum stove
spring clips, stops, guides are spot-welded on to them.
Completed metal parts are shown in Fig. I. The construction
of the different metal parts will be discussed in detail.

(A) Photocathode-plate holder (Fig. I-A)

The photocathode plate holder is made from an annular
ring of 0.040" stainless-steel, which is held in place in
the tube by three spring clips made from inconal strip. The
photocathode plate is clipped into the operating position
by the fixed holding clip and the moving clip which can be
operated by a magnet from the outside. The photocathode
plate is 47 mm in diameter and 1 mm in thickness made from
lime~soda glass which is painted at the edges with bright
platinum and fired. Pyrex glass plates of the same
dimensions are now being used.

(B) Output Phosphor Holder.
This holder mechanism is the most complex pgrt in the
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whole of the cascade tube. It is provided with three
inconel springs to hold it in position and two movable clips
each with a magnetic operating slug. One of these clips
holds the end-phosphor in position and the second holds one
cascade screen on top of the end-phosphor in the processing
position. TFor a three stage cascade tube an extra fixed
clip is mounted on to this metal part to help to hold the
other cascade screen in the side flat. The end phosphor
holder for a three stage tube has been shown in Fig. VI-IB
and for a two stage tube in Fig. VI - IC.

(C) Processing Shelf.

The photocathode—shelf is an annular ring of 0,040"
stainless steel of I.D.48 mm and O0.D = 56.5 mm and it is
held in pogition by three springs. A thin stainless steel
skirt is spot-welded to the edge of the ring and it fits
into a part of the tube which is collapsed on to a mandrel to
form a short length of the tube which is accurately circular

and of uniform internal diameter. The photocathode shelf
has two diametrically opposite slots of 3 x 4 mm so that
the effective diameter at this position is 46 mm which
allows a cascade screen to pass through after processing.
The photocathode plate is held in position by two fixed
clips and oremovable clip with a magnetic slug. Processing
shelf is shown in Fig. VI-I B & F for three stage and two
stage tubes respectively. The movable clip is arranged to
prop up the photocathode plate during the pumping and baking
of the tube, forming a passage so that the tube can be
pumped with one pumping stem only. Just before admitting
caesium to the processing chamber the movable clip is
pulled back to allow the cathode plate to drop flat on to
the shelf and in this way it forms a caesium-tight seal.
For a three stage tube a spring strip is spot-welded to the
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reverse 8ide of this shelf to hold the cascade screen in
the side flat during processing. An aluminium-zirconium
getter is also spot-welded on the reverse side of the
photocathode shelf.

(D) Annuli (Pig. VI - I-E)

Annular stainless steel discs mounted perpendicular to
the tube axis are held at suitable potentials to establish
a uniform axial field and this type of electrode is also
effective in suppressing background. These discs are,
0.020" thick, having an I.D 40 mm and 0.D 56,5 mm. The
annuli are shaped in such a way that at one point the I.D
extends to 48 mm which allows the passage o0f the photocathode
plate and mica cascade screens after processing. The
annuli are held in position by two fixed lugs of inconel
strip and one sprung lug, engaging in the slots in the tube
wall, The annuli cannot be dislodged by a reasonable
vibration or tapping of the tube which is necessary when
the cascade screens and photocathode plates are being
transferred from the processing section to their operating
places in the tube.

(E) Cascade Screen Holder. (Fig. VI -I D)

The movable cascade screens are mounted in operation
on holders which are similar to an annulus (Fig.ID) in shape
and are provided with two fixed lugs and one movable spring
lug to hold them in position in the tube. Each is provided
with three fixed stops and one movable clip on its inner
circumference with which to lock the cascade screen in its

operating position.

All the metal parts are immersed in trichloroethylene
after spot-~welding the clips, etc., on to them to remove
any traces of finger grease, although care is taken not to
handle them during the process of fixing of clips. The
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metal parts can now be vacuum stoved at 600°C and fitted into
their respective places in the tube such that the sides
having clips etc. are facing the photocathode end of the
tube. This enables the side facing the anode end of the

tube to be free from sharp points from which, being the
negative electrode, field emission is likely tc occur.

In later tubes the metal parts were further cleaned
by electropolishing after spot-welding all the clips ete.
This electropolishing process also removes any sharp points
or edges. The electropolishing bath consists of a mixture
of 45% glycerol, 45% orthophosphoric acid and 10% analar
water by volumel47. The metal part to be cleaned is made
the anode in the bath and a current of 5 A is passed
through the solution for 10 minutes. After polishing the
metal parts are rinsed in rumming hot water for 30 minutes
and then placed in a 20% solution of hydrochloric acid for
a few minutes to remove all traces of the polishing bath.
The acid bath is followed by a rinse in cold running water
for ten minutes, then two rinses in double-distilled water
and they are dried in an I.P.A bath. The metal parts are
then vacuum-stoved at 600°C (the highest temperature at
which the springs do not lose their temper) prior to the
assembly of the tube.

The inconel lugs and tags on the metal parts when in
position in the tube are strong enough to stand a reasonable
tapping of the tube but it was considered desirable for
more rigid mounting system to be evolved. So tungsten
wire springs were fixed on to the metal parts by means of
spot-welding inconel strips on to metal parts to hold the
springs, which in turn held the metal part in position in
the tube. Such springs have been shown in Fig. VI-I. When
such metal parts were blackened by black chromium plating
process and vacuum stoved at 60000, the tungsten springs
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became brittle, so the use 0F tungsten wire wae discontinued
and Nimonic 90 wire springs were used instead which do not
become brittle after blackening and vacuum stoving at 600°C.

On all the metal parts contact springs are attached to
make contact with the metallized ring on the tube wall. If
the end of such a contact spring is very sharp then it may
be a source of field emission. The contact spring was
eliminated by printing the slots with platinum paste as
described earlier and in this way the Nimonic springs which
hold the metal part in position in the tube also provide
electrical contact between the metal part and metal electrode
painted on the wall of the tube.

(B) Blackening of the metal parts.

Some part of the incident light is transmitted through
the semitransparent photocathodes of an image tube. The
transmitted light can be reflected from the electropolished
metal parts and the aluminium backing of the next cascade

screen and may reach the photocathode thus producing signal
induced background. The reflection of transmitted light
can be minimized by blackening the metal parts and by
blackening the aluminized screen.

As the metal parts are to be blackened after spot
welding clips, springs, etc on to them so the blackening
process should be such that the metal parts are not to be
heated above 60000, clearly this condition eliminates the
possibility of blackening stainless steel by heating to
900°C in an atmosphere of oxygen148’l49. A number of
experiments were performed for blackening the electrodes and
following results were obtained.

1. Carbon was evaporated on to stainless steel parts and on
vacuum stoving at 600°C it was found that the carbon film
became ghiny and patchy, so this method did not seem to be
very promising.
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2. Aquadag mixed with pot. silicate was painted on to some
metal parts and heated to 600°C in an oven, after cooling
it was found that the agquadag could be scrapped off wvery
easily. Vacuum stoving after drying the painted part yielded
gimilar results.
3. A layer of aluminium blac
stainless steel metal part and the metal part was vacuum-—
stoved at 600°C. It was found that aluminium black soot
turned into a white powder which could easily be rubbed off
the surface but it gave a blue colouration to the stainless
stcel part.

A survey of literature offered a number of possibilities

leO was evaporateu on to a

which were tried in successions-

4. Electropolished stainless stcecel parts could be blackened
by soasking them into molten potassium dichromate for 15-20
minutes15l. The blackened part is washed in hot water for
10-15 minutes and dried and any loose matter is rubbed off.
This process makes the electropolished metal part dark brown
in colour and the white-light reflectivity falls to 25% as
compared with an electropolished part. The metal parts
blackened by this process were used in the cascade tubes,

but still nearly completely non-reflective metal parts were
desirable.

5. Black chromium plating was also consideredl52. The
metal parts were first electropolished. The black chromium
plating process is a two step process: a thin dull chromium
layer is plated in a normal chromiuml53’154 bath and rinsed
well in distilled water. This plating is followed by plating
in a black chrome bathl54’l55 where a finely dispersed dark
brown or black coating of pure chromium may be obtained. The
metal parts are washed and dried. This type of coating is
found to adhere to the metal parts. The process described
in ref.152 was carried out but no black deposit was obtained,
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so this process had to be abandoned.

4 slight modification of the black chromiuin plating
bath gave excellent results, and it was also found that the
initial layer of bright chromium was not necessary. The
standard procedure is to electropolish metal parts to remove
all sharp points and then apply black chromium vy making the
metal part the cathode in an electrolytic cell containing:-

Chromic acid (Cr203) 330 gms )
Acetic acid 5 c.cC. per litre of water.
Barium carbonate 4 gms.

The anode is lead containing antimony. A current of
1 :A,/cmz is required for a good black coating. Better
results are obtained if the temperature of the bath does not
go above 25°C. The metal parts are washed and dried after
blackening.

Such metal parts were vacuum stoved at 600°C after
black chromium plating, it was found that the tungsten
springs on the metal parts became brittle and the black
chromium deposit was not mat-black but rather shiny. So
further investigation was made for an effective blackening
process.

6. In the next process tried the metal parts are etched in

a solutionl®®

consisting of
Sulphuric acid 42.5%
Distilled water 57.5%
The metal part to be etched 1s made the anode and a lead
cathode is immersed in the etching solution and current of
50 A/f42 is passed for 2 or 3 minutes.

After etching the metal parts they are washed in
running water for 15 minutes and then rinsed in 20%
hydrochloric acid followed by a thorough ximwse in wytexn.

The stainless steel metal parts are now nickel plated
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Nickel chloride 240 gnms.,

Hydrochloric acid (Conc) 132 c.c.
Water is added to make one litre of the solution. The metal
part to be plated is made the cathode and with a nickel
anode a current of 150-200 A/ft2 at 6 volts is passed
through the solution for 2-3 minutes. The metal parts are

in a soiution

now washed in running water and they are not allowed to dry
befoge black-plating. The black-plating solution consgists

15
of

Chromic acid (Cr203) 200 gms/1

Ammonium meta-vanadate 20 "

Acetic acid 6.5 ml/1.
The metal part to be coated is made the cathode and the
anode is lead or graphite. A current of 1 A /om® at
12~15 volts is passed through the solution for about
5 minutes followed by a thorough rinse in water. The
temperature of the blackening bath should be from 35-50°C.

This process gives mat-black adherent layers on the

metal parts, which are at present being used in the cascade
image intensifiers.

IIT ZFPhogphor Screens.

Phosphor screens were prepared as described in
chapter II and III. Fig. VI-2E and F show a cascade and
output screen respectively.

IV Antimony Evaporator and Caesium Ampoules.
Sources of antimony and caesium are needed for the
formation of photocathodes.

(A) Antimony Evaporator.
The antimony metal source takes the form of a bead

that can be evaporated to deposit uniform layers of
antimony on the photocathode substrates. The evaporator
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strip is of tantalum metal sheet 1 mm. wide and 0.002/3"
thick with 1 mm. diameter circle of nickel sheet spot-
welded to it, this is necessary because antimony wets nickel
but not the tantalum, so a bead of antimony on the circular
nickel disc forms approximately a point source. The
tantalum strip is surrounded by a nickel shield, to restrict
the direction of evaporation of antimony, and can be heated
by current picked up in a coil by high frequency induction
heater.

The wide angle of evaporation imposed by the geometry
of the tube would give a non-uniform antimony layer on the
surfaces on which cathodes are to be formed if evaporated
from a point source, as the evaporated layer covers a
surface 4 cms. in diameter only 2.5 cms from the evaporating
source. The tantalum strip is located 2.5 mm ingide the
nickel shield, which has a 4 mm diameter aperture. A
2.5 mm diameter disc of a fine nickel mesh, with a shadow
ratio of about 50% is fixed in the centre of this aperture
by sandwiching it between two layers of a coarse tungsten
mesh of low shadow ratio. The nickel mesh obstructs the
evaporation at angles near the perpendicular, thus reducing
the variation in the thickness of evaporated antimony layer.
This nickel mesh is mounted on a flap so that it can easily
be moved aside to allow the evaporator to be loaded. This
is done, after thoroughly degasing the evaporator, by
putting a suitable piece of antimony on tantalum strip and
heating it in argon so that the antimony wets on ta the
nickel.

A tungsten wire filament is incorporated in the
electrical circuit of the evaporator. The thickness of this
filament is arranged so that it glows during evaporation to
provide an indication of the amount of current passing
through the tantalum strip.
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While evaporating the antimony layer on to the photo-
cathode substrate the thickness of antimony layer is
monitored by noting the absorption of transmitted light
through the layer in the case of the primary photocathode
(glass substrate) and by noting the increase in the amount
of reflected light from the mica substrate in the processing
chamber of a cascade image tube. This method of evaporating
antimony could yield antimony layers of unequal thicknesses
on the substrates and would also need separate adjustments
for monitoring the thickness of antimony layer on to the
different substrates. The author suggested a possible way
in which the same amount of antimony could be evaporated
on to all the substrates at the same time. If the nickel
shield in the evaporator described above is provided with
two or three apertures of 4 mm size facing the substrates
in the tube and the antimony bead is fused on to a platinum
coated molybdenum wire and the position of the evaporator
is arranged so that the antimony bead is equidistant from
all the substrates, then at least in theory, equal amounts
of antimony should go to all the substrates. For close
distance evaporation nickel mesh fixtures could be used as
in the case of the previous evaporator. Such a type of
evaporator could also be used for building up the photocathodes
in layers of antimony - Cs - Sb - Cs which has been found
necessary for processing multialkali photocathodes.

In order to test the above idea an antimony bead was
wetted on to an 0.008" platinum coated molybdenum wire and
the shield was made out of stainless steel having two holes
of diameter 4 mm. accurately lined with each other. The
antimony evaporatcr was designed to slide on a railing for
the final adjustment of its position and to provide
electrical contact for evaporation of antimony as electric
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current was used to heat the filament. In the first
experiment one of the nickel meshes was blocked so no
conclusions could be drawn, however, the experiment is being
repeated.

(B) Caesium Ampoule

The caesium metal is contained in a glass ampoule with
a thin glass tail which can be broken off by a magnetically
operated hammer. As caesium metal reacts with air, the

metal must be generated from one of its salts, under vacuun.
The ampoules are prepared by sealing a caesium generator
and a suitable number of the empty ampoules on to a vacuum
system., The caesium generator is a nickel capsule containing
caesium chromate, aluminium powder and tungsten powder in
the proportions 1:1:8 by weight or caesium chromate and.
silicon (1:2), about onc gram of the mixture is allowed for
each ampoule. After evacuation, the caesium is generated
by eddy current heating the nickel capsule. The caesium
salt reacts with aluminium or silicon to liberate caesium
and the tungsten powder acts as a moderator. The caesium
is distilled into the ampoules, which are then sealed off
and stored until they are ready for use.
Fig. VI-2 shows:—

A. Antimony Evaporator.

B. " n (under experiment)

C. Caesium Ampoule.

D. Hammer.

E. Cascade screen.

F., Output phosphor screen.

V Assembling the Tube.
The two parts of an envelope (as described in Section I)

are taken and the metal parts are fixed into their

appropriate positions. In the processing chamber the end-
phosphor holder is fixed in position against the end-plate
of the tube, it holds the output phosphor facing downwards
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and a cascade screen on top of the output phosphor in the
processing position, In a three stage image tube the
second cascade screen is fixed in the flat in the wall of the
tube such that the phosphor side is facing the glass wall.
The photocathode plate is fixed into its position on the
photocathode shelf leaving a small gap through which the
whole tube is pumped by one stem. ZElectrical continuity
between the inside and outside rings is checked gnd the
catch mechanisms are tested with dummy parts.

Now the two parts of the envelope are sealed together
with a silver-chloride seal at the point where the parts
have flat polished ends.

VI ZEvacuation and Processing.

The image tube envelope is sealed on to the pump and
the side arms are sealed on to it. The Cs side arm contains
a caesium ampoule and a hammer. The tube envelope is
pumped very slowly through a fine leak at the beginning so
that the aluminium backing is not pulled away from the
phosphor due to the guick pumping of trapped air in between
the phosphor and the aluminium backing. After about 15 minutes
the full pumping speed is achieved by opening the main
channel (stop-cock) to the backing pump. The glass envelope
is tested for leaks with a Tesla coil, and if no leak is
detected then earbon tetrachloride is sprayed on the tube
and if there is any leak then the Tesla discharge will
assume greenish colour, if there are no leaks then the
colour of the Tesla discharge will not change.

If no leaks are detected in the system then the tube
is given a ghort bake at 150° - 200°C for ome hour to
drive off the water vapour in the system. The tube is
cooled gnd tested for leaks again. If there are no leaks
then the tube is baked. It is desirable to bake the tube
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under vacuum at as high a temperature as possible, as the
outgassing rate increasesg with temperature. The limit is
set by the temperature at which silver-chloride begins to
gsoften and to allow a safety margin the tube is baked at
380°C. The side arms can not be baked to this temperature,
however, as the caesium would react with the glass of the
ampoule and the antimony would tend to evaporate off the
evaporator, Hence, for the vacuum bake the intensifier is
wrapped in electrical heating tape. The tube and side arms
are surrounded by an oven. The oven is heated to 250°C and
the body of the tube at about 370° - 380°C by the increased
local heating of the heater tape. The temperature of the
tube body is maintained constant during baking by a thermostat,
and the oven temperature is regulated by feeding the heating
elements through a variable transformer. The temperature is
raised slowly so that the pressure does not rise above
5 X 1077 mn.Hg because it has been found to give better
results. The tube is generally baked overnight ( .~-16 hours).

The tube ig cooled next day and generally the pressure
is good indication whether the tube 1s leak-tight or not.
When hot the pressure ranges from 107% 1o (4-9) x 10 Tmm He
after the first night bake and when cold the pressure falls
to 1-2 x 107/ mm.Hg. When the tube is cold then aquadag is
applied to the silverchloride layers covering the platinun
tape seals and also t0 the silver chloride seal made to
join the two parts of the envelope. This is to exclude
light which can destroy the AgCl and hence the efficiency
of the seal. The getter attached to the photocathode shelf
ig degassed by meang of an eddy-current heater keeping the
getter at dull red heat until the pressure does not rise
above 107° mm.Hg .

The tube is "spot-knocked" now by earthing one ring
on the tube and applying Tesla coil to the next one, this
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process knocks off any sharp loose material from the rings
and thus minimizes any potential source of field emigsion.
The getter is again degassed and the tube is again baked
at 380°C tape temperature and 250°C oven temperature over-
night ( ~— 16 hours).

After this bake the pressure generally falils to
(2-4) x 1077 mm.Hg when the tube is hot and as it is cooled
the pressure falls to 6-8 x 10_8 mm.Hg. After cooling the
tube Gevaclsgia vacuum sealing liquid}is applied to the
platinum tape seals and to the silver chloride seal as a
precautionary measure against a very minute leak. Gevac
is cured by baking the tube at 200°¢ for ome hour, a shorter
bake at 250°C would also cure it. The tube is cooled down
and the getter is degassed.

The photocathode plate is dropped by operating the
magnetic catch to seal off effectively the two compartments
from each other and thus form a caesium tight seal between
the processing chamber and the main body of the tube. Now
the caesium ampoule is broken with the hammer and caesium
is driven along the gside arm by gentle heating. The part
of the side arm containing broken ampoule and the hammer is
sealed off.

Some of the caesium is driven into the processing
chamber and the chamber is heated to 160 - 175°C for % an
hour so that the caesium is pumped away. This process the
so called "precaesiation" has been found to give better
photocathodes and presumably caesium reacts with any
contaminants on the photocathode surfaces and thus renders
them less harmful to the photocathode surfaces eventually
made on to them. The processing compartment is cooled down
to room temperature and left for about 15 minutes to allow the
inside of the tube to assume room temperature.
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The antimony evaporator is tested in the side arm and
then magnetically pulled into posgition for evaporation on
to the photocathode surfaces. The layer of antimony on the
photocathode plate is monitored by transmitted light and is
such as to absorb 20% of the light passing through it
measured by tungsten light and a photovaltaic cell. The
antimony layers on the cascade screen are monitored by
reflected light. The antimony is evaporated until an .
increase of 20% in the amount of reflected light is obtained,
the light being incident on the surface of the layer at an
angle of 45°. Catchpoleﬂ'3 claims that this layer corresponds
to a layer absorbing 20% of transmitted light. The antimony
thickness and photosensitivity was monitored by a monitor
assembled by G.E. Busby and the monitor is described in
Appendix I.

An electrical contact is made to the processing shelf,
and then the processing compartment of the tube is wrapped
with heating tape to form an oven for processing the
photocathode. The caesium side arm is fitted with an.ichrome
wire heating coil, and well lagged. The antimony evaporator
is used as a processing anode, connection to it being made
via a platinum tape sealed through the wall of the side aim.
Later on in the work a glass oven designed by R.W. Airey
was used for processing the tubes. The photosensitivity of
only the primary photocathode was monitored during
processing but the sensitivity of the remaining photocathodes
should be similar to the primary photocathode.

To start the activation of the photocathodes, the
temperature of the processing chamber is raised to 165-170°C
and maintained constant by a thermostat; after 15 minutes
at this temperature, the caesium side arm is slowly heated
and caesium vapour begins to diffuse into the tube. The
temperature of the side arm is increased until maximum
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photosensitivity is achieved and the caesium vapour is
stopped when photosensitivity begins to rall. The piocessing
chamber is cooled down to 150°C and the above process 1is
repeated, the same process is again repeated at 130°C and
now the processing chamber is cooled to room temperature.

The addition of caesium at three different temperatures
ensureg that the antimony layers are thoroughly saturated
with caesium.

Now the caesium side arm is sealed off, the gntimony
evaporator is pulled back and antimony side arm is collapsed
to make a constriction near the tube body. The getter is
heated to dull-red for a few seconds and tube is pumped for
another 10 minutes before final seal off at the constriction
made in the antimony side arm. The photocathode plate and
cascade screens are transferred in turn to their working
positions. The photosensitivity is checked and the tube is
mounted in a Perspex cradle for testing. Fig. VI-3 shows
a three-stage and two-gstage tubes ready for mounting.
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CHAPTER VII The Performance of Cascade Tmage
Intensifiers.

I Mounting of the tube.
The completed tube is mounted in a Perspex cradle which
is designed to support the tube axially in the magnetic

focusing solenoid. The electrical comnections to the
metallized rings were made by thin stainless steel bands,
clipped into position round the tube by rubber bands. Nickel
tags were spot-welded to the stainless steel bands to enable
resistors to be soldered in position. It was found that the
silver chloride on the tapes and the silver chloride seal
reacted chemically with stainless stecl in the laboratory
atmosphere. Thus damaging the silver chloride seal, in at
least one tube. The stainless steel bands were replaced by
copper bands, which worked successfully except occasionally
the rubber bands would break under tension and hence the
copper band no longer made contact to the metallized ring.

In order to remedy this defect contacts were soldered
on to Johnson Mathey silver paste type x-353 which had been
previously applied on every metallized ring during the
preparation of the tube envelope. All the resistors are
mounted on a Perspex rectangular sheet and connected to the
metallized rings by soldered copper wire. These hold the
potentials of intermediate accelerating rings at the correct
values relative to the multiplying screens. Well insulated
leads are comnected to these multiplying screens and to the
output phosphor screen . The leads are taken to an external
potential divider which is adjustable to enable the potential
on each stage to be adjusted to éive optimum focusing
conditions.

The tube is now placed in a solenoid and the accelerating
potential is gradually applied. If the tube is found to be
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working satisfactorily then it is painted with black paint
to minimize optical feed-back and encapsuiated in colid
setting silicone rubber to reduce corona discharges. The
tube is then ready for more accurate tests.

IT Measuvurement of Resolution.

The resolution of the intensifiers is observed visually
by projecting an optical test pattern on the primary
photocathode with the help of a Baum projector128. The
interstage potentials on the tube and the focusing magnetic
field are adjusted in turn to yield maximum resolution on
the output phosphor screen, this being observed by a
suitable microscope. The resolution figures guoted here
are those which were visually discernable.

The visibility of fringes has been defined by
160

Michelson as:— I - T
max min
vV =
Imax + Imin

Applying Rayleigh's criterion of resolution two lines would
be discernable if the minimum is 80% of the intensity at the
maximum, therefore,

Inax = 100, Iy, =80
100-80

Ve — —~11%
100+80

So two lines should be discermable if they have a
contrast difference of 11%. However, the human eye can
detect contrast differences of 3% after dark adaptation.
This minimum detectable contrast difference will increase if
the tube has some spurious background luminosity so the
resolution figures quoted here are at about 10% contrast
difference.

The resolution of two or three stage tubes can be
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calculated if the contributions to the width of confusion
arising from different factors are known. Let
d; be the width of confusion due to the spread in the

initial energies and velocities of the photo-electrons.
do be the width of confusion due to the spread of image in

the mica disc.
d3 be the width of confusion due to the phosphor.
Then the total width of confusion 4 will be

d2 = dlz + d22 + d32
The contributions to the width of confusion were
digcussged in chapter IV and the following values were
agreed upon.
dl = 5 microns
d2 = 3.33 microns for a 4 microns thick mica.
The value of d3 was calculated from the results of
single stage image tubes, which gives a resolution of
55 1p/mm using a settled EMI type 214 phosphor screen having
a thickness of 1 mg/cm2 and a floated aluminium backing.,
In a single stage tube
a® = a%+a’?

L 3 1000
Substituting the values of d; and 4 = 55 <18 microns

(18)2 = 25 + d32

2
d3 — 300
In a two-stage tube, there are two photocathodes, one
cascade screen on mica and two phosphor screensg, so the

total width of confusion will be

2 _ 2 2
a = 2dl 5 + 2d3

d. el 2506
Resolution .-~ 39 1p/mm.
A resolution of about 40 1p/mm was visually observed

+ d 2
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in a two stage tube employing settled phosphor screens of
1 mg/om2 in thickness, having floated aluminium backing.

If gimilar calculations are made for a three-stage
cascade tube employing similar screens then the resolution
should be ,~— 31 1lp/mm. Experimentally a resolution of
25 1p/mm has been observed in a three-stage cascade tube
employing similar screens, which is in fair agreement with
the calculated values.

The resolution in three-stage cascade tubes using
2 mg em™° thick settled screcns of G.E. phosphor on 7-10
microns thick mics substrates was 12-15 1lp/mm. Some increase
in resolution was noticed by decreasing the thickness of the
mica substrates to 5 microns and the resolution figure was
18 1p/mm. This suggested that a greater improvement could
be achieved by using fine grain phosphors, so EMI type 214
phosphor was used to prepare phosphor screens. The image
resolution of three-stage tubes using 1 mg em™2 thick setbled
screens on 4 microns thick mica was 20-25 lp/mm. Later on,
electrophorized phosphor screens were used having a thickness
of 0.7 mg/cm2 on 4 microns thick mica substrates and an
image resolution of 35 1lp/mm was achieved. Considerable
improvement in image resolution can be achieved by using
Derby Luminescents A/259 phosphor having a thickness of
0.4 mg/cm2 on 4 microns mica and there is a possibility of
achieving an image resolution of 50 1lp/mm in a three-stage
device.

Two-stage cascade tubes were made to determine the
limiting resolution in a two-stage device by varying different
parameters. The results are summarized here: A two-stage
tube with EMI type 214 settled screens (1 mg/cmz) on
4 microns thick mica, having floated aluminium backins gave
a visually limiting resolution of 40 1p/mm.
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From our previous experiments we knew that a phosphor
screen with a conventional aluminium backing has a higher
resolution than a similar screen with a floated backing
(80 1p/mm and 60 1lp/mm respectively see chapter V). A
phosphor screen on 4 microns thick mica and a phosphor
screen on glass were prepared by sedimentation process using
EMI type 214 phosphor. The thickness of the screens was
1 mg/cm2 and these were aluminized by conventional aluminium
backing technique. A two-stage cascade tube was made by
using the above screens. No substantial increase in
resolution could be observed and the image resolution was
~ 43 1p/mm which is a little better than the previous case.

Electrophorized phosphor screens with floated aluminium
backings were also used in two-stage tubes. The thickness

2 on 4 microns thick mica

of the screens was 0.7 nmg cm™
substrate, a resolution of 50 1p/mm was achieved. Another
two-stage tube was made having a cascade screen on 4 microns
thick mica and having a thickness of 0.67 ug em™?
EMI type 214 phosphor and the output screen was prepared from
Derby Luminescents phosphor having a thickness of 0.4 mg/cm2
and the resolution of the tube was 55 lp/mm. One two-stage
tube was made employing Derby Luminescents A/259 phosphor.
The thickness of the screens was 0.4 mg/'cm2 and the thickness
of mica was 3.5 microns. The image resolution obtained in
this tube was 65 lp/mm. This resolution scems to be a
limiting resolution with present techniques. The resolution
can further be improved by decreasing the thickness of mica
supports and by using evaporated phosphor screens. It may
be mentioned that the resolution above 50 lp/mm has been
achieved at the expense of the light gain of the tube,

The resolution figures quoted above have been observed
in the middle of the output phosphor screen and the
resolution falls as the distance from the centre increases.

from
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Pig. VII-1 shows a graph between distance from the centre
and resolution. The curves "A" and "B" and "C" show the
change in resolution with the distance from the centre of
the screen for three two-stage cascade tubes keeping the
magnetic field constant to give maxirum resolution in the
centre of the output phosphor screen. Curve "D" represents
the change of resolution with the distance from the centre
of the phosphor screen by adjusting the magnetic field at
all the places of observation. This suggests that with a
more uvwniform magnhetic field the change in resolution over
the whole grea of the screen can be minimized.

III Blue light Gain.

The gain of the tube for blue light is measured by
arranging a projector to give a small patch of light on the
primary photocathode of the tube., The light from the
projector passes through a Wratten 478 filter, the trans-
mitted light has nearly the same spectral distribution as
that of the emisgsion from P-11 phosphor. The intensity of
the incident light is adjusted to give a current of 0.04 . A
when incident on a photo—voltaic cell. The same photovoltaic
cell is placed against the output end window of the tube,

and the accelerating potential on the intensifier is slowly
increased until a current of 0.2 ,A{A is obtained from the
photovoltaic cell. The input light intensity is reduced
until the photovoltaic cell current is again 0.04 A{A and
potential on the tube is increased to return it to 0.2 {4A.
The gain of the tube is thus increased in steps of five as
often as necessary, the gain of the tube and the applied
potential being noted at each step.

For gain measurements the output phosphor is run at
earth potential, negative potential being applied to the
cathode. For normal operation the input photocathode is
earthed and positive E. H. T. is applied to the output
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phosphor screen. Fig. VII-2 shows the blue light gain of
three-stage cascade tubes 28-29. These curves are corrected
to allow for the limited fraction of the total light output
from the phosphor scrcecen which is collected by the photo-
voltaic cell. A correction factor of 1.7 was determined by
running a tube and plotting the photovoltaic cell output

as a function of the distance from the cell surface to the
phosphor surface. Extrapolating to zero distance gave an
increase of output of 1.7 times than that obtained in the
normal position.

The blue light gain of a two-stage or three-stage
cascade image tubes ¢an be calculated. Assuming a gquantum
efficiency of the Sb:Cs photocathode as 10% and the
cathodoluminescence efficiency of the ZnS:Ag (P-11) phosphor
to be ,— 20%, then the blue light gain in a single stage
operating at 15 kev should be " 115. This is the maximum
attainable gain under the above conditions. In practice
only a stage gain of 65 was obtained. There is indirect
evidence that the cathodoluminescence efficiency of the
phosphor screens -— 20% (Ref. chapter V) so the smaller
stage gain is due to poor photocathodes which, in fact,
was the case.

IV Background

The background of an image tube, or the brightness of
the output phosphor screen with no input light, is measured
with a photomultiplier. A Perspex light-pipe separates the
output screen from the photomultiplier by a fixed distance.
The output current of the photomultiplier is noted as the
accelerating potential on the image tube is increased. ‘A
typical background measurement of a three-stage tube is
shown in Fig. VII-3. In a two-stage tube having a blue
light gain of 1500 at 30 k¥, the background current was
0.05 A4 A/cem as measured with a photomultiplier. A current
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of 1A/A corresponds approximately to an output screen
brightness of 10™% foot-lamberts.

On visual observation the background of a three-stage
cascade tube seems to consist of:

(1) True electron scintillations which arise from the fact
that some thermal electrons are emitted from the primary
photocathiode, and the light due to them on the first cascade
screen is amplified by the remaining two stages of the tube
to make them visible as single dots on the output screen.
Some of these electrons may also be genuine photo-electrons
emitted by the primary photocathode due to light leakage

or intermal or external corona discharge light.

(ii) Bright scintillations which are much brighter than the
electron scintillations mentioned in (i)

The origin of the bright scintillations is due to the
emission of groups of electrons from points on the photo-
cathode. The electrons in each of these groups are
probably libcrated by the impact of positive ions on the
photocathode. These liberated electruns are focused, by
the existing fields in the tube, on the first cascade screen
and the output is amplified to give a very bright
scintillation at the output screen. It is very difficult
to gpecify the source of these prositive 1ons, however, the
following are the possible sources.

(a) Ionisation of the residual gas.

An electron, may collide with and ionize an atom or
a molecule of the residual gas, during its journey to the
phosphor screen., This ion would then travel towards the
photocathode and produce a bunch of electrons which are
focused on a point on the phosphor screen, amplified by
the later two stages, give rise to a bright scintillation.

The chance of the occurrence of the above process is
extremely small: firstly the vacuum in the image tube is
very good ,w'lO"7 mmHg and the free path of an electron
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at such a pressure ig -. 50 km while the length of the cascade
tube is only 30 cm., secondly caesium on the photocathode

can act as a getter for the residual gasses and thirdly an
aluminiun-zirconium getter is used in the tube to absorb the
residual gases. So it can be concluded that the residual
gas 1s not a serious source of the positive ioms.

(b) Caesium Ionsg.

The presence of free caegium atoms may be a source of
positive ions. The excess caegium on the Sb:Cs photocathode
may detach itself and may get adsorbed on the glass walls or
the metal parts, from where it could be detached due to
field desorption,

Mogst probably some of the caesium gets into the working
part of the tube during processing of the photocathodes
because the barrier between the processing chamber and the
main part of the tube is not really fully effective. If
some system is evolved so that the caesium can be completely
excluded from the main part then it will probably minimize
the bright scintillations.

(iii) A gteady glow of the output phosphor screen which
seems to be the luminescence due to electron impact on
phosphor screens. These electrons are unable to show
themselves as electron scintillations on the cutput phosphor
gcrcen becaunge of insufficient amplification of light due to
them. These electrons can be thermal electrons from the
first and second cascade photocathodes and the field-emitted
electrons from sharp points on the metal parts or metallized
rings, and in order to minimize this effect the metallized
rings on the inside of the tube wall have been eliminated
altogether with the exception of a small platinum paste
patch which provides an electrical contact to the outside
ring through a platinum tape sealed in the glass wall.
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(IV) Some darker patches or points on the culbput screen
which may be due to the contamination of the phosphor

screen.

V General Aspects of Performance.

The geometry of the reproduced image is shown in
FPig. VII-4 a and b showing the images of a straight line and
circular distortion tegt patterns. There is some S-distortion
which becomes more noticeable near the edges.

Fig. VII-4c shows a photomicrograph of the limiting
resolution of a two-stage cascade tube, it can be seen from

the photograph that the resolution is .= 55 1p/mm,
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CHAPTER VIII Conclusions.
Very thin phosphor screens have been prepared by the

sedimentation and electrophoretic processes for the use in
cascade image intemnsifiers. The cathodoluminescence energy
conversion efficiency of such screens is of the order of
20% and an image resolution better than 120 lp/mm.

An optical technique of measuring image resolution of
the unbacked screens has been developed and the results are
in fair agreement with the theory proposed.

The technique of the application of "floated backings"
has been developed, and all the screens used in the cascade
image intensifiers were aluminized by this process. An
electron~optical technique for the measurement of the
resolution of backed phosphor screcns has been devcloped to
give the image resolution of the screens in lp/mm.

Cascade screens have been prepared on very thin mica
substrates (3-4 microns thick) and used in image intensifiers.
The thickness of the mica substrates can not be further
reduced due to the non-availability of thinner mica discs,
but with the present techniques it should be possible to
prepare cascade screens on mica discs of a thickness of
1l or 2 microns, which should result in considerable
enhancement of the image resolution. A cascade screen is
shown in the figure VIII-1.

Two-stage and three-stage cascade image intensifiers
have been prepared and the data on some tubes is presented
in table I. The applications of the cascade tubes have
been outlined by Davis39 and Catchpole43. The cascade image
intensifiers, with their present performance, can be used
for astronomical research and in the field of "field ion
microscopy".
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TABLE 1
Sensitivity Phosphor (P-11) Thickness Process of Thickness Blue light Resolution Remarks.
of Type and of the Screen of mica Gain of lp/mm
Photocathodes Particle Size Screens Formation Substrates the Tube.
1 2 3 (microns) mg/cm? (microns)

3~ STAGE CASCADE TMAGE TUBES.

a4 - - ¢.E (3-5) 2 Settling 7 8 40,000 16 Background was rather
hight
20 - - ~do- 2 n 5 5 100,000 15 A good tube,
24 - - EMI type 214
(~-1) 1 n 4.5 5 370,000 20 ~do-
28 ~do—- 1 n 4 4 230,000 22 ~3.0-
44 48 50 ~3.0~ 0.7 Electrophoresis 4 1,500,000 25 ~d0—
30 35 40 -0~ 0.75 " 4 300,000 33 ~G.0-
25 Y P Dan type A/259
(~1) 0.4 n 3.5 3.5  — 50 The gain could not be

measured due to the
instability of the
tubeo

TWO-STAGE CASCADE IMAGE TUBES.

15 +0s X EMI type 214

. (~1) 1 Settling 4 1,500 40
30 - x ~do- 0.7 Blectrophoresis 4 4,000 50
25 28 x -do- 0.5 —-do- 3.5 2,000 55

20 22 x  D.L. type 4/259
(—1) 0.4 -do- 3¢5 1,000 65
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