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The work described in this thesis is concerned with the design 

and construction of an automatic electron beam machine intended for 

use in the manufacture of microelectronic circuits. The work was 

carried out in the Department of Electronics at the University of 

Southampton between October 19^5 and November 19^7• The project was 

initiated by the desire to supplement the high resolution of an 

electron beam with the ability to cover larger work areas than previously 

possible. 

The result of this work was the production of four pieces of 

equipment. Firstly a precision mechanical stage of unusual design 

was produced together mth its associated drive mechanisms and 

control circuitry. Secondly a position measuring device was 

constructed to measure the position error of the precision table. 

This measure of the error v;as to be used as a correction signal to 

be fed into the third assembly produced. The third assembly was 

an electron beam column including magnetic deflection coils and 

their drive circuits. These three assemblies make possible the 

movement of a focused spot of electrons over a work surface while 

retaining high resolution. The fourth developed assembly allows 



the spot to be deflected over smaller distances. This assembly-

is a digital-to-analogue converter which converts digital 

information into a voltage which may be used to operate the 

deflection coil driving circuits. 

All these assemblies worked at or near to their original 

design specification and their development has made possible the 

large area high resolution use of an electron beam machine. 
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CHAPTER ONE INTRODUCTION 

1.1 Introduction 

The v/ork described in this thesis is concerned v/ith the 

automatic control of an electron beam milling machine. The 

more important applications for such a machine arise in the 

fabrication processes of integrated circuits. One such 

application is the manufacture of masks, which are to be 

used to define diffusion areas on monolithic silicon circuits. 

Another is the production of masks to define the discretionary 

metallisation pattern on a monolithic circuit. These 

applications would normally use the electron beam to expose 

a photoresist on the mask material or substrate and the 

mask would subsequently be prepared by etching in the 

conventional manner applications of such a machine would 

be the thermal milling of thin films, to produce masks 

directly or the modification of thin film electronic circuit 

components. 

These, and other similar applications, require precise 

control of the position of the electron beam over an area 

several centimetres square. Conventional current practice 

in integrated circuit manufacture requires this precision 

of position to be of the order of 1 jum. In theory, in order 

to delineate areas of the workpiece, either the beam may be 

electronically deflected or the workpiece may be mechanically 

moved under a stationary beam. In practice, for reasons which 

will be explained shortly, both of these expedients must be 

adopted and it is necessary to ensure that both kinds of 

movement are accurately correlated. 



This thesis describes the design and construction of 

a system involving the beam deflection technique and the 

method which employs mechanical movement of the workpiece.. 

The overall requirements are for a work area of at least 

2 cms square over which an accuracy of position of 1 ̂  

is maintained. The speed with which this area can be worked 

is also an important criterion. 

The requirements will be explained subsequently in the 

Chapters concerned with the detailed design of different parts 

of the machine. Some more basic points raised in this 

introduction will now be considered in more detail. 

1.2 Overcoming the Limitations of Beam Deflection 

The general arrangement of an electron beam machine is 

shown in the schematic ̂  of Fig.1.1. The design and construction 

of such a machine is detailed elsewhere (Ref.1.1 - Ref. 1.3) • 

Essentially the electron beam machine consists of a source of 

electrons i.e. the electron gun, and a means of focusing a 

stream of electron® from this source onto a target. The 

focusing is usually achieved by axial magnetic fields produced 

by one or more magnetic lenses. 

One important parameter is the distance between the lens 

and the target- As the principal plane of the lens is of 

necessity within the extremities of the lens this distance has 

a minimum value of between 1 and 2 cms. To achieve a spot 

(2) 
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on the target of less than 1 j.m whilst maintaining a practical 

optical length, the distance between the lens and the target 

must not be much greater than the minimum value.. Any beam 

passing through the lens must subtend an angle of less than 

0,1 radian to the principal axis if it is to be focused 

correctly. With the lens-to-target distance restriction, 

the scan is limited to about 1 mm. 

It is desirable to use electronic scanning because 

of its speed of operation. However since the area to be 

scanned is 2 cm square the restriction on the scan is severe. 

There are tv/o methods which can be used to 'expand' the area 

scanned. It is possible to extend the angle of scan by 

adjusting the current flô ving through the focusing lens as 

extreme angles of scan are reached (Ref.1.9). This method 

is used rath certain oscilloscope tubes and very large 

angular deflections are obtained. However the spot size , 

and deformation which can be tolerated in an oscilloscope 

display are much larger than can be tolerated here. The 

second method is to mechanically move the target in discrete 

steps beneath the beam to enable the entire field to be 

covered. A solution using the latter technique exchanges 

the problem of a large angular scan for one of positioning a 

mechanical stage to better than 1 um. 

(4) 



Probably either approach coiild be made operational. 

The mechanical stepping and repeated scanning technique 

appeared to require only a reasonable extension of . 

existing techniques \Khile the precision \vlde angle scan 

approach might require lengthy development of new techniques. 

It was decided to use the "step and repeat" approach as this 

seemed likely to yield a working machine with least expenditure 

of capital and effort. Schematically the proposed machine 

was to have the form shown on Fig.1.2. 

1.3 The Complete System 

Because the aperture of a magnetic lens is small the 

normal electron beam machine has a large depth of focus 

compared with the spot size. Using figures quoted in Ref.1.4 , 

for the machine considered one can assume a depth of focus of 

+ 10 pn. At the extreme condition of beam deflection i.e. 6 

degrees, a vertical error in the target position of 0.001 

inch will not cause significant defocusing but will only 

cause a misplacement in the horizontal direction of less than 

1 pm. The error due to vertical shift is not restrictive and 

the level of mechanical performance mentioned is easily 

obtainable. However the positioning of a mechanical stage 

to 1 ̂ m in the horizontal direction is unlikely to be 

accomplished by normal position mechanisms. 

(5) 



If it was possible to measure the table position with 

sufficient accuracy then the beam could be easily offset to 

compensate for the error in mechanical positioning. This is 

essentially an open loop correction technique since the 

position error will remain even \dien the spot on the substrate 

has attained the correct position. However the system is 

acceptable because of the fact that any true closed loop system 

requires the spot to be viewed by secondary electron collection 

and is many times more expensive. Correction for error in 

mechanical positioning modifies the schematic of the machine 

to that shown in Fig.1.3. 

Information is fed into the beam deflection circuitry 

and the table deflection system to define the required 

delineation on the workpiece. No part of the machine discussed 

so far has placed any restriction on the form this information 

has to take. General considerations however, indicate that 

the best format for the information would be digital. The 

data is fed into the machine in serial form but is subsequently 

presented to the beam deflectors and table drive in a parallel 

form. The complete machine required to automatically 

fabricate complex microcircuit masks has now been described in 

general terms. The schematic of this machine is shown on 

Fig.1.4. 

Some parts of this proposed machine existed in 1965-

For example5 the electron gun and lenses of an earlier 

thenaial milling machine were to be utilised, although they 

vrould not finally be sufficiently accurate. The design, 
(6) 
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construction and testing of the precision table, table 

positioning system , position measuring system and beam 

deflection system are described in this thesis. The 

design of the translator, which was constructed concurrently, 

is detailed elsewhere (Ref.l.lO) 

1.4 The Subdivision of the Complete System 

Those parts of the machine which are described in the 

remainder of this thesis and to which the discussion will 

now be limited are shown in a block diagrammatic form in 

Fig.1.5. The blocks shown are reasonable divisions of the 

system but are by no means the only boundaries that might 

be drawn. 

At the top left of the diagram there is a digital to 

analogue converter. This converts the digital word 

describing the beam deflection into a voltage proportional 

to the desired deflection. This voltage is then converted 

into the desired beam deflection; the system for this includes 

current drive circuits, deflection coils and the electron beam 

machine optical system. Following the bottom line of Fig.1.5 

from left to right, the first block is also a digital to 

analogue converter. The input, a digital word describing 

the desired spatial position of the mechanical stage, is 

translated as accurately as possible into an actual table 

position. However, the translation is not faithful and a 

further block, on the diagram, represents the system that 

measures the positional error of the stage. A voltage 

(8) 
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proportional to this error is fed. into the beam deflection 

system, as shoim on the figure. This offsets the beam 

by an amount sufficient to compensate for the mechanical 

positioning error. 

The purpose of the twin decoding and compensation 

is to make the displacement of the focused spot on a flat 

workpiece as nearly as possible that described by the combined 

desired mechanical movement and beam deflection. The speed 

of operation of these t̂ vo converters differ. The workpiece 

positioning, being a mechanical movement, is slower but as 

there are only a few hundred mechanical movements per complete 

slice it is permissible for each movement to take up to a 

few seconds. The electronic scanning must be faster. To be 

compatible with the speed of operation of the mechanical 

movement the settling time for a one digit step should lie 

somewhere between one microsecond and one millisecond. 

The next four chapters will describe the detailed design 

and construction of the proposed system. Chapter 2 will describe 

the positioning system. Chapter 3 will describe the digital 

to analogue converter for the beam deflection system, \Aile the 

beam deflection system itself is described in chapter 4. The 

position error measuring system is described in Chapter 5. 

(10) 



REFERENCES 

1.1 Stohr J.A., Roudin R, Thomas P. 

'Some Developments in Industrial Electron Beam Welding 

Equipment'. 

J.Inst. Metals (GB) Nov.'64 Vol. 93 Part 3 pp 8l - 84 

1.2 Garibotti D.J. 

'Reliable Electron Beam Welded Microcircuit Connections' 

Microminiaturisation (GB) Vol. 2 I963 pp 81 - 87. 

1.3 Shahbender R.A. 

'Electron Beam Machining of Ferrites' 

Proc. Nat. Electronics Conf. (U.S.A.) Vol. 19, I963 pp 543 - S53 

1.4 Kelly J. 

'Electron Beaia Machining' 

Brit. Comm and Electronics, Vol. No. 1 Jan. '64 pp 20 - 23 

1.5 Einstien P.A. Harvey P.R. Simmons P.J. 

'The Design of a Experimental Electron Beam Machine' 

J.Sci. Instruments (G.B.) Dec. I963 Vol. 40 No. 12 pp 526 - 527 

1.6 EL Kareh A.B. 

'An Electron Beam Machine' 

R.C.A. Review Vol. 24 (1963), No. 11, pp 5 - 46 

1.7 Brom G. Phd. Thesis, Southampton University I965. 

1.8 Brown G, Nichols K.G. 

'A Review of the Use of Electron Beam Machines for Thermal 

Milling' Journal of Material Science Vol. 1 No. 1 I966 pp 96 -

111 

(11) 



REFERENCES (CONT'D) 

1.9 Millard P.A. 

ivlinistry of Aviation, Technical Information Sheet INF. 

2/66/PSE/l. 

1.10 Plews T.H. 

Report to Dept. of Electronics, Southampton University. 

(12) 



CHAPTER 2 THK PRECISION POSITIONING SYSTEM 

2.1 The Precision Table 

The mechanical stage must be able to position the 

target along tv.'O mutually perpendicular directions in 

the horizontal plane. The function that the table has 

to perform defines the limits of its travel and the precision 

which the table must achieve within that travel. The 

original intention was to effect the silicon slice at final 

size. Therefore the travel must be enough to cover an 

object whose maximum linear dimension is 2 centimetres. 

The position accuracy aimed for is about 1 micron. 

Consider the movement along one perpendicular direction 

only. Because of the limitations (mainly backlash), in available 

drive mechanisms, it had already been decided to measure the 

displacement in the "x" direction. However this left minor 

unmeasured errors in the "y" and "z" directions which must be 

kept as small as possible by the precision movement. 

2.1.1 The Choice between Rigid or Flexure Devices 

The problem of mechanically restraining an object to 

move in a certain path has two fundamental solutions. One 

is to use rigid bodies and sliding joints, this being the 

conventional approach. The other solution is to employ the 

properties of elastic deformation of bodies resulting in a 

group of devices called flexure devices. 

(13) 



A simple example will illustrate how the problem can be 

satisfactorily approached by either method. 

Suppose the desired constraint is to be the arc of a 

circle. A simple rod as shown in Fig.2.1, pin jointed at 

one end (A), when acted on by a force as shown is obviously 

constrained to move in such an arc centered at A. The beam 

in Fig.2.1 (a) is clamped to an immovable support at A and is 

acted on by a force perpendicular to its length at rest. 

Although not immediately obvious the response of the beam 

is such that its tip (B) moves through the arc of a circle 

centered at point C,which is half way along the length of the 

beam in the unstressed position. Roth movements suffer from 

defects, the pin joint from backlash arid stiction and the 

flexure movement from deformation of the support; yet both 

methods offer a solution to the problem. 

Generally mechanical engineers have shov/n a marked 

preference for adopting the "rigid body" solution to transport 

problems, neglecting the flexure devices. The rigid types 

of rectilinear motion available, despite intense development 

over a long period of time, appeared to fall short of the 

accuracies required for the application under consideration. 

Flexure devices also fell short but were reputed to be easier 

to construct and had been less fully exploited. Help had 

been promised in the form of dramngs of a flexure device for 

rectilinear motion along two perpendicular axes. It was 

therefore decided to build a flexure device. 

(14) 
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2.1.2 Strip Hinges 

Suppose two similar rectangular blocks were joined by 

sheet springs clamped at opposite ends of the blocks as shown 

on Fig.2.2. If the lower block is considered to be fixed, the 

upper block is constrained to be always parallel to it. Over 

a limited range this constitutes plane parallel motion. This 

device is currently used in probes for microcircuit testing (l). 

A pair of these devices may be coupled as in Fig.2.3., 

where A and C are both constrained to move parallel to B. If 

C is displaced in the direction of the arrow then C will 

stving down towards B and B vn.ll svang up towards A. Assuming 

symmetrical connections of A and C to B and equal deflections 

of the springs joining C to B and A to B respectively, the 

upward rise in B will be counteracted by the fall in C ensuring 

that the motion of C relative to A is rectilinear. 

This double action method of producing plane parallel 

motion was used by R.S.Clay in 1937 (Ref.2.1) in a fine 

focus adjustment for an optical microscope. | 

It will be seen from Fig.2.3 that the force applied to 

C also tends to lever A and C apart. This problem can be 

overcome as shô vn in Fig.2.4 by placing C in the middle of an | 
I 

extended A. This type of arrangement is known as a strip | 

hinge table and vrill form the basis of the precision table to i 
t 
1 

be described. | 

(1) One example being manufactured by Research Industries Associates. i 

(16) 



Fi& .3 

Fifr 

(17) 



The First Table 

Professor John Loxham of Cranfield College of Aeronautics 

was kind enough to provide assembly drawings of a strip hinge 

table, a perspective view of vAich is shorn in Fig.2.5. This 

table differed from the schematic shown in Fig.2.4- in that 

each side element, was sheathed for most of its length and 

deformed for only half an inch at the end. 

Assemblies 1 and 2 constitute a pair similar to the blocks 

A and C shown in Fig.2.4. If assembly 1 is considered as 

the datum reference then the assembly 2 can only have one 

translational degree of freedom along the "y" axis. Assembly 

3, suspended inside assembly 2, is constrained to an additional 

degree of translational freedom along the "x" axis by assembly 2. 

Assembly 3 is therefore free to move anyivhere in the 

horizontal plane (within the physical dimensions of the framework) 

its y and x co-ordinates in that plane being the displacement 

of assembly 2 with respect to assembly 1 and the displacement of 

assembly 3 with respect to assembly 2 respectively. 

A minor modification to Professor Loxham's drawing was made 

by making the inner and outer springs the same length. 

Duraluminium was chosen as the main constructional material 

for the prototype model. The springs were manufactured from 

.0625 inch hardened steel strip. Because of the tentative 

nature of the first table it was built without any sort of drive 

mechanism or provision for such. 

(18) 
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The first tests on this table were disappointing. It 

had a vertical shift of .003 inch over two centimetres of 

travel, e.g. about 75 times the desired error. Some simple 

geometrical calculations indicated errors in the machining and 

assembly tolerances used. The tolerances should have been 

better than .001 inch on block length and better than .010 

inch on spring length. Careful re-machining and re-assembly 

reduced the vertical shift to less than .0005 inch. This 

was the first attempt by our workshop to build such a device 

and a lot of parameters had been empirical. The results 

were encouraging enough for the next stage of development to 

commence. 

2.1.4 Modification to the First Table 

There were three ways that the table could be improved 

(1) The table had an unnecessarily large restoring force 

which must be reduced. 

(2) Provision for mounting the motors and associated lead 

screws and nuts had to be made. 

(3) Reduction of the vertical positioning errors were required. 

As a convenient way of reducing the restoring force the next 

lower size of spring strip (.003125 inch) was used. Calculations 

using simple beam bending theory showed this to be an adequate 

reduction for our purposes. IVhile the spring modifications were 

being carried out the lead screws and motor mounts, using ball 

bearing thrust races and needle roller location bearings, were 

fabricated and mounted. Each leadscrew controlled one axis via 

a phosphor bronze nut mounted on the relevant moving platform. 
^ on ̂  
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These modifications changed the appearance of the table to that 

shoTO in Fig.2.6. 

The modified table had a much reduced restoring force 

and a workable positioning system but the vertical shift 

was worse than before. It soon became apparent that the 

reduction in spring strength had caused the weight of the 

table itself, previously neglected in calculations, to become 

significant. 

2.1.5 Simplified i\nalysis of a Strip Hinge Table 

Assuming that the spring strip can be considered as an 

equivalent pin jointed rod v/ith restoring torques at the pin 

joints a very simple method of analysis can be used. 

Fig.2.7 (a) shows a schematic side elevation of one 

axis of a strip hinge table. Fig.2.7 (b) shows a view of 

one part of this, illustrating the equivalent pin-jointed structure 

under deflection. The annotations of Figs. 2.7 (a) and 2.7 (b) 

mil be used during the following analysis. 

Taking moments about point B 

F cos ©J + m^ g 2̂  sin TQj 2.1 

Taking ' moments about point A 

F H 2 cos ©2 - (mi + mo ) g ̂ 2 sin ©2 — T82 2.2 

and 

s = i jcos ©1 - •̂ 2̂ 03 ©2 2.3 

also X = ijSin + i^sin ©^ 2,4 

(23) 



If 0 is small and A ̂  = ̂ 2.1 to 2.4 yeild ;-

gl = 

tl/| -

8% = f 

2̂/2 + (mi + m2 )g 

^ ~ -l (®i - 62^) 
2 

X = -i (©2 + 02 ) 

From these it can be shoivn that 

^ ^ 0 3.S T2 + + m2) g i - T —5>- 0 

2.5 

2.6 

2.7 

2.8 

2.9 

Now if + m^) g i and 2.10 

then ^ >• 0 when Tj—>- T2 

This condition was valid for the first table. If the inequality 

2.10 does not hold, the methods left open to reduce are either to 

stiffen the inner spring (i.e. increase Ti ) or weaken the outer spring 

(i.e. reduce T2 ) until;-

^2 ~ = (2mi + m2 ) g d 

ihis is the conclusion reached by intuitive reasoning considering 

the mass of the table tending to bend the inner springs, which are under 

a compressive load, and to straighten the outer springs which are under 

a tensile load, A few sensible assumptions concerning the physical 

constants of the table give the following values:— 

6/ = 8 inches 

mi = 3 lb.mass 

m2 = 4 lb.mass 
_ _ . (24) 



A graph (See Fig.2.8) of i (the vertical error) against 

X (the horizontal displacement) was plotted for several values 

of Ty| using the above assumed values and equations 2.5 - 2.8.. 

2.1.6 Further Modifications to the Strip Hinge Table 

Because of the numerous unknovm parameters and the 

simplifications made during calculations accurate quantitative 

predictions could not be made v/ith confidence. In order to 

produce absolute horizontal motion one parameter had to be 

adjustable. This was achieved by shortening the spring sheath 

to expose 0.75 inch of spring and the effective spring constant 

v/as modified by the use of clamps on the exposed free length 

of spring. The amount of free spring is controlled by 

the clamp depth and different depths had to be achieved by 

remilling the clamp. 

Fig.2.9 shows the experimental results of vertical error 

(S ) plotted against horizontal displacement (x). The 

parameter associated with each line on the figure is the length 

of the clamp xvithin the free 0.75 inch of spring. These 

results were obtained using an electronic dial test indicator 

in conjunction with a redundant optical flat, adjustable 

in inclination to the surface upon which it was placed. The 

square law form of curve obtained and the sensitivity of 

error to spring constant indicates that the actual results 

agree qualitatively with the predicted- results. 

(25) 
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Obviously the table could be corrected by further 

of the clamps. The results of Fig.2.8 were taken 

over a period of 2 to 3 weeks since the clamps had to be 

refilled for each curve. Since the weight of the central 

portion of -the table was subsequently going to be changed 

several oiines to accoiisnodate a work table and position 

measuring system the clamp milling method of compensation 

was not considered convenient. A much more convenient method 

vras proposed by Jones (Ref.2.2) and Jones and Young (Ref.2.3) 

whereby the springs were unsheathed and the spring rate 

modified by moving the position of the large clamp retaining the 

spring. In the middle of the spring the clamp has little 

effect. However, as it is moved towards either end, where 

the radius of curvature of the spring is greater, it has an 

increased stiffening effect. This modification was incorporated 

into the table. 

The lead screw and nut which were required to drive the table 

were found during this part of the investigation to introduce 

additional errors due to a torque applied through the nut. 

A similar effect was described in Ref.2.2 where the problem 

had been overcome by replacing the leadscrew and nut drive 

by a micrometer drive which incorporated a double ball and 

cone joint capable of transmitting a translational force but 

not a torque. This modification was embodied in the table. 

(28) 



The table v/as tested in its final form vrith fully-

adjustable clamps and micrometer drives but v/ithout the 

work table and position measuring system- Figs. 2.11 and 

2.12 show the measure of precision of the table; the 

vertical error ( S ) and horizontal drift being plotted 

against horizontal displacement (x) for both outer and 

inner movements of the table. The clamp adjustments 

required to attain this precision took half an hour. 

Previously, ivith the original form of table, these adjustments 

would have taken anything up to a fortnight to achieve. 

2.1.7 Comparison tvith Available Competitive Devices 

Figs. 2.13 and 2.14 show the precision of similar 

tables constructed by Jones (Ref.2.2)' and Jones and Young 

(Ref.2.3) respectively. The latter table is on its side thus 

nullifying the forces of gravity. One of the most precise 

types of sliding table available utilised crossed roller 

bearings. Figs 2.15 and 2.16 show the precision of two 

crossed roller bearing tables in current use in this 

department. Fig.2.15 contains data on a table with a 

spacing of four inches between the crossed roller bearing 

slides, this table is currently used on a laser beam 

machining project (Ref.2.4). Fig .2.16 shows similar 

data for a crossed roller bearing table with a 10 inch 

spacing used on a semiconductor slice dicing machine. 

(29) 
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Fig.2.17 shows a comparison between the relative 

precisions of these various tables,.indicating the worst 

case horizontal drift for each type. The last two entries 

in Fig.2.17 have been extracted from current literature 

(Ref. 2.5, 2.6). The I.B.M. table is of unspecified type 

and the Opto ' Mechanisms table is kinematically designed 

using ball bearings and V grooves. 

2.1.8 Conclusions 

From Fig.2.17 it is concluded that:-

(1) The table developed exhibits an improved performance over 

other types of strip hinge table. 

(2) The performance is comparable to that obtained with the 

more precise types of sliding table. 

These conclusions must be qualified. The 4 inch crossed 

roller bearing table (the one with inferior performance) had 

a badly designed drive mechanism and the 10 inch table (of 

superior performance) did not suffer the disadvantage imposed 

by a drive mechanism. Also the last tv/o figures quoted in 

Fig.2.17 may not be worst case horizontal drifts and nay 

therefore favour their performance. 

The flexure movement has been developed in this 

department over a period of one year to a level of performance 

comparable with a commercially available crossed roller bearing 

table. No other class of table could have been developed in 

the time using the facilities and expertise available. It 

is worthy of note that the most accurate machining tolerance 

required on the strip hinge table is one ten thousandth of an (36) 



TABLE Worse Case Horizontal Drift 

Southampton Strip Hinge ± 1 jm 

Jones ± if P"' 

Jones (Anti gravity) ± /rai 

4" crossed, roller bearing ± ^2 

10" crossed roller bearing ± 4 jam 

I.B.M. + if/aa 

Opto Mechanisms ± i 
(kinematic) 

FIG. 2.17. 

(37) 



inch but that the I.B.M. table calls in places for 

tolerances better than five millionths of an inch to 

achieve an overall performance only four times better 

than ours. For this reason and because of the possibility 

of further development, the strip hinge table has much to 

recommend it. Incidental advantages of strip hinge tables 

include the complete absence of stiction and the inherent 

presence of a rstoring force which can eliminate the problem 

of backlash. 

2.2.1 The Positioning; System 

For automatic positioning of the table a control system 

was required. Attached to the strip hinge table,as already 

described,are the motors and micrometer drives which form 

part of the positioning system. The remainder of this 

chapter will be concerned with the design philosophy behind the 

choice of these components and the other parts of the 

positioning system; 

The first step in the design was to formulate the 

system requirement. This consisted of a statement of the 

main tasks to be performed and the restrictions imposed 

by interfacing with associated equipment . 

For this system, which employs integrated circuits, the 

input is in the form of parallel digital data presented as 

discrete voltage levels . The output .is the position of the 

table which should decode the input value as a spatial 

displacement. 



The requirements of low cost and minimal design 

complexity indicated the suitability of a position 

servomechanism. Since the input will maintain a 

stationary value for a long time periods, settling time 

of several seconds can tolerated. This allows a simple 

type of system to be adopted (See Appendix A) 

2.2.2 The Choice of Motor 

As detailed in sections 2.1.4 and 2.1.6, it had been 

originally planned to use leadscrews and- nuts as a means of 

driving the table but as a result of experimental experience 

this had been modified to a micrometer drive used with a 

type of universal joint. This did not alter the criterion 

which dictates the selection of the motor. 

Many types of motor are available capable of delivering 

the required torque, the majority of which are voltage 

(or current) to torque transducers. Another type of motor, 

the stepper motor, exhibits the characteristic that on receipt 

of an input signal in the form of a voltage pulse, the output 

shaft rotates through a fixed angular increment and holds this 

new position. Below critical values of output load and input 

pulse rate the output can be assumed to have moved through 

a discrete number of increments equal to the number of input 

pulses. The difference between a stepper motor and other 

types of motor is that the stepper motor is a true electrical 

signal to position transducer. 

(39) 



Fig.2.18 compares a stepper motor position servo with 

a conventional position servo. The input signal train to the 

stepper motor is faithfully translated into the sum of increments 

of the output shaft movements. The accuracy of the system 

is the (non-cumulative) error in the positioning of the 

shaft after an incremental step. In the conventional system 

the analogue input is compared with a signal proportional to 

the output position, the difference between, the signals being 

used to drive the motor in such a way as to minimise the error. 

This, of course, is a gross simplification of a closed loop 

feedback system. A transfer function, calculated to optimise 

(or stabilise) the response of the system, is usually 

embodied in the feedback loop. The accuracy of that type of 

system is limited by the accuracy of the error transducer 

and by imperfections in the motor. 

In a stepper servo system the certainty of the 

relationship between the input signal and the output 

shaft position enables the feedback loop to be dispensed with. 

This makes the stepper servo system easier to design as there 

are fewer parameters to adjust. It also tends to make this 

type of system less expensive. Hunting of the output around 

the desired value due to hysteresis is a common fault in 

convential servo systems. This defect is not present in a 

stepper servo since, although an error in output position may 

exist, it will not vary ivith time and consequently the remainder 

of the system design is simplified. Also since the stepper 

motor requires a digital input it lends itself ideally to this 

analication.. (40) 
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It will therefore be apparent that for reasons of cost, 

simplicity and interface compatibility a stepper motor system 

seems superior and is the preferred type provided tv/o conditions 

are met. 

Firstly, that the limited frequency range of the stepper motor 

does not make the system too slow. In the present application 

the mechanical movement may take seconds without appreciably 

slowing down the overall system. 

Secondly, sufficient positioning accuracy must be obtainable 

In this application the servo need only position to about one 

hundred microns so this restriction is not abortive. 

A 0-5 millimetre lead micrometer and a lov/ powered 

stepper motor (1) were selected as the output transducers for 

the positioning servo. 

2.2.3 Control System Design 

Where information is being fed into a machine to modify 

some stored parameter it is essential to pre-determine the 

necessity of providing only the position change required or 

of providing new absolute position information. An 

incremental system is fed with only the desired change in 

parameter while an absolute system is fed with the complete 

new parameter value at each change. In an incremental 

system an error exists for all time after is has occured but 

in an absolute system it exists only until further correct 

information is fed in. In our application the difference in 

magnitude between the increments and the absolute value 

(1) IMPEX AU5035/81 (42) 



is small and there is little cost penalty associated with 

using an absolute system. To minimise errors an absolute 

system was selected. 

Consider a general positioning problem as illustrated 

in Fig. 2.19, where the desired output parameter is â^ but the actual 

output parameter is a2 . A correction is required to modify 

ag. It is necessary to know the direction in which a2 must 

be modified and then to know if the applied modification has 

been successful.. 

In terms of Fig.2.19, it is necessary to know whether the 

actual output a.2 is in regions A or B or is coincident with 

ai. 

In a stepper motor system the actual value of output can 

be obtained by counting the input pulses to the motor, with 

due allowance for the direction of movement. It follows that 

the system must contain 

a store (for the desired output position), 

a counter (for the storage of the achieved output position)̂  

a comparitor (of desired and achieved positions) 

and a translator (of the input pulse to the voltage and current 

levels required to actuate the motor). 

The comparator output must control a pulse train that 

feeds into the input of the translator. This will be the 

function of the control circuit.. The five basic blocks are 

arranged as shown in Fig.2.20. 

(43) 
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2.2.4 Design of Control Circuit 

The input and output of the control circuit are already 

defined but the exact relationship between them must now be 

determined. For a particular motor and load combination there 

are two important speed parameters. These are the maximum 

velocity with which the combination can be run or can be stopped 

or started without losing the relationship between input pulse 

and output position. 

The control circuit could be arranged such that the 

slewing to a new position could be started at a slow rate, 

accelerated to a maximum which would be held for as long as 

possible, finally slowing to a rate suitable for an abrupt 

stop. For the motor and load combination considered the 

two critical velocities were sufficiently mutually close to 

make the reduction in operating time marginal when compared 

with a constant speed system. The added complication did not 

justify the resulting marginal gain and so a constant speed system 

was used. 

The detailed logical design of the system together with 

details of the hardware used to implement it are to be found 

in Appendix A. 

2.2.5 Operation of the Table Positioning System 

After the table positioning system was designed and 

built, each individual subsystem was checked for correct 

functioning. The system was then assembled and tested. 

The table positioning was measured using an electronic 

dial test indicator. The system consistently returned the 

(45) 



table to the same measured position, this position alŵ iys 

corresponding to a particular input value. 

The system worked satisfactorily with the minor 

exception that the restoring force of the table was higher 

than initially postulated. For the motor used the maximum 

overall travel of the table should be limited to one 

centimetre. 

(46) 
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CHAPTER THE DIGITAl-TO-ANALOGUE CONVERTER 

3-1 Introduction 

The position of the focused electron beaia spot on the 

v/orkpiece in the proposed machine was to be the combination 

of the mechanical position of the workpiece and the electron 

beam deflection. In chapter tvA) the mechanical positioning 

sysvem was descrioed. A digital v/ord defined the mechanical 

position of the work table, similarly a digital word defines 

the desired beam deflection. This deflection is effected in 

two stages. First a voltage is decoded , the magnitude of 

wnich is defined by the digital word. This voltage is then 

used to define the current to be passed through a deflection 

coil system causing a proportional deflection of the beam. 

This chapter will deal with the design and construction of 

the firsu decoder, a device knovm as a digital—to—analogue 

converter. 

It is desired to convert a digital number representation 

into a voltage. This is achieved by using the representation' 

to control the switching of sources of voltage or current 

into a, network arranged to decode the number into an analogue 

output. The digital-to-analogue converter can be divided into 

three parcS; the switching function, the decoding network and 

a buffering stage. The first part of this chapter will deal 

with the switching function and the second part will be 

concerned v.dth the decoding netv/ork and the output buffering. 

(48) 



3.1.1 

The digital-to-analogue converter was required to settle 

after a one digit change in approximately 1 microsecond. This 

prohibits the use of a mechanical sxirdtch to control the 

sources and a solid state switch must be used. Diodes are 

not practical for high accuracy work due to their inherent 

voltage offset (Ref. 3.1) and, in 1965, field effect 

transistors were still in the experimental stage. Therefore 

the bipolar transistor was selected to be used as the switch. 

Ideally a perfect switch is required having an infinite 

conductance and a zero offset voltage in the conducting state 

together with an infinite impedance and a zero leakage current 

in the non-conducting state. For a two terminal device the 

characteristic may be plotted of the current through the 

device against the voltage across it. On such a plot the 

perfect switch can be represented as shov/n on Fig.3.1. A 

line along the current axis represents the ON condition and a; 

line along the voltage axis represents the OFF condition. In 

the normal region of operation the transistor is a poor 

approximation to a perfect switch. However for this 

application there was no need to operate in the normal 

region and so the low level characteristics of transistors 

were investigated. 

It is possible to postulate a transistor ̂vith uniform 

base doping and no surface leakage currents. Starting with 

the diffusion equations a relationship for Vgŷ  currents 

anH ns•rpmo'f'P'T.'? c.an liA obtained viz:— 
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^ce = kt 1 - Ic-

Ib 

_£ 
Ib 

1 -<pl. 

n /-I 

(1 -«4) 

3.1 

Where 

k = Boltzmans constant 

T = absolute temperature in degrees Kelvin 

q = electronic charge in coulombs 

= current flowing into the collector teniiinal in amps 

Tg = current flowing into the base terminal in amps 

= large signal current amplification factor in the normal 

mode of operation. 

^ = large signal current amplification factor in the 

inverted mode of operation 

Vq£- = Voltage between collector and emitter in volts 

This equation, Ref. 3 .2 . , accurately predicts the behaviour 

of the transistor. The remainder of this section is concerned 

with manipulation of this equation. Fig.3.2 shows the type of 

characteristic predicted by equation 3-1 for an N.P.N, transistor 

showing gain in both directions. Equation 3.1 can be simplified 

into three asymptotes as indicated on Fig.3.2. For large 

positive values of , 

= A '•B 1.2 

v;here ̂  n ~ large signal short circuit current gain in the 

normal mode of operation. 

and for large negative values of , (51) 



I c = ( P i + l) ^ 3.3 

where p± = large signal short circuit current gain with the 

emitter and collector interchanged. 

The equation for the third asymptote is less obvious. 

Consider the point where the curve crosses the voltage axis, 

hence = 0 and from 3.1. 

'/ce = isl loggo<l q 

Remembering that approximately c<i = 1 - 1 
P i 

Therefore 3-4 becomes, = kT 1 
q. Pi 

However Equation 3.1 may be rewritten 

vce - kz loo q 1 - I 1 -o<n 
i n 

1 + Ir i ixi 
<=<i J J. 

However, 

and when Ic ~ lb ' 

1 = 1 

h 

vce " 1 -
Bn 

-i. + 1 
oci ^ 

^ 1 

and therefore 

that is, VCE 

vcs " kl 

kT 1 
q ^ 

3.4 

3.5 

3.6 

3.7 

3.8 

3.9 

3.10 

3.11 

Therefore the value of Vgg between = 0 and Iq = 

gives the linear equation, 

^CE = kl + kT Ic / + 1 
OB-: 

-̂ 3 Pi 

3.12 
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v.-hich is the equation for the asymptote to the curve at low 

levels of voltage. On Fig,3.3 this asymptote is plotted for 

a constant value of Ig. There are three important points 

on the graph. Point A is where = 0 and here Vcg = k? 
qpi 

Point B is where VCE= Q and point C is where Ig = 0 and 

vce = hi 

A transistor is a topologically symmetrical device and its 

operation is not necessarily impaired if the collector and 

emitter leads are interchanged. The increase characteristics 

are given on Fig.3-4 showing the same points A, B and C. The 

incremental slope is the same but the offset voltages are 

interchanged thereby giving some control of the parameters 

of the transistor. 

Fig. 3-5 shows a family of VcEŷ Ic lilies plotted from 

equation 3-12 with Ijj constant for each line. This plot of the 

linearised low level characteristics has been found most 

helpful in visualising the action of a transistor at low levels. 

The normal and inverse short circuit current gains together 

with the leakage current, as can be seen from the diagrams, 

give some measure of the quality of a particular transistor as 

a switch. A transistor is required that has a low leakage 

current and a high normal and inverse current gain. 

( 5 3 ) 
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3-1.2 Characteristics of Real Transistors 

Having postulated t h e required device parameters it was 

then: .necessary to obtain a device exhibiting these parameters. 

R-Hueg (Ref.3.3) having come to much the same conclusions as 

presented in paragraph 3.1.1 fabricated his ovm. devices. In 

the absence of facilities to produce transistors it was 

necessary to select a type of transistor from those available. 

The low level characteristics and parameters such as Bi are 

not usually found on published data sheets of transistors. 

The parameters and characteristics of many different types of 

transistor therefore had to be measured. To ease the burden 

of this task a special test set was designed and constructed. 

This test set enabled any reasonable value of Ic and ly to be in-

jected into the transistor and Vqe to be measured. 

Figs. 3.6, 3.7 and 3.8 are typical sets of curves for three 

of the many types of transistor tested. Table 3.1 gives a 

summary of the types and parameters of all the useful transistors 

stocked at Southampton University in I965 - 66, From all the 

tests performed it is possible to generalise about transistor 

types. The alloy junction transistor generally has low voltage 

offsets but requires some means of compensation for its 

inherently high leakage currents. The leakage current of 

an N.P.N, silicon planar transistor is lower but in the 

conducting state this device produces larger voltage offsets 

because of its low inverse short circuit current gain. 

(56) 





-J 

• ! 





o u 
(M 

a; 4-> 
C 

O cs o 

4-> 

4.) (t 00 o 
r-i 
o w u 

Ti 

w 
a 
M 

I g 

4̂  (j 
co 
g 
> 

> 
•p 
d w 

I 

5 

c:a 
M 

o 
11 

U 
M 

O 
!i 

• M 

O co 

co cn 

o 
H 

lo 
o 

cq 

O 
c 
fh 

3 co 

ln 
I—I 

< 

o 
rw 

lc 
d 

< ( 

a 
rH 

C\] 
c< 
O 

ui 

ln 

r4 

LT) 

O 
C>] 
ih 

O 

o\ 

X X o o 
rH rH 

K o O 

CU z 
z 

cs% 
o 
co 
* cq 

\o 

o 

5 

z: 

cs; 
o 
CO cc cq 

ln 
rH 

O 

O 
fh f—i 

Cu "H § ̂  

A 

ps 
cj 
Z 

o o 
r-i 

IN 

O 

U 
d 

+-> 

-H 
A 

0 

1 

Z 
cj 

< 
\o -=d-co cu 

si o o 
I—! 

co 

o 
CO 

< < 
s cr o o 
CO CO 

o o 
"-o 

o 

LT) 
r< 

v. 

g> cq 

tr) 
o cq 

o CO 

fn'd 

% d! 

< 
ij-) 
o 

•̂-o 

lo 
co " 

<d 
CO 

5 (h 
•h 
a 

cj 
z 

o o 

o 
o 
I—i 

i—i 

o !>. 

o 
ih 

o 
o 
ih 

z 
(zj 

cu 
% 

i—i 
I—i 
o 

i-o 
o 
(n 

(60) 



The P.N.P. silicon planar transistor has enough bidirectional 

short circuit current gain to behave well in the conducting 

state. The low Iceoj inherent in planar passivated devices, 

gives satisfactory performance in the non-conducting state. 

Silicon planar P.N.P. transistors are not as readily available 

as N.P.N, devices and the only transistor in stock which was 

not an obsolescent type was the V405A. This type was selected 

as the solid state sv/itch for the digital-to-analogue 

converter. 

Having decided on the type of transistor to be used the 

parameter checks were performed again extending the range 

of checks to larger values of It,. The idea \ra.s to try to 

nalce the VCE • Ic characteristic to be a straight line 

parallel to the current axis in order to increase the 

conductance of the switch. This was achieved but at the 

expense of increasing the offset voltage. At these high 

levels of base current equation 3.12 is no longer valid. 

However this linearised version is useful and as the increase 

in offset voltage is approximately linear v/ith base current 

over the range considered the linear equation can be retained 

by the addition of a 'base bulk resistance' term viz: 

Tv'here R% = 'base bulk resistance' 

(61) 



It transpired that the base current selected for the 

operating condition was not in the region where Rî  i]̂  

was significant. The uncertainty about the exact-nature of 

the base bulk resistance was not then, important. 

The characteristic Vgg against for a V405A transistor 

over the extended range of base current is shoivn on Fig.3-9-

The results of Fig.3.9 are not easily interpreted in the 

form presented. The data is more conveniently presented 

in an alternate form where Vqe is plotted against 

for constant values of Ic; on a log-linear scale. This is 

shovm on Fig.3.10. The family of curves no longer cross and 

because of this the presentation is cleaner although not as 

helpful in visualising the operation of the device. Fig .3.11 

is a similar characteristic for a V405A used in the inverted mode. 

3.1.3 Mode of Operation 

The mode of operation of the transistor switch must be 

chosen. The foregoing data on the chosen transistor type is 

necessary for this. The accurately defined quantity for the 

transistor sv/itch considered before has been the current 

flowing in the load resistor. As can be seen from the 

transistor characteristics on Fig.3-10 and Fig.3.11 it is 

possible to work with either positive or negative collector 

currents and also to use the transistor in the normal or 

inverted modes. This gives four possible modes of operation 

which are labelled â  b, c and d on Fig.3.12 and which ivill 

now be examined in turn. 
(62) 
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Mode a) is iriien the emitter current is set to zero and the 

offset is IcT . The zero emitter current implies zero load 
qpn 

on the voltage reference but the low maximum of a 

V405A prohibits this mode of operation. For mode b) the 

use of the transistor in the inverted mode overcomes the 

breakdown problem but the lower value of inverse gain 

makes the offset voltage (kT ) unhelpfully large. The modes 

c) and d) use positive collector current. Again the low 

VcEO maximum in the reverse direction excludes the use of 

possibility d). In condition c) current is drav/n from 

the voltage reference but with low impedance voltage sources 

readily constructed this is not a great disadvantage. 

There is little to choose between the two possible 

configurations b) and c). However c), the normal mode, was 

chosen because for this mode, manufacturer's data could be 

used and a later type transistor of better performance could be 

easily substituted. A study of Fig.3.10 allows the operating 

current to be selected. If the maximum collector current is 

to be 0.5 mA then the optimum base drive is 1 mA, this giving 

an offset voltage of 10 mV,0.5 mA is the maximum collector 

current to be used for any switch, any smaller collector 

current will yield less offset voltage. 

( 6 7 ) 



3.1.4 Errors ; 

Having selected the optimura compromise for the working i 

region, detailed examination of the errors involved in operating | 
; j 

in this region can be made. The characteristic of the switch i 

falls short of the ideal in both its conducting and non-conducting [ 

states. The imperfections can be classified into three types I 
. 

viz, setting errors, short term reversible drift errors and 

long term irreversible drift errors. Setting errors are f 

i 

illustrated on Fig.3.13 which shows the switch characteristic 

ivith a load line for resistor Rl and reference voltage e 

superimposed. The equation for the output characteristic, j 

for lb = constant ajid using the notation of the diagram,is, | 

V = V offset 4- I.Reg 3.14 | 
! 

The equation for the load line is, j 

V = E - I RL 3.15 I 

Solving for a common V the current in the conducting state is, 

I = E - Y offset I 

Rl + % eg . I. 

and therefore I dh E ( 1 - V offset) (1 - 1 ^ ) o -i-y I 
R V R? I 

J 

Assuming the desired current to be E the fractional error j 
R ! 

from the desired current is, i 

i 
CONDUCTING ERROR = V offset + Rec ^ n i 

r t 3.1b ! 

In the non-conducting state the error is given by, i 

NON-CONDUCTING ERROR = Iceo 3 19 ! 

(68) 
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Substituting the values, /S = 10 

E = 10 volts 

Rl = 20 K.ohm 

Iceo= 100 mA 

equation 3.18 and 3.19 yield, 

CONDUCTING ERROR = 3 x lO'^ + i % io-4 

NON-CONDUCTING ERROR = 2 x 10"^ 

The error in the conducting state can be eliminated by-

adjusting Rl such that the correct nominal value of conduction 

current is set, however for a simple sv/itch the non-conducting 

error current always remains. 

The short term drift errors are those induced by changes 

in aabient coniitions. The main cause of change is, of course, 

temperature. Starting from equation 3.18 and assuming that 

V offset ̂  E and Req<^ R^ it can be shown, using the 

notation of Fig.3.14, that, 

CONDUCTING ERROR = ^ - ^Voffset - ^ R ^ +%_ 3.20 

E E Rt 

Suitable choice of voltage reference ensures that the term 

oE can be ignored. Substituting previously used values in the 

other error terms yields, 

S Voffset 10 p.p. m/oc 
E 

&Req = 1 p.p.m/o^ 

^ P'P'^/°C (Typical value for a wire wound 

resistor). 

( 7 0 ) 



These values show that the temperature effect is dominated 

by the temperature coefficient of the current defining resistor. 

Further development of the transistor sv/itch can only yield 

minimal improvements in the overall switch performance. For 

this reason no further effort was expended in this direction. 

Drift in the non-conducting condition depends directly on 

Iceo which is strongly temperature dependent. Using typical' 

values of ̂  and Iceo, the maximum operating temperature of the 

device to maintain the desired accuracy is 40°C. As there 

is little dissipation in the circuit this temperature can be 

interpreted as an upper ambient limit of 4 0 ° C , a limit which is 

not unreasonable. 

Long tern irreversible errors are more difficult to 

evaluate . This is because active device manufacturers , not 

normally specify parameter drifts. Resistors however do have 

quoted drift performances. Wirewound precision resistors are 

stable in value to 300 p.p.m/year. Certain types of tin oxide 

resistors are said to have a drift of less than 2500 p.p.m/2000 

hours on full load. 2000 hours at 4 hours a day amount to a 

working life of 2 years at the end of which the worst possible 

error is 2 x 10 . Recalibrating a converter utilising the 

tin oxide type resistors once every 6 months should reduce the error 

to acceptable limits and the use of metal oxide resistors 

materially reduces the cost of the completed digital-to-

analogue converter. 



3.1. 5 The Practical Realisation of the Sv.dtch i 
i 

If only a single transistor and single resistor are 1 

used in the switch, certain disadvantages are incurred. j 

Firstly the leakage current constitutes the error in the i 

non-conducting state and although this error is within the 

accuracy limits if a planar epitaxial device is used it is | 

more temperature dependent than the offset error. The second , 

disadvantage is speed. Wnen switching from the conducting I 

to the non-conducting state the controlling charge is quickly ; 

removed from the base by the low impedance control circuits. 
! 

Roth junctions are then reverse biased and the decay of I 

voltage across the resistor is controlled by the resistor i 
j 

value and the collector depletion capacitance. To switch a I 

V405A transistor off to within 10 mV of the steady state off I 
i 

condition, if the transistor is used in the common emitter | 
I 

mode with a collector load of 30 K.ohms to a 10 volt supply I 
! 

line, takes in excess of 100 microseconds. Thirdly, as I 
i i 

shown later, most decoding netv.-orks require to be driven | 

from a constant impedance source. A simple switch cannot | 

provide this. 1 

None of these disadvantages exist if a second transistor, | 

To, is added to the switch as shown on Fig.3.15. With T} | 

conducting the second transistor adds no significant error j 

since its leakage current flows in T]_. The practical non-- i 
i 

conducting error is now, j-

NON-CONDUCTING error = Voffset for T2 3-21 [ 

I f72̂  i 
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With either T]_ or T2 conducting the resistor is driven 

by a voltage source. During switching, the transistor turning 

off is effectively loaded by the conduction impedance of the 

other transistor. This provides a low impedance path for 

the depletion layer charge. Hence the switching time for this 

configuration is approximately the turn-on time of either 

transistor. Observation of 10 nV in 10 volts while switching 

is made difficult by saturation and distortion in the oscilloscope 

amplifiers. Accurate determination of switching times by this 

method were not possible. However the time to reach within 

10 mV of the steady state value with a two transistor switch 

was certainly less than 5 microseconds. 

Although a V405A transistor could be used as the second 

transistor the switching voltages are easier to realise if T2 

is an N.P.N, type. A c4oo transistor has an offset voltage 

only 50% greater than a V405A, see Fig.3.7, and was selected 

as 12- The final version of the switch is as sho™ on 

Fig.3.16. From Fairchild RTL micrologic levels the input 

stage provides two voltage drives to the switching transistors. 

These drives are separated by the zener voltage. The c4oo 

is driven between 0 volts and +4 volts and the 4̂05A from 

+6.8 volts to +10.8 volts. Each switching transistor has a 

base resistor of such a value as to provide 1 mA of base 

current in the conducting state. One further modification was 

made to certain switches. Those used in positions where their 

source impedance could vary were constructed using a resistor 

between the collector of the C 4 0 0 and the output. 



This reduced the dissipation within the sv/itch at high 

switching rates. 

3.2.1 Decoding Networks 

In the introduction to this chapter it was stated that 

the digital-to-analogue converter could be divided into three 

parts, the switching function, the decoding network and the 

buffering stage. The first part of this chapter dealt with 

the switching function. This second part will describe the 

decoding and buffering stages. In reality the design work is 

not as rigidly segregated as the description would imply. The 

decoding network affects the design of the switch as previously 

noted, and the buffering stage influences the design of the 

decoder, as will be sho\m. 

The decoding network is a multiport network having 

controlled generators, the switch previously described, at its 

inputs. The output signal is some predetermined function of 

the input signals. Two types of decoding network are commonly 

used; the weighted resistor network and the ladder network. One 

form of weighted resistor network is shown on Fig.3.17. The 

generators are voltage sources with an output of % volts or 

0 volts and zero output impedance. Using the suffix h to denote 

that the generator associated with a particular resistor has an 

output the expression for the current in the load resistor 

Rĵ  becomes. 

I = % 3.22 

(75) 
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Depending on the choice of resistor values this circuit can be 

arranged to decode any digital number code. 

For the ladder network employing current generators which 

is shovm on Fig.3.18 the output signal is the current which is 

driven into the resistor at the extreme right of the diagram . 

This current is, 

t / lo + ii + 12 t ^ 
n I 3.23 

2^ 2̂  • 2" 

If the two values of current from the sources are say I and zero 

then the network forms a binary decoder. It is possible to 

use this type of decoder with other than straight binary coding 

but the resistor values required are not simple. 

Simple values of resistor are used in the voltage driven 

decoder shown on Fig.3.19. Hence the output is given by, 

I = I f Vo + Vj Vn A 
Zm I 2* 21 j 3.24 

Again this type of network can be used for other than binary 

decoding out loses its essential simplicity when this is done. 

Tne accuracy and stability of these networks depends on the 

accuracy and stability of the defining resistors and sources 

used. With only marginal differences between networks the 

choice of network tends to follow the designer's whim. 

Pearman and Popoai (Ref. 3-5-) prefer ladder networks 

and postulate as a rationalisation the more even dissipation in 

tnis type of network. This is certainly so but by derating 

the resistor used a modification which involves little extra 

cost, this factor becomes insignificant. The Digital 

Equipment Corporation, for years inveterate builders of ladder 



netv/ork decoders recently announced their latest digital-to-

analogue converter as a weighted resistor type (Ref.3-6). 

For a similar application W.Bail (Ref.3.7) also reports the use of 

a weighted resistor type digital-to-?inalogue converter. All 

these people required a fast accurate digital-to-analogue 

converter and yet evolved different designs. 

As no clear advantage lay with either type of circuit 

it v;as decided to build one of each type and compare their 

performance. The two 12 bit binary-coded-decimal converters 

required to decode the beam position were more suited to 

weighted resistor implementation. This was because of the 

choice of resistor values mentioned above. There are two 6 

binary bit digital-to-analogue converters required for the 

output of the position error measuring system. Because of 

their short length and simple coding it was convenient to 

construct one as a weighted resistor type and one as a ladder 

network. 

3.2.2 Resistor Selection 

Sufficient data concerning resistors of various types was 

not available from the manufacturers. However data of 

different types was available from work carried out elsewhere 

(Ref.3.8) a;;d the figures quoted in paragraph 3.1.5 are from 

this source. Originally it was envisaged that the decoding 

network would be constructed using precision resistors. 

However certain errors, see paragraph 3.1.5., could he eliminated 

if the networks were adjustable and therefore semiprecision 

resistors (1) with associated trimming potentiometers were used. 

(1) Painton Metlohms resistors 



If the resistance of the resistor and potentiometer are 

R and Rp respectively the total drift is defined by 

drift = + grp 3.25 
K + R + R p 

In this expression the adverse drift performance of the 

potentiometer is attenuated by a facter Rp . The resistor 
r 

type chosen had a temperature coefficient of resistance of 

+ 100 p.p.m/°C and a stability of 2000 p.p.m per 2000 hours 

on full load. A 10°C rise in ambient temperature is possible 

and the long term drift v/as estimated to be small enough for 

one calibration of the decoding network to be useful for at 

least a year. 

3.2.3 The Effect of the Buffering Sta%e 

The operational amplifier to be used as the buffering 

stage imposes constraints on the magnitude of the impedance 

used in the decoding netvrark. 

Fig. 3.20 shows an operational amplifier used in the 

summing mode. Replacing the amplifier by an equivalent input 

impedance, open loop voltage gain and output impedance yields 

Fig.3.21. 

Following the method of Kom and Korn (Ref.3.9), ignoring 

offset errors, it is possible to derive the following relationships 

with the aid of the diagram, 

fractional error = 1 3 26 
1 + 'a'/zo + zy \ za 

(79) 
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Where 'A' is the open loop voltage gain, 

za = / j: +_1 +_1 _1 + _1 ^ -1 
^Zo Zi Z2 Zn Zg J 

which is the effective paralled combination of impedance at 

the input. 

Also where, Zb=f 1 + 1 + 1 A ^ 
v zo zi zl j 

which is the effective parallel combination of impedances 

at the output. So ior the error to oe small the denominator 

of equation 3.2o must be large. 'A' the voltage gain, is 

large. The restriction then reduces to the term 

(z^ Z^ 'A')ẑ  being greater than unity. 

The expression for Zo is generally dominated by the low value 

of Zi and so the first term in the parenthesis is unity. 

The low value of Zb and the large value of 'A' reduce the 

second terra to very much less than unity. Thus the restriction 

further reduces to the term ^ being greater than unity. 
Zo 

This restriction is observed if the expression for Za is 

dominated by Zo. 

For the amplifier used, 

Zi = 1200 ohms 

Zg = 200kohms 

Thus the lower limit for Zo is approximately 5 K.ohm. 

•̂1 are restricted to be larger than ZQ mth 

their upper limit set by the drift performance of the amplifier. 

With 10 volts used as the reference voltage and 10 K.ohm chosen 

as the value of Zq this corresponds conveniently to the most 

significant digit current being 0.5 mA. 



This is the limit of defined current at which the transistor 

parameters permit the smtch to work within the accuracy 

desired. 

3.2.4 Weighted Resistor Decoder 

%hen the load resistor in Fig.3-17 is reduced to zero 

the output current becomes, 

i = eh f f _i a 3.27 
^ rh ' 

In practice the zero impedance load is provided by the 

summing junction of an operational amplifier. The output 

voltage of the decoder becomes, 

Eq = Rq ^ Eii 3.28 

where Rq is the feedback resistor of the operational amplifier. 

For this configuration the impedance of the voltage 

source, in the low state, is uniuiportant. ihe oasic switch 

was modified by the inclusion of a resistor between the collecto 

of the V405A md the collector of the C4OO transistors. This 

limits the dissipation in the switch at high switching rates 

but provides the switch with a finite output impedance in the 

low state. 

Fig.3.22 is a complete circuit diagram of the decoding 

and buffering stage of the weighted resistor decoder. All the 

elements shovm on this figure are grouped on one standard 

printed circuit card. On another standard card are tne 

switches that drive the binary inputs. These s'.vitches are 

(82) 
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similar to those on Fig. 3.16 but modified as noted above. 

3.2.1.5 The Ladder Decoder 

The theoretical circuit of a voltage driven ladder 

decoder , Fig.3.20, is modified in several ways before it 

becomes the practical decoder depicted in Fig.3.23. As only 

semiprecision resistors are used, trunming potentiometers are 

added at each ladder node. The real earth into which the defined 

current flowed is replaced by a virtual earth at the summing 

junction of an operational amplifier' and the output voltage 

of the amplifier is now the decoded output. Associated 

with the amplifier are a gain control, and an offset 

adjustment. 

All the elements shovm on Fig.3.24 are mounted on one 

standard board and another standard board nouses the six 

switches which drive the inputs. These switches are 

illustrated on Fig.3.16. 

3.2.6 Conclusions 

Digital-to-analogue converters of the desired static 

accuracy were designed,constructed and tested. Tne settling 

time, to half of one bit accuracy, was of the order of 5 

microseconds. This time is the turn on time of the transistor 

used at the operating conditions chosen. The time could be 

shortened but long time:constants in other parts of the system 

rendered this unnecessary. 

(84) 
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Both types of converter cost approximately the same 

to construct, and operate at a similar speed with a similar 

accuracy. The only difference noted was that the ladder type 

took longer to calibrate. For higher speeds and accuracy 

requirements there may be differences between the two types. 

At the speeds and accuracies required in this application there 

is little reason for preference of either type. 

(86) 



REFERENCES 

3.1 M.W.Hill M.Sc. Thesis I965, Southampton University, 'An investigation | 
I 

into the accuracy fo analogue gates'. 

3-2 J.J.Ebbers and J.L.Moil, 'Large Signal Behaviour of Junction Transistors' ! 

Proc. I.R.E. vol. 42 pp 1761 - 1772 1954. I 

3.3 R.Y.Hueg, 'An Integrated Analog Switch Using a Bidirectional } 
I 

Transistor' S.C.P. and Solid State Technology, Vol. 9 No. 7 ! 

July '66 pp 15 - 17. i 

3.4 A.K.Susskind notes on 'Malog to Digital Conversion Techniques' j 

J.Wiley and Son, New York, 1957. ' ; 

3.5 C.R.Peaman and A.F.Popodi, 'How to Design High Speed D/A , 

Converters' Electronics Feb. 21 i964 pp 28 - 32. j 
j 

3.6 Electronics April i8, I967 pp 96. | 

3.7 W.Dial 'Computer Drives Character Display' Design Electronics j 

Jan '66 pp 30 - 34. I 
i 

3.8 'Survey of British Fixed Resistors' British Communications and I 

Electronics, Part 1, Jan i964 pp 37 - 4i, Part 2 Feb. i964 

pp 95 - 99. I 

3.9 Korn G.A., Kom T.M. "Electronic Analog and Hybrid Computers' | 

McGraw Hill, i964. i 

(87) 



chapter A the brmi deflection systbf 

4.1 Introduction 

This thesis is largely devoted to describing the design 

of a particular electron beam machine. 

This machine is to accomplish the movement of a spot 

on a target plane by a combination of two methods. The 

target is to be mechanically moved and for smaller deflections 

the beam is to be electrically scanned. Chapter 2 described 

the mechanical stage. Chapter 3 described work that was 

performed to design the first part of the beam deflection 

system where digital information is translated into a voltage 

level proportional to the desired beam deflection. This 

.chapter describes the design and construction of that part 

of the beam deflection system which translates the voltage 

level into a beam deflection. 

The deflection must be accurate to within 1 micron over 

a scan of 1 millimetre. There were further restrictions on 

the speed with which this deflection should be achieved. A 

shift from one location to a near one, say less than 10 microns 

away, should be accomplished and settle to within the desired 

accuracy as fast as possible. This shift time should be as 

near to 1 microsecond as possible. The time for a long shift, 

which will occur less frequently, may be nearer, say, 1 

millisecond. 

(88) 



The rest of the chapter records the steps that were 

taken in the design of the mechanical and electrical parts 

of the beam deflection system to achieve the desired performance. 

4-1.1 Mechanical Features of the System 

A beam of electrons may be deflected either by a magnetic 

field or by an electrostatic field. A magnetic deflection 

system was selected for use on this machine since magnetic systems 

use lower voltages and are better documented. 

Most machines reported in available literature used 

magnetic deflection but there is little agreement about the 

best position for the deflection coils. Some systems use 

a single coil mounted after the second, or only, lens 

(Ref.4.1 and Ref.4-2). A better solution for higher precision 

work is to use a dual coil deflection system before the final 

lens. Tnis ensures that the final lens operates with the 

para-axial beam demanded by its analysis•(Ref.4-3). A particularly 

neat system is to place the coils in the cylindrical cavity in 

the final lens oody just before the pole pieces. Hoffman 

et.al. adopt this solution. 

In order to eliminate the practical difficulties of 

constructing such small coils it was decided to place two 

larger coils between the lenses of the existing machine. A 

local manufacturer (1) agreed to design coils to our specification 

for a modest price. These coils were wound on toroidal ferrite 

formers having internal castellation. Such coils, commonly used 

(1) Messrs. Stabltron Ltd. 



as deflection coils on cathode ray tubes, are of quite 

straightforward design. 

To obtain a centrally located parallel beam for the second 

lens the spacing between the two coils is equal to the spacing 

between the last coil and the lens. The farther coil is arranged 

to deflect the beam through an angle of 6°. The nearear coil 

is arranged to deflect the beam in the opposite sense through an 

angle of 26°. Other combinations of distance and angle are 

possible but this is the simplest. Fig.4.1 shows a schematic 

of the arrangement used. 

Fig.4.2 shows the notation used for the distances and angles 

involved on Fig. 4.1. Using this notation it can be readily 

shown that:-

y = tanS.Sx + ( &&1 - S 6 2 ) X sec* 8 4 . I 

The coil windings are arranged to have a ratio of 2:1 

and carry the same current. As the number of turns used is 

low the inherent errors are either gross or non existent. So 

if for uhe maximum angular deflection the beam is required to 

be central to 0.01 inch then the deflection coils must be positioned 

vertically to 0.1 inch. 

The ferrite formers were bonded to aluminium collars with 

epoxy resin. The formers and the collars were held in a jig while 

the epoxy resin cured. The jig ensured that the collars were 

central to better than 0.01 inch. 

(90) 
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Cylindrical spacers were used to maintain these collars 

at the correct vertical distance from the lens body. The 

collars and spacers are shovm exploded diagramatically on 

yig.4.3, together with the lens spacing assembly. Photographs 

of the individual elements are shown in Fig.4-4 and Fig.4.5-

In addition to the focusing of the beam of electrons, 

the magnetic lenses also rotate the besm about its principal 

axis. Parallelism of the magnetic deflection axis and the 

table movement axis is necessary for the correct functioning 

of the machine. The deflection coil assembly allows the 

coils to be rotated while retaining their vertical spacing. 

The assembly also forms part of the vacuum system and 

rigidly mutually locates the lenses. 

Part A on Fig.4-3 is the lens separator and is made of 

stainless steel and duralumin. Steel rods pass through the 

smaller tubes and through holes in the lips of the main 

lens bodies. Nuts are placed on the threaded ends of these 

rods and \dien tightened lock the whole assembly together. 

Part B is a sliding fit inside part A. Viton '0' rings are 

placed at either end of the inner tube whose length is 

sufficiently shorter than the outer spacer to ensure that the 

'0' rings form a v.tcuum seal against the lens faces when the 

whole is assembled. Fig.4-6 is a photograph of parts 

A a.nd B and Fig.4.7 is a sectional view of the whole assembly. 

(Q?) 
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An interference fit is used to locate the coil collars 

in the inner tube although a more positive location would 

be better. An Edwards 4 L electrode makes connection 

between the coil windings in the vacuum and the coil 

drive circuits located outside. 

So far the location of the deflecting fields with 

relation to the substrate have been fixed. The relationship 

between the current in the deflection coils and the beam 

deflection can be assumed linear but the problem of injecting 

a current with an accuracy of one part in a thousand remains. 

4.2 The Current Drive 

The deflection coils which were described in the last 

section have a resistance of approximately 30 ohms and an 

inductance of approximately 40 millihenries \\̂ en connected in 

series. This constitutes the load into which it is desired 

to inject a defined current of up to 60 milliamps, of either 

polarity and with an accuracy of 1 part in 10^. The input 

voltage available is limited to a range of + 5 volts axid the 

circuit must produce â current proportional to the sum of 

two voltages. ..«• 

One of the voltages is the output of the table position 

measuring system and defines the beam deflection necessary 

to correct for poor table positioning. The second voltage 

defines the desired beam deflection from the nominal position. 



The requirement that the current be proportional to the 

sum of two voltages led to the examination of operational 

amplifier techniques. There are many ways of using an 

operational amplifier to inject current, Fig.4.8 shows 

one of the better ways which makes the injected current 

independent of the load impedance. Using the results derived 

in paragraph 3.2 it can be shown, using the notation of 

Fig.4.8, that if Rj <( Ri , Rg then:-

lo = Vin Ri 4^2 
r2 . r3 

Obviously the power supply for the circuit must be 

capable of supplying the demanded current. Overriding this 

ultimate limitation is the output current capability of an 

ordinary operational amplifier, which is usually only a few 

milliamps. However, the attractions of the system were such 

that an operational amplifier was adopted to supply the high 

current required. Fig.4.9 shows how this was accomplished. 

The black triangle behind the operational amplifier symbol 

indicates a current boost stage capable of supplying currents 

of the order of 60 milliamps. 

4.2.2 Operational Amplifier Selection 

Before any work v/as carried out on the boost stage 

it was first necessary to select an operational amplifier. 

For the transfer function of the arrangement shown as Fig.4.9 

to he stable to the required accuracy and independent of 

normal amplifier gain fluctuations an open loop voltage gain 
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of at least lO^ is required. In I965 there were no 

integrated circuit amplifiers available with the required 

characteristics at prices comparable with the equivalent 

discrete component amplifiers then available. 

Three discrete component amplifiers, a Nexus, S.A.I., & 

Philbrick P.U. 65A ;'nd an amplifier constructed as an 

undergraduate project at Southampton University were tested. 

Table 4.1 and Fig.4.11 contain the essential parameters 

of these three amplifiers. As can be seen the amplifiers 

are electrically similar. Advantages in price and 

availability made the Nexus ; S.A.l. the final choice. 

4.2.3 The Current Boost 

The specification of the current boost circuit is defined 

by the output specification of the chosen operational 

amplifier and by the current requirements and load impedance 

of the deflection coils. Additionally the frequency response 

must be such that when the boost is included in the feedback 

loop of the operational amplifier the completed circuit is 

stable. With an already compensated amplifier, encapsulated 

and having defined gain-frequency characteristics, the current 

boost must have a wide bandwidth. In this case about O.5 MHz 

to the first break point is sufficient bandwidth to ensure 

stability. Until about I965 this bandwidth was incompatible 

with the current capability previously mentioned. About 

this time high power fast switching transistors became 

commercially available. The Fairchild CP.4OO series was 



such a range and vra.s used here. 

The high power transistors need to be arranged in a 

push-pull configuration to provide either polarity of 

output. Since the circuit is to deliver current this 

current is derived from the collectors of the power 

transistors which are driven in the emitter follower 

mode. The push and pull halves of the output require 

separate drives and to develop these from a single input 

a 'phase splitter' circuit is used. A drawing of the basic 

configuration is given on Fig.4.10. 

4.2.4 Details of the Current Boost 

The theory behind the current boost circuit is 

essentially simplê  however the final form contains many 

features whose reason for inclusion is not apparent from the 

simplified original description. It is the purpose of this 

section to explain the reason for all the extra features that 

appear on the finalised current boost circuit diagram shown 

in Fig.4.12. 

As compared to the schematic of Fig.4.10 the output 

stage has two extra resistors i'nd two extra transistors. 

Silicon planar power transistors are the only type which 

combine the frequency and current characteristics desired. 

They are fabricated only as N.P.N, devices and the upper 

power transistor in the schematic of Fig,4.10 is shown as 

a P.N.P. device. The P.N.P. transistor is realised as 

a compound transistor consisting of a CP.404, V405A and 
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a 1 K.ohm resistor as shoim on the final circuit diagram 

and on Fig.4.13. The base (b), emitter (e) and collector 

(c) of the compound transistor are shown on Fig. 4.13-

Th e configuration is sometimes known as a super—alpha pair. 

The short circuit current gain is . approximately the product 

of the current gains of component transistors. This high 

value of current gain enables the compound transistor to 

be voltage driven despite the low value emitter resistor 

and the non-zero value of the phase splitter output impedance. 

The lower 'power transistor' of Fig.4.10 is also realised as 

a compound pair, consisting of a P346A, CP404 and a 10 Kohm 

resistor. The resistors have in both cases been included 

to ensure that the input transistor operates at a current 

level such that its current gain is reasonably constant. 

Moving to the left through the circuit. Fig.4.12, the 

next convenient group of components comprises't̂ vo zener diodes, 

tv/o ordinary diodes and a 22 K.ohm resistor. These act as 

voltage clamps for the input to the final stage limiting the 

power dissipation within the power transistors. The need 

to protect the power transistors arose not only because 

of their cost but also because at the time the circuit was 

developed, the commercial supply of these devices was 

limited. Quite apart from this, good engineering practice 

demands that all components should operate within their 

dissipation limits or be adequately protected. 
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The remainder of the circuitry shovm on Fig.4.12 is 

the phase splitting stage. Fig.4.14 shows, in isolation, 

a simplified version of one half of the stage. For this 

it can be sho'.vn that:-

~ 4-3 

? 
which in this case is almost unity. In the collector of 

each transistor in the phase splitter section of Fig .4-12 

is a silicon diode which is used to compensate for the 

base to emitter voltage drop of the output stage. To reduce 

thermal drift these diodes are in thermal contact with the 

output transistors. The 100 K.ohm resistor to earth from 

each diode is to ensure that the diode remains forv/ard 

biased during the time that the associated transistor is 

non-conducting. Without this precaution the reverse biased 

diode could permit the input to the final stage to drift from 

the line voltage causing an erroneous output current. 

4.2.4 Current Boost Tests 

An emitter follower stage, unless badly designed, is 

usually thermally stable since the changes, in transistor 

parameters cause only second order changes in current. The 

thermal characteristics of the output stage were investigated 

by removing the emitter resistor and using the power transistor 

in a common emitter mode. Fig.4.15 shows plots of the output 
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current against time for a constant input voltage. The 

upper curve, for resistor biasing shows the transistor to 

be thermally unstable. The lower curve, for diode biasing, 

shows thermal stability. On the same scale the result for 

the complete device would appear as a straight line. 

The diode, besides providing thermal feedback, also 

provides a useful offset voltage for the phase splitter 

outputs. If the 'base' of one of the output compound 

transistors were moved from the rail voltage towards earth 

there would be no output current until the base to emitter 

voltage exceeded the Vbe (on) voltage of the compound pair. 

Using the diode voltage and slightly biasing the phase 

splitter transistor into conduction to produce a voltage 

across the collector resistor, enables the complete stage 

to have a transfer function devoid of the above mentioned 

discontinuities . The non-linearities must be removed 

since they are effectively gain changes. Localised loss 

of gain, as depicted in Fig.4.16, leads to a dead zone in the 

output. Increases in gain. Fig.4.17, can cause limit cycle 

oscillations. The technique of biasing the output stage 

into conduction in order to avoid these non-linearities 

is Icnovm as using class B operation. Fig.4,18 (a) is the 

transfer function of the phase splitter, showing one output 

only, and Fig.4,18 (b) is the transfer function of one half 

of the push-pull output. The overall transfer function is 
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sho\m on Fig.4.l8 (c) and demonstrates how the two types 

of offset compensate for each other. These ligures are 

tracings of oscilloscope photographs. 

With a 5 ohm- resistor in the position of R3, see 

- Fig. 4.9, the transfer function of the boost stage can 

be expressed as a voltage gain. This voltage gain must 

have a frequency response such that v/nen the current boost 

stage is used with the chosen operational amplifier the pair 

fofTTis a stable combination. On Fig.4.19, the lower curve 

is the frequency response of the boost stage. The most 

important single parameter of the frequency characteristic is 

the frequency of the first break point. For this current 

boost this is approximately 400 KHz. 

4 . 2 . 5 Combination of Operational Amplifier and Current Boost 

Many rules are coiimonly used to predict the stability 

of any system. One method of prediction uses log voltage 

gain against log frequency plots. These plots for the 

feedforward and feedback paths are combined. The resultant 

plot is examined to see if at any point when the voltage gain 

is greater than unity the rate of change of attenuation is 

greater than 4 0 dB per decade. If this is not the case then 

the system is stable. 
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Fig.4.19 shows part of this procedure for the system 

considered here. The completed procedure predicts the 

system to be stable, which is borne out in practice. The 

stability margins are anall but the gain and frequency 

responses are well defined and unlikely to vary. 

As the current drive is required to change its output 

in steps the transient response of the combination is of 

interest. Were the arrangement shown on Fig.4-9 to be used 

unmodified a step change of input would cause large transient 

voltages at the output of the current boost stage. The 

transients, due to a sudden change in current through an 

inductive load, would damage the output transistors and 

must therefore be suppressed. Connected in parallel with 

the feedback resistor (R2 on Fig.4 .9) a 0.1 uF capacitor 

accomplishes this. It can be shown that this necessary 

precaution limits the rate at which information can be 

transmitted to the substrate. The limitations are that a 

1 millimetre step settles to within O.5 micron in 10 milliseconds 

and a 1 micron step settles to within 0.5 micron in 1 

millisecond. 

4.3 Summary 

At the beginning of this chapter the requirements for 

this particular part of the overall machine were detailed. 

This chapter has shov/n how the problems set by these requirements 
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V/'ere taclcled. The solutions presented use, in each 

instance, easily available and inexpensive elements. 

The coils chosen are standard conmercial types. The 

mechanical carrier is easily machined to loose tolerances 

in readily available materials and the electronic system 

also uses standard parts. 

Those parts that it was possible to test operated as 

satisfactorily as predicted by their design. The designs 

are simple not because more sophisticated solutions were not 

conceived but because simple solutions were sought. By 

pursueing this policy it was hoped that each element of the 

machine once designed and built would then operate reliably 

without further attention. 

As far as can be ascertained the beam deflection accuracy 

will be achieved by this system but it has not been possible 

to achieve the speed of operation originally envisaged. 
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TABLE 4.1 

OPEN LOOP D.C. 
GAIN 

INPUT 
D/IPEDANCE 

OUTPUT 
BfPEDANCE 

NOISE (REFERRED 
TO INPUT) 

DRIFT (REFERRED 
TO INPUT) 

NEXUS SAl 

85 db 

100 K.Ohm 

200 ohm 

PHILBRICK P65AU S'OTO'N 

100 dB 100 dB 

200 K.ohin 

220 ohm 

15uV/0C 25uV/°V 

150 K.ohm 

220 ohm 

3 uV 2 uV 
(peak to peak) (peak to peak) 

30uv/°c 
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CHAPTER 5 THE POSITION MEASURING SYSTEM 

5.1 Introduction 

In Chapter 1 the need for an electron beam machine 

with an effective scan of several centimetres and beam 

positioning accuracy of 1 pm was discussed. While a 

normally focused electron beam has a resolution of better 

than 1 pn it suffers the disadvantage that the scan is 

limited to about 1 mm. It was noted that the simplest 

method of maintaining the resolution and increasing the 

range of scan was to use a precision mechanical stage. 

The accurate positioning of the mechanical stage presents 

difficulties. It was decided to use a table and positioning 

system as precise as possible and to use in conjunction with 

this an accurate position measuring system. The measuring 

system would then measure the table position error and feed 

this as a correction signal to the beam deflection system. 

In Chapter 1 no particular type of position measuring system 

was specified. This chapter deals ̂ vith the choice of system , 

its development and operation for the present application. 

Suppose a body has one translational degree of freedom 

with respect to some fixed axis. Two things must basically 

be done before the displacement of the body can be measured. 

Firstly a length reference must be established along the 

direction of the translational degree of freedom. Secondly 

some method of locating the body along the length reference 

is required. 

/l 1 A ̂  



If one were to fix a rule as the length reference and 

to fix a pointer to the body, a measuring system would have 

been constructed. A moderately sophisticated version of 

this simple system, using a projection microscope, has been 

used (Ref. 5-1) in a machine having a similar purpose. This 

resulted in a measurement accuracy of better than 1 jjm. 

The disadvantage of a rule and pointer, or similar, 

system is that an operator is required to read the pointer 

which makes the system non-automatic. An alternative length 

reference could be a ruled optical grating. A slightly 

inclined grating attached to the body produces Moire fringes 

and by monitoring these fringes with photoelectric cells 

an electrical output proportional to the displacement can be 

obtained. This is a system with a physical length reference 

and an electrical readout. A system using an optical length 

reference and electrical readout could use coherent light from 

a LASER in some sort of interferometric arrangement. Both 

of these systems have a resolution limited to about the 

wavelength of the light used. The LASER interferometer 

method suffered the added disadvantage of being unobtainable 

commercially at the time of commencement of this project. 

To have built a LASER would have been a project in itself. 

The only alternative left was to use some physical length 

reference with an electrical reading device. The dependence 

of the capacitance of two parallel plates on their mutual 

separation had for some time been used to measure small 

displacements. Attention was confined to extensions of this 

method and two reported systems showed promise. Ctiv"* 



One system used a normal lead screvr as a reference. The thread 

of a nut made from a non-conducting material vras coated with a 

conducting film. Parting the conducting layer at the root and crest of 

the thread produced two isolated helical conductors. This nut placed 

on a lead screw with a few thousandth of an inch clearance formed the 

position sensor. With the nut placed symmetrically on the lead screw 

the capacitance between each conducting helix and the lead screw would 

be the same. In the system described by Royston and Cox (Ref.5.2) 

the two capacitances formed two arms of a resistance capacitance bridge. 

The carriage which was rigidly attached to the electrostatic nut,was 

positioned by an ordinary nut operating on the lead screw. Additional 

fine adjustment of position was achieved by a magnetostrictive transducer. 

Closed loop feedback involving the electrostatic nut, bridge, signal 

converter and magnetostrictive transducers was employed. In effect 

the system eliminated backlash and allowed a positioning accuracy of 

the order of one microinch ( _J_ of a micron). Were such a system to 
4 0 

be used with an electron beam machine the last stage could be replaced 

by an open loop connection applied to the beam deflection system. 

The second system used the same basic principle of capacitive 

coupling in a slightly different way. Known as the Helixyn (1), this 

device is the basic measuring element in several existing numerically 

controlled machine tools. One fixed cylindrical element, carrying a 

three start helical mnding, forms the reference part of the device. A 

shorter co-axial sleeve with a 4 start winding is attached to the 

(1) Manufactured by Associated Electrical Industries Ltd. 
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carriage or platform. Voltages are used to excite the 

sleeve such, that the voltage picked up by the bar windings 

varies cyclically, with a period equivalent to the winding 

lead, as the sleeve is moved along the bar. This is the 

more flexible of the two devices. Since help in the form of 

drawings and advice was offered by A.E.I . it was decided to 

build a Kelixyn to measure the position of the mechanical 

stage of the electron beam machine. 

5.2 The Helixyn 

The basis of the bar is a cylindrical steel core. A 

uniform glass fibre sheath is formed on this core and is ground 

to a precise cylindrical surface coaxial with the steel core. 

Following this a three start screw thread with a lead of I nm 

is ground into the surface. Into this three start thread are 

wound three copper wires with an epoxy resin used as an adhesive. 

When the resin has set the wires are ground back to approximately 

half their diameter to leave a smooth cyclindrical surface into 

which are embedded three conductors. 

The sleeve part of the Helixyn is made in the following 

manner. A ground cylindrical mandril of greater diameter 

than the finished bar has a four start ̂  mm lead thread 

cut into its surface. After the mandril has been treated with 

a release agent four copper wires are wound into the four start 

thread. T̂ m halves of a longtitudinally split glass fibre sheath 

are then fixed to the wire on the mandril using an epoxy adhesive. 

The two halves of the sheath are bound using glass fibre tape 

impregnated with eppxy resin. When the resin has set the steel 



mandril is unscrewed leaving the four start conductor pattern 

on the inside surface of the cylindrical sleeve. WTaen the 

sleeve is fitted over the bar there is a clearance of .004 

inch between the surface of the bar and the inside of the sleeve. 

Alternate windings on the sleeve are coupled in pairs and 

driven symmetrically from earth by transformers. One winding 

of the bar is earthed. The remaining two sample.the field 

along the sleeve and give an output, by means of a transformer, 

which is an indication of the relative positions of bar and sleeve. 

These structural details are illustrated on Fig.5,1 and Fig.5.2. 

To understand how the device works let a few specific 

cases be considered. Let the voltage applied across the sleeve 

windings be % and Vg respectively as shown on Fig.5.3.. 

Suppose initially that is a non-zero A.C.voltage and that 

Vb is zero. The resultant electrical intensity along the 

sleeve ivill vary approximately as shown in Fig.5,3. No 

assumption need be made about the exact form of the field 

but its symmetry and periodicity are reasonably assumed. 

There will be zero output from the bar when its two sensing 

windings are disposed symmetrically about either a maximum 

or a minimum of the electric field. These two null positions 

can be distinguished by the change of phase exhibited by 

moving the bar through them. Considering the input to the 

sleeve transformer as a reference, at one of these positions 

the output from the bar winding changes in phase from 0° to 

1S0° and at the other position from lSO° to 0° as the bar 

is traversed in the same direction through the tivo positions. 

/1 o I'S ̂  
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Consider next the case when Vg is a non-zero A..C.Voltage 

and is zero. IXvo more sets of nulls, distinguished by 

phase, will occur one quarter of a cycle away from the first 

set. By using values of Va ̂ nd Vr of zero and of a fixed 

amplitude either in phase or out of phase with the reference, 

and by selecting only one of the two null positions, 8 positions 

can be specified within a cycle. This is illustrated in the 

graph of Fig.5-4 the abscissa of which is the displacement of 

the sleeve necessary to achieve a null with the voltages Va 

and Vb as described by the ordinate. If one postulates a 

'black box' representation of the bar and sleeve combination 

with the two voltages as inputs and with the sleeve displacement 

to achieve a null is an output, then Fig.5-4 can be considered 

as the transfer function of the 'black box'. 

It is possible to postulate another 'black box' as in 

Fig.5.5 with an input variable x and outputs:-

V a = c o s . x sin w i t 

V3 = sin.x sinxut 

where ty is the angular frequency of the A.C.signals. This 

is a resolver.Combining the two 'black boxes' gives a linear 

relationship between the input variable x and the null position 

of the Helixyn at the eight discrete positions considered. It 

can be shown that the relationship is valid at any position 

(Ref.5.3)- The Helixyn and resolver combination therefore form 

a position transducer because the output position is directly 

related to the input variable when the bar output is zero. . The 

Helixyn and resolver become part of an automatic position 

transducer when feedback is used, as in Fig.5.6 to reduce 
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the bar output to zero. 

5.3 General Considerations for a Kelixyn System 

The system envisaged for the electron beam machine 

had only discrete large movements of position after comparatively 

long intervals of time. The position error was only required 

to be availableJ as an equivalent electrical signal, after 

the move had been completed. Therefore a fairly slow speed 

and hence a simple and inexpensive servo can be used to 

drive the resolver. The system must, on cominand, change the 

input variable x in such a way as to give a null output signal 

from the bar. The change in x is then an estimate of the 

final positional error. 

In Fig.5.7 the point 0 represents the original table 

position and displacement from this is represented by a 

shift along the horizontal axis. Points A, B and C on the axis 

are one Helixyn cycle apart and represent the position of 

Helixyn nulls. If the required table displacement is to 

A and a movement to A' only is achieved then operating the 

resolver servo will give a change in x proportional to A-A'. 

The Helixyn nulls will now" be at A',B' and C. The next required 

movement is from A' to B and this only reaches B". Operating 

the resolver servo produces a further change in x proportional 

to B'-B". Therefore, 

total accumulated charge = (A-A') + (B'-B") 

= A + (B — A) — B" 

(since B'-A' = B-A) 

= B-B" 

n 9.^) 
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The input variable therefore indicates the deviation 

at each position from an initially defined set of positions. 

A resolver produces output voltages whose amplitudes are 

proportional to sin x and cos x respectively, where x is the 

angular displacement of the spindle from a reference position. 

In the table positioning system, a sub-assembly had already 

been developed for producing a rotational output, see Chapter 

2 section 2.3. 

As this could be used to rotate a resolver spindle 

considerable saving in development time was effected by using 

an electromechanical resolver. Any electromechanical device 

naturally limits the speed of response of the servo in which 

it is employed. As the table positioning servo takes some seconds 

to operate, the use of a similar unit in the resolver drive of 

the error servo does not significantly degrade the overall 

operating speed of the combination. 

Perhaps the most straightforward method of producing an 

electrical signal proportional to the resolver spindle angle 

would be to use a ganged linear potentiometer. However, a 

system had already been developed for the table positioning 

servo which would count the number of motor steps taken. Also, 

a digital—to-analogue converter had already been designed, see 

Chapter 3. It was therefore decided to use these two items to 

produce an analogue output proportional to the resolver angle 

and hence proportional to the positional error. Fig.5.8 

is a schematic of the Helixyn position measuring system. 
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•5'4 Accuracy Considerations of the Mechanical Parts of the 

Helixyn System. 

The full scale Heliĵ yn as developed and used by A.E.I. 

Ltd. can, using a cycle length of 1,024 inches, interpolate 

to .001 inch. V/ith a cycle length of 0.5 mm • it should be 

possible to measure to half a micron. If the length references 

are assumed to be good, then to achieve this accuracy, the 

remainder of the system should operate with an accuracy of 

better than one part in a thousand. The control function, 

outside the dotted line on Fig.$.8, can safely be assumed 

capable of providing the correct number of steps to the motor. 

If the signal—to-noise ratio on the output line from the 

Helxxyn bar is sufficiently high then the limiting factor 

on accuracy is the overall transfer function of the combination 

of stepper motor, gearbox and resolver. This transfer function 

will now be examined. 

The output of a stepper motor is a series of discrete 

rotational positions, 48 per revolution for the motor used, 

mth a small non-cumulative uncertainty at each position. There-

fore the resolver output, even when the resolver is driven 

through a gearbox, can only assume discrete values. If a 

hunt suppressing type of control is used this means that the 

stepper motor output may be up to one step beyond a true null 

value. As the null can be approached from either direction 

the probability of the correct null being found can be 

illustrated as on Fig.5.9. 

(129) 
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The predoiTiinant defect of a gearbox is backlash and this 

can be represented graphically as in Fig.5.10. For any input 

A the output can be on either limit of backlash i.e. point 

B or B', depending on the direction of travel. Using 

graphical techniques it is possible to predict the probability 

of the angular position of the gearbox by combining the effect 

of motor step size and gearbox backlash. The result is shown 

on Fig.5.11. 

The resolver defects are more difficult to assess since 

the manufacturers are not very specific as to what they intend 

by their definition of accuracy. The pessimistic assumption 

was made that figures quoted were the value of two standard 

deviations on a normal distribution. 

Presumably some method in the theory of statistics would 

enable the probability function of the gearbox output and of 

the resolver to be combined. Here, however, a simple, but 

sound,-hand computing method was used. The gearbox output 

probability function was considered for each of a small, 

equal, range of output angles. Each small range was used to 

generate a normal distribution of the resolver output. Finally 

all these normal distributions were summed to form an 

approximation to the resolver output distribution. Initial 

investigation indicated that the resolver accuracy %vould be 

the limiting factor. Throughout the calculations, the motor 

step size and the gearbox backlash were normalised to the 

accuracy of the resolver. Fig.5-12 shows the calculated 

resolver output distribution for a motor step size equal 
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to tTO Standard deviations (S.D.) of the resolver output 

and for a gearbox backlash of one S.D, This ajid many other 

results led to the conclusions 

(1) reduction of the step size and the backlash,when 

normalised, below 2 S.D. of resolver output produces 

no significant gain in overall accuracy. 

(2) the system can measure to 0 . 5 w d t h a 70^ level of 

confidence provided that 

(a) the gearbox reduction is greater than 21:1 

(b) the gearbox backlash is less than 15 minutes of 

arc at the output. 

(c) the resolver linearity is better than 0.05̂ . 

5-4.1 Selection of Gearbox and Resolver 

It is necessary to select a gearbox and a resolver with 

the required performance. 

For a set of gears it can be shoivn that 

^ = tan 9 (ip -r + Ic) 

î̂ ere, S = circumferential backlash 

0 = pressure angle between the gear teeth 

Ip = cumulative tolerance on the pinion 

Iw = cumulative tolerance on the wheel 

Ic = tolerance on centres. 

For "admiralty class 2" gears these quantities are specified 

as:-

0 = 2 0 ° 

Ip= less than 0.001 inch 

Î = less than 0.001 inch 

Ic = less than 0.0001 inch ("'3'') 



This results in a circumferential backlash of 0.0017 

inch. 

For a train of gears assembled as shown on Fig.5,13, on 

wnich ri is the radius of the wheel and is the reduction 

ratio, it is readily shotm that:-

maxiraum angular backlash at output = ( 1 + 1) 1 

RN rj_ 

The variation of angular backlash with reduction ratio 

for various sets of gears can be calculated from tlis expression. 

Fig.5.14 is a graph of angular backlash in minutes of arc 

plotted against the overall reduction of a gear train. The 

hatched area on the graph represents a performance in backlash 

and reduction better than the requirement postulated at the 

end of section 5,4. Thus two pairs of gears each having a 

reduction racio of 8:1 easily satisfy the requirement. 

Resolvers with accuracies better than 0.05% are available 

buc tne price of these components is many hundreds of pounds. 

If purchased sucn items would have constituted a disproportionately 

large part of the equipment cost. Fortunately, the price 

reduces abruptly as the accuracy requirements are relaxed and 

it was decided to initially use low accuracy resolvers having 

physical dimensions similar to the high accuracy types which could 

be substituted at a later date if it was felt that the increase 

. accuracy warranted the high cost. Those used in the project 

(2) have an accuracy of 1.5% and cost £14 each, they were felt 

to offer the best price/accuracy compromise. 

(2) Saki S.C.B.8O 

(134) 
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fig.5.15 is a photograph of the items of equipment the 

combined t r a n s f e r f u n c t i o n of which has been cons ide red . The 

gearbox i s t he massive element i n the lower p a r t of the photograph. 

The smal l e r r e s o l v e r and the y e t sma l l e r s t eppe r motor a r e 

mounted on top of the gearbox. 

5-5 The E l e c t r o n i c P a r t s of the Helixvn 

V/hen considering the accuracy of the mechanical parts of 

t h e system r e f e r e n c e was made t o F i g . 5 . 8 and i t was s t a t e d t h a t 

t he p a r t s of t h e system o u t s i d e of t h e do t t ed l i n e on t h a t 

figure made no significant contribution to the system e r r o r s . 

For the purely digital part this is so. This part is deal t 

with in Appendix B. The remainder of the system is described 

in this section. 

As the Helixyn null voltage passes through a minimum in 

ampli tude i t changes phase . I d e a l l y , t h i s i s an abrup t change 

from e n t i r e l y in phase with the reference s igna l to entirely 

an t i phase wi th the r e f e r e n c e s i g n a l . The proposed,and c o n s t r u c t e d , 

system works on t h e d e t e c t i o n of t h i s change of phase . 

A phase detector can be represented as a 'box' with two 

i n p u t s , t h e s e being s i n u s o i d a l v o l t a g e s , and one ou tpu t which i s 

some function of the phase relationship between the two inputs. 

Tnis IS shown on Fig.5.16. The func t ion o r i g i n a l l y decided on 

was t h e s imples t p o s s i b l e . The output should have one va lue when 

the inputs were in phase and mother ivhen they were out of phase. 

The output was to be undefined f o r all o ther states. As sho:vn 

in the schematic of Fig.5.17, a m p l i f i c a t i o n of the null s i g n a l 

to a level at which clipping produces a square wave inverted in 
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phase with the null signal, is accomplished b y a high gain 

amplifier. Rather less gain serves to produce a square wave 

that is inverted in phase with the reference signal. These two 

square waves are then fed to a coincidence circuit which 

produces a '1' output if the square waves are in phase and a '0' 

output if they are out of phase. This circuit is the 

'exclusive or' function. 

There are two other pieces of non-digital electronics 

associated with the Helijcyn servo. One is concerned with the 

excitation of the resolver and the second with the output of 

the resolver. A simple bridged - T single amplifier oscillator 

was used to provide the audio frequency excitation for the 

resolver. As two anti-phase inputs were required for the 

resolver, a unity gain inverting stage was also used. The 

resolver must not be loaded if it is to function correctly. 

To buffer the resolver outputs four 'bootstrap''followers were 

used, one for each of the sine and cosine outputs of each 

resolver. 

The system was designed using Motorola integrated operational 

amplifiers, Nexus discrete encapsulated amplifiers and Fairchild 

resistor-transistor micrologic all mounted on standard veroboard 

cards. The desired functions were realised. The circuits are 

shown on Figs.5.18 and 5.19. 

5.6 The Performance of the Helixyn 

A correctly excited resolver, buffers, the Helixyn bar and 

sleeve and input and output transformers together comprise the 

minimum parts required to form a measuring system. 

n "Zo") 
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This part of the system was assembled on a separate 

breadboard with the Helixyn mounted on the strip hinge table. 

Since the table applies a small restoring force when deflected, 

the micrometer drive was, always pressed against one extreme 

of backlash, so for the initial tests the micrometer was used 

as a length reference. The resolver had a protractor scale 

clamped to the spindle. The resolver W3s set to 0° and 

incremented in 10° steps. At each setting the micrometer 

was adjusted to alter the position of the sleeve until 

a minimum output voltage was observed using an oscilloscope 

to monitor the Helixyn output transformer voltage. The 

micrometer reading was then recorded. 

Fig.5.20 is a graph of the resolver angle against the 

micrometer reading. As can be seen there is no systematic 

error and the maximum deviation from the desired output is 

3 pm which is within the limits of accuracy to be expected 

considering the resolver inaccuracies and experimental errors. 

From this test the Relixyn and equipment closely associated 

with it can be considered to act as a reasonable displacement 

measuring system. 

Certain points arose from this and similar tests. The 

most important was that the phase change at the null was not 

as ideally abrupt as was initially supposed. The phase change 

from 20° to 160^ occupied 25 of travel. However, the 

detection circuits produce an output whose pulse width is 

directly proportional to the phase difference between the two 

signals. A simple pulse width demodulator and a level detector 

will serve to detect a particular phase relationship, say 
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90°, and treat this as a null. 

The resolver limits the accuracy to about 1^. The previous 

test shows that using simple methods it is possible to test 

the Helixyn part of the displacement measuring system to about 

that order of accuracy. So as far as the complete system 

operation is concerned it is sufficient to show that automatic 

operation of the Helixyii does not further degrade the performance 

of the system. %ach sub-assembly of the automatic system was 

tested and operated correctly. Lack of time to build a pulse 

width demodulator prevented the loop being closed for correct 

automatic operation. 

5.7 Conclusion 

The Helixyn was used in this application because as an 

electrostatic system its accuracy was not limited by the 

wavelength of light. It was selected in preference to other 

electrostatic systems because its originators were generous 

with manufacturing information enabling development problems to 

be largely eliminated to produce a machine capable of measuring 

to 0.5 micron. 

In retrospect, neither advantage of the Helixyn was real. 

The information given by A.E.I, saved a lot of trouble but 

there were still enough problems reomining, concerned with the . 

construction of the device, to cause long delays. Financial 

prudence dictated that the accuracy of certain ancillary 

equipment had to be limited. This led to the device accuracy 

being limited to + Ijjn (approximately). 



It v/as not apparent at the outset that cost would 

effectively limit the accuracy of the completed device. 

If it had been apparent, a more realistic approach could 

have been adopted. J.foire fringe techniques were established 

at the time this work v/as embarked upon. Here the lejigth 

reference is readily and cheaply available. Also the 

electronic circuitry is almost entirely digital, which is an 

asset. 

The Helixyn was adapted to the machine as described 

in this chapter and operates with approximately the required 

degree of accuracy. To exploit the reserve in measuring 

accuracy which the Helixyn inherently possesses would require 

further investment of money and time in the control, excitation 

and monitoring system for the device. It is worthy of note, 

however,that the present system interpolates to approximately 

the same relative resolution, within a cycle, as the parent 

device. 

( 1 4 4 ) 
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^ CHAPTER 6 CONCLUSIONS 

6.1 Conclusion on this nnrticular machine 

The work described in this thesis has been concerned 

with the development of various sub—systems which were 

envisaged as component parts of a complete machine. The 

machine was intended to be a tool to be used in the fabrication 

of microcircuits. These sub—systems were, a precision 

mechanical movement, a displacement detector, a current drive 

to feed an electron beam deflection system and a digital-to-

analogue converter. All sub-systems were developed to perform 

at or near their desired accuracies. The amount of time and 

effort expended in bringing these sub-assemblies to the 

required performance precluded their assembly into a whole 

system and therefore any testing as an entire machine. 

The precision table, of unusual though not original 

design, has a performance comparable with tables of different 

design, but of similar purpose, built elsewhere. Of all the 

forms of mechanical movement capable of achieving the 

accuracies sought, the strip hinge table has the least 

stringent manufacturing requirements. This is its major, and 

very real advantage. The drawbacks of this form of movement 

are its limited travel and its bulk. The method used to 

position the table is felt to be basically correct. The 

use of stepper motors has enabled,in practice, a simple and 

reliable table positioning system to be developed. Any 



conceivable alterna.tive would include some fom of position 

feedoack and involve a considerably longer development time. 

Tne position measuring system̂  a. reduced scale version 

of an instrument already developed, measured the displacement 

of the table with the desired accuracy. The system is 

comparable wich most other systems that could have been used 

but does not offer any particular advantage to recommend its 

use in this machine. In practice, the advantage of this 

system was che very generous attitude of the manufacturers 

concerning the details of constructions and methods of 

fabrication. The recent commercial availability of small 

LASERS has made an interferometric device a more attractive 

method of measuring the table position. Although this method 

has some technical advantages the main merit is the ease of 

implementing such a system. This stems from the length 

reference being the wavelength of lights a very stable standard, 

and not a mechanical measure whose precision is dependent 

upon environment and might be difficult to standardise. The 

design of the control portion of the constructed system, being 

digital, is thought to be unique. This arises from the 

attempt to use as many common elements as possible in the 

table positioning system and in the measuring system. 

The experience gained and the results obtained in 

constructing a 6 binary bit digital—to—analogue converter 

indicate that a 10 bit converter, with an accuracy of greater 

i.ho.n 0.1^ can be built using readily available components and 

techniques. The use of purpose designed semiconductor 



devices and nev/ techniques for fabricating passive components 

VvTDvild enable a 12 bit digital—to—analogue converter to be 

built with confidence that the least bit v/ill still be 

significant. 

The current drive method described in Chapter 2 allows 

fairly large currents to be defined subject to the limitation 

of the tolerance and stability of the passive components. 

The performance of the total, beam deflection system remains 

untested. It is felt that the mechanical stability of the 

electron gun column ivill be the limiting factor in the 

overall performance of the system. 

6.2 General Conclusion 

The originality of any machine is in the integration of 

old ideas and component parts into new configurations for 

new purposes. Naturally if one exhausts the available 

resources in merely collecting and testing the component 

parts then the new configuration remains an enigma and the 

originality remains dormant as happened here. The magnitude 

of the task of obtaining working component parts was much 

largej. tnan anticipated. There is nothing unchallenging in 

making component parts operate correctly. In itself it is 

a worthwhile and necessary aim. However if the aim of a 

project is the completion of a machine than time spent on the 

components is time wasted. That the machine was not completed 

in no way invalidates the need for it or the idea that such 

a machine can be built in a University. 

(148) 



Hindsight is not highly regarded today. However to 

be useful; experience needs to be examined and interpreted. 

Using hindsight it is possible to see that the original 

defect of the project was optimism. Optimism is necessary, 

in that without it most large problems would not be tackled . 

Over-optimism leads inevitably to objectives remaining 

unaccomplished but even under these circumstances effort 

expended often leads to the acquistion of knowledge . and 

skills valuable in themselves. 

Of the work described here tv/o areas absorbed a very 

large part of the resources, the precision table and the 

position measuring system. This work was required because 

the tacit assumption was made that the machine would 

directly effect the microcircuit at its final size. This 

very natural assumption stems from the fact that all previous 

electron beam machines (thin film circuit fabricators) had 

done this and that electron beams are theoretically capable 

of higher resolution than that contemplated here. 

It was for a machine of the form described in this 

thesis that support was canvassed and obtained. To have changed 

objectives, having finally received support would have been a 

breach of contract, a step both unethical and imprudent. 

Examining the progress of the project indicates that the 

original aims would have been better served by a different 

form of machine. 

( 1 4 9 ) 



i\n electron beam has for this application two assets, 

its high resolution and its ease of control. In addition to 

considering the intrinsic properties of an electron beam, 

one must consider the application for which it is to be used. 

Had the resolution limits of the photolithographic process 

been accepted as reasonable then the important feature of 

the electron beam would have been its ease of control. All 

masks are presently made larger" than final size and 

photographically reduced. Existing mechanical movements and 

positioning devices perform sufficiently well to better the 

relaxed stepping requirement if the beam were to expose a 

pattern at 10 times final size. Under these circumstances 

it would not have been necessary to use a precision table or 

measuring system. The effort and money saved could have been 

used to bring a different machine nearer to completion. 

The tvork described here needs to be rounded off by 

connecting those parts already built into a complete machine 

and making a pattern on a substrate. One is tempted to say 

that only trivial tasks remain but if that were the case 

they would have been performed. Several man̂  months of work 

would be required to produce a test pattern even without trying 

to use the translator as an input. If the present machine is 

to be used as a mask fabricator it is the author's opinion 

that the best line of development \TOuld be to make a mask 

( 1 5 0 ) 



at 10 times final size. The existing table drive system 

could be harnessed to a simpler table with a larger movement 

and the existing translator could be used to feed, information 

to it. 

Such a system would reduce mask making time and could be 

the prototype of a useful, commercially viable, machine. 



APPENDIX A THE DETAILED DESIGN OF THE TABLE 

POSITIONING SYSTENf 

A.l Introduction 

This appendix deals with the detailed design of the table 

position control system. Mready, in chapter 2, the basic 

design of the system has been described. There the reasons 

for using stepper motors and the factors that decided the 

basic configuration of the system were explained. The conclusions 

of chapter 2 are restated here to provide a starting point for 

the detailed design. 

The rotational output position of a stepper motor shaft 

is directly related to the number of pulses applied to the, 

drive circuits of the motor. The direction of rotation is 

controlled by an auxiliary input signal. These two signals are 

also applied to a counter, the output of which is an indication 

of the actual rotational output of the stepper motor. The 

required output is stored as a binary number. V.'hen the counter 

achieves parity with the stored binary number, no further pulses 

are applied to the motor drive circuits and counter. At this 

time the mouor output shaft has achieved the required angular 

output and hence the table, driven by micrometer screws, has 

moved to the required position. 

it was snoim in Chapter 2 that the elements necessary 

in such a system are:-



va) a store for the required output.position. 

i.b) a counter for the storage of achieved output position. 

(c) a comparator of the required and achieved outputs. 

(d) a 'translator' to convert the received motor drive pulse 

inco those changes of motor winding currents necessary 

to move the motor output shaft through one step. 

v/as also stated that the design would be simpler 

if the control function of the system was considered to be an 

element and not distributed amongst the other elements. Fig.A.l. 

is a repeat of Pig.2.19 and shows how the above elements 

are connected to form the required system. 

ihe sequence in which the elements are described in this 

appendix is arbitrary except that the control function, which is 

largely defined by the outputs provided and the inputs required 

by the other elements, will be described at the end. Although 

• in ohe final system the digital number store for the required 

position may in fact be the output register of the input data 

decoder, in the system so far constructed this store is simply 

a set of two-position switches. There are no particular 

features of interest in the bank of switches and no further 

description of this store is required here. 

rhrougnout this and the following appendix- Boolean 

algeora, truuh tables and Veitch maps will be used to describe 

the digital systems. 
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A.2 The Translator 

Tne internal construction of a stepper motor and the 

analysis of its detailed operation are interesting subjects 

in their own right. However, they have no importance 

whatsoever in the synthesis of the drive circuits. What is 

of interest however, is the voltage and current levels needed 

for a particular restoring torque and the sequence in which 

these levels need to he applied to make the motor shaft rotate. 

The motors used have bifilar windings,, each bifilar oair 

being associated with one set of pole faces (one of the 

unimportant details). V.'hen the motor is wired to a switch as 

shov/n in Fig. A. 2 the motor will rotate in the directions 

indicated below when the switches are operated in the sequences 

shown. 

cloclwise rotation Sua S1V2 
1st position 0 0 
2nd position 0 1 
3rd position 1 1 
4th position 1 0 
5th position 0 0 

counter clockwise rotation sra S\V2 
1st position 0 0 
2nd position 1 0 
3rd position 1 1 
4th position 0 1 
5th position 0 0 

( A . 4 ) 
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The in fo rmat ion p resen ted above w i l l now be w r i t t e n i n a 

more compact and convenient form. Re fe r r i ng to F ig .A.2 , l e t a 

v a r i a b l e A t ake tJie value '0' when the switch S.V/.X is in 

p o s i t i o n (0) and t ake the va lue ' 1 ' when S.W.I i s in the 

p o s i t i o n (1 ) . Also l e t B be s i m i l a r l y de f ined f o r t h e o t h e r 

winding. Defining then a variable S with value '1' for a 

clockwise r o t a t i o n and 'O' f o r a counterc lockwise r o t a t i o n , an 

a p p l i c a t i o n t a b l e can be drawn. The column S, as shown below, 

i n d i c a t e s t h e d e s i r e d d i r e c t i o n of r o t a t i o n while the columns 

An and d e s c r i b e the p r e s e n t s t a t e of e x c i t a t i o n of t h e 

windings. Columns A^+i and %+! describe the next state the 

windings need to assume i n o r d e r t o o b t a i n one s t e p i n the 

d i r e c t i o n of r o t a t i o n noted i n column S. The t r u t h t a b l e i s : _ 

S An Bn A^+j %+l 

0 0 0 1 0 

0 0 1 0 0 

0 1 0 1 1 

0 1 1 0 1 

1 0 0 0 1 

1 0 1 1 1 

1 1 0 0 .0 

1 1 1 1 0 

The two ha lves of each b i f i l a r winding a r e never exc i t ed 

LOgether. They a r e , in Boolean terms, t h e nega t ion of each 

o t h e r . The s t a t e of the windings needs to be s to red and the 

a v a i l a b l e s t o r age element i s a J _ K f l i p f l o p . The Q and 

Q (Q negated) ou tpu t s w i l l i n d i c a t e t h e d e s i r e d s t a t e of the two 

h a l v e s of each winding p a i r and the J - K f l i p f l o p w i l l be 

clocked by t h e motor d r i v e p u l s e s . I t i s necessa ry to determine 



i-ne functions to be applied to the J and K terminals of the 

two flip flops to realise the above truth table. .-Uso 

Q-iscrete component circuits must be designed to convert the 

logic levels ac the output of the flip flop (0 volts and +3.6 

volts) to the voltages required to drive the motors. 

In the positive lOgic used in this design the truth table 

for the J - K flip flop used is:-

J K On + 1 

0 0 

0 1 0 

1 0 1 

1 1 Qn ' 

Here the suffixes (n) and (n + l) refer to the value of 

ohe variable ̂  the flip flop output, in the time interval 

before and after a motor drive pulse. The variable + i 

can only be a function of S, An and Bn. These four columns 

of the original truth table are rewritten below. A fifth 

and sixth column labelled J and K have been added. For each 

row the J and K columns are entered such that if they were the 

J ana K inputs of the A flip flop the relationship between A^ 

and An + 1, for that row, would be true. \\'here J or K could 

be either a '1' or a '0' an X is placed in the table. 

The truth table is thus:-



s 
• ^ An-f-i Ja '"a 

0 0 0 1 A 0 
0 0 1 0 X 1 
0 1 0 1 1 X 
0 1 1 0 0 X 
1 0 0 0 X 1 
1 0 1 1 X 0 
1 1 0 0 0 X 
1 1 1 1 1 X 

From this table the most economic rea! 

and K i n p u t f u n c t i o n s a re found. This i s done by drawing J and 

K as Veitch map functions of S, and Bn. 

Now may be r ep resen ted by:-

0 1 X X 

1 0 X X 

Bn 

and . by:-

A n 

X X p 1 

X X 1 0 

B n 

The minimum r e a l i s a t i o n of J a i s thus given by: 

J A = S.n + S.B. • • 



xhis IS achieved by filling in the undefined terms on the 

Veitch map in the most expedient manner and yields a completed 

Veitch map as shorn below:-

An 

S 0 1 1 0 

1 0 0 1 

Referring to the Veitch map for it is obvious that 

can be defined by, 

= JA a.2 

The equations defining the inputs J and K of flip flop 

B can be found in a similar manner. The original truth table 

contains entries for S, An , Bn. and Bn+l- The entries for 

Jg and Kg are filled to realise the relationship between 

and Bn+1 for each row. The Veitch maps are drawn for Jd in 

terms of S, An and Bn and also for Kb in terms S, An a n d Bn . 

This truth table and the se maps are shown 

S An Bn Bn+1 J K 

0 0 0 0 X 1 

0 0 1 0 0 X 

0 1 0 1 X 0 

0 1 1 1 1 X 

1 0 0 1 X 0 

1 0 1 1 1 X 

1 1 0 0 X 1 

1 1 1 0 0 X 

The Veitch map fo: r JB is: 

An 
S X 0 1 X 

X 1 0 X 

f i n \ 



The Veitch map for Kq is:-

Ar 'n 

S I X X 0 

0 X X 1 

Bn 

Choosing the undefined terms to yield an economical 

realisation of again the negation of JB serves as a 

realistion for Kj). Hence 

Jn = S.A + S.A A.3 

KB JQ: A.4 

With this design the output shaft of the stepper motor 

\\d.ll rotate at a rate of one step per motor drive pulse in a 

direction controlled by the state of the input variable S. 

The design of the interface circuit controlled by the signal 

levels 0 volts and +3.6 volts, will now be considered. The +15 

volts drive supply was selected for this circuit because it was 

available in the system and quite adequate for this purpose. 

The simplest possible circuit to drive the motor would be a 

single transistor used in the common emitter mode with the motor 

winding as a collector load. However, to avoid the large transient 

voltages associated with switching currents through an inductive 

load, a Miller integrator stage was added . The base of the 

output transistor was current driven to avoid thermal runaway 

proolems. Worst case tolerancing was used for these circuits. 

Sixteen of the circuits shown on Fig.A.3 were built and each 

operated satisfactorily without initial adjustment and without 

subsequent failure. - fi, 



Fig.A.4 is a schematic of the overall realisation'of the 

logic equations and shows where the discrete motor winding 

drive circuits are connected. 

A.3 The Design of the Bidirectional Binary Counter 

In this section the design of the counter is considered. 

The need for this part of the system is explained in chapter 2 

and in the introduction to this appendix. The counter iŝ  in 

fact, an accusRilator, the contents of which represent the current 

position of the table. The counter is required to increase its 

content by one \Aen a motor drive pulse occurs while the 

variable S has a value of '1'. The contents will be decreased 

by one when a motor drive pulse occurs if the variable S has 

a value of '0'. There are two important restrictions on the 

inputs that ease the design problem considerably. Firstly, the 

direction of the count is always Itnown before the count commences 

and secondly the direction of the count does not change at any-

time during a count. 

The available memory elements were J - K flip flops, one 

of which was used for each bit of the counter. It was decided 

to build a synchronous counter because these are easier to 

synthesise. In the adopted design the J and K terminals of 

the flip flop are tied together. If the new, combined input 

gate is called F the truth table for the modified flip flop becomes 

F Qn + 1 

0 Qn 

1 Q 

(A.ll) 
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The first step in the design is to write down an 

application truth table indicating the states of adjacent 

elements after successive clock pulses. This has been done 

for four bits of the counter and for an increasing total 

in the table: shown below. 

- original state 

- after first motor drive pulse 

- after second motor drive pulse 

- after third motor drive pulse 

A B c D 

0 0 0 0 

1 0 0 0 

0 1 0 0 

1 1 0 0 

0 0 1 0 

1 0 1 0 

0 1 1 0 

1 1 1 0 

0 0 0 1 

1 0 0 

0 1 

From this application table it is seen that a state change 

in any column is determined only by the states of the columns 

to the left of the considered column. With the aid of this table, 

the following functions for the control input F for each 

flip flop are readily written dovm. 

Fa = 1 A. 5 

F]3 = A A. 6 

Fc = A.B. A. 7 

Fd = A.B.C. A.8 

Simplifying; this becomes 

= 1 A.9 

Fg — A.F^ A.10 

Fq = B.Fg A.11 

Pi) = C.Tq A. 11 



In the general case this is:-

F p + 1 = Qp F p A . 1 3 

Here the suffix refers not to a time interval but to a 

position on the counter. A similar exercise can be performed 

on the truth table generated for a decreasing accumulated 

uOcal. This yields 

i'P+1 = Qp "p A. 14 

For a bidirectional accumulating counter the input to the 

control gate F of each stage becomes:— 

^ P + 1 ^ P Qp S + Fp Qp S A. 15 

or Fp+i = Fp Qp S + Fp Qp S A.16 

Fig.A.5 shows the logic connections for two of the middle 

stages of the counter, and also shows the overall reset line. The 

particular realisation differs from the bidirectional binary 

counter recommended in the Fairchild application handbook in that 

it minimises cost and not power consumption. 

A-4 The Design of the Comparator 

As explained, at the eno. of chapter 2 and the beginning of 

this appendix, the comparator is required to indicate the 

relationship between the contacts of the accumulating counter 

ano. vhe digital input store. Two output signals are reouired 

from the comparator, one to indicate if the input number and the 

counter total are equal and the other to indicate which of the two 

numbers has the larger magnitude when they are unequal. 

(A.Id) 
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On comparing two corresponding bits of the tv;o numbers there 

are tnree possibilities and these may be defined in terras of 

the following logic equations where and represent the two 

binary bits. 

> then 1^8^ + ArBy = 1 A.17 

"r ; then = 1 A.lS 

r̂ ' then = 1 A.19 

The cotal numoers are computed by comparing corresponding 

pairs of bits in turn, starting with the most significant bits 

and moving sequentially through the less significant bits. The 

condition for overall parity, or equivalence, is quite readily 

written down as: — 

P = (A1.B1+ Ai.Bi) (A2.B2 + A2.B2)(A3.B3+ A2.B2) ( } . 20 

Pi 

P2 

P3 

Here • the increasing number in the suffix indicates 

decreasing weight of the digit. The brackets under the 

equation indicate the parity condition for all the bits 

within the bracket. P4 being '1' will indicate that all 

bit pairs from the most significant to three orders below 

are equal. 

(A.16) 



Tne ouuput which indicates the larger magnitude is not 

so readily obtained. Suppose corresponding pairs of bits 

are compared sequentially, starting at the most significant 

bit. If parity occurs for all pairs of higher order than the 

pair (Â  , ) then the number A has a larger magnitude than 

number B if Apj ̂  . Further comparison of lower order pairs 

is unnecessary. Logically, this may be expressed as:-

S = Ai.Bi + P1.A2.B2 + P2.A3B3 + P3.A4.B4 A21 

When S is 'o', A B, and when S is a A B. The equation for 

'S' lends itself either to serial or parallel realisations both' 

Oi. whicn employ approximately the some number of gates. An 

arbitrary decision was taken and the parallel realisation was 

used. The expression for S explicitly contains Pi , p 2, P3 etc. 

and this forces the realisation of P to be serial so that 

1̂ ; P? J Gtc. are available. 

rig.A.6 shows an intermediate stage of the comparator logic 

together with the output stage. 

^•5 The Design of the Control Function 

ihe separate identification of this part of the system is 

somewhat artificial; it could, alternatively, have been considered 

as the output section of the comparator or the input section 

of the translator. However, considering it as a separate block 

simplified the design process. The inputs to the block are 

the output to the comparator, namely the direction and parity 

signals, and a signal from a push button. The outputs are a 

direction signal and a gated train of pKlses which are used to 

drive the stepper motor translator circuits and the 

bidirectional counter. 
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li'-henever an asynchronous signal from a mechanical switch 

18 used in a synchronous circuit there are two almost inevitable 

complications. Firstly contact bounce can cause spurious pulses. 

This is overcome by using resistive - capacitive charging 

networks near the switch. Secondly there is the untimed entry 

of information. In the present design this problem is 

overcome by re-generating a synchronous signal from the 

unsynchronised one. The sigial 'gq', is the asynchronous 

signal and 'g02' is the synchronous modification of it. 

The simplest method of synthesising a control function is 

to firstly define the signals into and out of the block by a 

timing diagram. In Figs. A.7 and A.8 are shown the timing 

diagrams for the beginning and end of a sequence. These 

relationships are not usually completely defined by the 

remainder of the system and the exact waveform used is to 

some extent an arbitrary choice. 

From one diagrams it can be seen that the signal 'g02' is 

a function of the signals 'goi: and 'parity'. As tg02' is a 

synchronous signal it must be the output of a clocked memoiy 

element which for all these designs is the J - K flip flop. It 

is necessary to find the J and K input functions which will yield 

tne required 'go?' signal. This procedure is similar to that 

described in section A.l of this appendix. An application truth 

table IS drawn up with column for 'gô ', 'parity' and 'g02' 

ihe timing diagrams are then consulted and entries for each row 

in a lourth column are made with the value of 'go2' for the time 

interval after the one defined by 'goi','parity'and 'go2' for 

that row. Tko more columns, labelled J and K. are addmd. 
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I-or each row the entries are made such that, if J and K were 

the inputs of a J _ K flip flop , and 'go?' were the output 

chen the required relationship between gô ând g02(n+l )v/ould 

be true. The final stage is to evaluate from the truth table 

che relationship between J, K, 'goi' and 'parity'. The 

completed truth table is below. 

goi 'parity' gogfn) S02(n+l) J K 

0 0 0 0 1 1 

0 0 1 1 1 1 

^ 1 0 0 0 1 

0 1 1 0 0 1 

1 0 o i l 

1 0 1 1 1 
0 

0 

1 1 0 0 0 1 

1 1 1 0 0 1 

Using the Veitch map simplification technique noted earlier, 

the final equations for J and K became 

J = parity A.21 

K = parity + goj A,22 

The signals 'g02' and 'parity' are used as gating signals 

for the train of clock pulses. 

The signal S2, the stored value corresponding to the 

direction of movement, is synthesised in a similar manner. 

Being a synchronous signal it is the output of a J - K flit) flop. 

The input function for the J and K terminals that give the 

requirea S2 signal, must then be found. The application truth 

table is below: -

(A.22) 



S02 Si J K 

0 0 0 0 1 

0 1 1 1 0 

1 0 S2(n) 1 1 

^ ^ S2(n) 1 1 

It \vill be observed that,by expressing S2(n+i)in terms of 

S2(n) , the table has a more compact form. Again the Veitch 

map teclmique is used to determine the required input functions 

J and K. 

Thus J 

J = go 2 + Si A. 23 

K = g02 + Si A.24 

The logic diagram for the complete control block is given 

on Fig.A.9. This figure includes the necessary inversions from 

available inputs and sufficient buffering for the demanded output 

drive capability. 

Integrated Circuit Packaging 

There are many advantages gained by using integrated circuits 

to realise digital systems. These have been often noted before. 

Tne cost per logic function is less than the cost per logic 

function for circuits using discrete components. The chore of 

having to design a range of flip flops and gates is removed and 

loaaing problems oecome a matter of simple arithmetic. 

However unless some thought is given to the mounting of the 

integrated circuit on circuit boards and to the correct packaging 

of these boards, the cexpected advantages may not be fully 

realised. In a small scale exercise like this the qrime 
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are flexibility of design combined with the Eunimum number 

of types of standard components. Low cost of components and 

construction is also desirable. The basic packaging system 

chosen was a 19 inch rack (1) with runners for 16 printed 

circuit cards. The rack used included edge connectors and 

VMS delivered, within limits, in a form specified by the 

buyer. The printed circuit cards used (2) had 32 output 

connections through the edge connector. The cards were 

provided with a square matrix of holes on 0.1 inch centre 

v/ith the rows of those holes bussed together by copper 

conductors on one side of the board. To adapt the circular 

configuration of the leads of the T05 can micrologic to the 

square 0.1 inch matrix, plastic lead 'spreaders' were used. 

Serrated metal pins, which fit into the holes in the board 

were used to make connection between the two sides of the board. 

Twenty six T05 canned components could be comfortably 

fitted onto one board in four rows of six cans. The cans 

were mounted on the plain side of the board with the leads 

projecting through the holes where they were soldered to the 

copper strips. Pins were inserted adjacent to each lead and 

soldered in place. Each lead and pin pair were then isolated 

by removing the copper at the appropriate places. An exception 

i-o tnis procedure was used for the power supply and earth 

connections. The plastic spreaders arranged the TO5 leads 

so that all the power supply leads joined on one copper bus 

Surip and all the earth pins joined on another. These strips 

vrere left unbroken. For each circuit boards a can-side view 

(1) veroboard modular rack 



of the logic connections was prepared . These connections were 

maae v.aoh P.V.C. covered wire soldered at their ends to the 

projecting pins. All the wiring was on the can side of the board. 

The advantages of this system were the ease of construction and 

ohe ready availaoility of all the components. 

The complete system is sturdy mechanically and the inter-

connections are readily modified at any time. As far as possible 

eAch logical Mock of the digital servo occupies a single card, 

ihis was the case for the comparators and counters. For the 

control function the circuit for both co-ordinate axes were 

fitted onto one circuit card together with a clock pulse 

generator. The stepper motor translators, including the 

discrete component circuits, for both axes ivere contained on 

another single cara. A limitation of this packaging system 

was tnat tnirty two output lines per board was somewhat 

restrictive. Sixty or so would have been more suitable. Also, 

with an 'edge' triggered logic system, instead of the synchronous 

system used here, care might have to be taken to avoid crosstalk 

between the signal lines. 

A complete logic and circuit description for each circuit 

board can be given in four diagrams. First there is a complete 

logic diagram similar to those in this appendix but including 

every logic element on the board. Secondly, there is a diagram 

of the can side view of the board indicating the type of element 

in each position on the board. Thirdly, there is a diagrammatic 

view of the board showing the eight logic pins at each logic 

element position. Within the area bounded by the pins is a 

diagram of the components in the can and outside this area 



fl.re dr.iv,Ti the cictual paths taken by the connecting wires. 

A fourtn diagram is a. listing of the edge connector pins with 

the designation of the signal appearing at each of them 

together with the drive capability or load value.• These 

four diagrams (for each board) together with another three 

diagrams describing the rack wiring and the cables to the 

stepper motors describe the electrical connections of the 

complete system. 

fA.971 



APPENDIX B THE DESIGN Ol' THE HET.TXYN DIGITAL 

CONTROL. SYSTE?.!' 

B.l Introduction 

The overall description of the Helixyn control system 

is contained in Chapter 5. This description will be briefly 

repeated here to establish a basis for the discussion of 

the digital part of tne system. It will lie remembered 

that the Helixyn system measures displacement by the change 

Ol inpuu signals to the Helixyn sleeve. These input signals 

are adjusted until a 'null' is detected at the output of the 

Helixyn bar. The inputs to the Helixyn sleeve are the outputs 

from a resolver and when a 'null' is obtained from the output 

Of the bar,the resolver input represents the displacement of the 

bar with respect to the sleeve. 

Fig.5.8 is a general schematic of the Helixyn system. On 

this figure it can be seen that the electromechanical resolver 

is driven through a gearbox by a stepper motor. The motor 

is controlled by a'translator' unit identical to the type used 

in the table positioning servo. A similarly identical 

bidirectional counter is used to store the rotational position 

of the stepper motor output. A previously developed 

digital-to-analogue converter, see Chapter 3? changes the 

output from the counter into an analogue voltage level. So 

existing items provide the means to drive the resolver and the 

means to convert the resolver output into a useful form. The 

phase of the bar output signal changes as a null is passed and 



the phase of this output is monitored by circuits described 

in Chapter 5, section 5-

The subsystem described in this appendix, the control 

function, is that part of the system which is fed by the output 

from the phase detecting circuit and a command signal. The 

outputs Are those signals necessary to drive the resolver and 

counter, in a direction to produce a null, and to stop driving 

the resolver and counter, when a null is obtained. 

B.2 The Design of the Control Function 

There are two inputs to the control function and two 

outputs from it. One input is called D. This is the output 

of the phase detector circuit, and a change in D indicates that 

a null has been passed through by the Helixyn. The command 

signal termed 'go' is asynchronous and appears for a short, but 

undetermined, length of time. For the present system this 

signal is generated by a manual switch but finally it may be a 

signal from another piece of automatic equipment. An output, 

termed 'g02', is to be used to gate a train of clock pulses which 

are to be fed to the counter and motor drives. This 'go?' signal 

appears after the 'go' signal and continues until D changes its 

value. A signal D2 is to occur after the appearance of 'go' and 

is to retain the state of D at that time. This state is to be 

retained until the clock train stops and is used as a direction 

control for the counter a.nd motor drives. 

It is therefore necessary to store two liits of information; 

the value of D at the instant that 'go' appears and the fact 

that 'go' has occurred. Tivo memory elements, J - K flip flops 

are therefore required. If the output of the flip flops are (B,2) 



assigned to be 'g02' and D2 then the design process is a matter 

of deciding %vhat the inputs to the J and K terminals should be. 

driving the clock terminals of the flip flop with the train 

of clock pulses which drive the motor, the outputs 'g02' and D2 

become synchronous signals. 

The first stage of the design is to describe exactly 

the desired relationship between the inputs and outputs. This 

can be done purely in literary terms but produces a tediously 

long description. The most concise first, step is to draw a timing 

diagram of the signals required at the times under consideration, 

in this case the beginning and end of a sequence. The timing 

diagrams are Fig.B.l and Fig.B.2. From these figures it can: 

be seen that two new signals have been introduced. Their 

introduction is not a necessary step but one taken to simplify 

the design process. One of the new signals, the output of a 

monostable, indicates that 'go' has reverted to the '1' 

state but exists itself only long enough to be sure of covering 

one clock transition. The second new signal 'change', is a 

fairly obvious intermediate signal being the condition under 

which the output clock train must be stopped. The next stage 

of the design is to describe the timing diagram in terms of 

truth tables and from here, with the aid of Veitch maps, to 

obtain the final realisations of the J and K input functions. 

(B.3) 
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B.2,2 The Realisation, of 'Change' 

'Change' is an asynchronous signal. It is a function of 

D and D2 and. is described by the following truth table. 

0 D2 'change' 

0 0 0 

0 1 1 

1 0 1 

1 1 0 

This gives 

change = D2D + D D2 B.l 

B-2.3 The Realisation of 'g02' 

The output of the 'g02' J - K flip flop is a function of 

'go', 'change' and its own value during the preceding clock 

period. The value of a variable in different time intervals is 

distinguished by using a suffix. It is possible to use a truth 

table to describe the behaviour of 'g02'. From the timing 

diagram 

go change go2 (n + l) 

0 0 S02(n) 
0 1 0 
1 0 1 

1 1 X 

The first line means that in the absence of 'go' or 

'change' the 'g02' signal retains its value from the preceding 

time interval. Furthermore, the second and third lines imply 

that g02(n+l) assumes the value '1' after the presence of 

'go' and the value '0' after the presence of 'change'. By 

using the monostable output as 'go' the possibility of 'go' 



and 'chaMge' occuring together are remote. Hence the last 

entry may oe assigned as is most expedient. 

The truth table is rewritten and another two columns are 

added and labelled J and K. For each row the J and K entries 

are filled such that if they were the J and K inputs of a 

J — K flip flip tnen the relationship between g02(n + l) and 

g02(n) would be true. This table is:-

go change go2(n+l) J K 

0 0 g02(n) 1 1 
0 1 0 0 1 
1 0 1 1 0 
1 1 X X X 

The Veitch map for J is:-

go 

change X 0 

1 1 

The Veitch map for K is:-

go 

change X 1 

0 1 

Choosing the optional state to give the simplest realisation 

gives 

J = change 3_2 

K = ""go B.3 

and the completed truth table is:-

(B.7) 



go change g0 2(n+l) J k 

0 0 g02(n) 1 1 

0 ]. 0 0 1 

1 0 1 1 0 

1 1 S02(n) 0 0 

B.2.3 The Realisation of D2 

The output of the Dg flip flop is a function of 0 and 

'2°2'- Using a similar procedure'to that used in section 

B,2.2 the following ta'ole can be obtained 

^ g02(n) D2(n + 1) J ; K 

0 0 0 0 1 

0 1 Dafn) 1 1 

1 0 1 1 0 

1 1 D2(n) 1 1 

The Veitch map for J is:-

g02 

D 1 1 

1 0 

The Veitch map for K is;-

g02 

d i g 

1 1 
These yield 

J = D + g02 

K = D + go 2 " 

Fig.B.3 is the circuit diagram of the realisation of the control 

function, including the initial set condition for the 'g02' flio 

-i-lop. Also snown on the same figure are the gate for modulating 



the clock pulse train and the necessary buffering elements 

to provide the drive capability required at the outputs. 

(B.9) 
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