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Chapter 1

Introduction
In the context of this thesis, Cathode-Ray Tubes (CRTs) are display devices. At present
the CRT is by far the most used electronic display. It is used for entertainment in TV
sets, and professionally in computer monitors. Although the CRT for computer monitors
is being challenged by Liquid Crystal Displays (LCDs), it excels in photographic image
quality, image motion representation and costs. The CRT is expected to remain,
especially for TV applications, the major display device for the next 10 years. CRTs are
still studied extensively in order to improve the picture performance under daylight
conditions, to allow flatter faced screens, to reduce their depth and to reduce cost.
The need to minimise cost gives a permanent drive to reduce the number of components
in the CRT and to maximise the functionality of the components that are used.
However, extra components are not a-priori forbidden; they can be used when their
contribution to performance adds more value than cost to the CRT.
The purpose of this thesis is to describe innovative use of magnetic quadrupoles in
CRTs. These applications are:
• As a design tool
• For improving the spot shape of the deflected electron beam
• To allow the shadow-mask to be more curved than the screen
• To reduce the external stray fields of a deflection unit
In the remainder of this chapter the principle of the CRT will be explained, as well as the
traditional role of magnetic quadrupoles in their design. Finally the organisation of this
thesis is given.

1.1

The cathode-ray tube

In CRTs an electron beam is generated and accelerated by means of an electron gun.
Then the beam passes through a region where only a magnetic field, generated by a
deflection coil, is present for the purpose of deflection. At the screen, the beam hits
phosphor, which turns the energy of the beam into light. In CRTs for TVs and monitors
the deflection of the beam(s) is done by magnetic fields because of large deflection
angles of 45° or more. This is contrary to oscillograph tubes that use electric fields for
deflection because of fast response requirements and small deflection angles. A drawing
of a single beam CRT with magnetic deflection is given in Fig. 1.1. An exploded view of
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a deflection unit is given in Fig. 1.2. The magnetic fields take care that the electron
beam(s) scan the screen similar to the way lines are written in a book. Therefore, the
coils that are responsible for the horizontal deflection are called line-coils. The coils that
are responsible for vertical deflection are called frame-coils.

Fig. 1.1: A single beam CRT using magnetic deflection.

Fig. 1.2: Exploded view of a deflection unit
This way of scanning is called raster-scan, and an image is then determined by the
intensity of the beam as a function of time. The frequency of the line deflection current
is much higher than the frequency of the frame deflection current. The ratio between the
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line deflection frequency and the frame deflection frequency depends on the number of
scan lines per frame.
Another way of scanning, one that has been used for radar displays, is "random scan"
where the text and drawings are drawn as if the display really holds a pen. This way of
scanning gives an extremely smooth character representation, but is very complex and
cannot be used when every area of the screen has to be addressed as is the case when
photographic images are to be displayed. Therefore raster scan has become the standard
way of scanning.
A single beam CRT is used for "Black & White" television sets, monitors for medical
applications and has been used for "monochrome" computer terminals. While single
beam CRTs are primarily used for monochrome images, they can also be used for
creating colour images, albeit in a complex way as will be shown in the next three
examples.
1. The most common example, mostly popular in the USA and China, is the projection
television set. In such a set three single beam tubes (with respectively a green, red
and blue phosphor) are used. The images of these three tubes are projected on a
screen, where they (supposedly) coincide with each other. This is in fact the only
sensible way to create images with a diameter of 1 m or more with CRTs.
2. Another way to create colour images with a one beam CRT is to use a so called
"penetration phosphor", of which the colour varies with the energy of the electrons
that hit the phosphor, so with the anode voltage that is applied to the CRT [1]. For a
display that must have three primary colours this is not a practical solution however.
3. Yet another way to create a colour image with a single beam CRT is to divide the
screen in many different areas, using alternately red green and blue light emitting
phosphors. An example of such a screen structure is given in Fig. 1.3.
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g

Fig. 1.3: A screen structure with alternately red, green and blue light emitting phosphors.
Indicated is also an electron spot that has to be small enough to fit within one colour line.
The area between the phosphors is made black in order to reduce the diffuse reflection of
the screen.
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This requires a spot size that is small enough to be able to hit one colour only and
requires a kind of index system to give information about the exact position of the beam.
CRTs that operate according to this principle are called "index tubes". Many companies
have set their teeth into this concept, but such a system is so complex that at present it
can not compete with the so called shadow-mask tube.

1.1.1 The shadow-mask CRT
The shadow-mask tube also has a screen that is divided into sections with alternately red,
green and blue light emitting phosphors. But now three beams are used and a shadowmask, which takes care that each beam can only reach it's own phosphor dots. This
concept, which was first described by W. Flechsig [2] in 1938 and pioneered by RCA[3],
has become the main stream in colour CRTs. As shown in Fig. 1.4, the size of the
electron spot has no influence on the colour reproduction. Furthermore, there is no need
to know exactly where the beams are to get the right colour reproduction. So the spot
requirements are less stringent and the application is much simpler than in case of an
"index tube", the extra costs are mainly in the shadow-mask. Disadvantage of the
shadow-mask concept is that almost 80% of the electrons is not used to generate light.
For an electron gun, the generation of three beams, typically spaced 5.5 mm apart,
instead of one only requires two extra cathodes.
In principle all CRT manufacturers apply the shadow-mask principle, but the practical
mechanical embodiments differ. From a mechanical point of view the mask is relatively
weak, showing three problem areas:
1) The mask may buckle when the tube is dropped. A so-called "drop test" exists to
quantify the mechanical rigidity of the mask.
2) The mask may deform when heated by the current of the electron beams; this is
called doming, and results in discoloration of the image.
3) The mask may vibrate due to the sound produced by the loudspeakers in the TV set;
this is called microphony, and results in temporal luminance variations.
These problems become more significant when the mask becomes more flat. We will
come back to these effects in Chapter 5, where we will see how electron optics is used to
overcome these mechanical difficulties.
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Fig. 1.4: The principle of colour selection by means of a shadow-mask.
The use of three beams and a shadow-mask is an elegant solution for colour
reproduction, it does however create an additional challenge. This is that the three
electron beams must converge on the screen (not on the shadow-mask1) for all positions
on the screen.
In the early days of colour television, four additional local dipole fields were used, on
top of the main deflection, to converge the beams. These additional dipole fields were
generated outside of the neck of the CRT and then led to the three beams by means of
pole shoes. That was however an expensive solution because of the additional coils, but
most of all because of the complex electronic circuits that were required to drive these
coils.

1.1.2 "Self-convergence" in shadow-mask CRTs
When the three beams converge well and are focussed at the centre of the screen, they
will no longer be converged, as shown in Fig. 1.5, nor be in focus when they are
deflected by a magnetic field that is as uniform as possible. Such a field is referred to as
a "dipole field". The focussing effects of the dipole field, which will be explained by a
lens model in chapter 2, and the increased lengths of the paths to the screen cause this.

1

By converging the beams on the screen, we avoid that sharp vertical white lines always
(no matter where they are written on the screen) have a red edge on their left (see
Fig. 1.4) and a blue edge on their right.
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Fig. 1.5: Convergence errors of the beams, when deflected by a dipole field.
Nowadays, so-called "self-converging" deflection fields are used, according to a
principle described already in 1957 [4], which requires that the three beams are located
side by side in one plane. Usually the three beams are located horizontally side by side.
The deflection unit design aims at so much non-uniformity of the field that the three
beams do not cross each other before they reach the screen, but when they reach the
screen. Fig. 1.6 shows, as an example, for a given section of the deflection unit and a
given deflection current, how the horizontally deflecting field varies with the horizontal
position (without vertical deflection). Also indicated are the locations, due to deflection
by the field preceding the present section, of the three beams in that section and for that
deflection current. The non-uniformity of the field results in a different deflection for the
three beams. By controlling the exact shape of the field, self-convergence can be
obtained for every point on the horizontal axis of the screen.
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Fig. 1.6: The beams are forced out of each other by a magnetic field that increases in
amplitude towards the sides of the deflection unit. This mechanism requires predeflection the three beams by the preceding sections of the deflection unit.
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The shape of the field is controlled by the winding distribution of the coils of the
deflection unit. The winding distribution can, for each x-y cross section, be described in
multipoles, as illustrated in Fig. 1.7.

Fig. 1.7: An x y cross section of a line coil can be decomposed into a dipole and sixpole
winding distribution. Higher harmonics are not shown here. A four pole component is
not present in the deflection field itself, for reasons of symmetry.
It is mainly the six-pole component of the winding distribution of the line coil that is
used to make the beams converge at horizontal deflection. Looking at the field lines at
the right side of the six-pole field component, the field lines are similar to those of a
normal quadrupole as drawn in Fig. 1.8, which explains why the six-pole field
component forces the beams out of each other. When looking at the left side, one has to
recognize that beams will only be at the left side when the current through the line coil
has changed sign, and thereby the direction of the field. Then also at the left side the
field lines look like the field lines of the normal quadrupole of Fig. 1.8. An important
effect occurs while deflecting towards the corners of the screen. There the field lines of
the six-pole field component look like the field lines of the skew quadrupole shown in
Fig. 1.9. This means that in the corners of the screen the six-pole component of the
deflection field influences the vertical dimension of the convergence of the beams. In a
similar way self-convergence can be obtained on the vertical axis of the screen by means
of the six-pole component of the winding distribution of the frame coil. The frame coil
six-pole component also influences the vertical dimension of the convergence of the
beams in the corner of the screen but in the opposite direction. Having obtained selfconvergence on the horizontal and vertical axes of the screen does not guarantee that
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self-convergence is also obtained in the corners of the screen. That depends on the
lengths of the deflection fields, because the focussing effects of the dipole fields depend
on the lengths of the fields as will be shown in chapter 2, and the location of the
deflection points of the line and frame coils relative to each other [5, 6, 7, 8]. Presently,
sophisticated CAD tools [9, 10] assist the designer of a deflection unit. So ideally, a
deflection unit can be designed that does not need a separate quadrupole. Nevertheless,
quadrupoles are sometimes used in deflection units, and those uses will be explained
next.

1.2

Conventional use of Quadrupoles

Although the principle of self convergence is nowadays well understood, sometimes
additional quadrupole field generating coils, having their own connection wires, are
present. The next section describes this quadrupole field and its most common functions,
while the rest of the thesis deals with innovative other functions for quadrupoles
(introduced in section 1.3).
The magnetic field of a normal (45°) quadrupole and its effect on the three electron
beams of a colour CRT, in which the beams are located horizontally side by side, is
shown in Fig. 1.8. The beams can be forced out of each other or towards each other in a
horizontal plane. Therefore, the 45° quadrupole is also called an X quadrupole (4px).

Fig. 1.8: The field of a normal (45°) quadrupole and its effect on the three beams.
Because of its horizontal effect it is also called an X quadrupole (4px).
Fig. 1.9 shows a skew (90°) quadrupole and its effect on the three electron beams. The
beams are forced out of, or towards, each other in a vertical direction. Therefore the
skew (90°) quadrupole is also called a Y quadrupole (4py).
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Fig. 1.9: The field of a skew 90° quadrupole and its effect on the three beams. Because
of its vertical effect it is also called a Y quadrupole (4py).
Most commonly found is the 4px quadrupole. As mentioned in the previous section,
perfect self-convergence can be obtained when the lengths and centres of the line and
frame deflection fields can be chosen properly. However it may happen that for practical
reasons, like deflection sensitivity or available winding technology, the lengths and
centres of the line and frame coils cannot be chosen freely. Then it may not be possible
to obtain sufficient convergence on the axes of the screen and simultaneously in the
corners of the screen2. In those situations it is possible to design a deflection unit with a
convergence pattern as shown in Fig. 1.10, and correct that pattern by means of a 4px
quadrupole.

2

This problem is called a trilemma problem. The word trilemma is a modification of the
word dilemma, and indicates that the designer has to divide the remaining errors over
three areas: the line axis, the frame axis and the corners.
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blue
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Fig. 1.10: When an attempt is made to write five white vertical lines on the screen, the
lines may split up in separate red green and blue lines at the top and bottom of the screen
as shown. This convergence error pattern is sometimes the best obtainable result due to
an improper length of the deflection fields, but it can be eliminated by means of a 4px
quadrupole.
The quadrupole current needed can be obtained squaring, a fraction of, the frame
deflection current, creating a current that has the same sign at the bottom and top of the
screen. Such a current shape is called a frame parabola current. The use of the frame
deflection current as a basis for generating quadrupole signals is much more favourable
than the use of the line deflection current as a basis, because the frequency of the line
deflection is much higher than the frequency of the frame deflection.
Another use for a 4px quadrupole is to compensate alignment errors in the CRT. When
the deflection unit is mounted on a tube, it can be tilted horizontally as well as vertically.
While tilting the deflection unit, both convergence errors as well as scan raster
distortions can be minimised but usually both do not reach their optimum performances
for the same tilt values. A typical remaining convergence error pattern is shown in
Fig. 1.11.
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Fig. 1.11: When an attempt is made to write five white vertical lines on the screen, the
lines may split up in separate red, green and blue lines at the top and bottom of the
screen as shown. This convergence error pattern arises from a vertical CRT alignment
error, but it can relatively easily be corrected by means of a 4px quadrupole.
Feeding a fraction of the frame deflection current also through the 4px quadrupole can
eliminate this error pattern, leading to a correction with opposite signs at top and bottom
of the screen.
Magnetic quadrupoles can also be used in a more elaborate way to eliminate
convergence errors, by driving them from a special electronic circuit which allows a fine
tuning at 25 or more screen positions [11] using digital techniques. But this technique is
rarely used because of the cost and the acceptable quality that can already be obtained
without it.
Aside of convergence correction in three-beam CRTs, there is also use for quadrupoles
in single beam CRTs. In fact this is the oldest use of magnetic quadrupoles in CRTs, but
presently the least used. There they are used to optimise the spot of the single deflected
beam. That is however expensive because some of the quadrupole currents have to be
derived from the high-frequent line-deflection current. Therefore this application is only
found in medical monitors [12] and radar displays. For mass production monitors, like
computer monitors, the task has always been to design the deflection field and the
electron gun such that quadrupoles are not needed. In chapter 3 of this theses the use of
(mathematical) quadrupoles as a design tool is introduced. By means of this design tool
it is possible to eliminate at least one of the two magnetic quadrupoles in monochrome
monitors.
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1.3

Content of this thesis

This thesis describes innovative uses of magnetic quadrupoles in CRTs. To a large
extend, these uses are directed towards reduction of the spot sizes of the electron beams,
in particular the sizes of the spots of deflected beams. To achieve an efficient use of
quadrupoles, it is important to understand the mechanisms that are responsible for the
distortion of the deflected electron beams. Therefore chapter 2 presents a lens model that
describes the focussing effects that occur when an electron beam is deflected by the most
uniform field that can be made with a deflection unit. Characteristic for a deflection unit
for CRTs is that it can deflect the beams in two, mutual perpendicular, directions. As a
result the focussing effects of a deflection unit with the best possible uniform field are a
shade different from those of sector magnets in beam transport systems.
Another tool that is needed to design a deflection unit efficiently, while taking spot
properties into account, is an efficient quantitative characterisation of the deformation of
an electron beam. This characterisation, which is described in chapter 3, starts with a
matrix that describes the transport of a beam through the deflection system. From this
matrix, which is called a spot matrix and is valid for one beam at one location on the
screen, it is directly calculated what quadrupoles are needed to create a stigmatic beam.
Next the size and shape of the spot of that beam is calculated, relative to the size and
shape of spot of the non-deflected beam. Characteristic of the used method is that it can
handle a complex coupling between horizontal and vertical motions of electrons.
Provided with a model of the lens actions of the deflection field and an efficient tool to
characterise the deformation of an electron beam due to deflection, chapter 4 presents
two methods, using magnetic quadrupoles, for improving the spots of the deflected
beams. In the first approach a single quadrupole is added, of which the strength varies
with deflection. By combining this quadrupole with an adapted deflection field, a
situation is created in which the beams converge everywhere on the screen but have less
elliptical spots than in a normal self-converging deflection system. The strength of this
system, named "DAF-Q", is that only one quadrupole is needed to improve the shape of
the deflected spot, without needing a second quadrupole to maintain stigmatism of the
deflected beams. Another feature of this system is that it reduces the voltage that the
electron gun needs to focus the deflected beams. This makes this system in particular
attractive for CRTs with deflection angles of 120° or more [13].
Another system, also described in chapter 4, is purely aimed at reduction of the voltage
that is needed to focus the deflected beams. It uses two magnetic quadrupoles instead of
one, but their strengths are independent of deflection. This is a big advantage because it
is very difficult to change the strength of a quadrupole as a function of the horizontal
deflection reliably. This is caused by the height of the line deflection frequency.
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The quadrupoles that were originally designed to reduce the voltage that is needed to
focus the deflected beams, found their way to the living rooms of the customers for a
completely different purpose. Chapter 5 describes how a different use is made of the
mechanism, given in chapter 4, that quadrupoles can be used to influence the mutual
angle between the beams under which they reach the screen and shadow-mask. By
changing the mutual angle between the beams as a function of deflection, the mask to
screen distance also has to change as a function of deflection. This makes it possible to
create a CRT with a screen that is flat on the outside, almost flat on the inside, but with a
curved shadow-mask. This is important, because some curvature is needed to give the
shadow-mask sufficient mechanical rigidity. In this application the current through the
quadrupoles does depend on the deflection of the beams, but only on the (low frequent)
vertical deflection of the beams.
Finally we direct our attention in chapter 6 to the magnetic fields at the outside of the
CRT. These fields have a maximum frequency equal to the line scan frequency
(maximum 120 kHz in computer monitors) and its higher harmonics. In the
neighbourhood of the computer monitor these fields can be regarded as stray fields.
However, these fields are sometimes referred to as radiation, giving them a more
dangerous appeal. Because the content in chapter 6 deals with elimination of this
"danger", the title also includes the word "radiating fields". The external field can well
be described with a spherical co-ordinate system, and in that system the stray fields of
the deflection unit can be regarded as a dipole field. Unfortunately, the centre of this
field does not coincide with the mechanical centre of the deflection unit, but is located
between the deflection unit and the screen, because of the cup-shaped deflection unit.
For compensation of the stray fields at distances larger than 1 m, a dipole-compensation
coil is sufficient. However, at short distances the compensation is not perfect because the
compensation coil cannot be mounted between the deflection unit and the screen. For a
perfect compensation at short distances, an additional magnetic quadrupole is therefore
needed.
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Chapter 2

The focussing effects of dipole deflection fields
Abstract
The focussing effects of the dipole field of CRT deflection systems will be given and
compared to the focussing effects of "dipole magnets". Differences in focussing effects
between the two fields occur in their fringe fields. Understanding the focussing effects of
the dipole fields has led to the development of our so-called DAF-Q system for
improved spot performance, as will be described in chapter 4 of this thesis.

2.1 Introduction
The focussing effects of deflection fields have a significant contribution to the spot
deformation, the need for dynamic focus, and the sensitivity of beam convergence to gun
and deflection unit alignment errors. These focussing effects are linked to the dipole
component of the deflection field. While designing a CRT one always encounters
performance hurdles. Some of these hurdles can be overcome by putting extra effort in
the design of the CRT, but they can also be of a fundamental nature. Having a lens
model that is simple on one hand, yet sufficiently correct on the other hand can help
determine the nature of the hurdle that one has encountered.
Some of the phenomena that are explained by the lens model could also be calculated by
so-called aberration theories [1, 2], but those theories (which are complex) are no longer
en-vogue since we can use numerical ray tracing methods [3, 4]. Furthermore, a lens
model fits from a conceptual point well to the lens models used in electron guns, which
is helpful for a better fit of gun and deflection unit designs.
In the next section we first describe, as a reference, the lens effects of a so called "dipole
magnet". The subsequent section describes the meaning of "dipole field" in the context
of CRTs and gives the focussing effect of the dipole component of the deflection field.
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2.2

Focussing effects of a "dipole magnet"

In this section is summarised the usual description of lens effects connected with a
dipole bending magnet, to provide a basis for a similar analysis of the effects in CRT
deflection systems in section 2.4. A dipole magnet, as for instance used in beam guiding
systems of particle accelerators, is a bending magnet with two flat parallel pole pieces as
shown in the figure below. In the example used in this section the entrance plane and the
exit plane of the field are parallel to each other and parallel to the x-axis. The beam
enters the field parallel to the z-axis.

horizontally
deflected
beam

deflection
magnet

y
z
undeflected beam
= z axis

x
horizontal
axis

Fig. 2.2.1: The dipole magnet
We can regard this field, as a special embodiment of a planar field. Planar fields are such
that the field components are independent of one of the three Cartesian co-ordinates [5],
in our case the x co-ordinate. This also holds for the fringe fields of the planar fields, in
the idealised case where the magnet extends infinitely into the horizontal direction.
Inside of the magnet, the field is also independent of the z co-ordinate, and in that area
the field is homogeneous. The next section shows as a reference the apparent lens effects
of deflection with a homogeneous field.
These magnets produce a homogeneous field; a field that is constant within the (sharp)
boundaries of the field. The deflection area has an axial length l, inside of which the field
has a constant value and outside of which the field is zero. The transition areas are
assumed to be short relative to the length of the field. The deflection angle ϕ is given by:

sin(ϕ ) =
in which:

l
= kBd l
R

(2.2.1)
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l: the length of the deflection field
R: the radius of the curvature of the deflected beam
Bd: the magnetic field strength

k=

e
2Va me

(2.2.2)

with
e: the elementary charge
me : the mass of the electron.
Va : the accelerating voltage of the CRT
The deflection of three parallel beams, which can also be regarded as a sheet beam, in a
homogeneous field is given in Fig. 2.2.2.

l

x

ϕ

C

screen
z
A
Fig. 2.2.2: Deflection of three parallel beams in a homogeneous field of limited axial
length, and the lenses that describe the focussing effects that we observe when we use a
co-ordinate system that travels with the middle of the three beams.
Besides the increase in path length towards the screen due to deflection and the
geometrical elongation of the spot as the beam hits the screen under an angle, an
important effect shown in Fig. 2.2.2 is the reduction of the beam diameter after
deflection, if measured perpendicular to the beam. This can be described as the effect of
two lenses.
First of all, a focussing effect occurs in the central region of the field. This focussing
effect only acts in the direction of deflection. Three beams that enter a homogeneous
field in parallel come closer to each other. Eventually, if they were given the chance to

Chapter 2

18

be deflected over an angle of 90°, they would even cross each other. The focussing effect
in the central region of the field can be represented by a thin lens [6] with the focal
length Fx1 given by:

1
1
1
= sin(ϕ ) = sin 2 (ϕ )
Fx1 R
l

(2.2.3)

where R is radius of the orbit of the beam in the deflection field, and ϕ is the horizontal
deflection angle. This lens effect will always occur when beams are deflected and can be
called "the lens effect inherent to deflection".
At the exit side of the deflection unit, a diverging effect occurs in the direction of
deflection. Measured along the lens at the screen-exit of the field, the three beams differ
in their distance to the edge of the field, which causes the diverging effect of this lens.
This effect can be described by a thin lens [6] with a focal length Fx2 of:

1
−1
−1
=
tan(ϕ ) =
tan(ϕ ) sin(ϕ )
Fx 2
R
l

(2.2.4)

From Fig. 2.2.2 it can be seen that the distance C between the beams after deflection is
smaller than the distance A between the beams before deflection, although the beams
still run in parallel. In a two-lens system a parallel beam entering the system can only
leave the lens system in parallel when the distance D between the two lenses is given by:

D = Fx1 + Fx 2

(2.2.5)

This leads to a distance between the converging lens near the centre of the field and the
diverging lens at the exit given by:

D=

l
1 + cos(ϕ )

(2.2.6)

The two lenses that belong to the horizontal deflection with this constant homogeneous
magnetic field are shown in Fig. 2.2.3, in which also their strengths and locations are
indicated.
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Horizontal
deflection
lens
Screen
2

1
sin (ϕ )
=
Fx1
l
1
sin(ϕ ) tan(ϕ )
=−
Fx 2
l

D=

x

l
1 + cos(ϕ )

l

Fig. 2.2.3: The 'parallel-to-deflection' lens representation of the effects of a
homogeneous field with length l.
Until so far, the only knowledge that is needed about the fringe field of the magnet is
that the field strength decreases abruptly at the edge of the magnet, and that the field
strength is independent of x.
In the direction perpendicular to the deflection the first lens vanishes because beams that
start in parallel above each other in a horizontally deflecting homogeneous field will
remain parallel as long as they stay in the field. At the screen exit of the deflection field
the beams experience a field gradient, which acts as positive lens with equal focal
distance in the vertical direction [7]. The lens model for the direction perpendicular to
deflection is shown in Fig. 2.2.4.
For describing the mechanism behind the vertical focussing effect at the screen exit of a
horizontally deflecting field, a real description of the fringe field is needed that satisfies
the Maxwell equations. The curved field lines as shown in Fig. 2.2.5 cause the vertical
focussing effects. Electrons travelling above the central plane experience a field
component pointing into the yoke, while electrons travelling below the central beam
experience a field component pointing out of the yoke. This is based on the relation that
∂B z / ∂y = ∂B y / ∂z follows from the Maxwell equation ∇x B = 0 . At the right exit, the
electrons have a speed component perpendicular to the paper, which causes, in
combination with the axial components of the field, a force towards the symmetry plane
of the field. Making the transition from the field area to the no-field area sharper, for
instance by reducing the distance between the top and bottom edge of the deflection
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yoke, does not change the lens effect because then Bz values increase just as much as the
transition area becomes shorter.
Screen

y

1
sin(ϕ ) tan(ϕ )
=
Fy 2
l

z

l

Fig. 2.2.4: The 'perpendicular-to-deflection' lens representation of the effects of a
homogeneous field with length l.

top edge of
yoke
Bz

By
fy
fy
By
bottom edge
of yoke

y

.
.V
.

x exit

Bz

z

Fig. 2.2.5: Detail of the screen-exit edge of the homogeneous planar field, showing the
mechanism causing the vertically focussing lens effect.
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Table 2.2.1 summarises the lens effects in the horizontal and vertical directions.
Table 2.2.1: Overview of the derived lens effects for a homogeneous field.
Lens effect
Axial distance of
1
1
second lens from
F1
F2
deflection centre
2
In the direction of deflection
sin(ϕ )tg (ϕ )
l
sin (ϕ )

l
Perpendicular
to
direction of deflection

the

0

−

l
sin(ϕ )tg (ϕ )
l

≅

2
l
≅
2

The focussing effects of deflection by a dipole magnet as shown in Fig. 2.2.1 can also be
described with the following elements:
• A lens with rotational symmetry located near the deflection centre of the field.
• A first quadrupole that is also located near the centre of deflection. This quadrupole
enhances the focussing effects of the rotational symmetric lens in the direction
parallel to deflection. This quadrupole cancels the focussing effect of the rotational
symmetric lens in the direction perpendicular to deflection.
• A second quadrupole near the (screen-side) end of the deflection field. This 2nd
quadrupole opposes the first quadrupole and is at least twice as strong, as the first
quadrupole.
With a quadrupole effect defined as

1 1  1
1 
=  − 
Q 2  Fx Fy 

(2.2.7)

the quadrupole like effect 1 at centre of the field and the quadrupole like effect 2 at the
screen-side exit of the dipole magnet become:

1
1 sin 2 (ϕ )
=
Q1 2
l

1
sin(ϕ )tg (ϕ )
=−
Q2
l

(2.2.8)

The next sections will show how the quadrupole like effect at the screen-side exit of the
dipole field of a deflection unit differs.
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2.3 Description of the dipole field generated by a CRT
deflection system.
The final goal of this chapter is to describe the lens effects of the dipole fields as used in
CRTs. This section describes the dipole fields of CRT deflection systems. In CRTs, the
deflection system must be able to create horizontal as well as vertical deflection, both
being variable and independent of each other. Figure 2.3.1 shows the used co-ordinate
system and deflection unit.

deflected
beam
vertical
screen
y axis
x
z
deflection
unit

tube axis

horizontal
screen
axis

Fig. 2.3.1: The co-ordinate system and simplified deflection unit, as used in CRTs
Figure 2.3.2 shows a xy cross section [8] of the deflection unit. A dipole field is, in the
context of CRTs, the field that is generated by a deflection unit with a so-called cosine
shaped winding distribution, which means that the number of wires per degree is
proportional to cos(φ ) in which φ is the azimuth angle.
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y
Btg
r

φ

x

Fig. 2.3.2: Schematic drawing of an xy cross section of a deflection unit with line and
frame coils having a cosine shaped winding distribution. The field lines shown are for
the case in which the frame coils are not activated. The line coil and currents at the right
and left side have opposite direction. The tangential field Btg is proportional to cos( φ ).
Characteristic for this dipole field is that when the tangential field is measured as a
function of angle φ , the measured field varies according to a pure cosine function, no
matter at what radius the measurement is done. This is in fact the real importance of the
concept of a "dipole-field" in the context of CRTs. At the inside of a dipole bending
magnet is the field is homogeneous and has the same properties. However, in an area
2
2
where the field varies as a function of z, in fact when Bd′′ ≡ ∂ Bd ∂z ≠ 0 ,
differences occur. Measuring then the tangential field as a function of r and φ at two
different radii r shows
1) For a dipole bending magnet, Btg(r,0) is independent of r, however Btg(r,φ) is no
longer an exact cos(φ) function.
2) For a CRT dipole deflection field, Btg(r,φ) is an exact cosine function, however
Btg(r,0) does depend on r.
The fact that Btg(r,0) depends on r means that the lens effects at the exit of the deflection
field are different for a CRT dipole field than for a dipole bending magnet as will be
shown in section 2.4. The fact that in all circumstances the Btg remains a cosine function
has the advantage that, when the line-field and the frame-field are equal in length and
axial position, a linear combination1 of the line-field and frame-field is equivalent to a
line-field rotated around the axis of the tube. Therefore, once the focussing effects along
1

The fact that the line-scan frequency is different from the frame-scan frequency is not
relevant because these fields are, from an electron-optical point of view, quasi static.
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the horizontal axis are known, the focussing effects everywhere else on the screen can
easily be derived.
In order to explain the difference between the field of a dipole bending magnet and that
of the dipole field of a CRT deflection system, a more precise description of the field of
the deflection unit shown in Fig. 2.3.2 is needed. The magnetic field can be described
with a scalar magnetic potential under the conditions:
• The field is quasi static,
• There are no currents in the area under study,
• The field is generated by closed current loops.
In a cylindrical co-ordinate system the scalar magnetic potential can be written [9] as



r2
− Φ D = r sin(φ ) F2 ( z ) − F2′′( z ).. + ....
8



(2.3.1)

in which F2 is the vertical field in the axis of the deflection unit. The equation is
truncated in two ways;
• The higher powers of r are not taken into account because we study a small
deflection angle situation.
• The terms with higher order angular dependency, like sin(3φ), are not taken into
account because they do not appear in a dipole field2.
This leads to a dipole field given by:

1
B x ( x, y, z ) = − xyBd′′ ( z )
4
1
B y ( x, y, z ) = Bd ( z ) − ( x 2 + 3 y 2 ) Bd′′ ( z )
8
x2 + y2
B z ( x, y, z ) = yBd′ ( z ) − y
Bd′′′( z )
8
in which Bd is By(z)=F2(z) on the tube axis and

(2.3.2)

Bd′ ≡ ∂Bd ∂z and Bd′′ ≡ ∂ 2 Bd ∂z 2 .

These equations show that
• in an area (in Fig. 2.3.3 left of the area indicated by ∆z2) where the field does not
change with z, we see that Bx and Bz are 0 and By does not depend on y or x. This is
2

In fact we use a more stringent definition of a dipole field than for instance Hawkes
and Kasper [5]. They call every field a dipole field in which the dipole component is the
lowest order. Here a field is called a dipole field when the dipole component is the only
component present in that field.
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similar to the field inside the dipole magnets as described in the previous section. As
a result the focussing effects will be similar.
In a fringe field area where the field decreases uniformly (so with a constant Bd′
value, in Fig. 2.3.3 between ∆z3 and ∆z4 ) an axial field Bz arises above and below
the symmetry plane of the field, which is similar to the fringe field effects of the
dipole magnets described before.
In an area where the field changes from a constant field into a decreasing field (area
∆z3) or from a decreasing field into a constant field (area ∆z4), Bd′′ is not zero. This
causes for the appearance of a horizontal (Bx) field component and a dependency of
the horizontal and vertical field components on x. This differs from the fringe field
effects of the dipole magnets. The consequence of this is that the fringe field effects
of the dipole component of the deflection field have to be described by a lens effect
that is different from the lens effect of the dipole magnet.

∆z2
∧

Bd

Bd

z

∆z3

∆z4

Fig. 2.3.3: A dipole deflection field on the axis of a deflection system, having an area of
constant field, an area with a constant slope of the field, and two areas, ∆z3 and ∆z4,
where B d′′ has a significant value. In these areas the magnetic field is depending on the x
co-ordinate.
The next section shows the lens effects of the fringe field of this particular dipole field.
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2.4 The fringe field lens effects of the dipole field
∆z 2 is short compared to the length
l ( ≡ ∆z1 ) of the field, and also ∆z 3 and ∆z 4 are short relative to ∆z 2 . For deflection

For transparency of the derivation it is assumed that

units that are long relative to their diameter these assumptions are correct. For more
gradual dipole field distributions, a more complex derivation will lead to the same lens
effect equations, in which the field length l is then defined as
∞

l =  B d dz 


 −∞


∫

2

∞

∫B

d

2

( z )dz .

(2.4.1)

−∞

∆z 2 is short compared to the length of the field, and also
∆z 3 and ∆z 4 are short relative to ∆z 2 one finds for the second derivatives of the field in
the intervals ∆z 3 and ∆z 4 :

With the assumption that

∧

Bd
Bd′′ (∆z 3 ) = −
∆z 2 ∆z 3

(2.4.2)

∧

Bd
Bd′′ (∆z 4 ) =
∆z 2 ∆z 4

(2.4.3)

From Eq. 2.3.2. one derives

∂B y
∂x

=

∂B x
1
= − Bd′′ x
∂y
4

(2.4.4)

With the definition of the quadrupole-like effects at the fringe fields defined as
∆z3
∆z 4
1
1  ∂B y ∂B x 
1
1  ∂B y ∂B x 
dz and
 dz (2.4.5)
≡ k ∫ − 
+
≡ k ∫ − 
+
Q3
2  ∂x
∂y 
Q4
2  ∂x
∂y 

the quadrupole-like effects at the fringe fields become
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∧

1
1
1 Bd
x
= k Bd′′ (∆z 3 ) x∆z 3 = − k
Q3
4
4 ∆z 2
(2.4.6)
∧

1
1
1 Bd
= k Bd′′ (∆z 4 ) x∆z 4 = k
x
Q4
4
4 ∆z 2
For further evaluation we use the following small-angle approximations:
∧

Bd =

ϕ
kl

(2.4.7)

 l ∆z 
x(∆z 3 ) = ϕ  − 2 
2 
2

(2.4.8)

 l ∆z 
x(∆z 4 ) = ϕ  + 2 
2 
2

Leading to:


1
1 ϕ2  l

=−
− 1
Q3
8 l  ∆z2

1 1ϕ
=
Q4 8 l

2

(2.4.9)

 l


+ 1
 ∆z2


Adding these to the (small angle) quadrupole-like effect

1
(Eq. 2.2.8) of the fringe
Q2

field of the dipole magnet, one finds

1
3 ϕ2
=−
.
Qe
4 l

(2.4.10)

For locating the axial "center of gravity" of the total lens effect of the three separate
quadrupole effects of the fringe field of the dipole deflection field, one can use
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4

z Qe = ∑ z i
i =2

1
Qi

4

1

∑Q
i=2

(2.4.11)

i

as long as the distance between the lenses is much smaller than the focal lengths of the
lenses. Substitution of the results of Eq. 2.4.9 with Eq. 2.2.8 into Eq. 2.4.11 leads to the
axial location

z Qe =

l
from the deflection centre towards the screen.
3

(2.4.12)

The results are summarised in the table below and illustrated in the next figures. The
quadrupole-like effect is split into a horizontal focussing effect 1/Fxe and the vertical
focussing effect 1/Fye
Table 2.4.1: Overview of the lens effects of a dipole deflection field.
Lens effect
Axial distance of second lens
1
1
from deflection centre

F1

In the direction
of deflection
Perpendicular to
the direction of
deflection

ϕ
l
0

2

Fe

3ϕ2
−
4 l

l
3

3 ϕ2
4 l

l
3
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Screen
Horizontal
deflection
lens

ϕ2
1
=
Fx1
l

x

1
3ϕ2
=−
Fxe
4 l

l
3
z
l

Fig. 2.4.1: The 'parallel-to-deflection' lens representation of the effects of a dipole field.

Screen
1
3ϕ
=
F ye 4 l

2

y

l
6
l

z

Fig. 2.4.2: The 'perpendicular-to-deflection' lens representation of the effects of a dipole
field
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2.5 Focussing effects of a dipole field at large deflection
angles
So far we have derived the focussing effects of a homogeneous field and the focussing
effects of dipole fields at deflection angles up to about 30° (in TV terms a 60° system).
Having studied the differences between a bending magnet field and a CRT dipole
deflection field at small deflection angles, it is desirable to have a dipole field lens model
that also works at large deflection angles. A few models, all concurring for small
deflection angles with the model derived in the previous section, have been tested. A
model that gives a good estimation of the focussing effects at large deflection angles and
coincides exactly with the small deflection angle model is shown in Figs 2.5.1 and 2.5.2
and is summarised in table 2.5.1.

ϕ sin(ϕ )
1
=
Fx1
l

1
3ϕ2
=−
Fxe
4 l

Screen

x

l
3
l

Fig. 2.5.1: The 'parallel-to-deflection' lens representation of the effects of dipole fields at
large deflection angles which also covers the small angle case.
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Screen
1
3ϕ
=
F ye 4 l

2

y

l

z

Fig. 2.5.2: The 'perpendicular-to-deflection' lens representation of the effects of dipole
fields at small and large deflection angles.

These effects are summarised in the following table 2.5.1
Table 2.5.1: Overview of the derived lens effects for dipole fields, at small and large
deflection angles.
Lens effect
distance of second lens
1
1
from deflection centre
Fe
F1
(along orbit)
2
In the direction of
ϕ sin(ϕ )
l
3ϕ
deflection
−

l

Perpendicular to
the direction of
deflection

0

4 l
3 ϕ2
4 l

3
l
3

To put the proposed model to a test, a few calculations were done with our direct raytracing program "DUCAD" [3,4] and compared to the results of this model. Three
parallel beams were deflected horizontally, and the distance between the outer two
beams on the screen was calculated as a function of deflection. The screen was a flat
screen and the deflection point to screen distance was 256 mm. The equivalent field
length was 100 mm. Table 2.5.2 shows the distance between the outer two beams
focussing effects in the direction parallel to deflection, according to the lens model, and
according to the DUCAD calculations. The three beams are horizontally separated.
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Table 2.5.2: The horizontal distance between (originally parallel) beams at the screen as
a function of horizontal deflection as predicted by the lens model and as calculated by
"DUCAD".
Deflection
Deflection
model prediction
DUCAD calculation
[mm]
[°]
[mm]
[mm]
11
11
0
0
10.5
10.5
17
80
8.5
8.7
32
160
4.5
4.7
43
240
-2.7
-2.3
51
320
As can be seen in table 2.5.2, the model prediction fits well with the DUCAD
calculations. Notice that the beam separation decreases as the deflection increases. When
the sign is negative, the beams have crossed before they reach the screen. Remember that
the bending magnet model does not predict this decrease in beam distance (on the
screen) as a function of deflection.
The next table 2.5.3 shows the focussing effects in the direction perpendicular to
deflection, according to the lens model and according to the DUCAD calculations. The
two outer beams are vertically separated.
Table 2.5.3: The vertical distance between the outer two (originally parallel) beams at
the screen as a function of horizontal deflection as predicted by the lens model and as
calculated by "DUCAD".
Deflection
Deflection
Model prediction
DUCAD calculation
[mm]
[°]
[mm]
[mm]
11
11
0
0
9.1
9.2
17
80
3.8
4.1
32
160
-4.3
-3.9
43
240
-14.5
-14.0
51
320
As can be seen in table 2.5.3, the model fits well with the DUCAD calculations. It is also
clear that the focussing effect in the direction perpendicular to deflection is much
stronger than it is in the direction parallel to deflection (table 2.5.2).
These tables show that the model gives a good prediction of the focussing effects of the
dipole fields. The model is therefore useful, and for CRT applications better suited than
the field model of the bending magnet. Having a lens model is very helpful while
designing new CRT concepts. Compared to ray tracing the lens model is faster because it
can already be used when detailed models of the deflection unit are not yet available. In
a final trim of a deflection unit design, ray tracing is the preferred method.
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2.6 Conclusions & Consequences
Conclusions
A simple optical lens model can represent focussing effect of a pure dipole field, or the
dipole component of the deflection field of a CRT deflection unit. The basic input
parameters are the deflection angle and the field length. The required field length can
simply be calculated from the value of the deflection field along the tube axis.
The dipole deflection field has other optical effects than just deflection. Overall, the
most significant focussing effects occur in the direction perpendicular to the direction of
deflection, and not in the direction of deflection. The focussing effects of deflection by a
dipole field can be described with the following elements:
• A lens with rotational symmetry located near the deflection centre of the field.
• A first quadrupole-like effect that is also located near the centre of deflection. This
quadrupole-like effect enhances the focussing effects of the rotationally symmetric
lens in the direction parallel to deflection. This quadrupole cancels the focussing
effect of the rotationally symmetric lens in the direction perpendicular to deflection.
• A second quadrupole-like effect is located near the (screen-side) end of the
deflection field. This second quadrupole-like effect opposes the first quadrupole and
is stronger than the first quadrupole-like effect.
• The second quadrupole-like effect of the dipole deflection field of a CRT deflection
unit is only 3/4 in value of that of a dipole bending magnet (as shown in Fig. 2.2.1).
All three effects are proportional to the square of the deflection angle and inversely
proportional to the length of the field.

Consequences
Electron guns used in CRTs have a so-called "main lens" which is used to focus the
beam on the screen. The focal length of the main lens of the electron gun is controlled by
means of a voltage on the so-called focus electrode. To obtain a sharp focus everywhere
on the screen, the focus voltage has to vary as a function of deflection. This variation of
the focus voltage with deflection is called "dynamic focus voltage". So by means of the
dynamic focus voltage the strength of the main lens is reduced as a function of
deflection, in order to compensate for the increased beam path length due to deflection,
but most of all to compensate for the (rotationally symmetric) lens effect of the
deflection field.
Therefore, since the lens effect of the deflection field is inversely proportional to the
length of the deflection field, the required dynamic focus voltage increases when the
deflection field length is reduced. In chapter 4 other mechanisms that influence the
required dynamic focus voltage will be discussed.
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For practical deflection units the quadrupole-like effect near the screen end of the field
dominates the quadrupole-like effect at the deflection centre. This leads to the
phenomenon that the beam cannot be focussed unambiguously; the spot is either at its
smallest in one direction, or in a direction perpendicular to that. This problem is called
beam astigmatism and has to be solved by adding a normal and a skew (for beam
deflections towards the corners) quadrupole to the CRT, preferably between the electron
gun and the deflection field. These quadrupoles need to be driven dynamically, meaning
that the current through the quadrupoles varies with deflection. The normal quadrupole
is needed to eliminate the astigmatism experienced by the beam during deflection along
the horizontal or vertical screen axes. The skew quadrupole is needed to compensate for
the astigmatism experienced during deflection along 45° diagonals of the screen. So the
need for these dynamically driven quadrupoles does not arise from manufacturing
tolerances, as is sometimes thought, but is basic.
Usually, dynamically-driven magnetic quadrupoles are regarded to be too expensive.
When they are omitted, the consequence is that the diameter of the electron beam has to
be limited because of the quadrupole-like effects of the dipole field. So the gun designer
is challenged to improve the spot of the beam without making the beam diameter too
large. If not, the spot size may be impressively small at the centre of the screen, but will
look bad in the screen corners.
Understanding the focussing effects of the dipole fields has lead to the development of
our so-called DAF-Q system [10] for improved spot performance, as will be described in
chapter 4 of this thesis. Without the lens model the field of search would have been too
wide. This system is at the moment being investigated by other companies [11].
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Chapter 3

Introduction of the spot matrix &
Quadrupoles as a design tool.
Abstract
A spot matrix is introduced in CRT design as an efficient means to calculate the
properties of deflected beams. With this matrix the spot of a deflected beam can be
calculated, using the spatial intensity distribution of the non-deflected beam.
Characteristic spot deformations of so-called "stylised beams" are derived from the
matrix. Last but not least, the spot matrix is used to derive what quadrupoles would be
needed to create a stigmatic deflected beam, and how its spot then looks like. The
required quadrupoles strengths are not found by an iterative process, but in one step.

3.1

Introduction

A "spot matrix", in fact a beam transport matrix, is introduced in CRT design for the first
time as an efficient means to calculate the properties of a deflected beam. The spot
matrix provides the linear connection between electron parameters at the gun and at the
screen. By means of the spot matrix the spot of a deflected beam can be calculated, when
the spatial intensity distribution of the beam is known. Prior to the introduction of this
matrix in CRT design, spots were either calculated via aberration coefficients [1] or,
when direct ray tracing was used, by means of interpolation between a large set of
representative electron orbits [2]. The spot matrix is now mostly obtained via direct raytracing techniques (appendix 3B), but can also be found from aberration theories
(appendix 3C) or from optical models (appendix 3D), like presented in chapter 2.
Fig. 3.1.1 visualises how the spot matrix is used and can be obtained.
For calculating the deflected spot, the input of real electron beams can be used.
However, for understanding the phenomena of spot deformation due to deflection, use
can be made of two types of stylised beams. As will be explained in section 4, these
stylised beam types are a "slim-beam" and a "perfect wide-beam". The "perfect widebeam" has to be focused to get the smallest spot. This focussing is done in the gun and
changes the composition of the beam as it leaves the gun. The optimum focus condition
can be derived directly from the matrix itself.
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Orbit
calculations

Beam
composition

Optical
model

Spot matrix

Aberration
coefficients

Spot

Fig. 3.1.1: Obtainment and use of the spot matrix
For the best focus performance, quadrupoles may be needed between the gun and the
deflection unit. The required strengths of the quadrupoles for an optimum performance
can be derived directly from the spot matrix. This required quadrupole strength can be
regarded as a "Figure of Merit" of the deflection system and is therefore an ideal
performance optimisation indicator. This allows a completely automated deflection
system optimisation; along similar lines convergence can be optimised [3].
This has been used to develop monochrome deflection units and is being used for
evaluating and optimising spot performance of colour CRTs. Also in practical
experiments quadrupole strength can be used as a measure for beam deflection
imperfections.

Spot matrix

Equivalent
deflection

Quadrupole
calculation

Experimental
quadrupole
determination

Fig. 3.1.2: Calculation and experimental determination of the quadrupole strengths
needed to minimise the spot at a given deflection with a given deflection unit.
It is therefore possible to make a continuous comparison between experiments and
calculations.
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The definition of the matrix.

An electron leaving an electron gun is characterised by the following co-ordinates
xk yk xk′ yk′ . These co-ordinates apply to a plane perpendicular to the z-axis of our

reproduction system. With directional co-ordinates: xk′ , y k′ represent ∂x ∂z and ∂y ∂z
in surface k of the electron gun. We usually choose this plane to coincide with the
principal plane of the main lens of the gun so that changes in the focusing voltage do not
influence xk and yk but do influence x ′k and y ′k . The co-ordinate values are always given

in relation to the centre of the beam, which acts as an optical axis. With a colour
reproduction system we have three beams and therefore three optical axes. The fact
that y k precedes x′k in the coordinate sequence above is a reflection of the importance of
the possible coupling between the horizontal and vertical motion of the electrons.
An electron that touches the screen is characterised in analogously by: x s y s x ′s y ′s . These
co-ordinates are therefore also calculated relative to a central electron. The co-ordinates
therefore, do not represent the deflection itself. Axial momentum spread of the electrons
is not taken into account because the energy spread is less than 1 eV [4], while the
electrons in the CRT are accelerated to a potential of 25-32 kV. The linear relationship
between beam co-ordinates at the electron gun and at the screen is represented in the
matrix form:

 xs   a
   11
 y s   a 21
 =
 x ′s   a31
  a
 y ′s   41

a12
a 22
a 32
a 42

a13
a 23
a 33
a 43

a14 

a 24 
a34 

a 44 

 xk 
 
 yk 
 .
 x ′k 
 
 y ′k 

The values of the elements apply only for one deflection and one for a single gun. For
the non-deflected beam the matrix takes the form of a drift matrix.

3.3

Example of calculated spot

Table 3.3.1 shows the elements of the spot matrix needed to calculate a deflected spot.
For making an intensity distribution plot of the deflected spot, it is needed to know the
spatial intensity distribution of the electron beam as it leaves the gun. In particular the
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spatial intensity distribution has to be known for the focus voltage that has to be applied
to the gun to get the best spot. Figure 3.3.1 shows the intensity distribution of a deflected
spot of a 100° monitor tube.
Table 3.3.1: The spot matrix of the green beam at the centre of the screen and at the
upper right corner of a 100° monitor tube.
MATRIX COEFFICIENTS OF THE GREEN BEAM
XS
YS
A11
A12
A13
A14
0.0000 0.0000
1.000 0.000 0.312 0.000
0.1800 0.1350
1.837 -0.279 0.564 0.050

A21
A22
0.000 1.000
0.212 -1.379

A23
0.000
0.057

A24
0.312
0.168

Fig. 3.3.1: Calculated (X,Y) intensity distribution of a spot at the right top quadrant of
the screen of a 19" 100° monitor tube. The image size is 0.2 mm per grid line. The
intensity increases by 10% for each contour line.
Having an efficient method for calculating a deflected spot is useful, but
1) It is inconvenient to have to determine the optimum focussing conditions by hand.
2) The obtained spot shape has to be quantified.
It turns out to be possible to derive both the optimum focussing condition and the
resulting spot shape directly from the spot matrix itself. In order to be able to do so, two
types of stylised beams are described first.

3.4

Introduction of the stylised beams

The spot size calculation cannot be separated from the spatial intensity distribution of the
electron beam. The best would be to know the exact spatial intensity distribution of the
beam and use that, as was done in the previous section. However, to understand the spot
growth effects, which gives the size of the spot of the deflected beam relative to the size
of the non-deflected beam, it is more efficient to work with a stylised beam. They give
the contour line of the spot at a given percentage of the peak intensity of the spot. The
stylised beam must be as simple as possible but realistic enough to include the spot
growth phenomena. The types of beam with which we operate are the “slim beam”, the
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“perfect wide beam”. A real beam can be regarded as a mixture of the two stylised beam
types. In this section the two beam types are described.

3.4.1 The “slim beam”
A "slim beam" is a beam with a negligible diameter at the main lens of the gun, which is
the start of the deflection area. The electrons of that beam have directional deviations
that determine the dimension of the spot. The size of the outer edge of the non-deflected
spot, with rotational symmetry and diameter s0, can be described by

1
s0 cos( p ) ,
2
1
y s = s 0 sin( p) ,
2

xs =

in which p is the angle between xs and ys and runs between 0 and 2π as shown in
Fig. 3.4.1.

y

plane
of gun

x

Y
x
p

s0

z
plane of
screen

s0
Fig. 3.4.1: The conical passage of the slim beam, without deflection.
At the electron gun, this beam is described by
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xk = 0
yk = 0
x k′ =

1 s0
cos( p)
2 zs

y ′k =

1 s0
sin( p)
2 zs

where zs is the main-lens to screen distance and p is indicated in Fig. 3.4.1. In this type
of beam the strength of main lens of the gun has no influence on the spatial intensity
distribution of the electron beam.
This beam is therefore a cone where the point lies in the focal plane of the electron gun,
which we allow to coincide with the starting point of our calculation. This beam gives
the least problems with deflection because the 1st and 2nd columns of the spot matrix are
not addressed. In addition, the spot in the centre of the screen is already notably large, so
that spot growth will appear to be relatively small. The opposite of the “slim beam” is
the “perfect wide beam”.

3.4.2 The perfect wide beam
This beam is also conical, but the cone is positioned the other way around. At the gun
the beam has a certain diameter; the top of the cone we can set by changing the focusing.
The focusing we indicate with the dioptre “d”. The outside of the beam is described at
the gun by

x k = rk cos( p )
y k = rk sin( p )
x ′k = − dx k
y k′ = − dy k
in which rk is the radius of the beam at the main lens of the gun and p is the angle
between xk and yk and runs between 0 and 2π as shown in Fig. 3.4.2.
The top of the non-deflected beam cone lies on the screen when d = 1/zs.
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Fig. 3.4.2: The perfect wide beam
Now all columns in the spot matrix are addressed. This beam is therefore the most
troublesome to deflect because the beam is sensitive to focusing. Moreover, the nondeflected beam has a spot dimension 0 so that the spot growth will be relatively large.
The two beams so far described form the two extremes of which the real beams are a
mixture. If the response to these two beams to a given deflection is known, then the
behaviour of all other beams can be determined.

3.4.3 Projection of the stylised beams in a x,x' or y,y' plane
The two stylised beams can be projected in the x x' plane and/or y y' plane. In these
planes two lines, as shown in Fig. 3.4.3 represent the two stylised beams. These lines can
be used as the axes of a parallelogram shaped emittance area. These lines can also be
used to expand a so-called beam ellipse [5, 6].
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x'
"wide beam"
representation

s0/2k

x
rk/d

"slim beam"
representation

rk

Fig. 3.4.3: Projection of the stylised beams on a x,x' plane, and the parallelogram shaped
beam emittance and beam ellipse that can be expanded with them.
For focussing the beam on the screen, the dioptre d of the beam (=reciprocal focal point)
has to be adjusted such that the parallelogram shaped phase space of the beam at the
screen becomes vertical. Then the size of the spot on the screen is independent of the
radius rk of the beam.
Difficulties are:
1) The x and y motion of the beam usually require different focussing conditions
2) The x and y motions are often coupled.
That is the main topic of the rest of this chapter.
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The influence of the matrix elements on the spot

The influence of elements on the spot depends upon the type of beam. We first look a at
the “slim beam” and then at the “perfect wide beam".

3.5.1 The influence of the matrix elements on the spot of a
"slim beam"
For a slim beam, as indicated in section 3.4, only x ′ and y ′ are non-zero at the gun. We
start with the simple situation of a horizontal or vertical deflection only. With deflection
along the vertical or horizontal axes a12, a21, a14, a23 are equal to zero, for reasons of
symmetry. The spot on the screen is then described by:

x s = a13 x k′ = a13

1 s0
cos( p )
2 zs

y s = a 24 y k′ = a 24

1 s0
sin( p)
2 zs

In the figure below the resulting spot is drawn:

y

x

sx =

sy =

a 24
s0
zs

a13
s0
zs

Fig. 3.5.1: The deflected spot of a "slim beam" in case of horizontal deflection.
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We see that the relative spot growth, which we indicate by sx /s0 and sy /s0, is equal to
a13 /zs and a24 /zs. The ellipticity of the spot is the ratio of the axes of the spot and is
a13 /a24.
When we deflect towards the corners, the derivation of the spot shape from the matrix
coefficients becomes more complex. Then none of the matrix elements is equal to zero.
The 2 by 2 matrix formed by the 4 right-uppermost elements can be split into three
successive matrices: a rotation matrix over angle hk, a spot growth-diagonal matrix and a
spot rotation matrix over angle hs.

 a13

 a 23

a14   cos(hs ) sin( hs )  al
=

a 24   − sin(hs ) cos(hs )  0

0  cos(hk ) sin( hk ) 


a k  − sin(hk ) cos(hk ) 

in which we find for al , ak and hs :

1
2
1
ak =
2

al =

(a13 + a 24 )2 + (a14 − a 23 )2
(a13 + a 24 )2 + (a14 − a 23 )2

tan(2hs ) =

1
2
1
−
2

+

(a13 − a 24 )2 + (a14 + a 23 )2
(a13 − a 24 )2 + (a14 + a 23 )2

2(a13 a 23 + a14 a 24 )
2
2
a132 − a 23
+ a142 − a 24

The angle hk is not of interest because it indicates the rotation of a circle, unlike the
angle hs, which indicates the rotation of an ellipse of which al is a measure of its long
axis and ak is a measure of its short axis.
From the elements of the diagonal matrix then follows the length sl of the long axis of
the spot and the length sk of the short axis:

sl al
=
s0 z s
sk ak
=
s0 z s
in which zs is the distance between the gun and the screen for the non-deflected beam. So
we have the equations that give directly the deformation of the spot of the deflected slim
beam.
As an example, we can look at the spot matrix given in table 3.3.1, of which a spot is
shown in Fig. 3.3.1. The above equations, with zs = 0.312 m, lead to
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o

The ratio sl/sk= 3.55 the spot angle coincide with the visualisation of the spot of
Fig. 3.3.1.

3.5.2 The influence of the matrix elements on the spot of the
"perfect wide beam"
With deflection of a "perfect wide beam", all matrix elements of the upper two rows of
the spot matrix play a role. To start with a simple situation, we deflect only along the
horizontal or vertical tube axis. Then a12, a21, a14, a23 are equal to zero. The spot is then
given by (see the previous section for the description of the "perfect wide beam")

x s = a11 x k + a13 x ′k = (a11 − d .a13 )rk cos( p)
y s = a 22 y k + a 24 y ′k = (a 22 − d .a 24 )rk sin( p)

,

in which rk is the radius of the beam as it leaves the gun and, d is dioptre of the beam. In
practical guns the focussing voltage of the gun controls d.
The dimensions of the deflected spot are drawn in Fig. 3.5.2 below.

y

x
sy=2(a22-d.a24)rk

sx=2(a11-d.a13)rk

Fig. 3.5.2: Spot of a deflected "perfect wide beam", with arbitrary focusing
The shape of the spot depends on the focussing condition, indicated by d. The size of the
spot is proportional to the radius (at the gun) rk of the beam. In an ideal situation, the
focussing condition for the smallest horizontal size of the spot is identical to the
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focussing condition for the smallest vertical size of the spot. For the coefficients of the
spot matrix this means that a11/a13 = a22/a24. This is illustrated in Fig. 3.5.3

d = max.

max. > d > opt.

d = opt.

opt. > d > min.

d =min.

Fig. 3.5.3 : Spot of a wide beam for various focus (=d) settings in the ideal case that
a11/a13 = a22/a24; the beam is called "stigmatic".
In such a situation the beam is stigmatic and the spot is retaining its shape while
focussing. Later it will become apparent that retaining the spot’s shape is not always a
guarantee for perfect ability to focus the spot (appendix 3A). Retaining the spot’s shape
is, however, a requirement for perfect ability to focus.
Often however, the ideal situation is not obtained, and the spot will change as a function
of focussing as illustrated in Fig. 3.5.4 where a11/a13 > a22/a24

d = max.

d = a11 /a13

d = average

d = a22 /a24

d = min.

Fig. 3.5.4 : Spot of a wide beam for various focus (=d) settings in the case that
a11/a13 > a22/a24.
When a11/a13 < a22/a24 the spot shape changes as a function of focussing as in Fig. 3.5.5.

d = max.

d = a22 /a24

d = average

d = a11 /a13

d = min.

Fig. 3.5.5 : Spot of a wide beam for various focus (=d) settings in the case that
a11/a13 < a22/a24.
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In all three cases, the average focussing condition is given by

da =

1  a11 a22 


+
2  a13 a24 

and the shape of the spot is then identical to the shape of the spot of the slim beam, with
the size being proportional to the radius rk of the gun and proportional to

a
a 
∆d =  11 − 22 
 a13 a 24 
Subsequently, we look at an arbitrary deflection towards a screen corner. Then usually
all elements of the uppermost two rows of the spot matrix are non-zero. The spot of a
perfect wide beam is then given by:

xs
= (a11 − d .a13 )cos( p) + (a12 − d .a14 )sin( p)
rk
ys
= (a 21 − d .a 23 )cos( p) + (a 22 − d .a 24 )sin( p)
rk
Changing the focussing parameter d will generally have two values at which the spot of
the wide beam becomes a sharp line. The angle to the tube axes at which these two
stripes are created can be calculated and is also easily perceived experimentally. One
property of such a line is that the ratio x s y s must not be dependent on the beam
description parameter p (see Fig. 3.4.2). This is the case when d fulfils:

a 21 − d .a 23 a 22 − d .a 24
=
a11 − d .a13 a12 − d .a14
There are two, usually different, solutions to this equation. The above expression also
yields the tangents of the angles1 to the positive x axis of the two stripes.
The average focussing condition dg between the two focus conditions that lead to the two
lines, is given by

1

The two lines are not necessarily perpendicular to each other.
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dg =

1 a11 a 24 − a12 a 23 − a14 a 21 + a13 a 22
2
a13 a 24 − a14 a 23

With this equation, and the radius of the beam at the gun, substituted in the equation at
the previous page the user of the spot matrix can directly calculate the spot of a wide
beam. The fact that one does not need to look for the optimum focus condition is an
important step in the automation of deflection unit design.
However, being able to calculate the spot automatically is one thing, quantifying what is
wrong with the spot is another. The next section presents quantification, including sign,
of the non-focusability of the spot. This quantification is done by means of quadrupoles.

3.6

Using quadrupoles to improve the spot, and how to
calculate their required strengths from the spot matrix.

We suppose that we place two quadrupoles and a “rotator” J, all being infinitely thin,
between the gun and deflection unit. The 45° quadrupole we indicate with Q and the 90°
quadrupole with G. The action of these three elements is:

 ∆x ′ 
1 + x 1 + y 1 + y

 = − 
+ 
+ 
.
Q  − y  G  + x  J  − x 
 ∆y ′ 
When this action is integrated into the spot matrix itself, a new spot matrix T arises, of
which the upper two rows become:

 t11 t12

 t 21 t 22
a

 a11 − 13
Q

a 23

 a 21 − Q


t13
t 23

t14 
≡
t 24 

a14 a14
−
G
J
a 24 a 24
+
−
G
J
+

a14 a13 a13
+
+
Q
G
J
a 24 a 23 a 23
a 22 +
+
+
Q
G
J
a12 +

a13
a 23


a14 


a 24 


Next, Q, G and J must be chosen such that a wide beam is able to focus. This means that
we require of the complete matrix T:
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t11 t 22 t12 t 21
=
=
=
t13 t 24 t14 t 23
In fact, here are three equations that must all be solved. The solution for these three
equations for Q, G and J delivers:

2 a11 a 24 − a13 a 22 − a14 a 21 + a12 a 23
=
Q
a13 a 24 − a14 a 23
2 a11 a 23 − a 21 a13 − a12 a 24 + a 22 a14
=
G
a13 a 24 − a14 a 23
2 a 22 a14 − a11 a 23 − a12 a 24 + a13 a 21
=
J
a13 a 24 − a14 a 23
When these three conditions are met, the beam will retain its shape and be able to focus
perfectly with d = dg

dg =

1 a11 a 24 − a12 a 23 − a14 a 21 + a13 a 22
2
a13 a 24 − a14 a 23

which is identical to the average focus requirement found in the previous section 3.5.
The procedure
The procedure to quantify the characteristic beam deformation caused by deflection is:
1) Calculate for each point on the screen the spot matrix of each beam, and from that
2) the quadrupole2 strengths needed to make the beam stigmatic,
3) the focus requirement d needed to really focus the spot,
4) the deformation of the spot of the "slim beam", which is also the deformation of a
complete beam under the condition that it is stigmatic and focussed.
This procedure is used for the design of deflection units for CRTs. The next section
gives some examples.
2

The required strength of the rotator J, rotator J is in fact a mathematical necessity, is
also calculated. Fortunately the required strength is found to be negligible in CRTs. If it
were not negligible a beam would still appear to be focussable, because the shape of the
spot would not change with the focus condition (like in Fig. 3.5.3). But despite this
ability to retain its shape (the shape of which is exactly the same as that of the slim
beam), even the "perfect wide beam" cannot be focussed to an infinitely small point.
This phenomenon is explained in appendix 3A.
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3.7

Examples of spot-matrices and derived quadrupole
strengths

3.7.1 Dipole field example
Our first example is a Wide Screen tube (screen width-to-height ratio of 16:9) with a
deflection angle of 120° and deflection by means of a dipole field (no higher field
harmonics present). Table 3.7.1A shows the values of the elements of the spot matrix for
the undeflected beam, a beam with maximum horizontal deflection, a beam with
maximum vertical deflection and a beam with deflection towards the screen corner. The
screen location is indicated by XS,YS
Table 3.7.1.A : spot matrix elements for a 120° deflection system with a dipole field
MATRIX COEFFICIENTS OF THE GREEN BEAM
XS
0.0000
0.3200
0.0000
0.3200

YS
0.0000
0.0000
0.1740
0.1740

A11

A12

A13

A14

1.000
-0.207
0.300
-0.954

0.000
0.000
0.000
0.377

0.322
0.795
0.313
0.784

0.000
0.000
0.000
0.306

A21

A22

0.000 1.000
0.000 -1.314
0.000 0.773
0.509 -1.627

A23

A24

0.000
0.000
0.000
0.258

0.322
0.262
0.457
0.400

From these matrices we derive, for the same screen locations, the required quadrupole
strengths needed to stigmatise the beam. The QI and GI values are the normal and skew
quadrupole effects 1/Q and 1/G needed to stigmatise a beam, multiplied with the gun to
screen distance to make the number dimensionless. Likewise the focussing condition d is
multiplied with the gun to screen distance and is given as D. The difference between D
of the deflected beam and the undeflected beam is noted DDYN. Finally SL/S0 and
SK/S0 indicate the long and the short axis of the spot of the deflected beam, relative to
the round size of the undeflected beam, while ANGLE indicates the rotation of the long
axis of the spot with the horizontal axis.
Table 3.7.1.B : Beam properties for a 120° deflection system with a dipole field.
GREEN BEAM, PROPERTIES OF SPOT GROWING
XS
0.0000
0.3200
0.0000
0.3200

YS
0.0000
0.0000
0.1740
0.1740

QI

GI

JI

D

DDYN

0.000 0.000 0.000 1.000 0.000
0.765 0.000 0.000 -0.849 -1.849
-0.118 0.000 0.000 0.426 -0.574
0.572 -0.887 -0.002 -1.309 -2.309

SL/S0

SK/S0

ANGLE

1.000
2.474
1.421
2.903

1.000
0.814
0.973
0.781

0.00
0.00
90.00
26.69
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Table 3.7.1.B shows first of all that the rotator JI, which is 1/J multiplied with the gunto-screen distance, is negligible. Then one can see that DDYN is always negative,
whatever the direction of deflection. Furthermore the normal quadrupole has a positive
value on the horizontal axis and a negative value on the vertical axis. Whenever
horizontal and vertical deflection are equal, then the normal quadrupole is not needed to
make the spot focusable. A skew quadrupole is also needed, when the deflection has a
horizontal as well as vertical component. It is therefore unfortunate that both
quadrupoles and dynamic focus need their own specific voltage as a function of
deflection and can therefore not be combined. This notion plays an important role in the
choices made in chapter 4, because it indicates that the dipole field is not the most
favorable (cost effective) field for reduction of the size of the deflected spot.
Finally, the last three columns of table 3.7.1B show that the shape of the deflected spot is
elliptical, with the angle of long axis being equal to the direction of deflection.

3.7.2 Self-converging field example
Our second example deals with a 19"100° monitor tube with a self converging deflection
field of which the spot matrix and spot for the screen corner is already given in
table 3.3.1. and Fig. 3.3.1. Table 3.7.2A shows spot matrix elements a 100° monitor tube
with a self-converging field for screen locations XS, YS. Table 3.7.2B shows the beam
properties for a for a 100° monitor tube with a self-converging field, derived from the
matrices given in table 3.7.2A.
Table 3.7.2A: spot matrix elements for a 100° monitor tube with a self-converging field.
MATRIX COEFFICIENTS OF THE GREEN BEAM
XS

YS

0.0000
0.1800
0.0000
0.1800

0.0000
0.0000
0.1350
0.1350

A11

A12

1.000 0.000
1.714 0.000
1.128 0.000
1.837 -0.279

A13

A14

0.312
0.537
0.343
0.564

0.000
0.000
0.000
0.050

A21

A22

0.000 1.000
0.000 -0.727
0.000 0.229
0.212 -1.379

A23

A24

0.000
0.000
0.000
0.057

0.312
0.166
0.314
0.168

Table 3.7.2B: Beam properties for a for a 100° monitor tube with a self-converging field.
GREEN BEAM, PROPERTIES OF SPOT GROWING
XS

YS

0.0000
0.1800
0.0000
0.1800

0.0000
0.0000
0.1350
0.1350

QI

GI

JI

D

DDYN

0.000 0.000 0.000 1.000 0.000
1.183 0.000 0.000 -0.187 -1.187
0.400 0.000 0.000 0.627 -0.373
1.801 -0.062 -0.012 -0.788 -1.788

SL/S0

SK/S0

ANGLE

1.000
1.720
1.099
1.829

1.000
0.531
1.005
0.516

0.00
0.00
0.00
7.85

Note in table 3.7.2.B that the QI and DDYN are exact opposites. This is characteristic
for a self-converging system. It means that the weakening of the main lens of the gun
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has to be cancelled by a quadrupole. That is because a self-converging system not only
takes care that the beams are converged everywhere on the screen, the beams are also
automatically focussed in the horizontal direction. Because IQ and DDYN go hand in
hand, it is possible to design both actions in the gun with one dynamically driven voltage
only.
The shape of the deflected spot is elliptical, but the angle of the long axis of the spot
with the horizontal axis is small. This shape is illustrated in Fig. 4 of chapter 4.1, and it
is the purpose of the system described in that chapter to make this deflected spot less
elliptical.

3.8

Conclusion

A method has been developed which calculates a spot matrix and from that calculates
what quadrupoles would be needed to make the deflected electron beam perfectly
stigmatic. The required quadrupoles strengths are not found by an iterative process, but
in one step. It then gives the resulting spot deformation due to deflection. The system is
specifically designed to cope with coupling between the horizontal and vertical motion
of electrons.
This system is efficient enough to be part of an optimisation system for the whole CRT.
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Appendix 3A: The consequences of a non-zero value of J

Through not carrying out a rotation action J, a spot matrix occurs that deviates by a
factor –J from a matrix ideally able to focus.

a

 d g a13 + 14
J

a
 d a + 24
 g 23
J


a13
J
a 23
d g a 24 −
J
d g a14 −

a13
a 23


a14 

a 24 


With dr = d – dg the spot of the wide beam is:

a14

 x s   d r a13 + J
  = 
 y s   d r a 23 + a 24
J


a13 

J 
a
d r a 24 − 23 
J 
d r a14 −

 cos( p ) 

 rk
 sin( p ) 

If we now try to choose dr such that a stripe formation occurs, we find only complex
solutions. Stripe formation therefore does not occur. For further study we split the wide
beam spot matrix into two matrices:

 xs

 rk
 xs
r
 k



 =  a14
  a 24



 1
− a13   J
 
− a 23   − d
 r



dr 

1

J 

 cos( p ) 


 sin( p ) 

Now with J and dr in the matrix we can split this further into two matrices, the first only
causes an amplitude enlargement Am and the second a rotation of the beam, that has just
come from the gun, represented by an angle t. So:

Am = d r2 +

1
J2

and

tan(t ) =

dr
J

The matrices that describe the spot of the wide perfect beam are then:
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 xs

 rk
 ys
r
 k



 =  a14
  a 24



− a13 

− a 23 

 Am

 0

0 

Am 

 cos(t ) sin(t )   cos( p ) 

 

 − sin(t ) cos(t )   sin( p ) 

Now an interesting case appears in which the rotation of the beam coming from the gun
no longer has any visible effect on the screen, so long as the beam is rotationally
symmetrical. The spot produced by the beam therefore retains its shape! But despite this
ability to retain its shape, the beam cannot focus to a point, because Am has the
minimum value Am=1/J. Changing the focusing influences only the size of the spot, the
shape of which is exactly the same as that of the slim beam. This can simply be seen by
giving t the value 90°. If we were able to mark the electron that leaves the gun with the
co-ordinates (rk,0) with an A, then we see this point move half way around the
circumference of the spot when changing the focusing as is given in the figure below.
A
A

A

Fig. 3.9.1: Three different focus conditions of a perfect wide beam, in which the spot
retains its shape while focussing, but cannot be focussed to a point.
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3.10 Appendix 3B: Determining the matrix from ray tracing
The spot matrix is determined for a central path. In relation to this central path, the
starting conditions of new electron paths vary. The start parameters to be varied are:

xk

yk

x ′k

y ′k

Each path ends on the screen and is, in relation to the reference path, expressed in the
screen parameters:

xs

ys

x ′s

y ′s

For a completely linear relation between the start parameters and screen parameters, it is
sufficient for all four of the start parameters to be given a value 1 in turn and to calculate
the relevant screen parameters. The results gained, grouped in column vectors, and
positioned next to each other, then give the intended spot matrix. In this way, to calculate
the spot matrix it is sufficient to calculate another 4 electron paths, except for the central
electron path.
Working in this way we are then faced with a dilemma relating to the arithmetic. The
values of the start parameters must not be too small. If, however, the start parameters are
chosen too large, then the linear connection between start parameters and screen
parameters cannot always be guaranteed, resulting in a possible faulty determination of
the spot matrix. This is solved by continuously varying each start parameter twice, once
positive and once negative. Then in total 8 path calculations are needed to get to a spot
matrix. Next pages give the spot matrix determination in pure linear circumstances and
the spot matrix determination under non-linear circumstances
Spot matrix determination in pure linear circumstances
With electrons around a central path, for the central path the following connection
between gun parameters and screen parameters applies:
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 ∂x s

 ∂x k
 x s   ∂y s
 
 y s   ∂x k
 =
 x ′s   ∂ x s′
   ∂x
 y ′s   k
 ∂ y′
s

 ∂x
 k

∂x s
∂y k

∂x s
∂x ′k

∂y s
∂y k

∂ ys
∂x k′

∂ x ′s
∂y k

∂ x s′
∂x k′

∂ y ′s
∂y k

∂ y s′
∂x ′k

Which can be written as

∂x s 

∂y k′ 

∂y s 
∂y k′ 

∂ x ′s 

∂y k′ 
∂ y ′s 
∂y k′ 

 xk 
 
 yk 
 
 x k′ 
 
 y ′k 

xs = M xk
By doing the calculation four times, and changing each time the electron parameters at
the gun we get

xs = M xk
with

x s and x k being square matrices. Under the condition that the gun parameters are

favourably chosen (independently) the matrix x k can be inverted. The matrix M then
directly follows from the path calculation results

M = xs xk

xs .

−1

The numerical accuracy of

x k is extremely good, since the values of the elements of

this are the data input for the path calculation program and therefore accurately known.
The accuracy of the matrix M is determined only by the inaccuracy in
the

x s . By increasing

x k the relative accuracy increases. To avoid eventual non-linear effects to pollute

the calculation of the linear effects of the spot matrix 8 test rays are used instead of 4 in a
way that will be explained next.
Determining the spot matrix under non-linear conditions
In order to avoid eventual non-linear effects to influence the calculated linear effects,
non-linear effects are taken into account. To do so, the spot matrix is extended with
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effects that are squared proportional to the beam parameters. We need not include cross
effects as long as the test path parameters are chosen such that no cross terms can occur.
In this way it is not pretended that the spot matrix includes all second order effects, it is
only guaranteed that the first order effect of the matrix remains correct even if second
order effects occur. The spot matrix and the gun parameter vector are now extended with
quadratic terms, thereby giving the following comparison:

 ∂x s

 ∂x k

 xs   ∂ ys
 
 y s   ∂x k
 =
 x ′s   ∂ x ′s
   ∂x
 y ′s   k

 ∂ y ′s
 ∂x
 k

∂x s
∂y k

∂x s
∂x ′k

∂x s
∂y ′k

∂ 2 xs
2∂x k2

∂ 2 xs
2∂y k2

∂ 2 xs
2∂x ′k 2

∂y s
∂y k

∂y s
∂x ′k

∂y s
∂y ′k

∂ 2 ys
2∂x k2

∂ 2 ys
2∂y k2

∂ 2 ys
2∂x ′k 2

∂ x ′s
∂y k

∂ x ′s
∂x ′k

∂ x ′s
∂y ′k

∂ 2 x ′s
2∂x k2

∂ 2 x ′s
2∂y k2

∂ 2 x ′s
2∂x ′k 2

∂y ′s
∂y k

∂y ′s
∂x ′k

∂y ′s
∂y ′k

∂ 2 y ′s
2∂x k2

∂ 2 y ′s
2∂y k2

∂ 2 y ′s
2∂x ′k 2

 xk 

∂ 2 xs  
  yk 
2
2∂y k′  

  x ′k 
2
∂ ys  

′k 
y
2 

′
2∂y k
  2
2
∂ x ′s   x k 
 

2∂y k′ 2   y k2 

∂ 2 y ′s   x ′ 2 
 k 
2∂y k′ 2   2 
 y k′ 

Which can be written as:
−

=

−

x s = M xk
Here the matrix M is 4 rows high and 8 columns wide and the gun parameter vector is
8 elements high.
Exactly the same method is used to determine M as in the linear situation. To calculate
further, a matrix is created using vectors xs and xk. The number of paths needed to make
xk a square matrix is however now 8. The further mathematical calculations are exactly
the same as the linear case.
This method of determining the spot matrix has its plus points: It can be immediately
applied. Once a path calculation program is available, then this can be used. Information
is also available on the magnitude of second order (coma) effects.

Chapter 3

60

3.11 Appendix 3C:
coefficients.

Deriving

the

matrix

from

aberration

With reference to the aberration theories as described by Haantjes and Lubben[7] and
Kaashoek[8], this appendix links the spot matrix to the aberration coefficients.
The aberration theory was first derived by Haantjes and Lubben for small deflection
angles and later extended by Kaashoek for larger deflection angles. At that occasion he
renamed the coefficients derived by Haantjes and Lubben. We use the renamed
coefficients. First we give the matrix elements for the central (green) beam at small
deflection angles, then the additions to the elements for the side beams and finally the
additions to the elements for larger deflection angles.
For the central beam and at limited deflection angles, the spot matrix elements follow
from the aberration theory via:

a11 = 1 + X gs2 A309 + Ygs2 B310
a12 = X gs Ygs ( A312 + B311 )
a13 = z s .a11 + X gs2 A304 + Ygs2 B305
a14 = z s .a12 + X gs Ygs ( A306 + B306 )
a 21 = X gs Ygs ( A311 + B312 )
a 22 = 1 + X gs2 A310 + Ygs2 B309
a 23 = z s .a 21 + X gs Ygs ( A306 + B306 )
a 24 = z s .a 22 + X gs2 A305 + Ygs2 B304
In these expressions Xgs and Ygs are a measure for the deflection current, normalised for
small deflections to the deflection on the screen. The aberration coefficients Aijk Bijk
follow from the aberration theories mentioned above. The quantity zs indicates the
distance bewteen the gun and the screen. For self-converging holds:
A304 = B305 = A306+B306 = 0
The side beams
As mentioned earlier, in a colour system, the matrix that applies for the central beam
does not necessarily apply for the side beams. For the horizontal and vertical deflection,
the extra contribution to the matrix elements is:
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∆a11 = X gs A 316 C + Y gs B 317 C
∆a13 = X gs (A316 z s + 2 A307 )C + Y gs ( B317 z s + 2 B308 )C
∆a 22 = X gs A 318 C + Y gs B 318 C
∆a 24 = X gs (A318 z s + 2 A308 )C + Ygs ( B318 z s + 2 B308 )C
In these expressions, C is the angle between the central beam and the beam to be
described. It is assumed that the beams are statically converged and are located in the
horizontal plane through the tube axis. In a self-converging system
A307 = B308 = 0
For larger deflection angles, the following additions can be made to the matrix elements.

∆a11 = X gs4 A 514 + Ygs4 B 521 + X gs2 Ygs2 ( A517 + B518 )
∆a12 = X gs3 Ygs ( A 512 + B519 ) + X gs Ygs3 ( A520 + B515 )
∆a13 = z s .∆a11 + X gs4 A 506 + Ygs4 B 513 + X gs2 Ygs2 ( A509 + B510 )
∆a14 = z s .∆a12 + X gs3 Ygs ( A507 + B511 ) + X gs Ygs3 ( A512 + B508 )
∆a 21 = X gs3 Ygs ( A515 + B520 ) + X gs Ygs3 ( A519 + B516 )
∆a 22 = X gs4 A 521 + Ygs4 B 514 + X gs2 Ygs2 ( A518 + B517 )
∆a 23 = z s .∆a 21 + X gs3 Y ( A508 + B512 ) + X gs Ygs3 ( A511 + B507 )
∆a 24 = z s .∆a 22 + X gs4 A 513 + Ygs4 B 506 + X gs2 Ygs2 ( A510 + B509 )
In self converging systems one finds:
A506 = B513 = A509 + B510 = A508 + B512 = A511 + B507 = 0
Kaashoek did not define or calculate coefficients that can be used to describe extra
deformations of the side beams at larger deflection angles.
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3.12 Appendix 3D: Deriving the matrix from an optical model,
for instance from the dipole field lens model
First we look at the undeflected situation, whereby we position the
gun at 0 so that zs is the gun screen distance and find

 xs   1
  
 ys   0
 =
 x′s   0
  0
 y ′s  

0 zs
1 0
0 1
0 0

0

zs 
0

1 

z co-ordinate of the

 xk 
 
 yk 
 
 x′k 
 
 y ′k 

the spot matrix of the drift system.

This expression is understandable, because if the electrons run parallel with the tube
axis, then we find xs = xk and ys = yk which follows from a11 and a22. If the electrons come
from the centre of the main lens of the gun but exhibit a directional deviation, then the
distance between the gun and screen determines the degree with which the directional
deviation is transferred into a displacement on the screen:
x s = x ′k z s and y s = y ′k z s
We then add a thin positive lens with a focal length F. From the position of the lens, we
get:

∆x′ = − x

1
F

With zf as the axial position of this lens, the effects of the lens on the position of the
electrons on the screen is proportional to zs-zf. With regard to the directional deviation of
the electrons introduced by the gun, the directional change caused by the lens is also
proportional to zf . So we find

 zs − z f
1 −
F
 xs  
  
0
 ys  
 =
 x′s   − 1
  
F
 y s′  
0



zs − z f

0
1−

zs − z f
F
0
−

1
F

zs − z f
F
0

1− z f
0

1
F




zs − z f 
zs − z f
F 


0

1

1− z f

F


the spot matrix of a drift (over zf ) – lens – drift (over zs-zf) system.

0

 xk 
 
 yk 
 
 xk′ 
 
 y k′ 
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If we replace the lens by a 45° quadrupole then the sign of the lens in the 1st and 3rd row
is opposite to that in the 2nd and 4th row, and find

 zs − zq
1 −
Q
 x s  
 
0
 ys  
 =
 x s′   − 1
  
Q
 y s′  

0



zs − zq

0
1+

zs − zq

Q
0

Q

1 − zq

0
+

zs − zq

1
Q

1
Q

0




zs − zq 
zs + zq

Q 

0


1

1 + zq

Q

0

 xk 
 
 yk 
 
 x ′k 
 
 y ′k 

the spot matrix of a drift – (45°) quadrupole – drift system.
Finally, we consider a skew (90°) quadrupole with a focal length G located at z=zg . The
effect of a thin positive skew (90°) quadrupole, is given by

∆x ′ = y

1
1
and ∆y ′ = x , which leads to
G
G


 1
 xs  
   zs − zg
 ys  
 = G
 x ′s   0
  
 y ′s   1

 G

zs − zg
G
1
1
G
0

zs
zs − zg
G
1
zg

1
G

zg

zs − zg 

G 

zs

1 
zg
G 

1



 xk 
 
 yk 
 
 x ′k 
 
 y ′k 

the spot matrix of a drift – skew (90°) quadrupole – drift system.
There is now a coupling between the vertical and the horizontal movement of an electron
within the beam.
If we replace the 90° quadrupole by a rotation, then the effect of this in the 1st and 3rd
row is opposite to that in the 2nd and 4th row.
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With the lens model given in chapter 2 for a dipole field, and adding the increased path
length and skew projection of the beam on the screen, and limiting the deflection angles
the spotmatrix becomes

 1
a11 = 1 + ϕ 2 
 2
 z
a13 = z s + ϕ 2  s
 2

a 22 = 1 + ϕ 2 


a 24 = z s + ϕ 2 

not
deflected

oblique
landing

−
+

+

L
2

L
2

increased
path length

1
4

−

L
4l





L2
4l

zs
4

z s L l 
− 
4l
12 

+

L
2

+

1 3L 
−

4 4l 

−

L 3L2 z s 3 z s L l 
+
+ −
+ 
2 4l
4
4l
12 

+

−

−

focussing
effects

In which ϕ is the deflection angle, zs is the gun to screen distance, L is the distance
between the deflection centre of the field and the screen, l is the length of the field
defined as

l =

( ∫ hd ( z )dz ) 2

∫h

2
d

( z ) dz

in which hd(z) is the field strength on the tube axis.
If there is no deflection then of course we again find:
a11 = 1, a13 = zs, a22 = 1, a24 = zs
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Chapter 4

Using quadrupoles for spot size reduction in
self-convergent colour CRTs
When deflecting a beam in a CRT, two aspects are important for the spot size. The first
aspect is that the spot must be focusable (stigmatic). The second aspect is the shape and
size of the spot when the beam is focussed. As shown in the examples in the previous
chapter, self-converging systems have the advantage that the (normal, 4px) dynamic
quadrupole strength that is needed to keep the spot in focus is proportional to the
dynamic focus that is needed. This allows a coupling between the two, which is
nowadays obtained in the electron gun itself. This is such an important feature that even
in monochrome CRTs nowadays self-converging fields are used.
But having solved the focusability problem, two problems remain. This first problem is
that the shape of the deflected spot is very elliptical, and the second that the amount of
dynamic focus is sometimes high, in particular at large deflection angles.
This chapter consists of two sections. The first one deals with reduction of the ellipticity
of the deflected spot by adding one dynamically driven quadrupole to the deflection
system with adaptation of the deflection field. This system is called a DAF-Q system.
This system reduces the ellipticity but most of all reduces the dynamic focus amplitude,
but at the cost of complexity of the electronics needed for driving the CRT.
Further investigation showed that the main feature of the DAF-Q system, the reduction
of the dynamic focus amplitude, could be achieved in a much simpler way. This is
described in the section 4.2, which describes how the amount of dynamic focus can be
reduced by adding two magnetic quadrupoles, that are static in amplitude, to the CRT.
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4.1

A NEW PICTURE-TUBE SYSTEM WITH HOMOGENEOUS
SPOT PERFORMANCE1

Abstract- Self-converging picture-tube systems suffer from spot distortion and astigmatism at
deflection. If dynamic corrections of astigmatism and focus (DAF) are applied in the gun, the
astigmatism of the spots can be corrected, but the distortion remains. In this paper, a new picturetube system, the DAF-Q system, is described that is capable of obtaining better round spots at
deflection than a self-converging system. This is achieved through the use of a non-selfconverging deflection yoke in combination with a dynamically driven quadrupole on the tube
neck. Just as in the case of a self-converging system, the spot astigmatism produced by this
combination can be completely removed by means of a DAF gun, while the spot distortion is
significantly smaller.

INTRODUCTION
In the development of CRTs for very-high-resolution data display and HDTV
applications, there is a continuous need to improve the spot performance. However, the
spot tends to deteriorate at deflection, due to several effects caused by the deflection
fields and the geometry of the CRT. In particular, self-converging systems suffer from
appreciable spot distortion at horizontal deflection. In this paper, a new CRT system is
presented, the DAF-Q system. By means of a non-self-converging deflection yoke, in
combination with a dynamically driven magnetic quadrupole (Q) and an electron gun
with dynamic astigmatism and focus corrections (DAF), a simultaneous reduction of the
various disturbing effects that occur during deflection can be achieved, resulting in a
more homogeneous spot performance than can be obtained in a self-converging system.
ASTIGMATISM AND DISTORTION OF DEFLECTED SPOTS
Generally, a picture-tube system exhibits deflection de-focusing (curvature of the
average image field), astigmatism (splitting of the average image field into sagittal and
meridional image fields), and spot distortion (the deformation of the spot that remains
when deflection defocusing and astigmatism have been corrected). Even a pure dipole
deflection field, as generated by a "uniform field" yoke, causes these effects. Its
astigmatism affects the deflected spot as shown in Fig. 1.
As the field has the same character for horizontal and vertical deflection, the
orientation of the astigmatism varies with the position on the screen. If dynamic focus is
applied to the electron gun, the average image field can be made to coincide with the
screen, but the astigmatism, due to its varying orientation, is very difficult to correct
completely.
1

J. Gerritsen and A.A.S. Sluyterman, "A New Picture Tube System with Homogeneous
Spot Performance", Proceedings of the SID, Vol. 31/3, pp. 179-183, (1990)
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FIG. 1. Spot astigmatism and distortion caused by a dipole deflection field.

In contrast, in the case of a self-converging system, the deflection fields are designed to
be quite astigmatic, causing the horizontal image plane to coincide with the screen
every-where, as shown in Fig. 2.

FlG. 2. Positions of image planes in a self-converging system.

This brings about self-convergence of the three in-line beams, and at the same time
also keeps each beam horizontally in focus everywhere. On the other hand, a substantial
over-focusing is present in the vertical direction, giving rise to vertical haze at the screen
edges. The resulting spot astigmatism and distortion are shown in Fig. 3.
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FIG. 3. Spot astigmatism and distortion caused by a self-converging deflection field.

Due to the circumstance that this over-focusing now occurs in the same direction
everywhere, it can be removed if the electron gun is provided with means for dynamic
correction of astigmatism, Such as the DAF system.1,2,3
In a DAF gun, an electrostatic quadrupole lens is present around each beam, A
dynamic voltage activates these quadrupoles, producing a horizontally converging and a
vertically diverging lens effect on each beam. The same voltage also reduces the
strength of the main lens, giving a diverging effect in all directions. The horizontal
effects cancel out while the vertically diverging effects add up.
Thus, a DAF gun can produce a fixed horizontal focus and a varying vertical focus,
just as is required to remove the over-focusing in vertical direction caused by a selfconverging field.

FIG. 4. Spot distortion in a self-converging DAF system.
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Even if the deflected spot is well-focused in every cross-section in this way, its shape
will in general not be round but distorted. In particular, the spot shape of a selfconverging tube system is substantially distorted at the edges of the horizontal screen
axis, as shown in Fig. 4. The spot is horizontally elongated, causing loss of definition,
and vertically compressed, causing risks of moiré appearance.
Spot distortion can be significantly improved by the use of more uniform deflection
fields.4 However, this means that the feature of self-convergence has to be sacrificed. As
a consequence, dynamic convergence and "North-South" raster correction circuitry have
to be added to the system. The very stringent requirements of a display system for
CAD/CAM or HDTV may nevertheless justify the cost increase. However, as discussed
above, the astigmatism caused by a non-self-converging deflection field in general does
not have the same orientation everywhere. Therefore, obtaining full focusing remains a
problem, as an electron gun with dynamic corrections for focus and astigmatism such as,
e.g., a DAF gun usually does not have sufficient degrees of freedom to accomplish this.
As a result, some residual spot haze may remain, especially at high beam currents or at
large deflection angles.
PRINCIPLE OF THE DAF-Q SYSTEM
In the DAF-Q system, spot distortion is reduced through the use of a non-selfconverging deflection yoke (see Fig. 5). Behind the yoke, a magnetic quadrupole is
mounted on the tube neck.

FIG. 5. Basic elements of a DAF-Q system.
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The quadrupole is driven with parabolic currents of line and frame frequency. It diverges
the beams in the horizontal direction, and thus provides dynamic convergence of the
three beams on the screen. At the same time, it also diverges each individual beam,
keeping the beams horizontally in focus everywhere on the screen just as a selfconverging deflection field would do. The resulting spot astigmatism is shown in Fig. 6.
Without dynamic focus and astigmatism corrections in the gun, only vertical haze is
present.

FIG. 6. Spot astigmatism and distortion resulting from the combination of a DAF-Q field and a
dynamically driven quadrupole (without DAF correction in the gun).

Thus, the combination of the deflection field used (which approximates a dipole field)
and a dynamically driven quadrupole together acts as a self-converging system, however,
with less spot distortion. As a consequence, a DAF gun is capable to attain full
correction of astigmatism.
SYSTEM CONSIDERATIONS
The effects of a deflection field on an electron beam can be explained by considering
the lens actions of the field. In Fig. 7, the fundamental case is considered where a
parallel electron beam is deflected by a homogeneous field. Besides the obvious increase
in path length towards the screen and the geometrical elongation of the spot as the beam
hits the screen under an angle, an important effect shown is the reduction of the beam
diameter after deflection, if measured perpendicular to the beam. Electron-optically, the
situation in the plane in which the beam is deflected can be described as the effect of two
lenses. The first lens is located at the deflection center and is positive. The second lens is
negative and is located at the exit of the field. Its strength and position depend on the
field gradients. The first lens is always present, whenever deflection occurs. The second
lens is present, even in the case of a yoke which produces a dipole field, as long as there
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is a field gradient on the yoke axis, i.e., whenever the field strength decreases towards
the screen. In practice this will always be the case.

FIG. 7. Deflection of a parallel beam in a homogeneous field of limited axial length.

In the direction perpendicular to the deflection the first lens vanishes and the second
lens changes its sign (thus becoming positive), as it results from a field gradient.
A. Horizontal Spot Growth
In the following, the effects that influence spot growth at horizontal deflection are
considered. Figure 8 illustrates the conditions in a self-converging system. The
undetected beams are assumed to converge at the screen center. For the sake of
clearness, the curvature of the beam trajectories and the oblique incidence on the screen
which occurs at deflection have been omitted. In reality, this oblique incidence further
contributes to the horizontal spot elongation at deflection.

FIG. 8. Horizontal lens effects at horizontal deflection in a self-converging system.
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In Fig. 8, Lc and Le are the lens representations of the dipole field as described in the
preceding section. Selfconvergence requires that after deflection the beams must meet
again at the screen edge, which is farther away along the beam path. This is
accomplished by adding suitable field gradients, represented by the addition of the
negative lens Ld near the screen side of the deflection field. The combined action of the
converging lens Lc followed by the two diverging lenses Ld and Le, together with the
increased distance towards the screen, results in a substantial decrease of the angle
between the beams at deflection. The same mechanism also acts on each individual beam
and consequently reduces the horizontal aperture angle of the beams. As the product of
beam aperture angle and spot size is constant, according to the Helmholtz-Lagrange law,
this means that the horizontal spots are appreciably enlarged at deflection. The total spot
growth along the horizontal axis of a self-converging 110° system (including oblique
incidence at the screen) amounts to a factor of about 2.
In the DAF-Q system, spot growth at deflection is reduced by means of an increase of
the beam aperture angle (see Fig. 9).

FIG. 9. Horizontal lens effects at horizontal deflection in the DAF-Q system in comparison with
a self-converging system.

The quadrupole near the electron gun diverges the beams before they enter the
deflection field. This largely eliminates the need for additional negative lens power at
the exit side of the field as was supplied by Ld in a selfconverging system. The
deflection field is adapted accordingly by reducing the strength of the negative lens at
Ld. This means that the field is modified to approximate a dipole field. As the diverging
action on the beams, needed to obtain convergence at deflection, is now taking place
near the entrance of the field instead of near its exit, the beam angle is enlarged, resulting
in a reduced horizontal spot growth.
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B. Vertical Spot Size

FIG. 10. Vertical lens effects at horizontal deflection in the DAF-Q system in comparison with a
self-converging system.

Figure 10 shows the vertical lens effects resulting from horizontal deflection. The
converging lens at Lc from Fig. 8 is now absent, as there is no deflection in vertical
direction. The negative lenses at Ld and Le in Fig. 8 were due to field gradients, and
thus have quadrupole character. Therefore, these lenses are also present for the vertical
beam cross-section, having exactly the same strength but opposite sign. Their
converging effect increases the vertical beam aperture angle, and therefore causes a
compression of the vertical spot at deflection if the over-focusing is corrected, as is the
case in a DAF gun.
In the DAF-Q system, lens Ld is weaker, and the beam leaves the gun under a smaller
angle (i.e., the required DAF correction needed in the gun to obtain vertical focusing at
deflection is less). As a result, the beam aperture angle at the screen is reduced and there
is less vertical spot compression.
PRACTICAL REALIZATION
To test the principles outlined above, experimental tube systems were built both in largesize wide-angle 16:9 format and in 51-cm flat-square 90° size.
A.

86-cm 106° System with 16:9 Aspect Ratio

In this tube (Fig. 11) the deflection angle along the horizontal axis was chosen equal to
that of a 4:3 110° tube, giving a diagonal deflection angle of ∼106°. In the design of the
deflection yoke, some restrictions were taken into account to simplify dynamic
convergence. If pure dipole fields had been chosen, the horizontal R-B convergence
error at the edge of the horizontal axis would have been ∼20 mm (at a beam spacing of
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6.5 mm in the gun), and moreover additional dynamic x and y convergence corrections
would have been necessary for the corners.

FIG. 11. Photograph of an experimental 86-cm 16:9 106° DAF-Q tube and yoke.

In the optimization process of the deflection yoke,5,6 higher order multipole terms were
added to the deflection fields, resulting in a design that requires only corrections for
isotropic astigmatism. Therefore, the magnetic quadrupole only has to provide
corrections along the horizontal and vertical screen axes to reach complete dynamic
convergence (residual convergence errors being less than 0.5 mm). In the final design,
the required convergence correction at the edge amounts to 12.7 mm (R-B distance).
This reduced amount of correction in comparison with pure dipole fields is favorable for
the design of stable correction circuitry, while still resulting in a significant improvement
in spot distortion as shown in Table 1. Besides the improvement in horizontal spot
elongation, the reduced vertical compression is also important as it makes the system
less sensitive to scan moiré.
TABLE I. Calculated values of convergence correction and spot distortion
(86-cm 16:9 106° system).
--------------------------------------------------------------------------------------------Deflection Yoke
Self-convergence
DAF-Q
Dipole
Convergence correction (mm)
0
12.7
20
(6.5-mm beam spacing)
Horizontal Spot Size Ratio (edge/
1.88
1.65
1.50
center
Vertical Spot Size Ratio (edge/
0.49
0.67
0.79
center)
---------------------------------------------------------------------------------------------
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The magnetic quadrupole is constructed on a slotted ferrite core, placed on the tube
neck just in front of the electron gun to prevent eddy currents being generated in the
metal gun parts.
The gun has an astigmatic triode and a bipotential main lens of the "polygon" type.7
This is a main lens type in which the lens fields for the three beams partially overlap
each other. In this way, the effective electron-optical lens diameter can be made ∼30%
larger compared to a conventional gun, where the lens size is limited by the distance
between the beams. As a result, spherical aberration is reduced. The field distortions that
result from the overlap are corrected by specially shaped apertures (originally polygon
shaped, hence the name) for the individual beams.
B.

Experimental Results

The spot performance of DAF-Q tubes was tested and compared with that of selfconverging systems. Results are given in Table II. The DAF-Q system proved to be fully
focusable everywhere on the screen, even in this 106° version, and to give less-distorted
spots. Also shown in Table II is the required dynamic DAF correction voltage at the
gun. The DAF-Q system requires only approximately one-half of the amplitude needed
by the self-converging system.
TABLE II. Measured spot distortion and dynamic DAF voltage (86-cm 16:9
106° system)
--------------------------------------------------------------------------------------------Self-convergence
DAF-Q
.
System
Spot Size ratio
Hor.
Vert,
Hor.
Vert.
Edge/Center
1.8
0.55
1.6
0.8
Top/Center
1.0
1.2
0.95
l.15
Corner/Center
1.9
0.6
1.65
0.9
DAF voltage (v)
1100
650
(center to edge)
--------------------------------------------------------------------------------------------Center spot size (5%): 2.3 x 2.3 mm, Va = 30 kV, Vfoc = 8.5 kV, ia = 2 mA.

C. 51-cm Flat-Square 900 System
As advanced color monitor tubes will also benefit from a more homogeneous spot
performance, a 51-cm flat-square 90° DAF-Q tube system was also investigated.
Experimental results are shown in Table III. Again, an improvement in spot uniformity is
seen, compared to the situation with a self-converging yoke.

Chapter 4

78

TABLE III. Measured spot distortion and dynamic DAF voltage (51-cm FS
90' system).
--------------------------------------------------------------------------------------------System
Self-convergence
DAF-Q
.
Spot Size ratio
Hor.
Vert.
Hor.
Vert.
Edge/Center
1.5
0.65
1.3
0.85
Top/Center
1.05
1.05
0.9
1.15
Corner/Center
1.55
0.75
1.3
0.95
DAF voltage (v)
380
200
(center to edge)
--------------------------------------------------------------------------------------------Center spot size (5%): 0.7 x 0.7 mm, Va = 27 kV, Vfoc = 7.1 kV, ia = 400µA.

CONCLUSIONS
In the DAF-Q system, a non-self-converging deflection yoke and a dynamically driven
quadrupole have been designed in such a way that the combination acts as a
selfconverging system.
The system was tested both in 86-cm 16:9 106° format and in 51-cm flat-square 90°
size.
The deflected spot remains perfectly focusable at every position on the screen by
means of a DAF electron gun, and yet its shape remains considerably less distorted than
in the case of an actual self-converging system.
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4.2 Reducing the Amplitude of Dynamic Focus Voltage by
means of a Static Quadrupole2

Abstract
CRTs with large deflection angles suffer from an excessive need for dynamic focus
voltage. The mechanism behind this will be explained. A method will be presented to
reduce the amplitude of the dynamic focus voltage by means of a static quadrupole field.
Introduction
In CRTs using a self-converging deflection system, using a so-called DAF gun
(Dynamic Astigmatism Focus) can eliminate the vertical haze of a deflected spot. For a
66FS tube, in which the horizontal scan was increased in order to simulate a 120º tube,
the required vertical image (focal) distance of the gun was calculated as a function of
deflection (see Fig.1).

Figure 1: The required reciprocal vertical image distance in cm-1 of the gun
as a function of horizontal deflection, for an expanded 66FS tube
For the first 15 cm of horizontal deflection, the reciprocal vertical image
distance varies parabolically, but especially for deflections larger than 25 cm, the
curve shows a steep drop. In practical terms, this means that the dynamic focus
voltage that is needed for a good focus along the screen edges almost
"explodes". Although this curve was calculated for a specific tube, the shape of
2

A.A.S. Sluyterman, "Reducing the Amplitude of Dynamic Focus Voltage by means of
a Static Quadrupole", IMID'01 Digest of technical papers, (2001)
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the curve is typical for every CRT with a deflection angle of 110° or more. This
effect will be explained. A further goal of the paper is to demonstrate and explain
that the use of a static quadrupole field can reduce this explosion.
Explanation of the phenomenon

Deflection causes vertical haze because of three mechanisms:
1. Increased path length of the deflected beams
2. The strong lens effect of the dipole field itself
3. Dynamic quadrupole-like effects (generated by the 6-pole components of the
field) introduced to obtain self-convergence.
These mechanisms also apply for the horizontal dimension of the beam, but with
one big difference: the dynamic quadrupole-like effects (effect 3) are designed to
oppose the increased path length (effect 1) and lens effect of the dipole field
(effect 2). This is done to obtain self-convergence of the three beams and is also
the reason that, for the horizontal dimension of the spot, the beams remain in
focus, even without application of dynamic focus.
Gun
focus
lens

Plane of
deflection

6.7 cm

Screen

x

4.3 cm

a: top view
Gun
focus
lens

Horizontal
deflection
lens

27 cm
Screen

Plane of
deflection

Vertical
deflection
lens

y

6.7 cm 4.3cm
b: side view

27 cm

Figure 2: Lens model for horizontal deflection
But this means that (in a self-converging system) the focussing effect of the
dipole component of the deflection field and the increased path length effects are
doubled for the vertical dimension of the spot. This leads to the model shown in
Fig.2. In Fig.2a the negative strengths of the horizontal deflection lens is
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adjusted for every location on the screen such that the spot remains in focus. The
positive vertical deflection lens in Fig.2b has G times the strength of the
horizontal deflection lens. Numerical calculations have shown that for the
system of Fig.1, the constant G has a value of -7.4. The location of the deflection
lens was found to be 4.3 cm in front of the plane of deflection. This location, so
close to the screen exit of the yoke, is due to the quadrupole-like effects of the
fringe fields of the dipole field component.
With the model of Fig.2 in mind, it is easy to explain the curve of Fig.1. In Fig.1,
the non-deflected beam needs a focal distance of 33.7 cm, which is the gun-toscreen distance.
Electron
generating
triode

Gun
focus
lens

Deflection
lens

Screen,
undeflected
y

Figure 3: Side view of a non-deflected beam. The non-deflected beam of the
gun has to be focussed on the screen. The deflection lens is inactive when
there is no deflection
For a horizontal deflection of 14 cm (see Fig.1), the gun has to generate a parallel
beam as shown in Fig.4. The increased path length due to the deflection is
illustrated by showing the screen on which the deflected beam will land further to
the right.
Electron
generating
triode

Gun
focus
lens

Deflection
lens

Screen,
deflected

y

Figure 4: Side view on a beam that is horizontally deflected over 14 cm. The
increased path length due to the deflection is illustrated by showing the screen
on which the deflected beam will land further to the right than in Fig.3
For deflections larger than 14 cm (see Fig.1), the beam has to be divergent as
shown in Fig.5. The beam that leaves the gun has to be divergent because of the
strength of the deflection lens.
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Figure 5: Side view on a horizontally-deflected beam. The beam leaving the
gun has to be divergent because of the strength of the deflection lens
For even larger deflection angles, the deflection lens can become so strong that the
main lens (together with the DAF plates) of the electron gun actually has to
become a diverging lens, which means that high dynamic focus voltages are
needed. In fact the DAF voltage "explodes".
Electron
generating
triode

gun
focus
lens

Deflection
lens

Screen,
deflected
y

Figure 6: Side view of a horizontally-deflected beam. The focus lens of the
gun has to be negative because of the strength of the deflection lens
A way to address the problem of exploding dynamic focus voltages is to change
the electron gun. There are various ways of increasing the dynamic focus range
and sensitivity of the gun (refs 1, 2). However, there is a limitation to that
approach. When the focus lens of the deflection unit is so strong that the screen
is actually being imaged on a point close to the main lens, focussing will be
impossible. There is also a way of addressing this problem in the deflection
system, for instance by using a non self-converging deflection yoke and
restoring convergence by means of a quadrupole near the main lens of the gun
(ref. 3). But that is not an attractive solution because it leads to larger system
complexity and (as also in case of ref. 4) to North/South pincushion distortions.
Therefore a new approach has been developed.
The new approach

The additional way to solve this problem is by applying a quadrupole near the
deflection lens of the deflection yoke. This quadrupole can be sufficiently strong
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(for a given deflection) in the vertical direction that it fully compensates the lens
caused by the deflection field. This is shown in Fig.6.

Electron
generating
triode

gun
focus
lens

Deflection Lens,
compenstated
by a Quadrupole

Screen,
deflected
y

Figure 6: Side view of a horizontally-deflected beam, with a strong
quadrupole field such that the coil lens is compensated. The electron gun
now has to deliver a converging beam
One could choose to give this quadrupole a strength that varies with the horizontal
deflection, but that would add significantly to the complexity of the system.
Furthermore, as will be shown next, reduction of the dynamic focus voltage can
also be obtained with a quadrupole of fixed strength. This is the approach we have
chosen.
Naturally, the application of such a quadrupole gives a horizontal convergence
error, but this can be compensated for in the electron gun because the
quadrupole has a fixed strength. An example is to use an electron gun that emits
parallel beams.
For the non-deflected beam, the quadrupole field is also present, and its effect is
shown in Fig.7.
Electron
generating
triode

Gun
focus
lens

Quadrupole
Screen,
Lens in centre of undeflected
deflection yoke
y

Figure 7: Side view of a non-deflected beam, when a fixed quadrupole field is
used near the deflection lens. The gun lens is clearly stronger than in the case
of Fig.3 (non-deflected beam without quadrupole), but the difference for the
non-deflected beam is much smaller than for the deflected beam
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So the application of a static quadrupole reduces the focus voltage of the deflected
beam much more than it reduces the focus voltage of the non-deflected beam.
Mathematically, we calculate the image distance IDq(x) with

1
1
1
1
+
=
=− ,
d − ID q (x) ID ref (x) − d Fy
Fq
in which IDref(x) is the image distance without quadrupole, d is the distance
between the main lens of the gun and the quadrupole, Fy and Fq are the vertical and
horizontal the focal lengths of the quadrupole. As a result, the dynamic focus
amplitude is reduced, as shown in Fig. 8.

Figure 8: The required vertical reciprocal image distance of the gun as a
function of deflection, for various focal lengths Fq (indicated in cm in the
figure) of the fixed quadrupole located at a distance of 11 cm from the main
lens of the gun
So far we have discussed the effect of a fixed quadrupole that is located near the
deflection lens of the deflection yoke. It is also possible to use a quadrupole
closer to the gun. Figure 9 shows how the reciprocal image distance of the gun
varies as a function of deflection for different locations of the static quadrupole
field. In all cases of Fig. 9, the beams leave the gun parallel and are converged
on the screen by means of the quadrupole field.
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Figure 9: The required vertical reciprocal image distance of the gun as a
function of deflection, for different axial positions (d) of the quadrupole. The
quadrupole field is such that parallel beams are converged on the screen
Figure 9 shows that the effectiveness of a fixed quadrupole to reduce the
amplitude of dynamic focus depends on the axial distance between the gun and the
fixed quadrupole. So, on top of measures taken in the gun to reduce the dynamic
focus voltage, it is useful to add an additional quadrupole between the gun and the
screen at a considerable distance from the main lens of the gun. Since the electric
fields usually end in the proximity of the main lens (unless electrostatic
convergence correction plates are used as in ref. 5), this additional quadrupole can
only be a magnetic quadrupole. This quadrupole can be integrated with the
deflection yoke by means of permanent magnets or windings around the yoke-ring
of the deflection yoke.
Embodiments

The quadrupole can be wound in a toroidal form around the core of the
deflection unit. A WS tube has been built that uses parallel beams while the
beams on the screen are converged by means of the quadrupole around the yokering of the deflection yoke. The use of the quadrupole reduced the required
dynamic focus voltage by more than 40%. Another embodiment is to use an
electron gun with beams that are converged on the screen, and use two static
magnetic quadrupoles. The first quadrupole can be located near the main lens of
the gun which converts the beams into parallel beams, and the second
quadrupole is then used to converge the beams on the screen again. The
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advantage of the second embodiment over the first is that the convergence is not
so sensitive to anode voltage variations that occur in TV sets.

Figure 10: Deflection yoke with quadrupole, for reduction of dynamic
focus voltage
Conclusions

By using a quadrupole with a fixed strength near the deflection center of the
deflection unit, the amplitude of dynamic focus can be reduced significantly.
This is particularly important for CRTs with deflection angle larger than 110°.
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Chapter 5

Using quadrupoles to allow mask curvature in
flat faced CRTs
This chapter describes how the quadrupoles that were originally designed for reducing
the amplitude of the dynamic (= deflection dependent) focus voltage of the electron guns
found a completely different use. These quadrupoles also influenced the convergence
angle of the beams (the angle between the beams under which they reach the screen). As
will be explained in sections 5.1 and 5.2, this mechanism is now used to allow the
shadow-mask of the tube to be more curved than the inner surface of the screen. Whereas
the systems described in the previous chapters were design studies, which did not reach
production, the system described in this chapter has gone into production. This chapter is
composed of two sections. The first section gives an overview describing how the CRT
industry in general deals with flat faced CRTs. The second section describes the Philips
approach using quadrupoles.
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5.1 How the CRT Industry deals with Flat Face Displays1
Abstract
The various ways that the CRT industry produces flat face displays are presented. The
range starts with the Flat Tension Mask tube introduced by Zenith in 1986 and ends with
the current Philips approach using quadrupoles.

Introduction
The very first colour CRT with a flat screen was made by RCA [ref.1] when they were
experimenting with colour television. It wasn’t until recent years, however, that flat-faced
CRTs became available as a product. In order to achieve significant long-term
penetration in the market, the following boundary conditions have to be met:
• The optical appearance of the tube, both in an activated and non activated state, has
to be good.
• No significant loss must be discernible in picture performance aspects such as colour
purity, sharpness and convergence.
• Acceptable mechanical rigidity
• The application of the tube and its weight must be similar to equivalent tubes with
spherical screens.
• The cost increase must, in the long run, be minimal because otherwise flat-faced
CRTs will only appeal to a niche market.
From the above requirement it follows that the technology used must fit into current
processes.
In this paper we will present the various approaches that different companies use to produce
flat-faced CRTs. The article concentrates to a large extent on shadow-mask technologies
since these are often the limiting factor in flat-faced CRT performance.

Two-direction-tension masks
In 1986 Zenith introduced a flat-faced colour monitor tube [ref. 2,3], using a Flat
Tension Mask (FTM). They used a completely flat screen without skirt. In order to avoid
doming problems arising from the use of flat shadow masks, the mask was put under
tension in two directions. In it’s final form, as it is nowadays used by LG’s Flatron tubes
1

A.A.S. Sluyterman, "How the CRT industry deals with Flat Faced Displays", Digest of
Eurodisplay 99 Conference, pp 179-182 (1999), with figures from "The Flat Face of
CRTs", Information Display, Vol. 16, No 3, p20-22, (2000)
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[ref. 4], the mask was directly supported by a rail on the screen glass as shown in Fig. 1.
Because of its good doming performance, high beam currents could be used. To make
use of this benefit, the tube had a low transmission screen. This made the very high
daylight contrast the main feature of the tube, even more than its flatness. In fact, the
image gives a slightly hollow impression.

Fig. 1: Basic layout of the screen and mask of the evolved Zenith FTM tube, now used
by LG.
A characteristic for this design is that the mask is put under tension after all screen
processing has been completed. This meant that ‘non-married processing’ was not only
possible but required. A disadvantage of the tube is that the visible screen surface is
relatively small because of the space taken on the screen by the mask support ring.
To minimize the changes in processing compared with a conventional tube, the twodirection-tension mask could be mounted on a frame. Furthermore a conventional, but
flat, pressed screen could be used. This design was put forward by Hitachi [ref.5] in 1989
and has been used from 1996 by Matsushita in a 17” monitor tube called “Pure Flat”
[ref. 6,7].

One-direction-tension masks
An example of a mask with tension in one direction only, see Fig. 2, is the “aperture
grille” mask used by Sony [ref. 8] for their TV and monitor tubes and by Mitsubishi [ref.
9] for their monitor tubes.
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Fig. 2: Photograph of aperture grille mask.
Tubes with these aperture grille masks have always been flat in the vertical direction. In
1997, Sony introduced Real Flat in a television tube, in which the screen was also flat in
the horizontal direction. In the horizontal direction the screen was made flat on the
outside and slightly curved only on the inside. The difference between the centre screen
thickness and the thickness of the screen in the corner is called “screen wedge”. The
mask, however, is more curved, which is possible because the pitch along the sides of the
screen is larger than the pitch in the centre. This is called “grading” of the screen pitch.
This is no problem as long as the pitch remains invisible from a normal viewing distance
[ref. 10]. In the horizontal direction, the mask cannot be entirely flat because the
damping wires that are needed to suppress mechanical vibrations (microphony) of the
mask become less effective when the horizontal curvature is reduced.

Panel

S lightly
m ore
curved
shadow
m ask

S lightly
curved
inner
screen
surface

Fig. 3: Top view of the basic layout of the screen and mask of the Sony Real Flat tube.
Characteristics of the tube are the hollow picture impression and its heavy weight. The
hollow impression is an optical effect caused by the rather large thickness of the screen
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glass which in this case is insufficiently compensated by the screen wedge. The weight of
the screen glass is relatively high because the lack of internal vertical screen curvature
reduces the strength of the screen, which must be compensated by increasing its
thickness. The weight of the mask frame must be high for aperture grille tubes to
maintain the tension in the future.
To obtain a reduction in frame weight, Matsushita has created a one-direction-tension
mask made of invar. Because of the lower expansion coefficient of invar, less tension is
needed in the mask and as a result a lower frame weight is possible than for the Aperture
grille mask. Matsushita calls this their Semi Stretched Tension (SST) mask and currently
use it in all their 4 by 3 flat-faced television tubes.

Doubly-curved masks
Since most CRTs have a doubly-curved shadow mask (see Fig. 4), it is obvious to look
for ways to make real flat tubes while maintaining the doubly-curved shadow mask
technology.

Fig. 4: Photograph of doubly curved mask.
These tubes are flat on the outside but have screens that are curved on the inside. As a
result, the screen glass is thicker in the corners than in the centre of the screen, i.e. the
screen wedge referred to earlier. To avoid unnecessary luminance decrease towards the
corners of the screen, high transmission screen glass is used in combination with a
transmission layer on the screen.
The basic layout of the screen and mask of such a tube, as seen from above, is similar to
that illustrated in Fig. 3, the difference being that the inner screen surface is more curved.
Again, the mask can be made more curved in the horizontal direction than the inside
surface of the screen by applying screen pitch grading. Design work basically consists of
optimising the screen pitch grading and the wedge of the screen. For maximising doming
performance, as well as drop-test and microphony performance, a large wedge is
favoured because this increases the curvature of the mask. However, the screen wedge
cannot be too large because then the curvature of the internal surface becomes clearly
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visible, especially when the set is switched off or a cross hatch is displayed. Furthermore,
the image seems to lie deep in the cabinet. Other reasons why the wedge cannot be too
large include cost and the fact that dark corners start to appear when the screen is viewed
at an angle.
The resulting tubes are a compromise between drop test, doming and microphony on the
one hand and optical appearance and screen pitch grading on the other. This approach
has been adopted by Toshiba and Samsung, LG and also by Matsushita for its widescreen
tubes.

The Philips approach
For the design of the Philips flat faced “Cybertube”, the doubly-curved mask technology
was the starting point. However, the trade off between drop-test, doming and microphony
performance on the one hand and optical appearance and screen pitch grading on the
other was regarded as insufficient. Means were sought and found [ref.11] to be able to
increase the mask curvature whilst allowing the screen wedge to be reduced to such an
extent that the displayed image looks really flat. This is achieved by modulating the
gun pitch. For a given screen pitch, the distance between the mask and the screen varies
approximately inversely with the pitch of the gun. So by varying the gun pitch as a
function of deflection, the mask-to-screen distance can be varied along the screen and
additional mask curvature can be applied. This technology is called “gun pitch
modulation”. In the design of the 32″ “Cybertube”, a vertical inner screen radius of 7.2 m
is combined with a mask radius of 1.9 m only.
In practice, the gun pitch is virtually (as seen by the deflection yoke) varied by means of
a dynamic quadrupole that is placed over the gun of the tube. The convergence is then
restored by means of a second quadrupole that is wound in a toroidal form around the
core of the deflection unit. Fig. 5 shows the quadrupoles, and their influence on the
beams. For reasons of reliability, only frame-deflection dependent quadrupole currents
are used, generated by a drive circuit integrated with the yoke. This circuit is frequencyindependent, which means that it will work properly in multi-standard sets. Fig. 6 gives a
3D view.
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Mask at
line axis

beams

core of
deflection yoke

Mask along
top/bottom edges
of screen

Fig. 5: Top view of the quadrupoles and the beams. The continuous lines represent the
beams at the centre of the screen, the dashed lines represent the beams on their way to the
top or bottom of the screen.

Fig. 6: 3D view on a Philips RF tube, in which the vertical mask curvature is stronger
than the inner vertical screen curvature because of the gun-pitch-modulation technology.
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All this results in a tube with a perfectly flat image impression, large viewing angle, a
weight of 39 kg for a 32″ tube, a screen pitch that varies from 0.7 mm in the centre of the
screen to just below 1 mm along the screen edges, in combination with good
microphony, doming and drop-test performance.

Conclusions
At present there are several different technologies in use to create flat-faced CRTs. There
are CRTs with doubly stretched tension masks, masks that are stretched in one direction
only and doubly-curved shadow masks. And there is the Philips approach: a doublycurved shadow-mask in combination with gun-pitch modulation. It will be interesting to
see how these systems will evolve in time. We at Philips are convinced that the gun pitch
modulation technology is a good approach to make flat faced CRTs because it allows the
production of relatively low weight, really flat looking CRTs with good performance on
conventional production lines.
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5.2 The Philips Real Flat CRT Design2
Abstract
The Philips RF tube design combines a flat outside screen surface with low weight and
an almost flat inside screen surface to avoid a hollow impression. This design uses
quadrupoles that are integrated in the yoke design to allow additional curvature of
the shadow mask, thus improving doming, droptest, and microphony performance.

Introduction
The very first Real Flat tube was made by RCA when they were experimenting with the
first shadow mask colour tubes. In 1986 Zenith introduced a Real Flat CMT (ref. 1,2). In
1996 Matsushita introduced a Pure Flat 17" CMT (ref. 3). Both these designs introduced
extra costs because of the introduction of the new shadow mask technology. When Sony
introduced Real Flat in TVT in 1997 (ref. 4), the situation was different because Real
Flat did not involve new technologies other than high surface compression of the screen
glass and the cost increases were mainly limited to the costs of the glass and thermal
processing. At this point, Philips Components, who is a CRT supplier to many important
TV manufacturers, started to consider how to make Real Flat tubes based on earlier
investigations on this issue. The boundary conditions were:
• The applied technology should fit the current processes.
• The optical appearance of the tube, both in an activated and non activated state, has
to be good.
• The application of the tube and its weight had to be similar to the present tube.
• The cost increase has, in the long run, to be minimal because otherwise Real Flat
will only appeal to a niche market.
In this paper we will present the Philips approach.

The Philips approach
In our approach we use a screen that is flat on the outside and curved on the inside. Our
inside screen surface is almost spherical to ensure undistorted specular reflections at that
surface. As a result of the curvature of the inside screen surface, the screen glass is
thicker in the corners than it is in the centre of the screen. This difference is called the
2

A.A.S. Sluyterman, "The Philips Real Flat CRT Design ”, IDW’98 Proceedings, 5,
pp.340-343 (1998).
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screen wedge. To avoid unnecessary luminance decrease towards the corners of the
screen, the choice was made to use high transmission glass for the screen and to apply a
transmission coating on the outside of the screen. In this tube we use a conventional
doubly curved shadow mask. The basic layout of the screen and mask is illustrated in
Fig. 1.
curved inner
screen surface
shadow
mask
high
transmission
glass
Transmission
coating on
screen surface
Fig. 1: Basic layout of the screen and mask.

flat outer
screen surface

Our design work started by optimising the wedge of the screen. By using some curvature
in the inside screen surface, we can optimise screen weight and avoid a hollow
impression of the images. For maximising the doming, droptest and microphony
performance of the tube, a large wedge is favourable because this increases the curvature
of the mask. However, the screen wedge cannot be too large because then the curvature
of the internal surface becomes clearly visible, especially when the set is switched off or
a cross hatch is displayed. Furthermore, the image seems to lie deep in the cabinet. Other
reasons why the wedge cannot be too large include costs and the fact that dark corners
start to appear when the screen is viewed at an angle.
light emitting
phosphor grain
inner screen surface, has
angle with outside surface
glass angle
outer screen surface

most extreme light ray
max.
light angle for this screen angle

Fig. 2: The occurrence of dark corners when the screen is viewed at an angle.
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This latter effect is caused by the refraction of light at the transition from vacuum to glass
and from glass to air. The refraction at the first surface is not exactly compensated by the
refraction at the second surface because the two surfaces are at an angle to each other.
This is illustrated in Fig. 2. From this principle we can derive the minimum radius of the
inner screen surface as a function of the maximum angle under which we want to be able
to see all corners of the screen. For a screen diagonal of 76 cm and a glass index of
refraction of 1.54, the relation is given in Fig. 3.

10
inner screen radius (m)

9
8
7
6
5
4
3
2
1
0

40 45 50 55 60 65 70 75 80 85 90
required viewing angle

Fig. 3: The minimum required screen radius for avoiding the appearance of dark screen
corners, as a function of the angle under which the screen is viewed.
To be able to see the entire image on a 32" screen at angles up to 70°, the radius of the
internal screen surface must be 7 m or more. We settled on a radius of 7.2 m, leading to a
screen wedge along the short axis of 2 mm and 10 mm in the corner.
Note that for a large viewing angle, it would have been interesting to make the radius of
curvature of the inner screen surface infinitely large. However, the displayed images then
give a hollow impression. Furthermore, if the screen wedge is small, it turns out that
further reduction of the screen wedge leads, for safety reasons, to an increase in the
thickness of the center of the screen and ultimately to an increase in the weight of the
screen glass. On top of that, a tension mask would then be required which also adds to
the tube weight.
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During the screen design we simultaneously designed the shadow mask. It turned out that
a mask radius of 7.2 m is too large for appropriate doming, droptest and microphony
performance.
We decided to look for means to reduce the radius of curvature of the shadowmask. In
the horizontal direction this was obtained by the well-known approach of grading the
screen pitch. This is no problem as long as the pitch remains invisible from the normal
viewing distance (ref. 5). In our design, the pitch varies over the screen from 0.7 mm in
the centre of the screen to just below 1 mm along the sides of the screen, resulting in a
mask radius of curvature in the horizontal direction of 3.9 m.
only slightly
curved inner
screen surface

more
curved
shadow
mask

high
transmission
glass

transmission
coating on
screen surface
Fig. 4: The Philips approach; an almost flat inside screen surface with a more curved
shadow mask.
flat outer
screen surface

The fact that we wanted to maintain the pitch below 1 mm at the sides of the screen put a
limitation on the additional curvature that could be obtained by means of screen pitch
grading. Furthermore, grading of the screen pitch as a function of the vertical screen
position, in order to create vertical mask curvature, is not possible when one wants to
maintain straight and continuous phosphor lines at the sides of the screen. Therefore we
decided instead to apply grading of the gun pitch. The basic principle and practical
embodiment will be explained next.

The effect of a variable gun pitch
When we want to create a tube with a flat internal screen surface but with a curved
shadow mask, we have to find a way to deal with a varying distance between the mask
and the screen. The new approach is to apply a varying gun pitch. The relation between
the screen pitch, gun pitch and mask-to-screen distance q is illustrated in Fig. 5. The
three beams as they leave the gun, are converged on the screen, not on the shadowmask.
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Due to the deflection of the yoke, each beam has moments when its centre passes a given
mask hole.
plane of
deflection

shadow
mask

screen

Pgd

1
---

Psc

3

q
L
Fig. 5: The relation between the mask-to-screen distance q, the screen pitch Psc, the gun
pitch Pgd in the plane of deflection, and the deflection plane to screen distance L.
So the beams pass through the same mask hole, but at slightly different moments in time.
For this reason, it is the distance between the beams in the plane of deflection that
determines the relation between the screen pitch and mask-to-screen distance. Fig. 5
shows that for a given screen pitch and a given distance between the screen and the plane
of deflection, the distance between the mask and the screen varies approximately
inversely with the pitch of the gun in the plane of deflection. Mathematically, this
relation is given by:

q=

Psc L
3Pgd + Psc

in which
L : distance between plane of deflection and screen,
Pgd: gun pitch at the plane of deflection,
Psc: screen pitch,
q : mask to screen distance.
So by varying the gun pitch as a function of deflection, the mask-to-screen distance can
be varied for each point on the screen and additional mask curvature can be applied.
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The quadrupole embodiment
The variation of the gun pitch in the plane of deflection could be achieved by using an
election gun in which the pitch of the gun itself, as measured in the main lens of the gun,
is varied. In our embodiment, the gun pitch is not varied in the gun itself, but is virtually
(as seen by the deflection yoke) varied by means of a dynamic quadrupole that is placed
over the gun of the tube. The convergence is then restored by means of a second
quadrupole that is wound in a toroidal form around the core of the deflection unit.
Quadrupole 2
Quadrupole 1

almost flat
inner screen

beams
shadow mask
deflection yoke
Fig. 6: Top view of the quadrupoles and the beams. The continuous lines represent the
beams at the centre of the screen, the dashed lines represent the beams on their way to the
top or bottom of the screen.
In this respect, it is convenient that we already use double mussel deflection yokes that
are characterised by an absence of windings around the core. Fig. 6 shows the
quadrupoles, one of which is wound around the core of the deflection yoke, and their
influence on the beams. Other forms of manipulating the gun pitch were also studied but
found to be more complex.
We also considered using only one quadrupole (near the gun) in combination with a non
self-converging (in fact over-self converging) deflection yoke. However, we concluded
that the use of two opposing quadrupoles makes the convergence performance less
sensitive to anode voltage variations.
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So we use two quadrupoles to allow additional mask curvature. We now combine a
screen with a radius of curvature of 7.2 m with a mask with a radius of curvature of 3.9
m horizontally and 1.9 m vertically, resulting in a good drop-test, doming and
microphony performance.
almost flat
inner screen

curved
shadow mask

Y

flat
outer
screen
surface

Fig. 7: Side view of the screen and the mask; the mask is more curved than the screen.

Driving the Quadrupoles
Quadrupole 1, which is the one located around the electron gun, is used to optimise the
colour purity performance of the tube. Quadrupole 2 is used to restore the convergence
performance. Because the second quadrupole is located close to the horizontal deflection
centre of the yoke, it has little influence on colour purity. This simplifies the yoke-totube matching procedure, which is done in our tube factories. Because the impact of each
of the quadrupoles is significant, reliable drive of the quadrupoles is vital. For that reason
we chose to apply "current drive" for the quadrupoles, which can only be done by framedeflection dependent currents. The quadrupole drive current is basically the square of the
frame deflection current with a negative offset of approximately half the nominal
dynamic amplitude (see Fig. 8). This offset is fixed which means that it is not influenced
by variations in the amplitude of the vertical deflection. This choice has to be made,
because otherwise the offset would depend upon the amount of overscan chosen by the
setmaker.
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Dynamic
amplitude

Iv
Offset
Fig. 8: The current Iq through the quadrupoles as a function of vertical deflection current
Iv
We use a gun pitch of 5.5 mm and increase the pitch by 15% for the line axis and reduce
the gun pitch by 15% at the top and bottom edges of the screen. Because we supply this
tube to many different setmakers, and because we want to guarantee optimum
performance of the tube-yoke combination, the drive circuit for the quadrupoles is
integrated into the yoke. The only additional requirement for the TV chassis is to supply
±12 V to this circuit.

Characterisations of the present design
The new design is characterised by the following features :
• A Real Flat outside screen surface
• An inner screen surface with a radius of 7.2 m
• High transmission screen glass in combination with an outside transmission coating.
• A gun pitch of 5.5 mm
• Virtual variation of the gun pitch by means of two quadrupoles.
• A screen pitch that varies from 0.7 mm in the centre of the screen to just below 1
mm along the screen edges
• An invar shadow mask thickness of 220 microns.
• A tube weight of 39 kg.
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Conclusions
Philips has made a Real Flat design in which the doubly curved mask technology is
maintained. In this design, two quadrupoles are used whose drive signals are generated
by the yoke itself. By means of these quadrupoles, the curved mask could be combined
with an almost flat inner screen surface. This gives a Flat but not hollow appearance of
the image, and avoids the occurrence of dark screen corners when the screen is viewed at
an extreme angle. All measures together resulted in a tube weight of 39 kg.
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Chapter 6

THE RADIATING FIELDS OF MAGNETIC
DEFLECTION SYSTEMS AND THEIR
COMPENSATION1
Abstract - The stray fields of magnetic deflection yokes are analyzed, and a field
reducing device has been developed.
I. INTRODUCTION

In CRT displays, the electron beams are usually deflected by magnetic fields. In front of
the screen these fields decrease rapidly; 50 cm in front of a 110° monochrome deflection
unit the field strength has already dropped to about 5 x 10-7 T, which is only 1% of the
earth's magnetic field. However, the deflection yoke's field is not constant, and field
changes can cause interference with other electronic equipment. Furthermore, several
institutions are investigating whether this field can possibly influence human health (refs.
1 and 2). The field changes in time follow from the maximum field strength B by

Today, with increasing line frequencies and thus shorter flyback times τfb, the time
derivative of the field increases.
For these reasons a study is made of the characteristics of the magnetic stray fields and
how an effective compensator of the radiating field for a deflection yoke can be
designed.
II.

THE MAGNETIC FIELD OF A DEFLECTION YOKE

The study of spatial magnetic fields is done in a spherical co-ordinate system (Fig. 1).
In our case, the field strength in front of the screen corresponds with a zero value for the
angle's θ and ϕ.
When the field measurement points are located on a circle, then the field components
can be represented in a polar diagram. In a polar diagram a point's angular position
corresponds with the angular position on the measuring circle and its radial position
indicates the field strength.
1

Published in the Proceedings of the SID, Vol 29/3, 1988 by A.A.S.Sluyterman
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FIG. 1: The spherical co-ordinate system, tube screen, and magnetic field components.
Figure 2 shows both radial and tangential field components of a measured yoke. Here
the mechanical center of the yoke was placed in the center of our coordinate system.
Because of the chaliced yoke ring and line coil, the radiating center does not coincide
with the mechanical center of the yoke. Therefore, the measured polar diagram is not
symmetrical.

FIG. 2: The polar diagrams of the measured field of a deflection yoke measured at a
radial distance of 50 cm from its mechanical center.
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The yoke can be shifted along the z axis until the measured polar diagram becomes
symmetrical (Fig. 3), which occurs when the radiating center of the deflection yoke
coincides with the center of our measuring sphere.

FIG. 3. The polar diagrams of the measured field of a deflection yoke, measured at a
radial distance of 50 cm from its radiating center.
In this paper the field is expressed in multipoles as this enables a prediction of the field
at different angular positions and at larger radial distances. At a radial distance of 50 cm,
the measured field resembles, within 10%, the field of a magnetic dipole of which the
polar diagram consists of pure circles. At larger distances the resemblance becomes even
stronger. With line frequencies of less than 150 kilocycles the magnetic fields within a
distance of 100 m can be treated as quasi-static fields. The field of a magnetic dipole
with a magnetic moment M, and with the orientation of a line coil, is given by

In case of a flat dipole-generating coil,
M=nAI
where A is the area of the coil, n is number of turns of the coil, and I is the current in the
coil.
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III. THE MAGNETIC DESIGN OF THE FIELD COMPENSATOR
A magnetic dipole, placed in the neighborhood of the radiating center of the deflection
yoke, can be used to cancel the stray fields of the deflection yoke. However, because the
radiating center of the yoke lies between the front of the yoke and the tube screen, a coil
should be placed inside the tube or coil windings in front of the screen. Because of the
impracticality of this procedure, we deal with this problem in the following way; two
different approaches are discussed and a final solution is presented.
A. Approach I
The first approach is to use a compensator that consists of a coil placed behind the
deflection yoke (Fig. 4). The coil between the yoke and the screen represents the center
of the radiating field of the deflection yoke. Because the radiating center of the deflection
yoke does not coincide with the center of the compensating coil, a quadrupole
configuration occurs.

FIG. 4. Mounting the compensating coil behind the deflection yoke, resulting in a
quadrupole.
The magnetic quadrupole field of this configuration is given by

The radiating fields of magnetic deflection systems and their compensation

109

where d represents the distance between the compensating coil and the radiating center of
the deflection yoke. Note that the strength of the field decreases with the fourth power of
r, while the strength of a dipole field decreases with the third power of r. By this
compensation of the dipole field we are left with a quadrupole field (Fig. 5).

FIG. 5. The polar diagrams of the quadrupole field in the Y/Z plane.

The maximum field strength to be found anywhere on a sphere, of radius r, now becomes
9d/4r times that of the original dipole field. At larger distances the compensation can be
sufficient, but at shorter distances additional compensation may be required.
B.

Approach 2

The second approach, intended to avoid the quadrupole problem, consists of two
compensating coils, placed right above and right below the radiating center of the yoke
(Fig. 6).
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FIG. 6. Mounting the compensating coils above and below the tube
results in a six-pole field component with rotational symmetry.
The resulting field has the character of a six-pole field (Fig. 7).

FIG. 7. The polar -diagrams of the rotationally symmetric six-pole field in the Y/Z
plane.
In the case of circular compensation coils, the field has a rotational symmetry (no ϕ
dependence) and follows:
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where h represents the distance between the compensating coils, and rc is the radius of the
compensating coils. The strength of this field decreases with the fifth power of r. The
six-pole field component of the original field of the yoke is small enough to be ignored in
this expression.
The maximum field strength on a sphere is found right above or below the
compensation coils and is 6(h2 - rc2)/r2 times that of the original dipole field. This
compensation setup also performs well at large distances. At intermediate distances,
depending upon h and rc, the compensation may be insufficient. At this point three
remarks have to be made:

Remark 1: Although the field expression suggests that the six-pole field component can
be suppressed by increasing the radius of the compensating coils, this turns out to be
unpractical. First of all the radius of the coils would become too big to fit into the
monitor cabinet and secondly, higher field components then become dominant.
Remark 2: The field does not only have the 3θ dependence that one expects from a sixpole field component, but also a field component with a θ dependence. This component,
which causes the irregularities in the polar diagram (Fig. 7), has the θ dependence of a
dipole field, but the r dependence of a six-pole field component. When the polar
diagram is examined, this dipole-like field component might lead to the wrong
conclusion that the amount of dipole compensation is chosen incorrectly.
Remark 3: When non-circular compensation coils are used, a ϕ-dependent component
of the six-dipole field occurs. The function of that component is given by

where A depends on the shape and location of the coils.
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C. The Final Solution
When only very low field values are allowed in any point on a small sphere around the
yoke, both quadrupole and six-pole field components have to be avoided. By placing the
compensation coils above and below the yoke, and varying both d and h (see Figs. 4 and
6) this cannot be achieved simultaneously. Even with the introduction of an angle
between the coils and the z axis only an exchange between quadrupole and six-pole field
components is possible.
To overcome this problem, the quadrupole-like compensation of Approach I (Fig. 4) is
used, of which the quadrupole component is compensated by means of vertically oriented
coils (Fig. 8).

FIG. 8. Reduction of the radiating fields by means of two sets of coils.
The strength of the magnetic moment Mv of each of these coils should be d/h times the
deflection yoke's magnetic moment. The remaining field consists of eight-pole and
higher field harmonic cornponents. The barely obtainable compensation is now limited
by coil mounting tolerances, connecting wires, etc.
IV.
A.

APPLICATIONAL ASPECTS

Sensitivity

The main element of the field compensator is a dipole field-generating coil, which is
connected in series with the line coil of the deflection yoke. Although any coil with the
right nAI product produces the same magnetic moment M, the coil should not be made
too small as this increases the stored magnetic energy. For instance, when a square coil
with dimension b is used, the self-inductance L of that coil is proportional to b. Thus, the
stored energy E is proportional n2I2b. Because the magnetic moment M is nLb2, the
stored energy E of that coil depends on M and coil length b and is proportional to M2/b3.
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On the other hand, the space inside the monitor cabinet is a limiting factor for the coil
dimensions.
B. Eddy Currents
The application of the radiation compensation can be disturbed by Eddy currents. These
currents, caused by conductive parts of the monitor cabinet or the aluminum layer inside
the tube, produces an additional field that differs from the original field of the yoke.
These differences relate to the shape in space and the phase in time of the field. Phase
differences can be dealt with by changing the phase of the current through the
compensating coil. Shape differences of this additional field cannot be corrected easily.
Therefore, the occurrence of eddy currents must be minimized.
C. Example
Applied to a 110° tube, the radiating mathematical dipole lies 5 cm in front of the line
coil. The compensating dipole is generated by a saddle line coil around the yoke ring.
The distance between the center of the compensating coil and the center of the radiating
field of the yoke is 10 cm, so the quadrupole strength after compensation equals, at 50
cm in front of the coil, 3 (10/50)=0.60 times the original dipole strength. For a further
reduction, vertically oriented coils are added (see Fig. 9) and a 95% field reduction can
be obtained.

FIG. 9. An example of a compensation coil.
In this case, the eight-pole component of the field is a limiting factor. At larger distances
this eight-pole component, that decreases with the sixth power of the distance, becomes
less relevant, but then practical mechanical tolerances, causing for instance a magnetic
dipole, become a limiting factor.
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V. CONCLUSIONS

The stray field of a deflection yoke, at distances of 30 cm or more from the screen, can
be described by a magnetic dipole whose radiating center is placed between the yoke and
the screen. Reduction of the magnetic field at large distances can be obtained by means
of a magnetic dipole with an equal but opposite magnetic moment. For a significant
overall field reduction at short distances (for instance, on a sphere of 50 cm around the
yoke), additional quadrupole coils are needed. These coils have to compensate the
quadrupole effect that is caused by the fact that the compensating dipoles cannot be
positioned at the exact position of the deflection yoke's radiating dipole.
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Glossary of CRT terms
Astigmatism

Focal points in two orthogonal directions are different

Aperture grille mask

Shadow mask embodiment for CRT, in which the mask holes
are vertically almost as long as the screen height and in which
the mask is put under tension in the vertical direction. This
results in a mask that is flat in the vertical direction.

Beam Landing

The three beams of a colour CRT are assigned to the three
primary colours. Each of the three beams should therefore
land, at least that part of the beam that passes through the
holes of the shadow mask, on a phosphor dot with the colour
that is assigned to that beam.

Bi-potential Lens

A focussing lens in an electron gun, in which the electrostatic
potential is higher at the exit of the lens then it is at the
entrance of the lens.

Convergence

The three beams in a colour CRT, responsible for the colours
red green and blue, are converged when they cross each other
at the screen (as they should).

Cross hatch

Pattern displayed on the screen that consists of a number of
horizontal and vertical lines. This pattern is used to check the
correct convergence of the three beams and to check
geometrical distortions (lines that are curved while they
should be straight)

Doubly curved mask

A shadow mask that is curved in both the horizontal and
vertical directions. This gives the shadow mask mechanical
strength. The curvature is obtained in a press.

DAF gun

An electron gun in which both the focus and astigmatism are
changed dynamically (= as a function of deflection) and
simultaneously.

DAF plates

In a DAF gun the beams are made astigmatic by means of
electrostatic quadrupoles. These quadrupoles are created by
means of two so called DAF plates, between which the
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potential difference changes dynamically (=as function of
deflection), with rectangular holes.
DAF-Q system

A CRT system that employs a DAF gun and also uses a
separate magnetic quadrupole. The purpose of this system,
that is described in Chapter 4 of this thesis, is to make the
shape of the deflected spots more round than they are with a
normal self-converging system.

Deflection sensitivity

Energy, expressed in J, needed for deflecting the beams
horizontally or vertically to the edges of the screen. It
depends on the resonance efficiency of the deflection
electronics and deflection unit how much power is needed for
deflection.

Drop test

The mechanical fragility of the shadow mask is tested by
dropping the entire CRT from various heights, under well
controlled conditions.

Doming

Deformation of the shadow mask due to heating of the
shadow mask by electron bombardment, leading to
discoloration of the image.

Dynamic Focus

Focussing strength of the main lens of an electron gun, that is
different for various locations on the screen.

Dynamic convergence

Convergence that is obtained by adding a magnetic
quadrupole, or other deflection means that can discriminate
between the three beams, of which the strength is different for
various locations on the screen.

Dynamic quadrupole

Quadrupole, of which the strength is different for various
locations on the screen.

Double mussel coil

Deflection unit as shown in Fig. 1.2. Such a deflection unit
has no windings on the outside of the high permeable yoke
ring. This construction allows the field lengths of the line coil
and frame coil can be chosen independently and gives the
freedom to decide whether the line or frame field starts first

Frame parabola

Signal, voltage or current, that is proportional to the squared
current through the frame deflection coil (coil for vertical
deflection).
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Flat Tension Mask

Shadow mask that is under tension in both the horizontal and
vertical direction, resulting in a flat shadow mask.
Incidentally, but not in this thesis, the term is also used for a
shadow mask that is only flat in the vertical direction.

Flyback time

Time that is needed to change the line deflection current from
its maximum value at the right end of the screen to its
minimum value at the left end of the screen.

Grading of screen pitch

Screen pitch at the sides of the screen that is larger than the
screen pitch at the centre of the screen.

Gun pitch

Distances between the centre beam of the gun and the two
side beams of the gun.

HDTV

High Definition TeleVision

Isotropic correction

A correction is called an isotropic correction when the
correction at the screen corners is equal to the sum of the
corrections at the line axis and frame axis.

Index tube

Tube that has no shadow mask. The size of the electron spot
has to be smaller than the width of a phosphor line. Such a
tube needs a so-called "index system" that indicates where
exactly the beam lands on the screen.

Line parabola

Signal, voltage or current, that is proportional to the squared
current through the line deflection coil (coil for horizontal
deflection).

Mask pitch

Distance between the holes of a shadow mask. Projection of
this distance on the screen by the green beam determines the
screen pitch.

Microphony

Extend to which the shadow mask vibrates under the influence
of mechanical vibrations enforced on the tube. The loud
speakers of the TV set or computer monitor mostly induce
such mechanical vibrations.

Multi standard set

Television set that can display both the European and US
television signals. The significant difference is the number of
scan lines.
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Non-married processing Processing of the screen (in which the phosphor pattern is
deposited on the screen), without using the shadow mask for
that tube as a negative.
Over-focussing

Beam reaches a focal point before it reaches the screen.

Over-scan

Deflection current that is larger than needed for reaching the
periphery of the screen. The purpose of this is to cope with
current variations throughout the life time of a television set.

Pincushion distortion

Non-linearity of the deflection versus the deflection current,
which causes a square object to be displayed as a pincushion,
when not corrected for.

Polygon main lens

Focussing lens intended for focussing three beams, using three
separate lenses on top of a common lens. This common lens is
called polygon lens

Raster distortion

Non-linearity of the deflection versus the deflection current.

R-B convergence error

The three beams of a colour CRT should cross (ignoring the
shadow masks interruption of the beams) each other at the
same moment that the three beams touch the screen. When
they do not, this is called a convergence error. R-B is the
convergence error between the red and blue beam.

Saddle coil

Deflection coil with no windings outside of the yoke ring.

Scan-Moiré

Interference between the structure of the shadow mask and the
structure of the scanned lines, resulting in an undesired moiré
pattern on the screen. Most noticeable at low intensities
because then the spot size is smallest.

Screen wedge

The difference between the thickness of the screen in the
screen corners and the screen centre.

Screen pitch

Distance between two phosphor lines (or dots) of the same
colour, as measured on the screen. This distance is related to
the mask pitch.

Self-convergence

Property of a deflection field, which takes care that the three
beams converge on the screen, whatever the deflection of the
beams. This property requires the field to be non-uniform.

119
Stray fields

Fields of the deflection coils, intended for deflecting the
beams, that are still present outside of the CRT.

Skirt of screen

A CRT has two main glass parts that are joined together: the
screen and the cone. The joint between the two lies several cm
behind the screen. That distance is called the skirt.

Transmission coating

Coating on the outside or inside of the screen intended to
reduce the transmission of light. Reducing the transmission of
light improves the daylight contrast of the CRT because the
ambient light has to pass through the screen twice while the
light generated by the tube itself ony passes the screen once.

Unipotential lens

A focussing lens in an electron gun, in which the electrostatic
potential at the exit of the lens is equal to the potential at the
entrance of the lens.

WS

Wide Screen; a screen with a width to height ratio of 16 : 9. A
traditional CRT has a width to height ratio of 4 : 3.

Yoke ring

Ring applied in a deflection unit, made of high permeable
material, to enhance the sensitivity of the deflection system.
The electrical conductivity should be low in order to avoid
eddy current losses.
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Summary
Cathode ray tubes (CRTs) are displays for computer monitors and TV sets. CRTs are
still the subject of extensive study in order to improve the picture performance under
daylight conditions, to allow flatter faced screens, to reduce their depth and reduce cost.
This thesis shows how magnetic quadrupoles are used in an innovative way to reach
these goals.
Chapter 2 derives a manageable lens model that describes the focussing effects
experienced by an electron beam when it is deflected by the most uniform field that can
be made with a CRT deflection unit. The lens model shows that quadrupole-like effects
occur due to deflection, which induces astigmatism into the deflected beam. These
effects are less than generally assumed in literature, but not negligible.
Chapter 3 presents a new method for efficiently calculating the quadrupole strengths
needed to compensate the astigmatism of a deflected beam. The chapter also shows how
the spot of the deflected beam then looks compared with the spot of the non-deflected
beam. The method starts with the calculation of a matrix that describes the transport of a
beam through a given deflection system, for a given deflection.
In chapter 4, first a colour CRT system is presented that has one extra quadrupole. The
result of this is that the spot of a deflected beam becomes less elliptical. Another feature
of this novel system, called the DAF-Q system, is that it lowers the voltage needed by
the electron gun to focus the deflected beam. The second system described in chapter 4
is specifically designed to lower the focus voltage of the deflected beams. In contrast to
the other system, this uses two magnetic quadrupoles, but with fixed strength.
Chapter 5 explains how two magnetic quadrupoles are used to create CRTs with a screen
that is flat on the outside, almost flat on the inside but with a curved shadow mask. A
shadow mask needs some curvature for mechanical rigidity. This innovation, based on
the use of two quadrupoles operating at frame frequency, has found its way into many a
living room.
Finally, chapter 6 shows how the magnetic field surrounding a CRT can be reduced. This
is done by means of a compensating dipole field, which is, for shorter distances from the
CRT, assisted by a compensating magnetic quadrupole field.
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Samenvatting
Cathode-ray tubes (CRTs) zijn beeldbuizen voor TVs en computermonitoren. Deze
worden nog steeds intensief bestudeerd om de beeldkwaliteit onder
daglichtomstandigheden te verbeteren, vlakkere beeldschermen mogelijk te maken, de
diepte ervan te reduceren en de kosten te verlagen. Dit proefschrift beschrijft hoe
magnetische quadrupolen op een innovatieve wijze gebruikt worden om deze doelen te
bereiken.
In hoofdstuk 2 wordt een handzaam lensmodel afgeleid dat de focusserende werking
beschrijft die electronenbundels ondergaan, wanneer ze worden afgebogen met het meest
homogene afbuigveld dat met een deflectiespoel voor CRTs te maken is. Het lens model
toont aan dat er bij afbuiging quadrupoolachtige effecten optreden, die astigmatisme in
een bundel induceren. Deze effecten zijn minder dan doorgaans in de litteratuur wordt
aangenomen, maar niet verwaarloosbaar.
Hoofdstuk 3 presenteert een nieuwe rekenmethodiek, waarmee op zeer efficiënte wijze
wordt berekend wat voor quadrupolen nodig zijn om een door afbuiging veroorzaakte
bundel astigmatime te compenseren. Vervolgens wordt berekend hoe groot (en
elliptisch) de spot daarvan dan is in verhouding tot de spot van de onafgebogen bundel.
De rekenmethodiek begint met het berekenen van een matrix die het transport van een
bundel door een gegeven deflectie-systeem beschrijft.
In hoofdstuk 4 wordt eerst een kleuren CRT systeem gepresenteerd waaraan één extra
quadrupool is toegevoegd, met als resultaat dat de spots van de afgebogen bundels
minder elliptisch worden. Met dat innovatieve systeem, dat met DAF-Q wordt
aangeduid, blijkt verder de spanning die nodig is om de afgebogen bundels te
focusseren, lager te worden. Daarna wordt in hoofdstuk 4 een tweede systeem
beschreven dat gebruik maakt van twee statische magnetische quadrupolen. De
toepassing van deze statische quadrupolen is specifiek gericht op het reduceren van de
focusspanning van de afgebogen bundels.
Hoofdstuk 5 beschrijft buizen waarin twee magnetische quadrupolen worden gebruikt
om CRTs te maken, waarvan het beeldscherm vlak is aan de buitenkant en nagenoeg
vlak is aan de binenkant, terwijl het schaduwmasker toch gekromd kan blijven. Dat
laatste is nodig om het masker voldoende mechanische rigiditeit te geven. Deze
innovatie, gebaseerd op het gebruik van twee "beeld frequente" quadrupolen, heeft zijn
weg naar menig huiskamer gevonden
Hoofdstuk 6 tenslotte, toont aan hoe het magnetisch veld aan de buitenkant van de
beeldbuis kan worden gereduceerd. Dit gebeurt door middel van een compenserend
dipool veld, dat ter compensatie van het magnetische veld op korte afstanden wordt
aangevuld met een compenserend magnetisch quadrupool veld.
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STELLINGEN
Bij het proefschrift

Innovative use of Magnetic Quadrupoles
in Cathode-Ray Tubes

A.A.S. Sluijterman
Eindhoven, 3 juni 2002

1. Voor het, per computer, realistisch weergeven van fotografische
beelden is een CRT monitor vooralsnog te prefereren boven een
LCD monitor.
2. P.W. Hawkes en E. Kasper1 definiëren een zuiver multipool veld
als een veld dat, ontwikkeld in cylinder coördinaten, een
hoekafhankelijkheid heeft die overeenkomt met een enkele
harmonische. Echter, ze melden ten onrechte (p. 88) dat het
vanwege het bestaan van randvelden onmogelijk zou zijn om een
zuiver multipool veld te maken.
( 1 "Principles of Electron Optics volume 1: basic geometrical
optics", Academic Press 1989)
3. Voor het generen van een zuiver dipool veld 2, zijn meer dan
twee ladingen nodig.
4. Technieken die beeldscherpte verbeteren en daarbij gebruik
maken van bundelstroom manipulatie, kunnen bij hoge
helderheden een averechts effect hebben als geen rekening wordt
gehouden met het feit dat een grotere bundelstroom tot een
grotere spot leidt.
5. De weergave van karakters op een CRT monitor zou tegen
geringe kosten aanzienlijk kunnen worden verbeterd door, in de
computer, de pixeldichtheid in horizontale richting aanmerkelijk
op te voeren zonder dit ook in verticale richting te doen. Daarbij
moet de grotere horizontale pixel dichtheid dan niet gebruikt
worden om de karakters smaller weer te geven.
("Improved Character Representation by Non-Square Pixel
Grids", SID'00 Digest of Technical Papers)

6. De "veiligheidseisen" die TCO, de Zweedse witte-boorden
vakbond, sinds 1999 aan de externe elektrische velden van
computer monitoren stelt zijn niet zinvol en kunnen zelfs
contraproductief uitpakken. Ze kunnen er toe leiden dat ter
afwending van het illusoire "stralings" gevaar, afbreuk wordt
gedaan aan elektrische isolatie-eigenschappen van monitoren.
Daardoor is het voor deze monitoren echt noodzakelijk een
wandcontactdoos met aardcontact te gebruiken.
7. De betekenis van de letter A in CAD (computer aided design)
wordt nogal eens over het hoofd gezien.
8. Het moment dat een hedendaagse TV de eerste mankementen
begint te vertonen wordt vaak bepaald door de robuustheid van
zijn afstandsbediening.
9. Het gegeven werkzaam te zijn in een gezonde bedrijfstak is geen
garantie tegen collectief ontslag.

10.De karakteristieke Nederlandse ij met puntjes is door de
invoering van de tekstverwerker als karakter verdwenen en
wordt nog het best benaderd met de, ook in het oud-Nederlands
gebruikte, y

