


The cover shows a scanning electron
micrograph of part of the dipole-quad-
rupole focus mask described in the
paper by Hockings, Bloom, and Ta-
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vides a highly transmitting color-se-
lection structure requiring only mod-
erate voltage biases. It has an elec-
tron-beam transmission of about 50%
as compared to the 18-22% of a typ-
ical shadow mask. As shown, the mask
consists of an aperture plate and con-
ducting wires separated by an insu-
lator (the undercut pads visible at
crossover points) and is quite rugged.
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A High-Transmission Focus Mask for
Color Picture Tubes

E. F. Hockings, S. Bloom, and D. J. Tamutus
RCA Laboratories, Princeton, NJ 08540

Abstract—The behavior of a dipole-quadrupole focus mask for a color
picture tube is described. Some proposed methods of fabri-
cating focus masks are reviewed. One method is described in
detail since it was used to make a demountable focus mask
color picture tube. The performance of this 10-inch diagonal
tube is exemplified by a color illustration of a transmitted video
image.

1. Introduction

The width of each shadow mask aperture in an in-line color picture
tube may be no greater than one-third of the phosphor triad period.
This limits the mask transmission to one-third of the incident elec-
tron beam, and in practice it is more like one-fifth. To avoid this
waste of 80% of the beam at the shadow mask, many methods have
been suggested for enlarging the apertures and for providing fo-
cusing as well as shadowing; and these methods have recently been
discussed!. When for example the mask is maintained at several
kilovolts below the screen potential, the mask apertures become
convergent lenses with a focal power proportional to the axial elec-
tric field in the mask-to-screen region. However, these early post-
deflection focusing systems had many problems, all arising because
the mask was at a much lower potential than the screen. For ex-
ample, contrast was degraded because unwanted electrons were ac-
celerated to the screen; the overall beam spot was enlarged because
the gun-to-mask region was at too low a voltage; and the large
potential difference between the mask and screen led to arcing prob-
lems.

One form of early focus mask was the “single-grill” structure? in
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which wires were stretched parallel to the phosphor stripes of a line-
type screen. The forementioned problems were then alleviated by
the “double-grill” modification, due to Ramberg et al,? in which a
second array of wires was placed near and normal to the first set.
With the two grills close together—about 1/8th inch in practice—
a smaller potential difference can produce the required focal power.
When the first grill (parallel to the line screen) is at screen potential
and the second grill (transverse to the line screen) is at a higher
potential, the electron beamlets through the composite rectangular
openings are focused horizontally and defocused vertically. This
double-grill focus mask, although adequate electron-optically, suf-
fers critically from the mechanical problems of stretched wires.

More recently, quadrupole-type focus masks have been proposed.*
In a sense, these are logical extensions of the double-grill mask in
that the second grill is now brought close to the first grill and an-
chored to it by insulation at the intersections. With the two grill
arrays now essentially coplanar, the electric field lines are almost
wholly normal to the beam direction and so most effective in de-
flecting the electrons. Thus a potential difference of several hundred
volts, rather than several kilovolts, suffices. Such low voltages are,
of course, a requirement if the thin insulation at the intersections
is to withstand breakdown.

Nevertheless, even this quadrupole focus mask, a now-integrated
single structure of two orthogonal sets of wires, lacks the robustness
and ease-of-handling required for a manufacturable focus mask. In
this paper we describe a new design, the dipole-quadrupole focus
mask, in which one set of wires of the quadrupole mask is replaced
by a selfstanding aperture plate.

The presentation is organized as follows. In Section 2 the behavior
of a dipole-quadrupole mask is described; Section 3 reviews past
efforts and proposals for the fabrication of multipole-type focus
masks of both electrostatic and magnetic varieties; in Section 4 the
construction of the present dipole-quadrupole mask is described; the
performance of this mask is discussed in Section 5; and Section 6
gives the conclusions.

2. The Dipole—Quadrupole Lens

A section of a dipole—quadrupole focus mask is shown schematically
in Figure 1. Each aperture of the plate is bisected by a wire which
is held at a potential V, and is insulated from the plate which is
held at V, + AV. Here V, is the potential of the screen and gun.
Each small opening of the composite structure is a lens in which
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FOCUS MASK

the two horizontal webs are at V, + AV and the vertical webs are
atV,+ AVand V,,.

If both vertical webs were at V,, each lens would be a pure quad-
rupole. Then rays entering in the axial (z) direction at points a and
b would be focused inward toward the z axis, and rays entering at
points ¢ would be defocused outward away from the axis. On the
other hand, if the horizontal webs were absent, the remaining ver-
tical webs would form a pure dipole lens. Then all rays in the yz
plane would be bent the same amount toward the V, + AV verti-
cal web.

In the combination dipole—quadrupole lens of Fig. 1, the ray en-
tering at a is bent strongly toward the left by the sum of the dipolar
and quadrupolar forces. The ray at b is deflected more weakly to
the left by the difference between the dipolar and quadrupolar
forces. The quadrupolar force is only half as strong as it would be
for this aperture if all vertical webs were at V,. The bias voltage
that causes the resultant spot width, D, at the screen to decrease to
one-third of the phosphor triad period is called the color-purity mask
focus voltage, AV,
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Fig. 1—Front and top views of a dipole-quadrupole focus mask.
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3. Proposed Fabrication Method

Various methods of making focus mask structures have been de-
scribed. These can be classified on the basis of the sequence of their
fabrication procedures. The structures comprise conductors and in-
sulators, each of which has to be patterned to produce the array of
apertures that form the focus mask. The focus mask assembly pro-
cedure may involve either unpatterned or patterned metallic con-
ductors combined with unpatterned or patterned insulators. The
combinations of unpatterned-metal and unpatterned-insulator, pat-
terned-metal and unpatterned-insulator, and patterned-metal and
patterned-insulator will be used as the basis for the following clas-
sification of fabrication methods. The potential sequence of com-
bining unpatterned metal with patterned insulator would require
that the metal have a latent pattern, or at least registration or
alignment marks, so that the subsequent metal patterning may be
aligned to the patterned insulator; therefore this sequence will not
be discussed. In additior, the use of patterned-metal and vacuum
insulator will be described.

3.1 Unpatterned-Metal and Unpatterned-Insulator

The preparation of a metal-insulator-metal laminate may be
followed by steps to pattern the metal and then to pattern the in-
sulator. A focus mask made by this sequence, described by van Es-
donk,’ is composed of ore aluminum layer and one nickel layer. One
ferromagnetic metal is desired so as to screen the electron beam in
the picture tube from the earth’s magnetic field. The insulator is a
polyimide sheet, such as Kapton, placed between the metal layers.
The metal layers are patterned by photoresist followed by etching.
Then the insulator is patterned by etching using the metals as re-
sists. Isolated regions of insulator then remain wherever the metal
arrays cross each other. No tube performance results have been
presented.

Another method that starts with a metal—-insulator—metal lam-
inate has been described by Tamutus.® The insulator is a positive-
acting photosoluble layer and the metal layers are laminated to it.
The metal layers are patterned and etched, the structure exposed
to light, and the unwanted regions of insulator are removed. Iso-
lated regions of insulator then remain wherever the metal arrays
cross each other. This method will be described below in greater
detail, since it was used to make the focus mask for a demonstration
color picture tube for which some results have been presented.!
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3.2 Patterned-Metal and Unpatterned-Insulator

A mask made by laminating patterned-metal electrodes onto each
side of a polyimide sheet was used by van Alphen and van den Berg*
to demonstrate the performance of a quadrupole focus mask. The
laminate is etched to remove the polyimide from the apertures using
the metal grid electrodes as an etching mask. A small insulating
stud then remains at each intersection of the metal grids. A method
for fabricating a metal-insulator—metal laminate was described by
van Esdonk.” He starts with an insulating sheet metalized on both
sides and then bonds the metal electrode structures to the sheet by
diffusion bonding. The insulator is then etched away from the win-
dows of the electrode structure to give the desired focus mask. An-
other fabrication method has been described by van Oostrum.® Here
a metal film is deposited upon an aperture-plate—insulator struc-
ture such that the desired electrode structures are formed on the
walls of each aperture of the focus mask.

No video results have been presented for focus masks made by
these methods.

3.3 Patterned-Metal and Patterned-Insulator

Many patents have described methods in which discrete regions of
insulator are employed to join together patterned-metal electrodes.
Ronde?® uses insulating grains as spacers and these are bonded with
an adhesive to the patterned metal conductors. An insulator of a
glass core and a different glass jacket has been described by van
Esdonk and Haans.!? Here the glass core functions as a rigid spacer
while the glass of the jacket can be softened to provide the bonding
to the electrodes of the focus mask. Koorneef and der Kinderen!!
form one set of conductors around the other orthogonal set of con-
ductors with insulator present at each intersection. Originally the
insulator is along the entire length of each conductor; it is then
removed from the structure except at the intersections. Another
example of partial removal of a patterned insulator was described
by van Alphen and Verweel!? who use insulated wires that are
woven to give a quadrupole focus mask assembly; the insulator is
then removed from all places except at the intersections.

A method for making focus masks through the use of two sheets
of conductors each with insulator-coated ridges has been described
by Ronde and van Loosdregt.!3 The sheets are bonded and then the
thin portions are etched away leaving an array of crossed, insulated
wires. The fabrication of a cylindrical focus mask has been described
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by Koorneef.!* A sheet of polyimide insulator, with a conducting
film on one side, is sliced into strips, and the strips are bonded to
the webs of an aperture plate that forms the second electrode of the
focus mask. An example in which conducting wires are applied so
as to cross the apertures in a plate was described by van der Ven.1®
Here, discrete glass insulators are applied by frit techniques.

No tube results have been presented for focus masks made by
these methods.

3.4 Patterned-Metal and Vacuum-Insulator

A focus mask color picture tube has been described by Takenaka,
Hamano, and Kamohara.!® They use two shadow masks spaced
apart as the two electrodes in a focus mask tube. These masks each
have apertures and ridges, and the masks are placed near each
other with insulation only at the periphery. Within the active area
of the focus mask assembly, the two masks are isolated by the
vacuum in the picture tube. Operating conditions were described
but tube performance was not.

3.5 Magnetic Quadrupole Masks

In addition to the quadrupole focus masks reviewed above, which
are electrostatic, there are also magnetic quadrupole focus masks.
One structure!” uses two mutually perpendicular arrays of soft-
magnet strips with hard-magnet disks as separators at the strip
intersections; the disks are magnetized normal to the planes of the
strips and so make one set of strips into north poles and one set into
south poles, thus producing a quadrupole magnetic field in each
aperture. In another scheme,!® a very small magnetizing head is
used to write magnetic quadrupoles around apertures in a thin
hard-magnet sheet. A third version,!® a variant of the first, uses
two sets of mutually perpendicular hard-magnet strips on either
side of a soft-magnet aperture plate. These magnetic focus masks
have the advantage of requiring no bias voltage and having no
breakdown problem; however, their focal power is not adjustable
and they tend to have large overall thicknesses, leading to excessive
vignetting. No picture tube results have been presented.

4. Fabrication of Experimental Dipole-Quadrupole Masks

The problems of mask forming and certain aspects of screen prep-
aration were avoided in this work by the use of a flat mask and
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screen. The maximum angle of incidence of the beam to the mask
should correspond, for a meaningful evaluation, to that in the cor-
ners of a 25V 110° color picture tube. It was thought that a 10-inch
mask would give a useful demonstration of focus mask behavior. A
10-inch dipole-quadrupole demonstration focus mask was fabricated
using the unpatterned-metal and unpatterned-insulator laminate
method.® The aperture horizontal period of the mask was selected
to be 0.030-inch and the vertical period was 0.018-inch. Construc-
tion involved the lamination of four positive photoresist layers and
two beryllium-copper sheets arranged as resist, metal, resist, resist,
metal, and resist. The two outer layers of photoresist were used to
pattern the metal for etching and the two inner layers of photoresist
were used to provide sufficient electrical insulation between the two
metal sheets.

Initially each piece of cleaned and degreased 0.002-inch beryl-
lium-copper, approximately 10-inches square, was laminated on one
side with a dry-film positive-acting photoresist. These two resist
coatings will become the two inner electrically-insulating layers of
the laminate. The mylar sheet used to protect the resist coating on
each laminate was then removed and the two laminates were mildly
baked to remove some of the excess solvents in the resist layers and
to improve stability during later processing.

The two laminates were then cooled and placed photoresist to
photoresist and passed through a dry film laminator, thereby lam-
inating new photoresist layers on the top and the bottom of the
structure. The speed at which this lamination was accomplished
was sufficiently slow for the new photoresist to adhere to the metal
sheets and for the inner two photoresist layers to adhere to each
other. The laminate was then allowed to return to ambient tem-
perature.

The protective mylar sheets on the outer photoresist layers were
then removed and the structure was baked and again allowed to
return to ambient. Although the baking procedure somewhat de-
sensitized the photoresist, the formation of nitrogen bubbles in the
resist during exposure was prevented. The laminate was now ready
for patterning.

The photographic glass positives (photo-tool) used to pattern the
photo-resist for etching the two sheets of beryllium-copper were
suitably registered in an alignment fixture. With the protective
mylar sheets repositioned on the photoresist, the laminate was then
inserted into the double-sided aligned photo-tool and then into a
double-sided exposure system and exposed. The exposed resists were
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developed and the patterned metal was spray etched and then
washed.

At this point, the two metal layers have been etched in registra-
tion to each other. The positive photoresist used to pattern the metal
is still in place and the two inner layers of photoresist are also
intact. The inner layers of photoresist completely span the aper-
tures and are visible through the openings in the etched metal. All
the photoresist that is visible has to be removed. Because this is a
positive-acting photoresist, everything visible is exposed and then
removed by developing. This removal requires that the photoresist
withstand being baked and being in contact with an etchant, while
still retaining some photosensitivity. A scanning electron micro-
graph of a portion of the finished focus mask is shown in Fig. 2. It
can be seen that the insulation is undercut with respect to the
metal.

The dry-film photoresist used in making this focus mask structure
was an experimental material, and it was useful because it was
positive acting, insulative, uniform in thickness, and could be lam-
inated to itself.

Fig. 2—Scanning electron micrograph of the dipole-quadrupole focus
mask showing aperture plate, insulator, and conducting wire.
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5. Mask Performance
5.1 Small Masks

The performance of dipole—quadrupole focus masks was first eval-
uated on small masks. As the mask focus voltage was increased,
the beamlets through adjacent apertures were deflected into coin-
cidence and partially focused. The appearance of the spots as the
focus voltage was increased is shown in Fig. 3. Light intensity pro-
files were measured on the phosphor screen along a horizontal line
through the centers of the spots with the results shown in Fig. 4.
As the mask focus voltage was increased up to 260V the total width
of the spots decreased linearly. For higher values of the mask focus
voltage the width increased, as shown in Fig. 4 by the curve for
400V. The mask focus voltage for which the total spot width (5% of
maximum) was one-third of the phosphor triad period can be seen
to be about 210V. At this focus voltage it is then possible to achieve
color purity of the display with three beams and three phosphor
stripes. Tests were made at increasing angles of incidence and the
focus voltage for color purity was found to decrease and to fcllow a
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a '.'. - - L d B4 R4 ° . . . °
. .... - - - - - - ° * * .
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(d) 250V (e)275V (fr3i10v

Fig. 3—Spots from a dipole-quadrupole mask for various mask focus volt-
ages with V, = 10kV. The mask horizontal period is 0.030 inch.
For this mask the color purity voltage, AV,,, is 210V.
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Fig. 4—Line profiles for the dipole-quadrupole mask of Fig. 3 for various
mask focus voltages.

cosine-squared dependence upon the angle of incidence. The ex-
amination of many small masks showed that the photoresist used
here had only moderate insulating capability and that it could not
reliably hold off mask focus voltages greater than about 400V.

5.2 Design of Mask Evaluation Tube

The performance of the focus mask was evaluated in a demountable
picture tube that was designed with the following constraints. A
mask-to-screen spacing of 0.75-inch was selected as being one that
would require a low mask focus voltage and thus would not impose
a large electrical stress upon the mask insulation. The desired
corner angle of incidence and the diagonal size gives a center-of-
deflection to mask spacing of 6.6 inches. Since the aperture period
on the mask had been selected as 0.030 inch, the phosphor triad
period is 0.0334 inch. The breakdown limits of the photoresist in-
sulation led to the restriction of the average mask potential to the
vicinity of 10 kV. The vertical conducting wires of the mask were
at 10.00kV, and at color purity the aperture plate was at 10.25kV
for this particular mask.

The flat phosphor screen was prepared independently of the focus
mask and had a line structure with a color triad period of 0.0334
inch. The position of the mask was adjusted with respect to the
screen so that when no mask focus voltage was applied, i.e., when
the mask was shadowed onto the screen, the mask shadow was
aligned with respect to the phosphor stripes.
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5.3 Demonstration Tube Results

The 10-inch focus mask demonstration tube was used to display
transmitted video, and an example is shown in Fig. 5. A satisfactory
picture was obtained with a combined average beam current of only
30 pA. The general vertical line structure just visible in Fig. 5
arises from the use of a screen with a 0.0334-inch period, which is
conventional for a 25-inch tube, rather than a screen with a 0.026-
inch period, which is conventional for a 10-inch tube. There appears
to be no inherent limitation that would prevent the focus mask
period from being reduced to the 0.0233-inch required to give a
0.026-inch screen period. There were no local distortions to the
beam that might have arisen from any charging of the focus mask
insulator.

Horizontal rows of small black dots, as shown in Fig. 3, occurred
every mask vertical period but these did not lead to any noticeable
degradation of the displayed image. This is consistent with the fact
that the mask vertical period of 0.018-inch is considerably smaller
than the mask horizontal period of 0.030-inch, and even the latter
gave only a small visual perturbation to the display.

o

1 'Iuﬂﬂ.d'

" o

b
ik .|:“||'| |' MG
Fig. 5—Transmitted video picture on demountable demonstration tube.
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The angular dependence of mask focusing could possibly have
given rise to a circular pattern of best-focused spots. Such a pattern
was avoided by our using a mask focus voltage that gave a spot
width that decreased monotonically from the center to the corners
of the phosphor screen. Moiré effects, caused by beating between
the scanning beam diameter and the focus mask vertical period,
were observed. These effects were minimized by the selection of
beam diameters that were appropriate for the mask vertical period,
as is now done for shadow masks. Picture quality was judged to be
insensitive to +10% variations in the mask focus voltage.

5. Conclusions

The performance of a dipole-quadrupole focus mask has been dem-
onstrated in a functioning color picture tube. The tube is an exper-
imental type and many problems need to be solved before such a
focus mask tube can be commercially manufactured. The mask in-
sulator used here will not withstand the thermal processing of con-
ventional tube preparation. More suitable insulators might be, for
example, glass or polyimide which have both thermal stability and
high breakdown voltages. Furthermore, the 10-inch demonstration
tube employed a flat focus mask and a flat screen; this avoided the
problems associated with forming the mask to a spherical or cylin-
drical shape and the problems of preparing a compatible phosphor
screen. Although mask forming presents no conceptual difficulties,
screen preparation will require methods other than the conven-
tional lighthousing.

The dipole-quadrupole focus mask has been shown to provide a
highly transmitting color-selection structure requiring only mod-
erate voltage biases and possessing good structural integrity. These
masks have transmissions on the order of 50% compared to the 18—
22% of typical shadow masks. The bias voltage necessary to achieve
color purity extrapolates linearly to about 625 volts for a 25kV color
tube. The presence of the horizontal webs of the aperture plates
provides a sturdiness not present in the older focus masks using
only long vertical wires, and this sturdiness allows the present con-
struction to be extendible to any size tube.
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A General Scattering Theory

John Howard*
RCA Astro Electronics, Princeton, NJ 08540

Abstract—A fundamentally different approach to the problems of electro-
magnetic wave propagation through a medium containing a
distribution of scatterers is presented. The new theory includes
the effects of scatterers in the near field of the transmitting
and/or receiving antennas, a factor that currently accepted the-
ories do not include. Near-field effects are important especially
in the case of satellite microwave communications where the
near field of the large ground antennas includes an appreciable
fraction or even the whole of the rain path. The theory is based
on the Lorentz form of Reciprocity Theorem and may be used
to estimate attenuation and depolarization of microwaves
through precipitation.

1. Introduction

Current interest in microwave propagation studies through precip-
itation particles has been prompted by proposals for terrestrial and
satellite communication systems operating above 10 GHz.12 At
these frequencies the presence of precipitation particles in the
transmission medium causes attenuation and depolarization of the
transmitted radiation.®# Both effects may represent a severe limi-
tation on system performance, and in particular, the depolarization
effect is of considerable importance to the possible use of two or-
thogonal polarizations as separate communication channels in fu-
ture satellite and terrestrial communication systems.®

A theoretical approach to the problem of microwave attenuation
due to various meteorological phenomena was first given by Ryde®
in 1946. In his paper Ryde computed the attenuation and the in-
tensity of the radar echoes produced by fog, cloud, rain, hail, and

* Presently with The Narda Microwave Corp., Hauppauge, NY 11788.
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snow on the basis of electromagnetic theory for wavelengths in the
centimeter band. He showed that the principal cause of microwave
attenuation is rain. Ryde assumed spherical drops throughout his
work and, therefore, depolarization effects due to departure of rain-
drop shape from sphericity were not reported.

Van de Hulst? treated a similar problem of wave propagation in
a medium containing independent particles that scatter and absorb
the incident energy. The effect of the particles on the transmitted
wave is expressed in terms of an effective complex index of refrac-
tion. Van de Hulst’s approach is very useful in that it predicts both
the attenuation and phase shift introduced by the particles. Both
are important in estimating rain-induced depolarization of the
transmitted radiation.

In 1965 Medhurst® repeated and extended Ryde’s work on rain.
He made a systematic comparison between theoretically predicted
rainfall attenuation levels and those found by experiment. He con-
cluded that the agreement was not completely satisfactory, and that
there was a marked tendency for observed attenuations to occur
well above levels which according to the theoretical predictions
could not be exceeded. Medhurst gave two possible reasons for this.
The first reason was the neglect in the theory of multiple scattering
effects along the path. Ryde had assumed that the interaction be-
tween drops was negligible when the distance between the drops
was greater than five times their diameter, as normally will be the
case. The second possible source of error in the theory was that the
rain structure was more complex than had been assumed, in that
the precipitation may tend to contain clusters of two or more closely
spaced drops.

Mink?, using a controlled experiment, showed however that for
no variations in the rainfall rate and drop-size composition along
the transmission path, there still existed a large discrepancy be-
tween theory and measurements.

This observation was also taken up by Crane,!° who suggested
that Van de Hulst’s theory was incomplete in that it did not include
the effects that rain has on microwave radiation when in the near
field of an antenna. Crane modified the existing theory by including
antenna pattern correction factors for the near field. He further
supported his theoretical modifications with experimental evidence.
He concluded that rain in the near field of large antenna systems
may cause different values of attenuation than predicted on the
basis of Van de Hulst’s theory. His results also showed measurable
polarization effects both for phase and amplitude.

In 1978 Haworth et al!l expressed doubt as to the correctness of
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Crane’s conclusions. They suggested that the antenna correction
factors of Crane resulted from the neglect of the near-field effects
on the boresight amplitudes and especially phases of the antenna
responses, and that when proper account is taken of these effects the
antenna correction factors will disappear. They commented on the
importance of conclusively clarifying the effects of rain in the near
field of an antenna especially for microwave satellite communica-
tions.

Knowledge of whether rain in the near field of an antenna has
different effects on microwave propagation than in the far field is
of extreme importance. Although in terrestrial microwave com-
munications the near field of both antennas might be only a small
portion of the total path of the link, in satellite microwave com-
munications the near field of the large grourd-station antenna
could include an appreciable fraction or even the whole of the rain
path,

In this paper, we investigate the scattering effects that rain, or
any other scatterer, in the near field of one or both antennas has
on a microwave communication link. From this investigation a new
theoretical approach to the problem of electromagnetic wave prop-
agation through a medium containing a distribution of scatterers
has been developed. The new theory includes this effect of the near
field regions of the two antennas; it is found that their contribution
is negligible.

2. Analysis

The analysis is given in four sections. Sec. 2.1 deals with propaga-
tion in the absence of precipitation and an expression for the re-
ceived wave is derived. In Sec. 2.2, a raindrop is introduced and the
received wave due to its scattered radiation is deduced. Sec. 2.3
considers the received wave due to a uniform distribution of similar
sized raindrops contained within an elemental volume. Sec. 2.4 ex-
tends the analysis to obtain expressions for the attenuation and
phase shift due to a thick precipitation layer.

2.1 E. M. Wave Propagation in the Absence
of Precipitation

Consider the situation of two aperture antennas directed towards
each other as shown in Fig. 1. Let E;,H, be the field of the trans-
mitter (antenna 1) and E;,H; be the field of the receiver (antenna
2) when it acts as a transmitter.
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Fig. 1—Propagation in the absence of precipitation.

Consider the volume V, bounded by the surface S,, Ss, S3, S4, and
Ss. Within this volume there are no impressed currents and both
fields (E;,H, and E;,H,) satisfy Maxwell’s equations in free space i.e.,

Vx E = —jwpH

Vx Hy = jwe E

VX Ey= —jwp Hy

Vx Hy= JjweE; (1]
Also

V-(E; xHy — Eg x H)) = Hy- VX E; — E;-V x Hy

—HI'VXE2+E2'VXH1 [2]
Using Eq. [2] in Egs. [1], we obtain
V'(El X Hz - E2 X Hl)

— jw po Hy - Hy — jw o E; - Eg
+jwpo Hy- Hy + jw ¢ E - E,
= 0.

Hence, using Gauss’ theorem, we have
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JJ (El X H2 - E2 X Hl)-ﬁdS = O, [3]
S1+S2+ ...85

where ii is taken as the outward normal on the respective surfaces.
Equation (3] is in fact the Lorentz form of Reciprocity Theorem for
free space.

Consider now each surface in turn.

(a) Surface S

The surface S; is taken as the aperture plane of antenna 1. As-
suming large antennas, compared to the wavelength, and assuming
matched polarizations, the fields over this surface can be writ-
ten as,

E, =iE,

H, = .] Ve Ey

E; =1 E,

H; = — jVegpo E.

Also, for this surface, h = — k. Hence

f (EIXHz—Ez)(Hl)‘ﬁdS:zVGo/}Lof ElEzdS. (4]
S1 Sy

(b) Surface S,

This surface is located in the transmission line connected to antenna
2. It is assumed, for simplicity of analysis, that the line is matched
and only the normal transmission line mode exists. Hence, on sur-
face Sy we have,

E, = aB; flx,y)

N B;
H, = (k x 0) = flx,y)
Zy
E; = 4 A flx,y)
Hy, = — (k x a) Zif(x,y) (5]
0

where B; is the complex amplitude of inward travelling wave due
to antenna 1 transmitting, A is the complex amplitude of outward
travelling wave due to antenna 2 transmitting, Z, the wave imped-
ance of the transmission line, @ a unit vector normal to k, f(x,y) the
distribution function of the transmission line mode.

Also, i = k. Then
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A B, y .
(E; x H, - E; x HD - A —2Z—'f2(x,y)[ﬁ x (k x 0]k
0

AB
Zy
AB
Zy

~ 2 fAxy) [k x @) - (k x )]

-2 L F2Ax,y).

Hence

A B,
j (El X H2 = E2 X Hl) . ﬁdS = -2 __‘j f2(x,y) dx dy [6]
) ZO So

(¢) Surfaces S3 and S,

The integral over these surfaces vanishes. To show this, we note
that E; and E, are parallel with the normal fi everywhere over S;
and S4 which are assumed to be perfectly conducting surfaces.
Hence we can write E; = fAE,; and E; = RE, over these surfaces.
Thus

(E; x Hy — E; x H)) - = [E; (A X Hy)- it — E5 (A X Hy) - A]
= [E, (h X A)Hy — E5 (A x A)-H,]
= 0.

Therefore
jj (E; Xx Hy — E; x H))-AdS = 0. [7]
S3+S4

(d) Surface Sy

Surface S; is taken to be a large sphere tending to infinity. Hence
on this surface we have

E, = —f x H;Vile,

E; = —f x HyVigleg

and

(E;, x Hp — E; x H)-h = —Vgleg [(h x Hy) x Hyl-h
+Violeo [(h x Hy) x Hyl- f
Vio/eo [ (Hy - Hy) — H, (Hy+ A)] - f
- Violeg [A (H; - Hp) — Hy (H, - A)] - i
= 0.
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Therefore
f (El X H2 - E2 X Hl)'ﬁdS = 0. [8]
S5

Finally, using Eqs. [4], [6], [7], and [8], we have
B:
2Veolp,of E,E;dS - 2 LJ fx,y) dS = 0,
Sy ZO So

ie.,

. -1
o Z —— ) .
B; = — Veglpg (fSIElEzdS [fJ;lf(x,y)dS] ) 9]

2.2 E. M. Wave Propagation In the Presence of a
Single Particle

Consider the arrangement shown in Fig. 2. It is similar to Fig. 1
except that an arbitrarily shaped raindrop (or any scatterer) is now
introduced.

Let E3,Hj; be the field due to the transmitter (antenna 1) in the
presence of precipitation and E,,H, be the field of the receiver (an-
tenna 2) when it acts as a transmitter in free space. (N.B., E,,H,
here are the same as defined in Sec. 2.1; however, E3,H; are not the
same as E;,H, defined in the same section. This will become clear
in Sec. 2.4.) Let Eg,,Hg, be the scattered field in free space due to
E3,Hj; incident on the raindrop. Both Eg,,Hg, and Ey,H; satisfy Max-
well’s free-space equations in the volume V bounded by the surfaces

Sy, S3 ... S;. Hence, following the initial analysis in Sec. 2.1, we

have

ff (Esl X Hy — E5 X Hsl) ‘fAdS =0 [10]
S2+8S3+ ...87

where ii is the outward normal on the respective surfaces.
Consider now the various surface integrals.

(a) Surfaces Sj, S4, and Sy

By a similar analysis to that given in Sec. 2.1,

” (Es, X Hy — E; x Hg)) - idS = 0. [11]
S3+S4+ S5
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(b) Surface S,
Also following Sec. 2.1, it can be shown that

AB,
Zy

fL (Esl X Hy — E; X Hsl)-ﬁdS = -2 f f2x,y) dS, [12]
2 S2

where A, Z, and f(x,y) are the same as defined previously in Sec.
2.1 and B, is the complex amplitude of the inward travelling wave
at S due to the scattered field Eg,Hg, which itself is due to E3,Hj.

(c) Surface S;

Both Eg ,Hg,, and Ey,H; give rise to travelling waves in the same
direction across S;. This fact may be used to show

f (Es1 X Hy — E3 X Hg,)" AdS = 0. [13]
S7

(d) Surface Sg

This surface is taken to be that of the raindrop. Consider a point 0
anywhere in the scatterer as shown in Fig. 2. At this point, the
fields E3,H3 and Eg,H; can be written as

—— -~

- -
S ———

Fig. 2—Propagation in the presence of a single scatterer.
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EZ = .i E20
Hy —j EyVeg/po (14]

where Ej is the complex amplitude of E; at 0 and Ey is the complex
amplitude of E, at 0.

Eq. [14] assumes that both E3 and E, are linearly polarized in
the same direction. This is justifiable within the narrow common
volume illuminated by the two antennas.

Now, over the region occupied by the raindrop, we can express
Ej,H3 and Ey,H; as approximately plane waves travelling in oppo-
site directions. Thus, taking the point 0 as the origin of the 2’ axis
(see Fig. 2),

E; = iEgpexp{—jkz'}

H; = J E3Velpg exp {—jk 2’}

E; =iEgy exp{jkz'}

Hy = —j ExVeopo exp {j k 2} (15]

From the above, it can be seen that

E
E; = (—i‘l) E}
E30

E
H, = (—20)}13‘ (16]

E%
where * denotes the complex conjugate. Using Eq. [16], we have

. Ey .
(Es; x Hy — Ez X Hg))-fidS = — — (E3 x Hg,
Se E3/ 7 sg
+ Eg, x HY - ndS. (17]

It is now recalled that the scattered field Eg,,Hg, is in fact due to
E3,Hj incident on the raindrop. The integral on the right hand side
of Eq. {17] can be shown'? to be related to the forward scattering
complex vector amplitude F(0) of a scatterer by the following (see
Appendix 2):

” (Ef x Hg, + Eg, x H})-0dS = - “.—;’\/eo/uo (E%, - F(0)).
Se J
(18]
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For any scatterer, we have*

5(0)
Jjk
where S(0) is the forward scattering complex scalar amplitude of a
scatterer as defined by Van de Hulst (see Appendix 1).

Using Egs. [17], [18], and [19] and remembering that E3, = iEZo,
we obtain,

F(O) = IE30 [19]

f f (Es, x Hy — Ey x Hg)*#dS = — :—Z\/eduo Eso Ezp S(0).
Sg

(20]
Finally, using Egs. [11], [12], [13], and [20] in Eq. [10], we have

AB, 4
-2 . f fx,y) dS — k—Z Vey/ g Eszg Eog S(0) = 0,
S2

™ Zo E30 E2o S(O)

IL fAx,y) dS )

2.3 E. M. Wave Propagation In the Presence of Scatterers
in An Elemental Volume

From Eq. [15] it is noted that in the region occupied by the raindrop,
E; =iE; =iEgexp{—jkz}
E; =iE; =iEgexp{jkz} [22]

where E3 and E, are the complex scalar amplitudes of E3 and E,,
respectively. Hence, over this region,

Eg3y Egy = E3 E. [23]

The above equation shows that the product E;E; can be assumed
constant over the region occupied by the raindrop. In fact it can be
assumed that E3E; is constant over an elemental volume dv in
space. The wave picked up by the receiving antenna from any rain-

* F(0) and S(0) are dependent on the scatterer shape
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drop located within this volume is thus obtained by using Eqgs. [23]
and [21] as,

B, = -2 120 Zg Vegng [ 2280\ (24)
Ak f fx,y) dS
Sg

If the elemental volume dv contains similar sized raindrops uni-
formly distributed in dv and if N is the number of raindrops per
unit volume, then by applying Single Scattering theory it follows
from Eq. [24] that the wave picked up by the receiving antenna due
to scattered radiation from the raindrops in dv is given by

m Zo Je i E3E2 N S(O)
f fix,y) dS
S2

B = -2 dv (25]

2.4 E. M. Wave Propagation in the Presence of a
Distribution of Scattering

The analysis is now extended to include a precipitation region con-
taining many raindrops. Consider the arrangement shown in Fig.
3. Let the precipitation be contained between the planes z = z; and
z = z;. Further, let the elemental volume dv be located at plane z.

It is recalled that in Eq. [25], E; is taken to be the complex scalar
amplitude of E; in the elemental volume dv. Further, E3,H; was
tacitly assumed in Sec. 2.2 to be the field due to the transmitting
antenna (i.e., antenna 1) in the presence of precipitation. In fact it
is this field which induces the scattered field Eg;,Hg, of each rain-
drop.

Now, when no precipitation is present, E5,H; is identical to the
field E;,H, in Sec. 2.1. When precipitation is present, E;and E, are
related via the effective complex refractive index r of the precipi-
tation region (see Appendix 1) as,

E; =E,exp{-jk(m - 1) (z - 2y), [26]

where, z; < z < z,. With reference to Fig. 3, Eq. [26] gives the
transmitter field (i.e., the field due to antenna 1 in the presence of
precipitation) in the elemental volume dv. Hence, using Eq. [25),
we obtain the wave picked up by the receiving antenna due to scat-
tering by raindrops in dv,
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%212
ANTENNA (1) ANTENNA (2)

Fig. 3—A distribution of scatterers.

g — _g 720\ (E1E NSO exp{=jk (i~ Dz - -

AR j f 2(x.y) dS
S2

(27]

where E, and E, are taken as the complex scalar amplitudes of the
field vectors E; and E,, respectively, in dv.

Assuming single scattering and that a sufficient number of drops
are present in the elemental volume, the wave picked up by the
receiving antenna, due to scattering from all the raindrops in the
precipitation region, is obtained by integrating Eq. [27], i.e,,

SBY = -2 :—i%\/eo/po

JIJ E, E; N S(0) exp {—jk (i — 1) (z — 21}
vol

dv
I f2x,y) dS
S2

(28]

where vol indicates integration over the precipitation volume, i.e.,
the region between z = z; and z = 25.

Now, the beamwidth of the two antennas, transmitter and re-
ceiver, is very small. Therefore, the volume integral in Eq. [28] may
be written

VUI ElEgdxdy]NS(O)exp{—jk(n'z—1)(z —2)}dz [29]

21 - xv— ¢
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and Eq. [28] becomes

29 x a0
S B = _2;—@\/—%/%[ (Uf ElEzdxdy]NS(O)
21 —ac/— o

-1
exp{—jk(m — 1) (z — zl)}[” f2x,y) dS] dz) [30]
S2

At this stage it is useful to draw attention to two important equa-
tions. In Sec. 2.1 it was shown that the received wave in the absence
of precipitation is given by

f E,E, dS
Z S1

Bi= = Vo | T
4 f L f2(xy) dS
2

The other important result is Eq. [30]. This gives the received wave
due to scattering from all the raindrops in the precipitation region.
The total wave received in the presence of precipitation is

Br = B; + 3BY
Bg*
=B,' 1+2 . 31
1] 1)

i

(9]

Now, from Egs. [9] and [30], we obtain

EB =—2§f { E,E;dxdy | N S(0)
i z] x

acv—

-1
exp {_.]k (m—- 11z - 21)}[-]' El E2 dsS :I dz [32]

Sa

Using this in Eq. [31], we have

2w (%2 | (= (=
By = B, [1 -2 U f ElEzdxdy]NS(O)
2] —xJ_
-1
exp{—jk(m - 1)z - zl)}[f E,E, dS ] dz] [33]
Sg

If we define a and B as the total attenuation in Nepers and phase
shift in radians, respectively, due to the precipitation, then

Br = B;exp {- (a + jB)}. [34]
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Hence, comparing Eqs. [33] and [34], we obtain

29 x X
exp {— (a + jB)} = l-i—‘g [ff E,Ezdxdy]NS(O)
2z — Y-

exp {—jk (m — 1) (z — 2)}
-1
U E,EZdS] dz [35]
$)

Now, i and S(0) are related by Eq. [A7] (see Appendix 1). Using
Eq. [A7] in Eq. [35] gives

29 x foc
exp{_((!'*‘JB)}:l_f [ff E1E2dxdy]1k(rh—1)

2y o

exp {—jk (m — 1) (z — z)}
-1
U E, E, dS ] dz [36]
Sy

In naturally occurring rain, the raindrops will have a drop size dis-
tribution, and r will *2 given by,

5 e 1l e i—';' S N (a) S(0), (37]

where a is the mean drop radius. If the rate of precipitation is uni-
form throughout, /2 will be independent of z and Eq. [36] becomes,

exp{— (@ +jB)} =1 — jk(m — 1) exp {jk (i — 1) 2y}
f’z [f E, E2dxdy]exp{—jk (R - 1) 2}
2 — Xx—

-1
U E,EzdS] dz (38]
S1

The integral [[gs, E, E; dS predicts the receiving power at antenna
1 due to antenna 2 transmitting (see Fig. 1). The integral [=.f*. E,
E, dS can be written as [f4 E, E; dS, where A is the beamwidth
cross section of the common volume of propagation of the two an-
tennas. Then

ffEl E2 ds = f El E2 ds.
A S1

Therefore
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ff E1E2d5=f E, E, dS [39]
—xvx Sl

for any plane z normal to the direction of propagation. Using Eq.
[39] in Eq. [38] we obtain

22
exp {— (a + jB)} = 1 — jkfm — 1) L

exp{—jk(m — 1) (z —z))} dz
exp{—jk(m — 1) (29 — 2y)

and
a+jB=jk(m—1)(z — 2. [40]
Hence
a = Re[j k(m — 1) (z; — 2;)] Nepers

= 8.686 k (2 — z;)) Im (1 — ) dB (41]
B=Im[jk(h — 1) (2, — z;) Radians

= k (23 — z;) Re (h — 1). Radians [42]

Egs. [41] and [42] are the same as Eqs. [A9] and [A10] in Appendix
1 for the case where the scatterers are in the far field of both trans-
mitting and receiving antennas. Thus, whether rain is in the far
field or the near field of each antenna, the result is the same total
attenuation and total phase shift.

3. Conclusion

In this paper a new theoretical approach to the problem of electro-
magnetic wave propagation through a medium containing a distri-
bution of scatterers was presented. The new theory includes the
effects of scatterers in the near-field regions of the transmitting and
receiving antennas, a factor that the currently accepted theory of
Van de Hulst? does not include. Near-field effects are important
especially in the case of satellite microwave communications where
the near field of the large ground station antenna includes an ap-
preciable fraction or even the whole of the rain path.

The conclusion from the analysis presented is that scatterers,
such as rain in a normal precipitation environment, whether in the
near or the far field of the transmitting and receiving antennas,
will introduce the same attenuation and phase shift, and therefore
the same depolarization.
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From the foregoing, it is evident that R. K. Crane’s!® conclusion
that the near fields of the antennas must be included in the calcu-
lation of the attenuation and phase-shift effects due to precipitation,
when such near fields are an appreciable part of the rain path (i.e.,
in a satellite link), could be in error.

Appendix 1—Wave Propagation in a Medium
Containing Scatterers

Let a fixed particle of arbitrary shape and composition be illumi-
nated by a plane scalar wave. The origin of coordinates is chosen
somewhere in the particle. The disturbance of the incident wave
can be expressed by

uy =exp{—-jkz [A1]
The scattered spherical wave in the forward direction in the distant
field is then given by,

SO .
u—jkrexp{ jkr} [(A2]

where r is the distance from the particle to the point of observation
and S(0) the forward scattering scalar complex amplitude of a single
scatterer. Combining Egs. [A1] and [A2], we have

_ S0) . .
u—j—'—krexp{ jkr+jkzug [A3]
If the point of observation is (x,y,2), then if x and y are much smaller
than 2z, we obtain

a:2+y2
2z

Adding the amplitudes of uy and u of the incident and scattered
waves we obtain,

up + u = ug [1 + (S0)j k 2) exp {—jk ([x* + y%V22)} [A4]

In the case of a medium containing many scatterers, which are all
identical and identically orientated, only particles in the ‘active’
volume, i.e., the volume of propagation between the transmitting
and receiving antenna, which coincides with the few central Freznel
zones as seen from the observation point, will influence the forward
travelling wave. The total applitude at the observation point is then
given by

r=z+
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u=u0[l+S(0)%jkzexp{—jk( . )H

where the summation 3y is extended over all the particles in the
‘active’ volume. If these particles are numerous, the summation sign
may be replaced by

I N dx dy dz.

Direct integration gives
u=u0|:l—i—ZNlS(0)J, [A5]

where [ is the length cf precipitation in the z-direction. The result
may formally be represented as the influence of a complex refractive
index of the medium containing scatterers as a whole. If we assume
a complex refractive irdex 2 for the medium, then, the amplitude
of the wave is changed by the medium in the proportion,

exp{—jkl(h —D}=1-jkl0n - 1). [A6]
Also, from Eqs. [A5] and [A6] we obtain

mo=1 - ji—gN S(). [A7]

From Eq. [A6], we have
exp{— (a +jB)} =exp{—jkl(m - 1)}, [A8]

where a is the total attenuation in nepers and B is the total phase
shift in radians. From Eq. [A8] we obtain

a = Re [j & (i — 1) l] Nepers

=8686k!Im (1 — m)dB [A9]
B=Im[jk(n - 1)1
= k Il Re (mm — 1) Radians [A10]

Egs. [A9] and [A10] are the same as Eqgs. [41] and [42] in Sec. 2.4.

Appendix 2—The Forward Scattering Complex
Vector Amplitude

Consider

ff (E¥x Hg + Eg x H -a, dS [Al1]
S
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where 0, is the outward normal on the surface S. This is Eq. [21]
in Sec. 2.2 where

E;=Aexp{-jku-r}
H; = Vey/po(u x Ayexp{—jku-r}. [A12]

where u is the unit vector in the direction of observation. Using Eq.
[A12] in [A11], we obtain

ff(E’}‘x Hs + Eg x H) -0, dS = ff(A* x Hg)-1a,
S S
exp {—jku-r}dS + Veypg ff
'S

[Es X (u x A)]-d,exp{-jku-r}dS. [A13]
Now
(A* x Hg)- 0, = 4, - [A* x Hg]
= A*-[Hg + 1,]
—A*: (0, x Hg) [A14]

and

[Es X (u X A®]-d, = 4, [Eg X (u X A%)]

(u x A¥)- (4, x Eg)

= (4, X Eg)-(u x A%

= A*-[(a, x Eg) x u]

= —A*:[u x (4, x Eg)] [A15]

Using Eqgs. [A14] and [A15] in Eq. [A13] and defining for conve-
nience eK = e/* 1 we have

ff(E’}‘x Hs + Eg x H)- 4, dS = —A*- ff(ﬁ,,st)eKdS
'S s

- Vedqu*-ff[uxﬁans]eKdS
'S
= —A*-ff(fl,, x Hg) eX dS — Vieg/py
'S
A*-[uxff(ﬁ,,xEs)e"dS]
S

=A*-[—fL(ﬁ,,st)eKdS—\/em
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5t ” (@, x Eg) eX dS J . [A16]
S

from Eq. (8.105) of Ref. [12], we have for the forward scattering
complex vector amplitude F; (u)

Fy (u) =i—k [Vp.oleou X [u X ff(ﬁ,, X Hs)eKdS]
'S

v

—uxff(ﬁ,,xEs)eKdS
s

=i\("'p0/eo [u X [u X ff(ﬁ,, X Hs)eKdS]
47 S

— Veg/po u X fj (4, x Eg) eX dS:l
'S

=£Veolp,0[u|iu-ff(ﬁ,, X Hs)eKdS]
47 'S
—(u-u)ff(l‘l,. x Hg) eX dS
'S

- Veg/pou X jL (4, x Eg)eX dS ] [A17)

Then

A*-F, (u) =iivlbo/€o [A*-u [u-fj(ﬁ,, X Hs)eKdS]
m s

—A*-”S(ﬁ,, x Hg) e dS — Vegig

a|wx [ xpgeras ||
S

=J—k— Mofio["A*'jj(ﬁn x Hg) eX dS
47 'S

- VeO/p,OA*-[u X jf(ﬁ,, x Eg) e dS H
'S

402 RCA Review * Vol. 44 + September 1983




SCATTERING THEORY

= -‘ii\/p,oleoA*-[ = fL(l'l,, x Hg) eX dS
™
— Veg/po u X ff (4, x Eg) eX dS} [A18]
'S

Using Eq. [A16] in Eq. [A18], we obtain

A*-F,(u) = ik V wo/eg Uf(E’}‘x Hg + Eg X H,~)°l‘1,,dS]
'S

an
Thus

ff (E* x Hg + Eg x H)-a,dS = 4._:\/50/”'0 [A*- F,(u)] [A19]
S J

If S is S, the surface of the scatterer in Sec. 2.2, then
fL (ETX Hs + Es X HT)'ﬁdS B = fL(ETX Hs + ES X HT)'ﬁndS
6

where 11, = —i. Therefore
f (ETX Hs+EsXHT)'ﬁdS=- %VEO/}LO[A""F'(“)]
S¢ J
[A20]
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Indianapolis, IN 46201

Abstract—An analytical method is developed for calculating the magnetic
field produced by a magnetic deflection yoke. The method can
be applied to get quantitatively correct results for an air-cored
saddle coil or a toroidal coil wound on a magnetic core and
qualitative results for a saddle coil in the presence of a core.
The final result appears in the form of angular Fourier expan-
sions of the field components about the yoke axis where each
Fourier component is expressed as a simple one-dimensional
integral of known functions. As an example of application of
our formalism, the magnetic field functions Hy(z) and H,(z) are
calculated for a specific yoke and compared with their values
computed by a completely numerical scheme. The agreement
between the two sets of values is very satisfactory.

1. Introduction

Calculation of the magnetic field produced by a magnetic deflection
yoke used in color televisions is a formidable problem, mainly be-
cause of the peculiar geometry of the yoke. All analytical calcula-
tions that can be found in the literature!-% have been confined to
treating the fields at points on or near the yoke axis and/or re-
stricted to yokes of very simple unrealistic geometries. Recently, a
number of very sophisticated computer programs have been devel-
oped that compute the field numerically at any point inside the
television tube.”-? These programs, although very accurate, are ex-
pensive to run and do not shed much light on the physical aspect
of the problem. In this paper we report an analytical and accurate
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method for calculating the magnetic field at an arbitrary point in
space due to a saddle-shaped pair of coils without a magnetic core.
The result appears in the form of Fourier expansions of each com-
ponent of the magnetic field in a polar angle about the z-axis, and
each Fourier component is in the form of an integral of a closed-
form expression over z, the z axis being the yoke axis. With some
modifications the result can be qualitatively applied to a saddle-
wound coil and quantitatively applied to a toroidal coil in the pres-
ence of a magnetic core. This result would be very useful in under-
standing the dependence of the various field components on location
of the field point, the geometry of the coil and its wire distribution.
It would also save computer time in computing various quantities
of interest to yoke designers that depend on the magnetic field com-
ponents.

The paper is organized as follows. The calculation of magnetic
field due to a saddle-shaped coil is divided into two parts: (a) cal-
culation of field due to the main body of the yoke, which is assumed
to be a current sheet with a certain surface current density distri-
bution (determined by the actual angular distribution of the wires
in the coil), and (b) calculation of field due to the end-turns, which
are assumed to be circular arcs with a certain prescribed distribu-
tion along the z-direction. The first part is presented in Sec. 2 and
the second part in Sec. 3. In Sec. 4 we discuss the modifications
necessary to make our results applicable to a coil in the presence
of a magnetic core. Sec. 5 is devoted to a numerical calculation of
the magnetic field functions Hy(z) and Hy(z), which are of interest
in the third-order aberration theory,?? for a yoke under develop-
ment at RCA on the basis of our theory. The same two functions
are also calculated using an elaborate computer technique by fol-
lowing the methods described in Ref. (8], and the results are com-
pared with our results. The agreement is very satisfactory. We con-
clude in Sec. 6 by suggesting some possible applications of our re-
sults.

2. Field Due to a Current Sheet of Revolution

We will use a cylindrical coordinate system (p, 0, 2) in our deriva-
tion. We will assume the main deflecting part of the yoke to be a
current sheet symmetric about the z-axis with a profile described
by the function py(z) (see Fig. 1). This profile is very similar to the
profile of the neck of the cathode-ray tube and is usually expressed
by a polynomial in z. The surface current density on the sheet K(p,,
6, 2)ax has a magnitude which can be expressed as a Fourier series
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2y 2 >Z
Fig. 1—The profile of the current sheet representing a saddle coil in the
p-Z plane.
K(pg, 0, 2) = WOl _J fin(2) cosme. (1]
po(2) Po(2)m = 135...

Here I is the current in each turn of the coil and Ad6 is the number
of turns passing between the angles 6 and 6 + d6 at a cross-section
located at z. In writing Eq. [1] it is assumed that the x-axis lies
along the horizontal direction if the coil is supposed to produce hor-
izontal deflection and along the vertical direction if the coil is sup-
posed to produce vertical deflection. The direction of the current
density expressed by the unit vector ag is assumed to be given by

ax = (cosd pj a, + sind py @, + a,)(1 + ps?)', (2]

where a,, a,, a, are unit vectors along x, y, z, axes and a prime
indicates derivative with respect to z. Physically this means that
the current flows along the profile of the coil-sheet in the (p, z) plane
and along the radial lines in the (x, y) planes. Note, however, that
this assumption does not imply that there is no bias in the coil,
because A\ in Eq. [1] is allowed to be z-dependent.

The magnetic field at an arbitrary point (p, 6, z) due to this cur-
rent sheet can be obtained by applying the Biot-Savart law!?

K(pg, 8¢, 29) X R ds
4nR3

where ds is an element of surface area located at (pg, 64, 2) on the
sheet and given by

H(p,0,2) = [

(3]

ds = po(l + 96(20)2)”’(190(120 (4]
R = (pcosd — pocosbpla, + (psin® — pgsinbpla, + (z — zpa, (5]
R = {p? + p& — 2ppocos(6 — 8g) + (z — 20)%}e [6]
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and the integration in Eq. [3] extends over the entire surface area
of the sheet. After some straight-forward algebra it can be shown
that the cylindrical components of H are given by

1 £ in(6y — 6
Hy(p, 8, 2) = f day L 00 K(po, 6, z0) 25000 — &
v

R3
[pd(zo)z — 20) + pol20)], (71
1 2n
Hy(p, 6,2) = - J dzy fo o K(po, b, 20) 2%
X [—cos(8y — 6) {po(zoXz — 20) + pol20)}
+ pol20)], (8]
1 2n
Hz(p, 9, Z) = E f dZoL deo K(po, 90, Zo)% p()(‘zo)sin(e - 90) [9]

The zq integrals in Eqgs. [7]-[9] extend from the rear-end to the front-
end of the yoke.

Using the symmetry of the coil the magnetic field components
can be expanded in the following way:

Hyp, 8, 2) = > HXp, 2) sinnd (10]
Hy(p, 8, 2) = > Hi(p, z) cosn® (11]
H,(p, 8, 2) = > Hp, 2) sinné. (12]

n

The summations in Egs. [10]-[12] and all sums over indices m and
n in our subsequent discussion are implied to run over the odd
positive integers. The nth harmonic component of H, can be calcu-
lated using the usual Fourier formula

2w
Hi(p, 2) = % o(p, 6, 2) sinn6db. [13]

Substituting Eqgs. [1] and [7] into Eq. [13] and changing the variable
(8o — 8) to « we get

1 2n

Hg(p’ Z) = 24‘"2

m

desinn® [ dzofim(zo)lpd(zo)z — z0) + pol
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2n-6 .
» f do cosm{a + 0)sina

2 2 2 (14]
L [p* + p§ — 2ppocosa + (z — zo)“P~
If we now write
cosm(a + 0)sinnd = l2[sin{(n + m)0 + ma}
— sin{{n — m)® — mal}] [15]

and integrate partially with respect to 0, it is easy to show that only
the term with m = n survives in the summation appearing in Eq.
[14] and gives

I
Hyp,2) = - . I dzofn(20)[pd(2z0)(z — 20) + pol
2“ . .
y do— : sinnasina — [16]
b [p* + p§ — 2ppocosa + (z — zg)°]”

The integral over a can be performed by introducing the variable
¢ = /2, expanding sinna as

sinna = sin2n¢
n

E (=1)k+1 (22 : }I) 22n-2k+1 gind cos2n—2k+1¢ [17)
k=1

and integrating term by term.
The final result for H}} can be expressed as

I & 2n - k
H : L S —1)k+1 22n-2k+1 B
S(P 2) 211’1,;1( ) ( k- 1)
3 2n — 2k +
<_,L————3> J dzofn(20)lpi(20)z — 20) + Po(zo)]%
2 9 q/z
XF(M,é;n_k+3;i‘m—° (18]
2 2 q
where
g =(p+ p)? + (2 — 2)° el

Here F(a, b; c¢; x) is the hypergeometric function!! and B(x, y) is the
beta function.!2

Similar manipulations can be carried out to determine H%(p, 2)
and H(p, z). For H} we get
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I
Hylp, 2) = — 7= | dzofn(20)lpélz0)(z — 20) + polz0)]

27

COSNaCOSQ
X da 2 P o
o [p + p5 — 2ppocosa + (z — zp)“s
27
+ 22 g dafag) [ do———Co8ne (201
47 o [p° + pg — 2ppocosa

A+ (2 — 2z
To do the a integrals we now need the following expansion

cosna = cos2nd

n+l
= (_1)k+1
k=1

2n

(2k - 2)c082n—2k+2 ¢sin2k—2¢ [21]

The final expression for Hg is

n+1
Hs(p,z)=_2L2(_1),.+1( 2n )B(2k—1’2n—2k+5)

T k=1 2k — 2 2 2
1
X [ dzofn(zo)lpolzo)z — 29) + Po(zo)]ﬁ
F(z”‘—m’é;n .3 4ppo)
2 2 q
n+1
Ly (_1)k+1( 2n )B(zk ~ 1 2n - 2 + 3)
4m k=1 2k - 2 2 2
1
X f dZOfn(zo)[p'(Zo)(z - 29 + PO(ZO) + p]ﬁ
F (M’i not 1 4pp0). (221
2 2 q

Similarly, H? can be written in the final form as

HXp, z) = oL S (=1)k+1 (2" B k) 22n-2%+1B(1, n — k + 1)
% k=1 k-1

fdzof,.(zo)pé(zo)isF(n -k + 1,§ in—k + 2 m) [23]
q/! 2 q

Egs. [18], [22], and [23] constitute the desired analytical expressions
for the magnetic field due to the current sheet.
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As a special case we note from Egs. [16] and [20] that H and H}
are zero on the yoke axis (p = O)foralln # 1 and H? = O at p =
0 for all n. The axial magnetic field Hy(2) is equivalent to Hl(p =
0, 2) and is given from Eq. [18] by

[pi(zo)z — 2zo) + po(2o)]
[p(z) + (z - 2!())2]3’2

Hy(2) = —f [ daofi(2) [24]

3. Field Due to the End Turns

Let us first assume that both the front and rear end-turns can be
approximated by certain single effective circular arcs about the 2
axis with certain mean radii and mean lengths but zero thicknesses.
Fig. 2 shows the “effective” front end-turn defined in this way; the
top half starts and ends at angles 6;and w — 6y, respectively, has a
radius a, and carries the current in the counter clockwise direction
while the bottom half is just its “mirror image” about the x axis. If
2 is the location of the front end-turns and there are N turns in
each half of the coil, the magnetic field dH at (p, 6, 2) due to an
element of length dL of this effective end-turn is again given by the
Biot-Savart law:

_ NI(dL x R)
el = 4nR3 ’ [25]
where
dL = i‘adeoae. [26]
vh
f S R

xy

Fig. 2—The “‘effective’ circular front end-turn of a saddle coil.
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The upper and lower signs apply to the upper and lower halves of
the turn, respectively, and R, R are given by Egs. [5] and [6] re-
spectively with py replaced by a and 2, replaced by z5. To get-the
total field one has to integrate the expression [25] over 8, from 6,
to w8 to take into account the upper half of the turn and then from
™ + 8rto 270 to include the contribution of the lower half. After
some simple algebra, the components of the field can be easily
shown to be

Nla(z — zp (" 1 1
Hyp, 8, 2) = TJ;f cos(6 — 6g) R3 + R_ dfy (27]
TR Nla(z - zf)J'"_ef — 1 1 & .
o\p, b, 2) = 4 o sin(8 R3 Rﬁ 0
Nla ("% |a — pcos(® — 6) a + pcos(d — 6y)
{p, 0, = — = ds
Hip. 8,2 =0 oy [ R® R3 0
(29]
where
R+ = [p?2 + a2 = 2pacos(8 — 8y) + (z — zp?]'/2. [30]

All the integrals appearing in Egs. [27}-[29] can be evaluated in
closed-forms, but since we expressed the magnetic field due to the
main body of the coil as Fourier series in 8 we will do the same
thing here and give explicit expressions for the Fourier coefficients.
Thus using Egs. [10] and [27], integrating by parts with respect to
0 and after some manipulations, we get

Nla(z — zp) 9 L cosna cosa do
——mcosn
wn J {p? + a® — 2pacosa + (z — zp?n

Hy(p, 2) =

or

Hip, 2) = .
Nla(z — zp) "t 2n 1
_T_fcosnef 2 (—1)k+1 (2k - z)qs/

k=
y 232k—1,2n—2k+5an—2k+5’§;n+3;gg)
2 2 2 2

s 2k—1,2n—2k+3)F(2n—2k+3’§;n+l;ﬂ)
2 2 2 2
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where

g = (p + a2 + (z — z;)2 [32]
Similarly, using Egs. [11], [12], [28], and [29] we get
Hj(p, 2) =
Nla(z — 2y " 2n — k)
R — A 0 -1 k+1 22n—2h+1
psy cosn ,-lgl( ) ( b1
LB(Q’Zn - 2k + 3)F(2n ~2%+33 . 3;4_ag)
qs" 2 2 2 2 ar
[33]
and

2 n+1
H¥p, 2) = — —p_H{,‘(p, 2) _Nila cosnb; D (_1)1.+1< 2n )
k=1

z -2 wn 2k — 2

LB(%— 1’2n—2k+3)F(2n—2k+3,§;

gp" 2 2 2 2

n+1; 22 (34]
ar

Again in the special case of p = 0, Eq. [31] reduces to
H)O0, z) = Hy(2)

_ Nla(z — zpcosbs

T 2a? + (z - 22’

[35]

which agrees with the result given in Ref. [2].

Similarly if the rear end-turns are approximated by mean circular
arcs of radii b, starting angle 6, located at z = z,, the Fourier coef-
ficients of the magnetic field produced by them can be obtained from
Eqgs. [31], [33], and [34] by replacing a by b, the subscript f by r and
changing the over-all signs to take into account the opposite direc-
tion of current.

Several generalizations of Egs. [31], [33], and [34] are possible.
First of all, we note that not all end-turns start at one angle. If we
look at the front end-turns, for example, there are A(65, z9d6rnumber
of turns which start between the angles 67 and 6; + d6;, where the
function A is given by Eq. [1], i.e.,

N, z) = D fulzpcosmy. (36]

We can easily take into account this angular distribution of turns
by writing A(6f, 20d6; for N in Eqgs. [31], [33], and [34] and inte-
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grating over 6y from 0 to w/2. If the radius a of the turns were
independent of 6 the net result of this integration would have been
replacing the quantity Ncosn6; in these expressions by nf,(z9/4; but
since a depends on 8y each Fourier component of the magnetic field
would involve all wire distribution harmonics f,,(zp. It is also true
in reality that the end-turns do not lie in a single plane but have a
certain thickness in the z-direction. This can be included in our
theory by replacing f,(zp) in Eq. [36] by some distribution of turns
along 2, fm(29dzs say, and integrating the resultant expressions for
the field components over z;. Again one has to keep in mind that
the radius a would also be a function of 2;. The main difficulty in a
practical computation is that the dependence of a on 6; and 2 and
the distribution of end-turns, f,,(2y), over their thickness are not very
precisely known because they remain to a large extent at the mercy
of the winding machine. If these functional relations can somehow
be determined, the integrations over 8; and/or zr can be done nu-
merically using a simple computer program. A similar comment
applies to the rear end-turns as well. Another complexity of the
end-turns, especially at the rear end, is that even though the turns
might be circular arcs their centers may not lie on the z-axis. One
can include this “off-centering” in the present treatment by an ap-
propriate coordinate transformation. Finally, we want to point out
that we need not restrict ourselves to circular end-turns; other un-
conventional shapes of end-turns such as rectangular and
hexagonall3 can also be taken into account in the present theory in
a straightforward way.

4. Effect of the Core

The theoretical treatment given so far is valid if there is no mag-
netic core present in the yoke. When a core is present, it changes
the magnetic field substantially. The relative permeability of the
typical core material used in commercial yokes is quite high, of the
order of 1000, and can be assumed to be infinity for all practical
purposes. It can be shown!? that for a long cylindrical yoke, the
effect of such a high-permeability core is to multiply the n-th
Fourier component of the magnetic field by the factor [1 + (py/p.)%"],
where pg and p, are the coil and core radii, respectively; this result
can be derived by solving the Laplace’s equation for the z-compo-
nent of the vector potential,

V24, = 0 (37]

in the (p, 8) plane and using the usual boundary conditions at p =
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po and p = p.. In view of this result, we can take into account the
effect of the core in a qualitative way by introducing the following
major simplication in our theory. We assume that the effect of a
core on the magnetic field inside the yoke produced by the main
body of the coil can be simulated by replacing the harmonic com-
ponents f,(2) of the turn distribution by the functions

fa2) = (1 + {po@p2)2"If,(2) [38]

in Egs. (18], [22], and [23). Physically this means that each cross-
section of the yoke is assumed to behave, as far as the effect of the
core on the magnetic field is concerned, as if it were part of an
infinitely long cylindrical yoke with that cross-section.

In the case of a toroid-shaped coil wound on the core, py(z) = pe(2)
and Eq. [36] reduces to

f = 2f.(2). [39]

This result can be interpreted in terms of an “image” effect.!4 The
image theorem states that if a plane surface of a magnetic material
of infinite permeability is present in the vicinity of a current-car-
rying wire then the effect of the material on the magnetic field is
the same as the one produced by a fictitious wire that is identical
to the real wire but located on the other side of the plane surface
at a distance equal to the distance of the wire from the surface. For
a curved core surface the validity of this theorem, of course, becomes
questionable, but if the actual coil sits right on the inner core sur-
face, which is the case in a toroidal coil, the “image coil” coincides
with the real coil both in strength and location regardless of the
shape of the core surface. The magnetic field inside the yoke should
then double compared to the core-free value. Eq. [39] is precisely
equivalent to this statement. For a saddle coil, Eq. [38] can also be
interpreted in terms of a contribution from an image coil, but in
this case each harmonic component requires a different image.

It is more difficult to take into account the effect of the core on
the magnetic field produced by the end-turns. The simplest approx-
imation one can make is to assume that the contribution of the end-
turns to the magnetic field is not affected by the presence of the
core. At first glance this may seem like an unrealistic assumpticn,
since a cylindrical core is known to have “shielding” effects on an
external magnetic field. However, if we note that a core is typically
only one inch or so in length, whereas the electron beams are de-
flected over a length of ten inches or more, and the field due to the
end-turns is of secondary importance anyway, neglecting the
shielding effect does not appear to be an overly crude assumption.
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This is especially true for higher harmonics of the end-turn field
which are localized near the turns.

For a toroidal coil, the effect of the core on the field produced by
the end-turns is probably more drastic because of the proximity of
the (radial) end-turns to the core surface, but since in this case the
contributions of the end-turns to the field are quite small to begin
with (because of the relatively small length of these turns compared
to those of a saddle coil), we will simply ignore the end-turns alto-
gether in calculating the field due to a toroidal coil.

5. Numerical Calculation

The numerical results calculated for a specific yoke using the
expressions given in Sections 2—4 can be displayed graphically in
a number of ways. One can plot each harmonic component of the
magnetic fields H,, Hy, H, or the total field as a function of p at a
given z or as a function of z at a given p or along some curve in the
p-z plane. As a first example of such numerical calculation, we have
chosen to calculate and plot the magnetic field functions Hy(2)
(=H,(0, 0, 2)) and Hy(2) defined by

_1(oH,
Hy(z) = . [40]
x=0y=0

2\ ox?

These functions are of considerable interest in the third-order ab-
beration theory,23:!5 and a knowledge of them allows one to calcu-
late the aberration coefficients which determine the various deflec-
tion errors within the context of this theory. Another reason for
choosing these quantities is that they can be experimentally mea-
sured with relative ease.

To perform a numerical calculation, one has to know the following
quantities: the function py(z), which represents the profile of the
inner surface of the coil in the p-z plane; the function p(z), which
is the profile of the inner surface of the core; and the Fourier coef-
ficients f,(2) of the winding distribution of the coil for each z. The
first two functions are typically in the form of polynomials or a
series of polynomials that join smoothly. The remaining functions
can also be expressed as polynomials in z by fitting their numerical
values by a polynomial-fitting routine. All the integrals involved
in Eqs. [18], [22], and [23] are then simple one-dimensional inte-
grals which can be done on a relatively small computer using a
simple integration routine.

The Hy(z) function due to the main body of the yoke and due to
the end-turns of a saddle coil is given by Eqgs. [24] and [35], respec-
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tively, provided fi(zy) in Eq. [24] is replaced by f 1(2g) defined by Eq.
[38]. The Hy(2) function can be calculated from H ‘1, and H3 functions
according to a formula discussed in the appendix. The results are
given below:
Hy(z) (due to the main body of the yoke)
I 3 3z - Zo)p'(Zo) + 6p0(20)
=—1d )
16 J @210 [ (2 + (z — 2z
_ 15 {pile — 2)p'(z0) + pS}]
2 {pf + (2 — 2

{pdz — 200p'(20) + i} |
{p§ + @ — 29}

151 .
~ 39 | daof 3(z0) [41]

Hy(2) (due to circular end turns of a saddle coil of mean radius a
located at z = 27 and lying between the angles 6 and = — 6
in the upper half and between © + 6;and 2w — 6yin the lower

half)

Nla ( ) 5aZcos®, 3acosby [42]
=—1(z - 2 -

2m Plie?+ - 208~ (@ + 2 — 28

In this paper we have calculated the variation of the quantities
Hy(2) and Hy(z) with z for a yoke that is currently under develop-
ment at RCA. The functions py(zy) and p,(zp) have been computed
using a program that determines the design of the arbor cavity used
to make the horizontal coil and the design of the core. The functions
f»(2) were determined by a program that Fourier analyzes the an-
gular variation of the incremental area of the arbor cavity cross-
section taking into account the fact that not the entire cavity is
filled uniformly with wires during winding. The points 24, 2z, were
taken in the middle of the coil thickness and the angles 6; and 6,
were chosen to be approximately half-way between the starting and
finishing angles at the front- and rear-ends, respectively. We have
also calculated the Hy(2) function for a toroidal coil radially wound
on the core of this yoke neglecting the end-turns. Qur results are
shown in Figs. 3, 4, and 5.

To check the accuracy of these results we have also calculated
Hy(z) and Hy(z) by using a very sophisticated and expensive com-
puter program. The mathematical principles behind this program
is discussed in Ref. [8]; it involves replacing the coil by an effective
“magnetic charge” on the core which produces the same magnetic
field everywhere inside the coil. The results of these calculations
are also shown in Figs. 3, 4, and 5. The two sets of results are
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Fig. 3—The axial magnetic field Hy(z) due to a nonradial saddle coil. The
solid curve corresponds to the result derived in the present paper
and the dashed curve corresponds to the values computed nu-
merically by the method described Ref. [8].

strikingly similar. In particular, the general shapes of the curves
and the locations of the maxima and minima are almost identical
in the two cases. The two sets of curves even agree closely in ab-
solute numbers. An exact agreement in magnitude for a saddle coil
was not expected, partly because of the approximate nature of the
way the core is taken into account in our theory and partly because
the two theories treat the end-turns somewhat differently.

A
H,

ARB. UNITS
©

-1 v »-
2 0 INCHES ? ¢ 4
Fig. 4—The magnetic field function H,(z) due to a nonradial saddie coil.
The solid curve corresponds to the result derived in the present
paper and the dashed curve corresponds to the values computed
numerically by the method described in Ref. [8].
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Fig. 5—The axial magnetic field Hy(z) due to a radially wound toroidal coil.
The solid curve corresponds to the result derived in the present
paper and the dashed curve corresponds to the values computed
numerically by the method described in Ref. [8].

In experiments done elsewhere®16 the computer-predicted varia-
tions of Hy(2) and Hy(z) were found to be in excellent agreement
with experimental results for several yokes. Since our results agree
very well with the computer calculations, this observation can also
be considered as an indirect experimental verification of the present
theory.

As a second example of numerical application of our theory we
have calculated the various harmonic coefficients of the magnetic
field components H, and Hj due to the end-turns of a saddle coil as
a function of p using Egs. [31] and [33] and neglecting the presence
of the core. The results are shown in Figs. 6 and 7. Note that the
contributions of all harmonics beyond the first are insignificant, but
the first harmonic field is largely radial (i.e. pin-cushion shaped)
close to the turns.

6. Concluding Remarks

We have developed an analytical method for calculating the mag-
netic field at an arbitrary point due to a magnetic deflection coil.
The method is capable of giving quantitative results for an air-core
saddle coil and qualitatively correct results in the presence of a
magnetic core. The final numerical calculation of the field requires
a simple numerical integration routine over one variable and a
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Fig. 6—The radial component of the magnetic field H, as a
function of p due to the circular end-turns of an air-
core saddle coil at a distance 0.1a from the location
of the end-turns. 6, = 20°.

function routine for evaluation of the hypergeometric series; both
of these can be made readily available on a relatively small com-
puter. Hence the success of the present method would imply consid-
erable savings of computer CPU time over the numerical methods
of computing the field, described in Refs. [7]-{9], and make it fea-

ol—

ARB. UNITS

Fig. 7—The tangential component of the magnetic field Hy as a func-

tion of p due to the circular end-turns of an air-core saddle
coil at a distance 0.1a from the location of the end-turns.

0' = 20°
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sible to do these computations on a small computer. At present, for
a saddle coil with a magnetic core, this success is limited because
the effect of the core is not considered in a precise way, but we
believe that an analytical treatment of the core could be improved,
perhaps by some generalized image theorem. The present method
can be easily extended to calculate the field due to the main body
of a toroidally wound coil on a core simply by replacing f,(z) in Eqs.
(18], [22], and [23] by 2f,(2¢), the factor 2 being due to the image
coil as discussed in Sec. 4. However, the core makes it difficult to
calculate the field due to the end-turns of a toroidal coil.

A knowledge of the magnetic field at all points inside a television
tube is extremely useful in analyzing the performance of a yoke
and, in principle at least, it allows one to calculate all the charac-
teristics relevant to its commercial use. We conclude by listing some
important areas of application of our theory.

(1) Knowing the Hy(z) and Hy(2) functions for both coils, calcu-
lated in the previous section, one can calculate all the aber-
ration coefficients appearing in the third-order aberration
theory2315 and hence all the deflection errors produced by a
yoke as predicted by this theory. Furthermore, one can deter-
mine higher-order derivatives of the field near the axis, such
as the Hy(2) function in the fifth-order aberration theory, from
our expressions of field components.

(2) One can calculate the electron trajectories inside the tube
once the magnetic field is known by solving the equations of
motion of the electron. This would require a separate com-
puter program similar to the one described in Ref. [9]. One
could then determine the peak currents in both coils needed
to scan the screen and other features relevant to manufac-
turing, such as the “pullback” distance.* The convergence er-
rors on the screen can also be determined by first finding the
coordinates of the landing points of the three primary beams
and then taking the differences of various pairs of coordinates.
This is not an accurate method of calculating the errors, how-
ever, since the errors are typically about 100 times smaller
than the deflections of the beams and, hence, can be “washed
out” by the inaccuracies in the computing method itself.

(3) Recently the auther has developed a theory that relates the
deflection errors directly with the harmonic components of the
field.1” The result involves integrations of expressions con-

* The pullback distance is the distance through which the yoke can be moved back
starting from the tube neck before the electron beam strikes the inside glass of the
tube.
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taining the various field components along the trajectory of
the electrons. An analytical expression for the Fourier com-
ponents of the field would be extremely useful in a numerical
computation of the deflection errors using this formalism.

(4) The inductance of a saddle-shaped horizontal coil can be ex-
pressed in terms of the variation of the harmonic components
H? and H? along the inside coil contour.'® Again analytical
expressions for H} and H? would greatly facilitate the in-
ductance calculation. In conjunction with the calculation of
the peak horizontal current, one can then determine the so-
called “stored energy” of the coil which is an important per-
formance characteristic of a yoke.

(5) Since the present theory gives separate expressions for the
field due to the main body of the yoke and the field due to the
end-turns, one can study the effect of the end-turns on the
various deflection errors and hence use the geometry of the
end-turns as a useful parameter in the design of a yoke.

(6) Finally, one can investigate the radial variation of the various
harmonic components across any given cross-section of the
coil. This would tell us how the different harmonics increase
in strength as the coil is approached. This knowledge is useful
in understanding the importance of the various harmonics in
determining the yoke performance.

Appendix

The relationship between Hy(2) defined in Sec. 4 and the Fourier
components of the field is best obtained by writing H, near the yoke
axis in two ways. A Taylor expansion in Cartesian coordinates
yields.

H, = Hy2) — [Hy2) + Y2Hy(2)] y2 + Hy2)x? + ... [A-1]

On the other hand H,, can be related to the magnetostatic potential
harmonics in the following way.!® The potential y(p, 8, z) has a
Fourier expansion given by

Uip, 0, 2) = &(p, 2)sinb + d3(p, 2) sin30 + ... [A-2]
Near the axis,

bi(p, 2) = a,(2)p — aj(2)p*8 [A-3]
b3lp, 2) = as(2)pd, [A-4]
so that
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W 302 - yay).
Comparing Egs. [A-1] and [A-5], we get
Hy2) = — ay(2) [A-6]
Hyz) = + Elg(i) - 3as(2). [A-T7]
Since
HX0, 2) = Hy(2) = — a;(2) [A-8]
and Hip, 2) = — %¢3(p, 2), [A-9]

we can write Eq. [A-6] as

H'p"(0, 2) 1
Hz(z) = — pT + {? Hg(p, Z)}p = Q- [A-].O]
This formula has been used in the paper to calculate Hy(z).
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A Simple Method to Determine Series
Resistance and « Factor of an MOS
Field Effect Transistor

S.T. Hsu
RCA Laboratories, Princeton, NJ 08540

Abstract—A simple method to determine the parasitic source/drain series
resistance and k factor of MOSFET's is presented. The parasitic
source/drain series resistance and the k factor of a MOSFET
can be determined by measuring the dc drain current of the
device operated in the linear region under moderate gate
biases. The results also showed that the mobility of electrons
or holes in the surface inversion layer is practically indepen-
dent of gate bias voltage.

1. Introduction

The advanced MOS technology has led to the fabrication of very
small geometry MOS VLSI’s. The characteristics of scaled MOS-
FET’s are very sensitive to the parasitic source/drain series resis-
tance and to the effective channel length of the device. These two
parameters can severely affect the performance of MOS VLSI. Suciu
et al! published an experimental derivation method to determine
the source/drain series resistance of MOSFET’s. Their derivation is
very complex. Strong mobility degradation due to gate field is also
involved. In a recent article Schwarz et al? showed that the gate
field should play no direct role in mobility degradation. Methods of
determining the parasitic source/drain series resistance and the ef-
fective channel length of the MOSFET’s were also presented by
Chern et al3 and by Peng et al.* Their measurements require more
than one MOSFET operated at very large gate voltages.

This paper presents a simple method using a single MOSFET
biased at moderate gate voltages and operated in the linear region
of the drain current-voltage characteristics to determine the para-
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sitic source/drain series resistance and the « factor of the device.
The effective channel length and the effective channel width of
MOSFET's can also be determined if the k factors of two different
size MOSFET’s are measured.

2. Measurement Method

The drain current of MOSFET’s operated in the linear region is
given by:

2V2egN

1
ID = K{(VG - VT - EVD) VD —3 C

(VD + 26p)" — (26p)"1},
(1]

where k = WnC,/L. Unless specified all the notations are standard
ones. In Eq. [1] we have assumed that the substrate is uniformly
doped, the mobility of electrons or holes in the surface inversion
layer is independent of gate biases, and there is no parasitic source/
drain series resistance. When the drain bias voltage is small, the
last term of Eq. [1] can be neglected. Eq. [1] is then applicable to
MOSFET’s made on a substrate with any impurity profile.

There are parasitic series resistance, R, and Rp, at the source and
the drain, respectively, of any parasitic MOSFET’s. These parasitic
resistances can significantly degrade the characteristic of short
channel MOSFET’s. The equivalent circuit of a MOSFET is
sketched in Fig. 1 where R, is the input resistance of a current
meter. It is obvious that the drain current of Eq. [1] becomes

Vo
I] $Rp

V )

Vs'
Rs
L
| 3R, CURRENT
: 1 | METER
L___J

Fig. 1—Equivalent circuit of a MOSFET.
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Ip= Ve = Vr = Ip R, + R) — 31Vp — Iy B, + Rp + Ry}

[Vp —Ip (R, + Rp + R)]
~ Vg = V1 =3 Vol [V = Ip Br + Ry, 7

provided
Ve — Vo — (V/2) > (/12)Rp — R, - Ry

In Eq. [2] Rt is equal to the sum of R, and Rp. After some ma-
nipulations the following result is obtained:

K(VG - VT - %VD)VD

Ip = I . [3]
1+ R +B) (Vg — Vp — EVD)

Therefore

1 _Rr+R | 1 [3A]

Ip Vb

«(Vg - Vp - %VD)VD

The result of Eq. [3A] indicates that I5! is a linear function of R,
When Ip! is plotted as a function of R; with V; as a parameter, a
family of parallel straight lines is obtained. The slope of this family
of straight lines is equal to V. The extrapolation of these straight
lines intersect the R; axis at R;,(V), such that

~ Riy(Vg) = Ry + x~} (Vg — Vi — %VD)‘I. (4]

The R;,(Vg) is, therefore, a linear function of [V — Vi — (Vp/2)]- L.
The slope of this straight line is equal to k~!. This straight line
intersects the R;,(Vg) coordinate at Ry. Therefore, from the plot of
R (V@) versus [Vg — Vy — (Vp/2)]7!, the parasitic source/drain
series resistance and the k factor of the MOSFET can be determined.
The measurement procedure is simple. The accuracy is excellent as
can be seen from the experimental data presented in the next sec-
tion.
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3. Experimental Results and Discussion

The MOSFET’s used in this work are n- and p-channel test tran-
sistors from MOS integrated circuits. The method applies very well
to both types of MOSFETs. Therefore, we shall present the results
taken from n-channel MOSFETSs only. The nominal channel length
and channel width of the n-channel MOSFETs used are equal to 2
pum and 50 wm, respectively. The drain current of the MOSFET was
plotted in Fig. 2 as a function of gate bias voltages. The drain
voltage is equal to 0.1V. The drain current is calculated from the
voltage drop across a load resistance of 10Q). The same measure-
ments were also made for R; equal to 100, 215Q, and 422Q. The
results are not shown here. The threshold voltage of the MOSFET
was also determined from this I-V curve and was found to be equal
to 0.85V. The data are replotted in Fig. 3 in the form of Ip! versus
R, with V¢ as a parameter. A family of parallel straight lines is
evident. The slope of the straight lines is equal to 10 V-1 which is

800

200

100+

0 I | | { 1
0 1 2 3 4 5 6 7

Vg (VOLT)

Fig. 2—The linear region transconductance of a typical n-channel
MOSFET. Curve is measured and points are calculated.
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Fig. 3—1/l, versus R,of the n-channel MOSFET used in Fig. 2.

equal to Vp! as is expected. The data taken from Ve = 2.5V do not
fit a straight line well. This is because the condition of Eq. [2] is
marginally satisfied at this gate bias voltage. Extrapolating these
straight lines, we obtained R,,(V;). The results are plotted as a

400}~

300} /

_/,,, 424 (vZa')

R ()

200
/'/ K=236x10°(Av?
0/.
loo/
o | ! 1 | I l I |
0 oI 02 03 04 05 06 07 08

(Vg - Vy =172 vl (voLT)™

Fig. 4—R,,(Vg) versus (Vg — Vr — (Vp/2)] 7! characteristic of the n-channel
MOSFET used in Fig. 2.
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function of [Vg — V7 — (Vp/2)]7! in Fig. 4. All data points except
the one when Vg = 2.5V follow a straight line well. This straight
line intersects the R (V) axis at 46. The slope of the straight line
is equal to 424 V¥A. Therefore, the parasitic source/drain series
resistance of this MOSFET is equal to 46() and the « factor of the
device is equal to 2.36 x 1073 A/V2,

The drain current of the device was calculated from Eq. [3] using
the measured Ry and k_values and the load resistance of 10Q} to
crosscheck the accuracy of this measurement. The calculated data
points were superimposed in Fig. 2. The calculated points are
slightly larger than the measured values at large gate biases. This
is due to a small degradation of effective mobility of electron in the
surface inversion layer at large gate fields. At Vg = 7V the effective
electron mobility is approximately 3% smaller than that at small
gate biases.
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Surface Acoustic Wave Stylus: Part |—
Pickup and Recording Devices

S. Tosima,* M. Nishikawa,* T. lwasa,* and E. O. Johnson*

Abstract—A new type of pickup and recording device was demonstrated
using a stylus with a fan-shaped interdigitated transducer elec-
trode (IDT) deposited on its shank. The IDT focusses a beam
of Surface Acoustic Waves (SAW) at the stylus tip. The relative
transmission or reflection of waves at the tip depends upon
the acoustic characteristics of whatever material may contact
the tip. The SAW reflected back to the IDT generate an electric
signal that can be detected in the driving circuitry to reveal
acoustic conditions at the stylus tip. The high concentration of
SAW power at the stylus tip allows a very localized determi-
nation of such conditions at the contacting material surface.
Moreover, when the input electric power level to the IDT is
increased, the SAW power density at the stylus tip increases
to a level adequate to record information in the contacting
surface.

A well-known piezoelectric material, single-crystal quartz,
was used as a stylus material to study and demonstrate device
principles. Observed phenomena were in good agreement with
well established SAW theory; general behavior of the new
stylus seems well understood. Simple construction, the ability
to concentrate SAW into a small stylus tip area, and very low
SAW path losses suggests potentially good performance as
pickup and recording devices over a wide range of frequencies.

1. Introduction

Surface acoustic wave (SAW) energy propagates along a material
surface within a layer about one wavelength thick. SAW propaga-

* Present address: Corning Research Inc., Machida City, Tokyo, 194-02 Japan.
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tion properties are therefore sensitive to acoustic loading on the
propagation surfaces.!? If the SAW beam is concentrated by fo-
cussing into a small region on the surface, the waves will be par-
ticularly sensitive to acoustic loading in that region. The new
pickup device described in this paper makes use of the acoustic
loading effect from a very small region of a material surface.

The device consists of a pickup stylus with a SAW interdigital
transducer (IDT) fabricated on its shank and aimed at the sharp-
ened stylus tip. The electrode fingers are shaped to focus the SAW
power at the stylus tip. Wave behavior at the tip depends upon
whether or not the tip is touching another material, as well as upon
the acoustic characteristics of this material. If no material touches
the tip, all the waves are reflected. If a material body touches the
tip, some of the wave energy is absorbed in the material. Accord-
ingly, the magnitude and phase of the SAW power reflected back
to the IDT is indicative of the acoustic loading at the tip. The re-
flected wave interferes with the incident wave and modulates the
transducer impedance. By this means, information on the acoustic
loading at the stylus tip is directly detectable in the external cir-
cuitry.

This pickup device detects the acoustic loading at the stylus tip,
but not the gross motion of the stylus itself. This is quite different
from the principle operative in the widely used audio pickup devices
wherein gross mechanical strain in the stylus generates a detect-
able piezoelectric output signal.

The device can also be used in a recording mode. This capability
arises from the high power concentration attainable at the stylus
tip when the rf voltage applied to the SAW transducer is increased
beyond the level used for readout. The high concentration of SAW
power results from three factors: inherent confinement of SAW to
an acoustic wavelength of the material surface, focussing effect of
the geometry of the stylus tip, and the curved shape of the inter-
digital transducer (IDT) electrodes.

A watt of electric driving power applied to a stylus operating at
several hundred MHz is estimated to result in a SAW power density
of the order of 108 W/cm? at a stylus tip a few pm wide. This level
of SAW acoustic power density corresponds to a mechanical stress
of about 100 kg-wt/mm? and an amplitude of tip motion of several
tens of angstroms. Although the SAW power at the stylus tip is not
fully transferred to the recording material, it easily transfers a
power level sufficient to plastically deform material surfaces
touching the stylus tip. This mode of operation, although reminis-
cent of that of a mechanically vibrating cutting tool, differs in that
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the vibrating amplitude of the tip is small and that the stylus itself
does not undergo gross vibrational displacement. These features
have many practical implications, some favorable, some possibly
not.

The purpose of the present work is to study the fundamental be-
havior of surface acoustic waves in a stylus, and to investigate the
dependence of pickup and recording capabilities on various physical
parameters, such as radiation resistance, SAW reflectance at the
stylus tip, tip size, and the tip contacting force on the material
surface. The results of these fundamental studies lead to the op-
timum conditions for device operation as well as to device design
principles.

2. Experimental Arrangement

In these studies, single-crystal quartz was conveniently used as a
stylus material. Experimental samples were Y-cut quartz plates,
typically 1.5 cm long along an X-axis, 5 mm wide, and 1 mm thick.
One end of each plate was sharpened to a 60° angle to make the
sharpened tip 10—20 pm wide. The tip was further sharpened into
a form like a bow of a boat. The size of the stylus tip isa X b as
shown in Fig. 1 where a is the width along the Z-axis, and b along
the Y-axis. These widths were measured with a microscope and
have a possible error of about 1-2 um. Near the tip on the flat
surface of the stylus plate, a fan-shaped IDT was deposited as shown
in Fig. 1. Each finger of the IDT was curved to take account of the
dependence of SAW velocity? on the propagation direction. This in-
sured SAW beam focus on the tip. The aperture of the IDT is about
50° a slightly narrower angle than the tip angle.

About a half of the SAW power generated by the IDT is radiated
in a direction opposite to that of the tip. This power, which could
have confused our measurements because of multiple reflection ef-
fects, was conveniently absorbed with a piece of Scotch tape stuck
to the stylus surface behind the IDT. This tape also serves to absorb
the SAW power reflected from the tip that passes the IDT without
being captured. Only 50% of the SAW power reflected from the tip
and returning to the vicinity of the IDT is captured. Conservation
of this wasted power was not deemed necessary in these early ex-
periments.

The IDT capacitance Cy was 2.3 pF, and the total impedance of
the IDT mostly arises from this capacitance. To compensate this
IDT capacitive impedance, a turning inductor was connected in
series with the IDT as shown in Figs. 7 and 18. This compensation
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Side view

)
el

Fig. 1—SAW recording stylus with IDT. The periodicity A, of the IDT is 160
pm, and the number N of finger pairs is 20. Distance / between
the tip and the IDT center is 2.76 mm. Inserts are top and side
views of the stylus tip.

o

conveniently allows measurement of the impedances associated
with the SAW. The IDT radiation resistance and impedance change
due to the acoustic loading at the tip were measured with a Hewlett
Packard 4815A rf vector impedance meter.

The IDT driving power was supplied by the power source of the
vector impedance meter. In these experiments the peak-to-peak
voltage V, supplied to the IDT circuit was about 0.8 mV (see Fig.
18). As described later, the values of the IDT resistance Rrand the
circuit series resistance Rg were about 80 (2 and 30 (2, respec-
tively. The resulting rf power input was about 0.6 nanowatt. The
experimental mechanical setup is similar to that of an audio pickup
arm. A stylus with a tuning inductor is installed at one end of the
arm, and an adjustable counterbalance at the other end to control
the stylus contacting pressure.

3. Radiation Resistance

The resistance R, of the IDT was measured as a function of the
driving frequency f when the tip was free from externally applied
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acoustic loading. The result is shown in Fig. 2. The oscillatory re-
sponse (see Fig. 2a) is a typical one with maxima and minima su-
perposed onto the well-known (sin x/x)? frequency dependence*
around the center frequency f, of 19.68 MHz. This oscillatory re-
sponse arises from interference between incident waves and waves
reflected irom the tip. To confirm this interpretation, the surface
area between IDT and tip was covered with an absorber.5 In this
case the SAW power launched from both sides of the IDT was ab-
sorbed so that no acoustic power was reflected back to the IDT. The
effect of wave interference on resistance then disappears as shown
in Fig. 2b. The resistance R/ of the stylus with the absorber at the
tip shows a (sin x/x)2 frequency dependence. Both Rrand R/ include
the same series resistance R, typically about 30 ). This was de-
termined by replacing the stylus with a capacitor consisting of a

¢ . (o)

o o (b)

- L]
40 °°°°°oooooooooo¢¢,°°°°°
o

(c)

o " A 1
18 19 20 2l
f (MHz)

Fig. 2—Real part of circuit impedance. Stylus tip size for this experiment
is 12 x 15 um?, and ¢ is about 65° (a) free tip, (b) tip covered
with absorber, and (c) circuit series resistance.
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nonpiezoelectric substrate and the same fan-shaped IDT deposited
on its surface. The capacitance of this dummy structure is close to
the IDT capacitance C7 of an actual stylus. Fig. 2c approximately
shows the circuit series resistance R,, which consists of a tuning
circuit component and the IDT electrode component. Little fre-
quency dependence was observed for the series resistance. In similar
experiments repeated replacing the IDT with known capacitors, it
was found that the series resistance is mostly due to the tuning
inductor.

Fig. 3 compares the observed and theoretical frequency depen-
dence of the IDT radiation resistance R,. The observed value of R,
was obtained by subtracting the circuit series resistance R from
the observed total resistance R;. The theoretical curve was calcu-
lated using the following equations:

R, = R, (0) (1 + r cosé), (1)
R, (0) = R, (sin x/x)?,

x = N‘IT (f - fo)/fo:

0 = 4nl/A = (AUNXx + U,

and

U = 2 (2I/x, — integer).

Here, / is the distance between the tip and the center of the IDT, A
is the SAW wavelength along the x-axis, N is the number of IDT
finger pairs, fis the IDT driving frequency, and f, is the IDT center

100¢

—l

21

Frequency {(MHz)

Fig. 3—Radiation resistance of IDT. The solid line is a theoretical curve,
and the dots represent experimental values. The tip size is about
20 x 20 um?, and ¢ is about 60°.
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frequency. In the first of the above equations, the term R, (0) is the
radiation resistance when no SAW are reflected back to the IDT.
The second term rcos in parenthesis represents the effect of the
SAW reflected at the tip. In the derivation of Eq. [1], the SAW
propagation loss was ignored since it is negligibly small.® For de-
tails of the derivation of the equations and notations, see Appen-
dix A.

In the calculation of the theoretical curve, the parameter ! was
2.76 mm, and ¢ was taken as 2.60 radians. The value of ¢ was
chosen rather arbitrarily because a small error in / gives an appre-
ciable change in ¥. For a detailed discussion, see Appendix A.

The other parameters R, and the reflectance r were taken as 54.2
Q) and 45%, respectively, for the best fit to the observed values. The
agreement between theory and experiment is very good, and the
frequency dependence of the IDT resistance is well explained by the
interference between incident and reflected surface acoustic waves
from the stylus tip.

Since the external circuit includes a stray capacitance C,, the
value 54.2 Q for R, is considered to be affected by C,. To study the
effect of C; on the IDT characteristics, separate experiments were
done using the same fan-shaped IDT deposited on an XY -plate. Re-
flections were suppressed with absorbers. The observed values of R,
at the center frequency, and the capacitance Cr, were calibrated
replacing the IDT with resistors and capacitors of known values.
The IDT itself seems to have a stray capacitance. All finger elec-
trodes were removed from the IDT and the remaining capacitance
was measured to be about 0.3 pF. This also contributes to the stray
capacitance. These measurements gave the value 2.3 pF for Cr, and
the value 158 Q for R,.

The electromechanical coupling constant k2 was calculated to be
0.18% using the expression

R, = 2k*N/n? f,Cr, (2]

with Cr = 2.3pF and R, = 158 Q. For comparison, k2 was measured
for rectangular-shaped IDTs having straight-finger electrodes de-
posited on XY -plates. The plates were taken from the same batch
as used earlier. The value of 0.21 + 0.01% for k2 was obtained and
this agrees fairly well with the value of 0.23% reported by Schultz
and Matsinger.” The value 0.18% for k2 for the fan-shaped IDT is
somewhat smaller than that for a rectangular IDT. In the fan-
shaped IDT, the propagation direction is distributed +25° around
the X-axis. Since k2 is maximum for the X-axis propagation,? the
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effective value of k2 for a fan-shaped IDT should be somewhat
smaller than the maximum value. Simple averaging of %2 over the
propagation direction gave a value about 90% of the value for the
X-axis propagation. If we take the value 0.21% for the latter value,
the effective value of k2 for the fan-shaped IDT is 0.19% and this
agrees well with the observed value of 0.18%.

The value of the reflectance r in Eq. (1) is different for different
samples, and seems to depend upon the shape of the tip and the
accuracy of the IDT location relative to the tip. There is mode con-
version from incident SAW to reflected bulk waves depending upon
SAW power focussing at the tip. If all of the incident SAW power
is converted into bulk waves, the reflectance r should be zero, as
discussed in Appendix A. The value of the SAW reflectance r was
further studied using an IDT having straight fingers deposited near
an edge of a rectangular quartz plate. The fingers were deposited
parallel to the edge. The value of r was estimated to be 41% from
the oscillatory structure in the IDT resistance-versus-frequency
curve of this case. A similar result was obtained using a LiNbO4
plate. The value 45% of r for the present stylus is close to the value
found in the rectangular geometry mentioned above.

In the above discussion and in Appendix A, little attention was
given to the possibility of mode conversion from bulk waves to
SAWs. Some of the bulk waves generated at the tip travel directly
to the transducer surface and generate SAW at the surface. The
SAW converted from the bulk waves interacts with the IDT elec-
trodes. This component of SAW can not be separated from the one
directly reflected at the tip in the present experiments and is in-
volved in the reflected SAW. The other bulk waves travel to the
back surface opposite the transducer surface. Some waves are re-
flected back to the IDT and may affect the IDT resistance. To study
this possibility, grooves were cut about 0.2-mm wide and 0.1-0.3
mm deep with a pitch of 0.4—-0.6 mm on the back surface. The
grooving did not affect the IDT resistance of a stylus with an orig-
inally smooth back surface.

Bulk waves are also generated at the IDT® and affect the IDT
resistance in general. However, spurious structure due to the bulk-
wave generation was not observed in the frequency dependence of
the IDT resistance as shown in Fig. 2. Good agreement between the
observed and theoretical values of radiation resistance R, also in-
dicates that little power exists in the bulk waves at frequencies near
the center frequency f,.
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4. Pickup Device
4.1 Stylus Impedance Change due to Tip Acoustic Loading

When a stylus tip contacts another material, a portion of the inci-
dent SAW power is transferred into this material. In addition, there
is power transfer into a reflected bulk wave as well as into the SAW
beam that returns to the IDT. The amplitude of the reflected SAW
is thus modulated and the reflectance r in Eq. (1) changes by an
amount Ar. The resistance of the IDT is thereby changed to a new
value R,. Fig. 4 shows the resistance change AR = (R, — Rp when a
stylus tip contacts a Cu plate. The stylus is the same one used for
the radiation resistance measurement shown in Fig. 3. By com-
paring Figs. 3 and 4, we see that AR/R has a peak value (plus or
minus) at the frequency where the resistance Ry is either a min-
imum or maximum. At these frequencies, the input and reflected
signals are either in or 180° out of phase, and a strong interaction
occurs.

In measuring the total [DT resistance Ry the tuning circuit was
adjusted at each frequency such that the imaginary part of the IDT
impedance was cancelled when the tip was free. Then when the tip

AZ/Ry (%)

Frequency (MHz)

Fig. 4—Impedance change due to acoustic loading. A Cu plate is in con-
tact with the stylus tip. The stylus dead weight is 2.3 g. Dots rep-
resent the real component, and crosses the imaginary.
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contacts another material, the total impedance changes by an
amount AZ and an imaginary part appears. The observed result for
the imaginary part (crosses) is shown in Fig. 4 along with real part
(dots). As expected, the impedance change was observed when the
propagation surface side corner of the tip (see Fig. 4 insert) was in
contact, but little impedance change was observed when the back
surface side corner was in contact. The higher sensitivity to the
acoustic loading at the propagation surface side corner than that at
the backside corner was further confirmed using a stylus having a
tip angle ¢ of 90°.

As derived in Appendix B, the frequency dependence of the imped-
ance change AZ is

AZ(Re) = Ar R, (sin x/x)? cos 8 [3a]
and
AZ(Im) = —Ar R, (sin x/%)2 sin 6. [3b]

Fig. 5 shows the theoretical frequency-dependence of the imped-
ance change normalized with respect to |Ar|R;. By comparing the
theoretical curves in Fig. 5 with the observed ones in Fig. 4, we can
see that the frequency dependence of AZ is well explained by the
reduction in amplitude of the reflected SAW due to power transfer
to the contacting material.

Power transfer depends upon contact conditions, the stylus con-
tacting pressure as well as the acoustic properties of the contacting
material. Fig. 6 shows the dependence of AR/R; on stylus dead
weight. When the dead weight exceeds a certain value, about 1g in
the present case, the impedance change becomes less sensitive to
the stylus dead weight. The material dependence of the impedance
change AR/R; and the reflectance change Ar are shown in Table 1.
The impedance change for plastics is seen to be smaller than those
for the other harder materials.

4.2 Stylus Power and Signal Efficiency

In any signal handling system or transducer, it is usually important
to have minimal power losses. This tends to reduce cost and improve
signal/noise performance. In the bi-directional IDT of our experi-
ments, about half of the SAW power is launched towards the styius
and the rest in the opposite direction. If the power in the reverse
direction is purposely absorbed and discarded, the power transmis-
sion loss of the IDT is 3 db. At frequencies below perhaps 1000 MHz,

RCA Review ¢ Vol. 44 » September 1983 439

e ——




Q.5p

21
eq.(MHz)

A2/\arIR¢
o

-10t

Fig. 5—Theoretical curves for the impedance change AZ normalized with
—ArR,. The solid and dotted curves are the real and imaginary
parts, respectively.

the round trip SAW transmission loss in the stylus material from
the IDT to the stylus tip is negligible.

At the stylus tip, the SAW is reflected back to the IDT with am-
plitude reflectance r and with power reflectance r2. The remainder

1 Sp o
119,62 MHz
10}
5-
2
g © i 2 3
c Styius dead weight (g)
<
of)
=19.88 MH:
o o
-i0
-5

Fig. 6—Dependence of AR/A, on stylus dead weight.
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Table 1—Material Dependence of AR/R; and Ar at f = 19.62 MHz (Stylus Dead
Weight = 2.3 g)

Cu Quartz Glass Acryl PVC
AR/R; (%) 13.6 14.0 9.6 6.2 5.5
—Ar (%) 16.0 16.5 11.3 7.3 6.5

of the power is converted into useless bulk waves. The reflected
SAW waves suffer a 3-dB loss upon return to the IDT, since half of
their power is not captured in the bi-directional IDT and passes on
or is reflected back to the tip. Here, the external circuit impedance
is assumed to be matched with the IDT impedance. The ratio « of
the power recaptured by the IDT to the originally launched SAW
power is then given by

Detailed calculation using the three-port expression of the IDT ad-
mittance,* see Appendix A, leads us to the modified result for a:

a = é(l + rcos 0 + r/4). (4]

At frequencies corresponding to the radiation resistance minima,
cos 6 = —1, the value of a is maximum and estimated to be 8.4%,
or —10.8 dB, using r = 0.45 for the free tip as noted earlier.

When the stylus tip is in contact with another material, part of
the SAW power is transferred to the material and the reflectance
is decreased by Ar. For typical values of Ar see Table 1. Using Eq.
[4], the recaptured power is decreased to 2.9% and 5.7% for Cu or
PVC, respectively, from the maximum valuc of 8.4% noted above.
When signals are recorded on these materials and modulate the
acoustic loading at the stylus tip, the recaptured power is also mod-
ulated in the range mentioned above. The signal power level we
can obtain is then —12.6 dB (5.5%) for Cu and —15.6 dB (2.7%)
for PVC.

An improvement of a few db in the above performance could be
expected if a somewhat more sophisticated electrode structure were
used to reduce the losses at the IDT. Reflectance of SAW power at
the stylus tip may be improved by optimizing the tip shape.

4.3 Film Thickness Measurement Demonstration
This was carried out with the arrangement shown in Fig. 7; the
stylus was similar to that shown in Fig. 1. The value of this total
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Fig. 7—Apparatus for photoresist film thickness measurement.

resistance was 98.5 ohms when the stylus tip was pulled free of the
test sample. When the tip made contact with the sample, the total
resistance fell to the values noted in Table 2. Here the multiple
values for each value of film thickness correspond to stylus contact
at various adjacent locations on the film surface.

The relative input impedance change as a function of film thick-
ness is shown in Fig. 8. The input load resistance changed with film
thickness because of acoustic loading effects at the stylus tip. For
zero film thickness the stylus tip touches the copper substrate and
the acoustic loading is characteristic of the copper itself. As the film
thickness is increased, the acoustic loading becomes more and more
typical of the film material and decreasingly so of the substrate.
Beyond some value of film thickness, depending upon acoustic
wavelength and SAW absorption depth, the acoustic loading is
purely that due to the film material itself. This is suggested by the
results in Fig. 8.

In the present case we believe that the resist material heavily
absorbs the SAW at the acoustic frequency used (19.8 MHz). What-
ever SAW energy enters the film at this frequency is absorbed in
the first few micrometers of path length. Structural features inside
the sample beyond this depth cannot be detected. To increase the
film thickness observation range, one should use much lower
acoustic frequencies, perhaps in the 1 MHz range. This should re-
duce SAW path absorption. This should be easy to do because all
that is needed is a lower frequency oscillator and an appropriately
scaled up finger spacing of the IDT.

In conclusion, the feasibility of using a SAW stylus for probing
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buried structural features in a sample was demonstrated. A more
detailed study is required before practicality compared to other
methods can be determined.

5. Recording Device
5.1 Critical Conditions for Recording

To record, the stylus is placed perpendicular to a material surface
and the stylus tip contacts the surface with a force (weight) W. An

Table 2—Effect of Film Thickness on Load Resistance

Film Thickness ¢ (um) Load Resistance R (ohms)

(no film in contact
with stylus) 98.5

0.05 95.6
95.6
95.7

0.4 95.9
96.1
96.1

0.5 96.0
96.3
96.1

1.3 96.5 96.5 96.5
96.6 96.5
96.6 96.5

2.1 96.9 96.7 97.0
97.0 96.8 96.9
96.6 96.5 96.9

3.1 97.0 97.3 97.2
97.0 97.2
97.0 97.1

3.4 97.3 97.3 97.2
97.7 97.5 97.5
97.5 97.4

6.2 97.3
97.9
97.5

6.3 97.5
97.8
97.8

12.2 97.0
98.0
98.0

17.0 97.5
97.9
97.9

21.0 97.5
98.0
97.9
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Fig. 8—Effect of resist film thickness on IDT circuit resistance. The tip

size of the stylus used in this experiment is about 10 x 10 um?

and ¢ is about 70°.

Impedance change (

0

rf pulse with length  is applied to the IDT through the tuning
inductor. Fig. 9 shows the result of recording at various pulse
lengths on a polyvinylidene chloride sheet at an applied electric
power P, of 0.62 W. A single pulse was used for each dot. The pulse
lengths used for each line of dots were, from right to left, 1.0, 0.75,

Fig. 9—Recording marks on a polyvinylidene chioride sheet. Tip size is
14 x 18 pm?, stylus dead weight 0.5, and f is 19.65 MHz. Pulse
lengths for each line of dots, from left to right, 1.0, 0.75, 0.50, 0.40,
0.30, 0.25, 0.20, 0.175, 0.15, 0.125, and 0.10 msec. Only results for

first six values are clearly visible.
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0.50, 0.40, 0.30, 0.25, 0.20, 0.175, 0.15, 0.125, and 0.10 msec. The
result of recording, a line of dots, is observable for the first six
values of 7, but not for values of 7 shorter than 0.2 msec. Accord-
ingly, the critical pulse length 7, for recording falls between 0.25
and 0.20 msec for a P, value of 0.62 W. In Fig. 10, the critical pulse
length 7, is plotted against the applied electric power P, for poly-
vinylidene chloride (PCS or Saranwrap) and polyvinyl chloride
(PVC as used in audio records). When P, exceeds a certain value,
7. decreases approximately proportional to P, 2.

5.2 Frequency Dependence of the Critical Condition

(a) Frequency Dependence Near the IDT Center Frequency

Since the radiation resistance is frequency-dependent, the critical
condition is also expected to be frequency-dependent. The critical
value of the input electric power P, for recording on a polyvinylidene
chloride sheet was measured at various frequencies by applying an
rf voltage pulse of a given pulse length 7. The stylus is the same as
used for the radiation resistance measurement shown in Fig. 2a.
Analysis of the observed radiation resistance using Eq. [1] gave the
parameters B, = 52 Q, ¢ = —1.975 radians, and r = 0.36. The
critical values of P, for a pulse length of 10 msec are plotted as a
function of frequency in Fig. 11 (compare with Fig. 2a). The minima
and shoulders (or maxima) of the P, versus frequency curve corre-
spond to the minima and maxima of the Ry versus frequency curve,
respectively. As the frequency f deviates further from the center
frequency f, (19.70 MHz), the critical value of P, increases. At off-
resonance frequencies the radiation resistance R, becomes lower
than the circuit series resistance R,;, and most of the input power
is lost in the circuit.

The total acoustic power P, emanating from an IDT, and the SAW
power Pgsw propagating to a stylus tip are estimated using the
input electric power P, and the characteristics of the stylus. The
total acoustic power P, includes Pg4w, and the power Pg,y' radiated
from the IDT in a direction opposite from that of the tip. The power
Pgaw' is absorbed by a piece of Scotch tape stuck to the stylus sur-
face. In consequence, P, and Pg,w can be expressed by:

P, = (RJRPP, = [R,0)1 + r cos8)/RP, (5]
Psaw = [(1 — rR(0)/2RP, (6]

For derivation of these equations, see Appendix C.
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Fig. 10—Critical pulse length 7, versus P, plot for polyvinylidene chloride
(PCS) and polyvinyl chloride (PVC). Stylus same as in Fig. 2.
Stylus dead weight 1 g and f is 19.55 MHz.

The power responsible for recording is not the electrical power P,
but the acoustic power Ps4w propagating to the stylus tip. The
values of the total acoustic power P, and the power Pg,y, corre-
sponding to the critical values of P,, were calculated using Egs. [5]
and [6] and are plotted in Fig. 11. Note that the value of Pg,y is
almost independent of frequency f, indicating that the power re-
sponsible for recording is Pgsw, as might be expected. The solid
curve shown in Fig. 11, associated with the total acoustic power P,,
is calculated using the expression, derived from Eqs. [5] and [6],

P, = [2(1 + rcost)/(1 — rP)Pgaw (7]

and the averaged value of 0.42 W for Pg,y. Agreement with exper-
iment is seen to be very good.
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Fig. 11—Frequency dependence of the critical values of P, P,, and Psay
for recording. Pulse length 10 msec. Stylus same as in Figs.2
and 10. Stylus dead weight 0.5 g.

At the minima (cosé = —1) of P, or R, about 70% (= [1 + r}/2)
of the total acoustic power is transmitted to the tip. While at the
maxima (cos® = 1), only about 30% (= [1 — r)/2) is transmitted.
This behavior is the result of interference between incident and
reflected SAW’s. The SAW reflected back from the stylus tip is par-
tially captured by the IDT and partially passes through. This rein-
forces or interferes with SAW radiated from the IDT in the direction
opposite to the tip. In any case, the oppositely moving waves are
absorbed by the absorber on the surface behind the IDT. At the
minima, the interference is subtractive to reduce the SAW power
Pgaw’ lost in the absorber. At the maxima the interference is ad-
ditive to increase the absorbed SAW power Pgsy’. This results in
inefficient recording. The results indicate that the optimum condi-
tion for recording (the lowest P, required) is obtained for the IDT
having a radiation minimum close to the center frequency f, This
condition can be achieved by careful positioning of the IDT on the
stylus surface; the frequencies at the minima or the maxima of the
radiation resistance depend upon the distance between the IDT and
the tip.

(b) Wide-Range Frequency Dependence

The recording capability of the stylus is increased when the power
Pgaw is highly concentrated at the tip. One way to do this is to use
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shorter SAW wavelengths. Most of the SAW power is then concen-
trated within a wavelength of the propagation surface and is thus
more highly concentrated at the tip. This dependence was studied
in experiments using the same quartz stylus to keep tip geometry
and contact conditions invariant. To change the SAW wavelength,
the IDT used at a particular frequency was etched off after each
experiment and a new IDT having a different center frequency was
deposited. The critical electric power P, was measured by applying
an rf voltage pulse; the corresponding value of Pg,w was estimated
as described in the preceding section. Typical results for Pg,w at 1
msec pulse lengths are plotted as a function of f in Fig. 12. As
expected, the result shows that the SAW power required for re-
cording decreases as the SAW frequency is increased. The critical
value of Pgsy is approximately proportional to f~1-5. The detailed
mechanism for this specific frequency dependence is not clear.

5.3 Dependence of Maximum Input Power on Finger
Pair Number

High SAW power at the tip is obtained by increasing the input
electric power P,. However, this is limited by dielectric breakdown
between the IDT electrodes, and this is particularly dependent upon
the electrode finger pair number N. An rf voltage V, was applied
to the IDT through a tuning inductor, and the critical voltage V,

0.2r

Poaw (W)
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Fig. 12—Frequency dependence of the critical value of Pg,y,. Tip size 9 x
9 um?, stylus dead weight 0.5 g.
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for breakdown was observed for various values of N. The value of
P, and the total acoustic power P, at breakdown were then esti-
mated. The value of N was changed by removing the same number
of finger pairs from both ends of the IDT to keep the average length
of finger electrodes of the fan-shaped IDT constant. This also held
the distance between the center of the IDT and the stylus tip con-
stant. Experimental results at 19.75 MHz are shown in Table 3.
Here Cr is the IDT capacitance, and V;pr is the voltage across the
IDT electrodes. The values of V;pr corresponding to Vi were cal-
culated using the following relationships:

Vior = Q V. (8]
Q-l = (.oCTRﬁ

The threshold voltage for dielectric breakdown across an air gap
between two parallel plate electrodes? is estimated to be about 1.2
kV, peak to peak, for a similar electrode spacing of 40 um. Exper-
imental values of Vjp listed in Table 3 are somewhat higher than
this value for the parallel plate electrodes. The discrepancy is con-
sidered to be due to the difference in electrode geometries.

In Fig. 13, the breakdown limited value of the total acoustic power
P, is plotted against the finger pair number N. The acoustic power
P, is approximately proportional to N2. As shown in Appendix C,
P, is given in terms of Vpr as

P, = (wC7)?R(0)X1 + r cos®)Vpr?/8. (9]

Here, R ,(0) is independent of N.* V5 does not depend on N but on
the spacing between finger electrodes. The phase difference 0 is also
N-independent, since the distance between the center of the IDT
and the tip was held constant. The reflectance r was also held in-
variant using the same stylus throughout the experiments. The N-
dependence of P, appears only through the capacitance Cy which is
proportional to N, and this agrees with experiment. The result in-
dicates that higher power can be applied to IDT electrodes having
more finger pairs, or a larger IDT capacitance.

Table 3—N-Dependence of Cr, V. and V;pr.*

N 20 16 12 8
Cr{pF) 2.7 2.3 1.8 1.5
V(V) 56 43 34 25
ViprkV) 1.6 1.6 1.6 1.7

* For V. and Vjpr, the peak-to-peak value was taken. The stylus tip size was 10 x
10 pm?2 and the spacing between neighboring finger electrodes was about 40 pm.
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Fig. 13—N-dependence of the breakdown-limited value of P,.

In a strict sense, observed values of IDT capacitance Cr and ra-
diation resistance R, are subject to the effect of stray capacitance
C, in the circuit. The effect of C; is discussed in Appendix D. Mod-
ification of radiation resistance by C, is compensated by IDT ca-
pacitance, and no modification is necessary for the N-dependence
of P, mentioned in the preceding paragraph.

5.4 Stylus Tip Size and Dead Weight Dependence

Recording capability is different for different styli and seems to
depend upon conditions of contact between the stylus tip and re-
cording material surface. Contact conditions include tip size a X b,
sharpness of tip edges, and stylus contact pressure determined by
stylus dead weight W. Fig. 14 shows typical examples of the depen-
dence of critical pulse length 7, for a given Pgsy, on stylus dead
weight W. When the stylus dead weight exceeds a certain value W,,,
the critical pulse length becomes less sensitive to contact pressure.
Similar behavior was observed in the stylus impedance change due
to the tip acoustic loading. The values of W, for various tip sizes, a
x b, are shown in Table 4. This shows that the contact pressure at
W, is roughly constant for various values of the area ab of the tip.
It is to be noted that, except in this instance, the weight used in all
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Fig. 14—Dependence of critical pulse length 7, on stylus dead weight W.
Tip size 20 x 20 um? and f is 19.70 MHz.

experiments of this paper were chosen to be larger than W, to make
the observed results relatively insensitive to contact pressure.

Dependence of the critical recording condition on tip size was also
studied. A quartz stylus having a tip size of 10 X 10 pm? was
carefully polished at the tip to enlarge the size first to 14 X 18 wm?
and then to 25 x 20 pm?2. For each tip size, the critical SAW power
necessary for recording was measured. The SAW power density at
the tip is defined by Pg, w/aA since the SAW power is confined within
an acoustic wavelength A(~160 um) of the propagation surface and
is concentrated at the tip having the width a. The results obtained
are listed in Table 5 where it can be seen that the critical SAW
power density remains roughly constant for a given value of the
critical pulse length 7.. For a ten-fold decrease in 1., the critical
power density is seen to increase 2 to 3 times.

Table 4—Tip Size Dependence of the Stylus Dead Weight W,.

Tip size

(@b pm?) 10 x 10 14 x 18 20 x 20 25 x 22 32 x 26
W, ®) 0.12 0.29 0.42 0.67 1.10
Pressure W /ab
(g/pm? x 10-9) 1.2 1.2 1.1 12 13
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Table 5—Dependence of Critical SAW Power on Tip Size.

Tip size (um?) 10 x 10 14 x 18 25 x 20
Critical SAW power {watts)
@ 1 msec (1) 0.075 + 0.04 0.10 = 0.01 0.14 = 0.01
@ 0.1 msec (1) 0.19 =+ 0.01 0.24 = 0.02 0.50 = 0.05
Critical SAW power density
(kw/cm?)
@ 1 msec (1) ~4.7 ~4.5 ~3.5
@ 0.1 msec (7.) ~12 ~11 ~12.5

5.5 Recording Mechanism

The recording mechanism seems to be some combination of the fol-

lowing processes:

1. Heating of the stylus tip from the high SAW power concentra-
tion. Heat transfers to the recording surface where a steep rise
in temperature thermally alters the material.

2. Acoustic power passes from the stylus tip into the material and
is converted to heat. This heat thermally alters the material
surface.

3. The material is mechanically altered by the stresses associated
with the acoustic power transferred from the tip.

To find out whether recording is due to ordinary thermal heat
transfer from the tip (process 1), or due to the acoustic power trans-
ferred into the material (process 2 or 3), a small area of the SAW
propagation surface, near but not at the tip, was covered with a
small amount (0.1 mg) of an acoustic absorber.> The SAW power
was thereby partially absorbed by the absorber and converted to
heat inside the stylus near the tip. This results in a temperature
rise at the tip but, at the same time, reduces the SAW power at the
tip. Experiments were done with heat sensitive papers (HSP) (Na-
tional Chart Paper, Matsushita Comm. Ind. Co.) and polyvinylidene
chloride sheets (PCS) (Saranwrap). The heat sensitive papers turn
blue at temperatures higher than about 70°C. The polyvinylidene
chloride sheets deform and melt at temperatures higher than about
60°C and 140°C, respectively. With the heat sensitive papers, re-
cording capability was found to be improved by applying the ab-
sorber. That is, the SAW power Pg,w necessary for recording was
20 to 30% decreased, even though the SAW power was partially
absorbed and the power at the tip was decreased. In this case, pro-
cess 1 seems most probable. However, in the polyvinylidene chloride
sheets, the recording capability decreased. The SAW power required
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for recording increased by a factor of 1.8 to 2.7, depending upon
pulse length. These results suggest that recording in plastic mate-
rial, such as polyvinylidene chloride, is not due to ordinary heat
transfer from the tip (process 1), but rather to acoustic power
transfer (process 2 or 3).

The acoustic power transferred to the material is related to the
SAW power P, at the stylus tip. Before the application of an ab-
sorber, Py, is equal to Pgaw. For a stylus with an absorber, P, is
estimated from the following expression:

Ptip = [rg 1 = PIr (1 — r)Psaw. (10]

Here r, and r are the SAW reflectances appearing in the stylus ra-
diation resistance, Eq. [1], with and without the absorber, respec-
tively. Derivation of Eq. [10] is given in Appendix E. For the par-
ticular stylus used, r = 0.33 and r, = 0.14. Thereby, P, = 0.37
Psaw.

As seen in Fig. 15, the critical SAW power Py, for the heat sen-
sitive paper (HSP) was decreased about 1/3 by applying the ab-
sorber. This clearly shows that the dominant recording mechanism
here is not the acoustic power transfer (process 2 or 3), but rather
heat generation in the stylus followed by transfer to the recording
material (process 1). On the other hand, for the polyvinylidene chlo-
ride sheet (PCS) the result for the stylus with or without the ab-
sorber is quite similar. However, comparison of the PCS plots in-
dicates some contribution from tip heat transfer at larger values of
1.. Although the acoustic power transferred from the tip into the
material seems to be important for recording, these experiments do
not distinguish between processes 2 and 3.

In acoustically very lossy materials, such as plastics, the trans-
ferred acoustic power is converted into heat, and process 2 becomes
an important recording mechanism. To study the power conversion
into heat in a material, recording experiments were done on heat
sensitive paper through a polyvinylidene chloride sheet whose 10-
pwm thickness is comparable to the 12 x 15 um? stylus tip size. The
result was compared with that of recording directly on the paper.
If the acoustic power transferred into the sheet is not converted
directly into heat, the sheet would act to impede heat transfer from
the tip to the paper: more SAW power would then be required com-
pared to direct recording. On the other hand, if acoustic power is
converted into heat in the sheet, the heat should be transferred to
the paper surface to assist recording action on the paper; there will
be a tendency to require less SAW power than with direct recording.
Fig. 16 shows the critical pulse length 7, versus Pgaw plots for the
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Fig. 15—, versus P, for polyvinylidene chloride sheet (PCS) and heat
sensitive paper (HSP). Tip size 22 x 28 um?, stylus dead weight
1g,and fis 19.80 MHz.

direct and through-the-sheet recordings. For Pg,w less than about
0.4 W and times 7, longer than about 2 x 10~3 second, through-
the-sheet recording indeed requires significantly less SAW power
than direct recording. The result shows that the acoustic power
transferred from the tip is converted to heat in the polyvinylidene
chloride sheet, and this heat is then transferred to the paper. This
action tends to be less effective for small values of 1. because of the
time required for temperature to rise through the plastic sheet;
there may be other reasons as well. The possibility of some me-
chanical cutting action in the sheet, process 3, is not ruled out. We
believe that the recording mechanism in plastic materials is a com-
bination of processes 2 and 3. Generated heat softens the material
to ease mechanical energy requirements.

Process 3 should tend te dominate for recording on a metal sur-
face, since the melting temperature and thermal conductivity are
high compared with plastic materials, and acoustic path losses are
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Fig. 16—, versus Pgay for recording directly, or through a polyvinylidene
chloride sheet (PCS) located on top of heat sensitive paper. The
PCS thickness is about 10 um and comparable with the tip size
12 x 15 um? Stylus used in this experiment same as in Figs. 2,
4, and 5. Stylus dead weight is 1 g and f is 19.556 MHz.

usually less. To study the possibility of process 3, recording on a
copper plate was made with a quartz stylus. A typical example of
the results is shown in Fig. 17. Here 7, was approximately propor-
tional to Pgaw 2. In process 3, the stylus tip sharpness, hardness,
and orientation with respect to the recording surface will be impor-
tant. Unfortunately, quartz probably is not an adequate stylus ma-
terial for detailed studies of recording on a metal surface. Quartz is
a rather fragile material and is difficult to shape into a tip having
well defined sharp edges. Irregular edges would tend to have a rel-
atively large effect on the efficiency of direct mechanical cutting.
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Fig. 17—, versus Pgay for Cu. Tip size 10 x 10 um?, stylus dead weight
0.2 g, and f is 19.62 MHz. Stylus axis made an angle of about 45°
with the Cu-plate surface, as shown in the insert, so that sharp
tip edge contacted the surface.

5. Conclusion

The operating principles of a new type of pickup and recording de-
vices were demonstrated. Both devices have basically the same
structure, a sharp-pointed stylus wherein surface acoustic waves
(SAW) are generated from an interdigitated electrode (IDT) struc-
ture mounted on the stylus shank. These waves are focussed on the
stylus tip. The SAW power concentration at the tip is the essential
feature of operation and is achieved by a combination of three fac-
tors: the focussing action of the IDT electrode structure, the geom-
etry of the stylus tip, and SAW confinement to a layer approxi-
mately one wavelength deep along the propagating surface. The
difference between pickup and recording modes is in the level of
applied power. Power higher than a critical value is required for
recording; power for readout operation is much lower than this crit-
ical value.

In the pickup mode the surface acoustic wave incident to the
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stylus tip is partially reflected or absorbed to a degree depending
upon whether or not the tip is free, or whether it contacts another
material. This other material may have purposely recorded infor-
mation on its surface or it may be a film of unknown depth that one
wishes to probe. In either case, the SAW reflected back to the IDT
electrode contains information about acoustic conditions at the
stylus tip. These reflected waves change the electrical input imped-
ance of the IDT and provide an easily measurable signal in the
associated attached circuitry. In the recording mode, on the other
hand, high SAW power at the stylus tip deforms the material sur-
faces touching the tip. The recording mechanism is a combination
of thermal and mechanical processes.

Experiments made with single-crystal quartz styli are in good
agreement with well established SAW theory. Device operation was
studied in terms of the stylus characteristics: IDT structure, oper-
ating frequency, radiation resistance, reflection effects, and condi-
tions at the stylus tip. The information from these fundamental
studies should be useful for determining the optimum conditions for
device operation, and for establishing design principles for practical
devices.

The feasibility of using the SAW stylus for recording and subse-
quent playback at audio frequencies was demonstrated in a coop-
erative experiment with RCA Engineering Laboratories, Tokyo,
Japan. Symphony music was recorded on a blank vinyl disc using
a SAW stylus and then played back with reasonable performance
using another SAW stylus having the same structure used in the
present work.
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Appendix A. Radiation Resistance
The theory of SAW interdigital transducer (IDT) has been presented

by Smith et al.,4 and is convenient for the analysis and the design
of IDT electrodes. The IDT they analyzed is rectangular-shaped
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with straight fingers; ours is fan-shaped with curved fingers. If the
finger curvature is not large, no essential differences in physical
behavior will be introduced. To take the IDT geometry difference
into account, a slight modification is required in the equation pa-
rameters. This was briefly discussed in the main text and will be
treated again in the following analysis. Unless specified differently,
our notations are the same as those used in Smith’s work.

A circuit schematic of the IDT system on the stylus surface is
illustrated in Fig. 18. The SAW power is launched from one side
(port 1) of the IDT toward the stylus tip (port 0) through the trans-
mission medium (T.M.). At the tip the SAW power is dissipated by
mode conversion to bulk waves, and by transfer to the material in
contact with the tip. This total power dissipation is described by the
load resistance R; terminating the port 0. The SAW power radiated
from the other side (port 2) of the IDT is absorbed, and no power is
reflected back. This behavior is described by a characteristic imped-
ance R, terminating port 2. The three-port expression of the IDT
admittance is given in the theory.* The SAW propagation between
ports 0 and 1 is expressed in the following form:

[Vl] _ |:c.os e"jR,,sine'][Vl] ’ s
I, JG,sind®’ cos 6’ || I,

with 8' = 2nl'/A and G, = 1/R,. The voltage V and the current I
are the electrically equivalent stress and particle velocity associated
with a SAW, respectively. The quantity A is the SAW wavelength,
and /' is the length of the transmission medium, that is, the distance
between one end (port 1) of the IDT and the tip. The wavelength A

in the present geometry may not be a constant near the tip, since
the wave is not sinusoidal but rather a Bessel function type. Fur-
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Fig. 18—Schematic circuit diagram of a stylus.
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thermore, near the tip, the stylus width becomes narrow resulting
in a decrease in SAW velocity.!! These effects appear in the region
close to the tip and are taken into account by slightly adjusting the
value of I’ from the actual physical length.

The component incident on or reflected back from the tip is ob-
tained by terminating port 0 or 1 with the characteristic impedance
R,. These components are

[Vo] = exp (—jO") [Vl] [A-2]

I° in 1 1 Jin

for the incident wave, and

[Vl] = exp (—j8") [V] [A-3]
Il ref I° ref

for the reflected wave.

The reflectance r, defined by the ratio of the reflected component
I, r to the incident component I, ;, of the current at the tip, is
given by

r= (Ro = RL)/(RO + Rp). [A-4]

If all of the incident SAW power is dissipated at the tip and no SAW
power reflected back to the IDT, R; becomes R,, and r becomes 0.
When all of the incident power is reflected back as a SAW and the
tip is free, the stress V, at the tip is zero, i.e., R, = Oand r = 1. In
the present case, however, a part of the incident power is dissipated
into a bulk wave mode that is reflected at the load-free tip, and r
is considered to have a value between 0 and 1.
The impedance at port 1 is given by

Z, = VI, = RJ[1 — rexp(—2j6))/[1 + r exp(—2j6")]. [A-5]

Terminating port 1 with Z, and port 2 with R, in the three port
network of an IDT, the expressions are obtained for the impedance
Z3 at port 3 and for Z, at the circuit entrance port e. For the quartz
styli used, Cy ~ 2.5 pF, R, ~ 50 ), and the center frequency was
near 20 MHz. The capacitive component 1/wCr is about 3 k2, a
value much larger than the acoustic component in the impedance
Z,. Straightforward calculation leads to the following results:
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Z, = R, + joL + Z,,
Z3 = 1/jwuCr + j R, (sin 2x-2x)/2x2
+ Ry(sin x/x)%1 + r exp(—jo)l, [A-6]
x = Nﬂ(f'fo)/ﬂv
8 =26 + x) = AUNN)x + o,

and
b = 2w(2l'/N, — integer).

Here, { (=1' + NX,/2) is the distance between the center of the IDT
and the tip, N is the number of finger pairs in the IDT, A, is the
acoustic wavelength corresponding to the IDT central driving fre-
quency f,, and 6 is double the difference of the SAW phase at the
tip and at the center of the IDT. For the coefficient of x in the
expression for 6, the effect of the slight adjustment of {’, mentioned
before, is negligible in the analysis of the experimental results. For
¢, however, a slight adjustment or experimental error in I’ has an
appreciable effect. Since the estimation of the effect is not so easy,
the value of ¢ is rather arbitrarily adjusted around the value cal-
culated using the measured length of I’ or I.

To measure the radiation resistance, the imaginary part of Z, is
cancelled out by tuning the external inductor L. The real part of Z,
is then given by

R, Z, = Rs + R,,
R, = R,(sin x/x)%(1 + r cos 6). [A-7]

This latter equation is used for the analysis of the IDT radiation
resistance R,.

Appendix B. Impedance Changes Caused by Acoustic
Loading at the Stylus Tip

When the tip is in contact with another material, the incident power
is dissipated by transfer of power into the material as well as into
bulk modes inside the stylus body. The load resistance R, is thereby
increased by AR, and the reflectance r is changed by Ar where

Ar = -2(1 + R;/R,)"%ARL/R,). [B-1]

Power dissipation at the tip causes the amplitude of the reflected
SAW to decrease. Thus Ar < 0. The amplitude decrease in the re-
flected wave, which interferes with the incident signal, results in a
change AZ in the impedance Z, wherein
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AZ = Ar R,(sin x/x)? exp (—j). (B-2]

In the above discussion, the acoustic loading at the tip was con-
sidered to be resistive. Depending on the nature of the acoustic
loading, e.g., mass loading, the loading can be inductive or capaci-
tive. Extension to these cases is straightforward.

Appendix C. Electric and Acoustic Powers

The voltages at ports 1 and 2 are

Vi = —2N(sin x/x)exp(—jx)[1 — r exp(—2j6')]V3,
V, = 2N(sin x/x)exp(—jx)[1 + r exp(—j0)}V;.

V; is the voltage across the IDT electrodes and this corresponds to
Vipr in the text. Straightforward calculation leads to the following
expressions for power at ports 1, 2, and 3:

Pl = PSAW = - (Vl*Il + Vlll*)/2 [C-l]
= [(1 - r/2(1 + r cos®)]Ps,
Py, = Poaw' = — (Vo*lp + Vola*)/2
=[(1 + 2 rcosd + rd/2(1 + r cos)]P;, [C-2]
P; =P, = (VI3 + V313*)/2 = (1/Z3 + 1/23*)V3*V3/2
= (wCp)? R, (sin x/x)% (1 + r cosb) V3*V3;. [C-3]

Here R, = 8N2/R,(wC7)?. P; is equal to the sum of P; and P,. The
conversion efficiency from the input power P, at the circuit entrance
port e to Pj is given by

P3/P, = Ro/Ry,
where

R, = R, (sin x/x)%(1 + r cosé).
Substituting Eqgs. [A-4] and [C-4] into Eq. [C-1], we obtain
Pi/P, = (1 — PR (sin x/x)%/2R;. [C-5]

Egs. [C-3], [C-4], and [C-5] correspond to Egs. (9}, [5], and [6] in the
text, respectively. The factor 8 in Eq. [9] in the text is due to the
definition of Vpr in peak-to-peak value.

Appendix D. Effect of Stray Capacitance

The equivalent circuit of an IDT including a tuning inductor L is
illustrated in Fig. 19. The imaginary part of the radiation imped-
ance is small compared with the capacitive impedance of Cr and is
neglected in the figure for simplicity. C; and C,’ represent stray
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Fig. 19—Effect of stray capacitance on IDT capacitance and radiation
resistance.

capacitances of the circuit, and are of the order of 1 pF. Since the
shunt impedance of stray capacitance C,’ is much higher than the
IDT impedance Z, (= R;under tuned condition) at port e, the effect
of C,’ is negligibly small. The IDT impedance Z3 at port 3 is almost
capacitive and much higher than R,. Therefore the effect of stray
capacitance is not negligibly small.! The IDT capacitance C; and
the radiation resistance R, are modified by C; as follows:

Cr— Cr = Cr + C,
R,— R, = R/ + C/C2.

These contributions of the stray capacitance , are cancelled out in
Eq. [C-3] or Eq. [9], and the expression of P, is also valid for the
circuit including stray capacitance.

Appendix E. Effect of an Absorber on the
Propagation Surface

If the propagation surface is partially covered with an absorber, the

transmission medium becomes lossy. Egs. [A-2] and [A-3] are as-
sumed to be modified to

l:‘I/:]in ) exp (—je' - a) I:‘Illl]in [E-l]
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and

[Vl} = exp (—jO' — a)[vo] , [E-2]
11 ref I" ref

respectively, to include the propagation loss due to the absorber.
Here, exp(—a) represents the attenuation of the SAW amplitude.
The impedance at port 1 is then modified to

Zy = -Vl = R,J1 — ryexp(—2j6)V[1 + r, exp(—2j8")], [E-3]
and
r, = exp (—2a)r.

Since the tip is not covered with an absorber, the reflectance r at
the tip remains the same. The reflectance appearing in the expres-
sion for the radiation impedance is the effective reflectance r,, in-
stead of the reflectance r at the tip.

Egs. [E-1] and [E-2] indicate that the absorber is simply assumed
to attenuate the SAW amplitude. The phase difference 6, hence 8,
may also be affected by the SAW velocity change due to the mass
loading effect of the absorber. This results in a shift of frequencies
at the radiation resistance minima and maxima. Furthermore, the
absorber may reflect the SAW back to the IDT, resulting in an
interference pattern in the radiation resistance different from that
due to the reflection at the tip. Observation of the radiation resis-
tance of the styli, with or without an absorber, showed that the
major effect of the absorber was to decrease the amplitude of the
interference pattern in the frequency dependent radiation resis-
tance. That is, the reflectance decreased from r (=0.33) to r,
(=0.14). However, little shift of the frequencies at the resistance
minima and maxima was observed. These experimental results in-
dicate that our assumption is plausible.

The SAW power radiated from port 1 is given by:

Pl = PSAW = (VI*II + VIII*)/Z
(1/Z, + 1Z MV *V,/2 [E-4]
= [(1 — raR,(1 — 2ry cos 20' + rHV *Vy.

The SAW power reaching the tip is attenuated. The power at the
tip, port 0, is expressed as

P, = (Vo, + VI*2 = V*VJ/R,
= [(1 + /R, (1 — NIVV,.
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Using Egs. [(E-1] and [E-2], we can express V, in terms of V,. This
results in the following expression for P,:

P, =e 2[(1 — rA/R,(1 — 2 r,cos 20" + r2)V,*V,
(ra/ M1 = A/ — r ) Py (E-5]

This equation corresponds to Eq. [10] in the text.
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